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ARTICLE INFO ABSTRACT

Keywords: The integrated stress response (ISR) modulates protein homeostasis in response to both intracellular and

PKR extracellular signals. The four kinases involved in the ISR all phosphorylate the same target, the alpha subunit of

elF2u eukaryotic initiation factor 2 (eIF2a), to integrate various stress signals, thereby regulating cell fate. The acti-
PSD95 . I . . s .

Svnansin vation of the ISR reprograms the proteome by inhibiting general protein synthesis while increasing the trans-
PZoteistasis lation of specific mRNAs. In the brain, the ISR regulates the type of synaptic plasticity necessary for forming long-
Neurons term memory. More importantly, the activation of the ISR has emerged as a causal mechanism underlying

cognitive decline associated with a wide range of neurological disorders, prompting several pharmaceutical
companies to target the ISR to promote brain health. However, whether the ISR acts at specific localities within
neurons, including synapses, remains unclear. Here, we examined the presence, activity, and spatial arrangement
of the ISR branch driven by the double-stranded RNA-dependent protein kinase (PKR) (PKR-elF2x axis) in
synapses and assessed the role of PKR in maintaining synaptic proteostasis over time. Our findings demonstrate
that both PKR and elF2a are localized at synapses, where a dynamic PKR-eIF2« axis regulates synaptic size and
the abundance of synaptic proteins in an age-dependent manner. Moreover, PKR deficiency leads to an increase
in protein synthesis in synapse-enriched fractions. Thus, the PKR branch of the ISR serves as a new regulator of
synaptic structural plasticity.

1. Introduction

The integrated stress response (ISR) is a pathway that restores the
protein homeostasis (proteostasis) (Costa-Mattioli and Walter, 2020;
Wek et al., 2006) by reprogramming gene expression. This reprogram-
ming of the proteome restores the cell’s balance and promotes cell and
organismal health (Costa-Mattioli and Walter, 2020; Wek et al., 2006).
Different stress conditions, including protein folding defects, nutrient
deprivation, viral infection, and oxidative stress, are sensed by four
specialized kinases: double-stranded RNA-dependent Protein Kinase
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(PKR), PKR-like ER kinase (PERK), Heme-Regulated elF2a kinase (HRI)
and General Control Non-derepressible 2 (GCN2). These kinases trans-
duce the dynamics of intracellular variables by phosphorylating a
common target: the a subunit of the eukaryotic translation initiation
factor 2 (elF2a) (Wek, 2018). The phosphorylation of elF2a leads to a
decrease in general protein synthesis and an increase in the translation
of a subset of mRNAs containing upstream open reading frames (uORFs)
in their 5" untranslated regions (UTR) (Hinnebusch, 2005; Lu et al.,
2004; Vattem and Wek, 2004). Some of these mRNAs directly regulate
gene expression (Hinnebusch, 2005; Lu et al., 2004; Vattem and Wek,
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2004), like the one encoding the activation transcription factor 4 (ATF4)
(Harding et al., 2000), which is the best-characterized downstream
effector of the ISR.

In the brain, the ISR has evolved to control the protein synthesis-
dependent synaptic plasticity that is required to form long-term mem-
ory (Costa-Mattioli et al., 2005; Liu et al., 2014; Lourenco et al., 2013;
Costa-Mattioli et al., 2007; Hwang et al., 2017; Placzek et al., 2016; Zhu
et al.,, 2011). Most importantly, ISR activation underlies the cognitive
decline in a wide range of neurological disorders (Chang et al., 2002;
Hoozemans et al., 2007; Smith and Mallucci, 2016; Moon et al., 2018).
As a result, the ISR is emerging as a promising avenue to promote brain
health in several neurological conditions resulting from the disruption in
protein homeostasis. Yet, little is known about the mechanism by which
the ISR modulates brain function.

The ISR kinase PKR is a constitutive serine-threonine kinase that is
primarily activated directly by double-stranded RNAs (dsRNAs) from
viruses or mitochondria (Dey et al., 2005; Garcia et al., 2007; Kim et al.,
2018). PKR has been extensively characterized in replicative cells (Zhu
et al., 2011; Anderson et al., 2011; He et al., 2013; Romano et al., 1998;
Lacor et al., 2007; Deb et al., 2001; Husain et al., 2015; McAllister et al.,
2012; Page et al., 2006; Reimer et al., 2018), where it exhibits a ho-
mogeneous cytoplasmic distribution (Takizawa et al., 2000). However,
Zappa et al. demonstrated that a stimulus that triggers ISR activation
also promotes a partial reorganization of PKR’s subcellular distribution,
transitioning from widespread PKR in the cytoplasm to a clustered form
within stress granules (Zappa et al., 2022). Only a few studies have
explored PKR behavior in neurons, where the addition of amyloid § (Ap)
to neuronal branches induces PKR-dependent stress granule formation
in neural cells (Ramasamy et al., 2025; Baleriola et al., 2014). This ev-
idence suggests that the effects of PKR activity can vary significantly
within the same cell, depending on local cellular contexts or compart-
ments, and that clustering may represent one of the patterns. However,
the distribution and localization of the ISR pathway components and
their regulatory roles in local cellular phenotypes remains unknown,
especially in neurons, which are highly compartmentalized cells.

Neurons maintain their morphological and functional integrity by
preserving distinct local phenotypes within their somata, axons, and
synapses, each characterized by a unique local dynamic proteome (Pertz
et al., 2008; Li et al., 2024; Hobson et al., 2022; Giandomenico et al.,
2022; Dorrbaum et al., 2018). Local protein synthesis and degradation
have been reported in axons and synapses (Sotelo et al., 2014; Tu et al.,
2024; Segref and Hoppe, 2009; Steward and Schuman, 2001; Hafner
et al., 2019; Spaulding and Burgess, 2017; Jung et al., 2012; Kim and
Jung, 2015; Alvarez, 2001; Alvarez et al., 2000; Court and Alvarez,
2005; Court et al., 2008; Upadhya et al., 2006; Hegde et al., 2014; Dong
et al., 2008; Gumy et al., 2010; Hegde, 2004). Although the ISR is a key
regulator of protein synthesis, its role in maintaining neuronal local
proteomes remains largely unexplored. Intriguingly, local increases in
the ISR downstream target ATF4 have been documented in axons in
response to AP oligomers in compartmentalized settings in vitro
(Baleriola et al., 2014). Thus, given that: a) Ap oligomers activate the
PKR-branch of the ISR locally (Baleriola et al., 2014), and b) synaptic
processes have a distinctive abundance and translation efficiency of
mRNAs containing regulatory uORFs at the 5’UTR (Glock et al., 2021), it
is possible that the ISR could modulate its downstream synaptic local
targets. However, the presence of ISR kinases, particularly PKR, and
their activity in specific neuronal compartments, such as the synapse,
have not been explored.

In recent years, accumulating evidence indicates that ISR kinases and
their downstream signaling regulate morphological and functional
integrity parameters of the CNS (Costa-Mattioli et al., 2005; Liu et al.,
2014; Lourenco et al., 2013; Costa-Mattioli et al., 2007; Hwang et al.,
2017; Placzek et al., 2016; Zhu et al., 2011). Specifically, sustained
elF2a phosphorylation reduces the pre and postsynaptic numeric den-
sities of hippocampal neurons in vitro (Lourenco et al., 2013) while
knockdown of the ISR effector ATF4 alters postsynaptic numeric
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densities in vitro and in vivo (Liu et al., 2014). These findings suggest that
non-local modulation of ISR activity can profoundly influence synaptic
organization. Interestingly, several modulators of synaptic activity also
affect the phosphorylation status of e[F2a in neurons in vivo and in vitro
(Alvarez-Castelao et al., 2020; Biever et al., 2016; Dorrbaum et al.,
2020), supporting the idea that activity-driven eIlF2o phosphorylation
could act as a switch to enhance the local translational efficiency of
uORF-containing transcripts encoding key plasticity-related proteins
(Glock et al., 2021). This mechanism could directly reshape the synaptic
proteome, driving changes in synaptic protein composition. It is
consensual that fast and context-specific changes in the abundance and
activity of synaptic proteins and the size and strength of synaptic con-
tacts support learning and memory through synaptic phenotype adap-
tation. These changes that remodel synapses are known as synaptic
plasticity and have two forms: long-term potentiation (LTP) and long-
term depression (LTD), with specific mechanisms that can be depen-
dent or independent of protein synthesis (Bin Ibrahim et al., 2022;
Jedrzejewska-Szmek and Blackwell, 2019; Murai and Goto, 2025; Raj-
gor et al., 2021). Several studies measuring protein synthesis-dependent
synaptic transmission readouts at electrophysiological recordings from
hippocampal slices have demonstrated that PKR and elF2a genetic or
pharmacological downregulation modulate transmission efficiency
(Costa-Mattioli et al., 2005; Costa-Mattioli et al., 2007; Hwang et al.,
2017; Placzek et al., 2016; Zhu et al., 2011; Stern et al., 2013), probably
through synaptic local proteomes. Moreover, in those studies, the
learning and memory tasks evaluated demonstrate that ISR activity
regulates cognition by reducing the amount of experience or training
needed to form specific types of memories (Costa-Mattioli et al., 2007).

Local protein synthesis at synapses is essential for the rapid and
spatially restricted remodeling of synaptic connections required for
plasticity, learning, and memory (Steward and Schuman, 2001; Hafner
et al., 2019; Sutton and Schuman, 2006). Synaptically localized mRNAs
and translational machinery allow neurons to respond to activity-
dependent signals by producing proteins directly at the synapse,
allowing fine-tuned regulation of synaptic strength and composition
(Glock et al., 2021; Rajgor et al., 2021). While the ISR is a master
regulator of protein synthesis, it remains unclear whether it operates
directly within synaptic compartments to control local translation.
Among the ISR kinases, PKR is particularly interesting because its acti-
vation leads to phosphorylation of elF2a, which globally suppresses
translation while selectively enhancing the synthesis of specific uORF-
containing mRNAs, some of which are involved in synaptic plasticity
(Costa-Mattioli et al., 2005; Costa-Mattioli et al., 2007; Zhu et al., 2011;
Glock et al., 2021). This raises the intriguing possibility that PKR could
locally influence synaptic proteostasis by controlling translation at the
synapse. However, whether PKR and elF2a are indeed present and active
at synapses, or if they modulate proteomic changes needed for excit-
ability modulation, remains unexplored.

It has been widely demonstrated that synaptic morphology and
functional integrity decline during aging (Azpurua and Eaton, 2015;
Barrantes, 2024; Cicali and Tapia-Rojas, 2024; Fan et al., 2018; Nav-
akkode and Kennedy, 2024; Petralia et al., 2014). Additionally, it has
been established that aging synapses have a distinctive dynamic prote-
omic composition compared to young brain structures, such as in the
cortex and hippocampus (VanGuilder et al., 2010; Vegh et al., 2014). In
this context, notorious dysfunctional changes in synaptic proteins that
promote synaptic plasticity have been observed during aging (Azpurua
and Eaton, 2015; VanGuilder et al., 2010; Vegh et al., 2014; Caterino,
2024; Stauch et al., 2014; Graham et al., 2021). Interestingly, PKR and
phosphorylation of eIF2a levels in the brain decline with aging and age-
related neurodegenerative diseases, and their downstream effects are
also age-related (Hussain and Ramaiah, 2007). However, the relation-
ship between age-related changes in synaptic proteins and the ISR, as a
regulatory mechanism of the proteome, remains unexplored at the local
level of synapses.

Here, we aimed to investigate the presence, activity, and spatial
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configuration of the activated PKR-eIF2q axis in synapses and to define
the contribution of PKR in maintaining synaptic proteostasis over time.
We found that the PKR-elF2a axis is present and active at synapses and
that PKR regulates synaptic composition, layout, and protein synthesis,
supporting a new role for PKR as a regulator of structural plasticity.

2. Material and methods
2.1. Reagent specifications are listed in the Supplementary Material

Animals. Wild-type (WT) C57BL/6 adult male mice were obtained
from Jackson Laboratories (Bar Harbor, ME, USA). PKRKO mice, which
have a C57BL/6 background, were generously provided by our collab-
orator, Dr. Mauro Costa-Mattioli. Both WT and PKRKO young (2-3 m.o.)
and aged (9-12 m.o.) mice were housed in groups of four to five per cage
in a humidity-controlled environment at 21 °C, under a 12-h light/dark
cycle, with ad libitum access to food and water. All animal care and
experimental procedures followed the guidelines outlined in the Guide
for the Care and Use of Laboratory Animals (Commission on Life Sciences,
National Research Council, National Academy Press, 1996) and com-
plied with the regulations set by the National Fund for Scientific and
Technological Research (FONDECYT-Chile).

Primary cell culture of hippocampal neurons and glial cells.
Low-density primary hippocampal neuron cultures were prepared
following a modified version of the protocol described by Kaech &
Banker (Kaech and Banker, 2006). Briefly, hippocampal neurons were
cultured on poly-l-lysine-coated coverslips, suspended above a glial
feeder layer, in supplemented Neurobasal Medium. Glial cultures were
obtained from the brain hemispheres of 1- to 2-day-old C57BL/6 pups.
Meninges were carefully removed under a microscope using ultra-thin
forceps. The cleaned brain tissue was then chopped in Hank’s
Balanced Salt Solution (HBSS) and incubated in 2.5 % trypsin supple-
mented with 1 % DNase for 15 min at 37 °C. Tissue disaggregation was
performed by sequentially passing the sample through serological pi-
pettes of decreasing diameters (20 mL, 10 mL, and 5 mL, 15 times each).
The resulting suspension was filtered through a cell sieve to remove
aggregates and centrifuged at 1000 rpm for 10 min at room temperature.
The obtained pellet was resuspended in glial medium, consisting of
Minimal Essential Medium (MEM) supplemented with 0.6 % (wt/vol)
glucose, 100 U/mL penicillin, 100 pg/mL streptomycin, and 10 % (vol/
vol) horse serum. The resuspended glial cells were cultured in T75
flasks, with the medium replaced the following day and subsequently
changed every 2-3 days. Once the glial culture reached 70 % confluence,
cells were detached using trypsin/EDTA, resuspended in a fresh glial
medium, and seeded onto poly-1-lysine-coated 12 mm coverslips placed
in 12-well plates. These glial feeder layers were cultured for 14 days
before the introduction of hippocampal neurons, under 5 % CO: at 37 °C
in Neurobasal Medium supplemented with GlutaMAX-I and B27,
without antibiotics. Hippocampal neurons were obtained from embry-
onic mice at gestational days 16-18. Excised hippocampi were imme-
diately transferred to HBSS in a conical tube and digested with 2.5 %
trypsin. Subsequently, the tissue was gently disaggregated in neuronal
adhesion medium (MEM supplemented with 0.6 % (wt/vol) glucose and
10 % (vol/vol) horse serum). Disaggregation was performed by passing
the tissue through flame-polished Pasteur pipettes with blunt edges.
Hippocampal neurons (30,000 cells/well) were seeded onto 18 mm
coverslips, which were elevated by wax dots to create separation from
the well bottom. Cells were incubated in a neuronal adhesion medium
for 3 h and transferred to a 12-well plate containing the pre-established
glial culture. One-third of the culture medium was replaced every 7 days
with fresh Neurobasal Medium until the experimental endpoint.

Immunofluorescence. Immunofluorescence in primary cultured
hippocampal neurons was performed as previously described (Farias
et al., 2009). In brief, hippocampal neurons were fixed with 4 % para-
formaldehyde (PFA) and 4 % sucrose in PBS containing Ca®*/Mg?* for
20 min at room temperature. The samples were then rinsed three times
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with washing solution (1x PBS with Ca%t/Mg?"), allowing 10 min for
each wash. Next, the samples were permeabilized with 0.2 % Triton X-
100 in 1x PBS with Ca%*/Mg?* for 20 min, followed by three additional
rinses. After permeabilization, the samples were incubated in a blocking
solution (0.02 % gelatin in 1x PBS with Ca%*/Mg?") for 1 h at 37 °C. The
primary antibody incubation was performed overnight at 4 °C. The next
day, the samples were rinsed three times with a washing solution (10
min each), incubated with secondary antibodies, washed three more
times with the same washing solution (10 min each), and then rinsed 10
times in bi-distilled water using forceps. Finally, coverslips (1.0-1.2 mm
thickness) containing the samples were mounted on glass slides using
Dako mounting medium. The samples were stored at room temperature
and protected from light. Negative controls of immunofluorescence and
antibody specifications are shown in the Supplementary Material File.

In vitro transfection of cultured hippocampal neurons. Trans-
fection was performed using a plasmid containing Enhanced Green
Fluorescent Protein (EGFP) obtained from Clontech (Mountain View,
CA). Neurons were cultured as previously described and transfected
with the EGFP plasmid on day 3 of culture. Transfection was performed
utilizing Lipofectamine 2000 as a vector in OptiMEM medium. The
transfection mix comprised of 0,4pg of EGFP plasmid and 4 pL of Lip-
ofectamine 2000. OptiMEM medium with only 4 pL of Lipofectamine
2000 was used as a control. After transfection, immunofluorescence
against PKR or p-PKR (Thr446) was performed at 14 or 21 in vitro days.

Confocal image acquisition, processing for analysis, and repli-
cation strategy. For the analysis of synapse colocalization and local
intensity analysis, Z-stacks of ten neurites from the first to the second
branch of neurons in three independent cultures at immunofluores-
cences described before were imaged using an OLYMPUS FV1200
confocal microscope with a 60x oil immersion objective (1.43 Numer-
ical aperture) using immersive oil (refraction index 1.518) at high
definition (2048 x 2048 pixels). All samples were placed on coverslips
with a thickness of 0,17 pm. Z-stacks were acquired with 160 nm step
intervals along the Z-axis between each focal plane, using the 2.5x zoom
function in the confocal microscopy software (OLYMPUS FV10-ASW
ver.04.02). Following image acquisition, maximum intensity pro-
jections were generated for each Z-stack using ImageJ software. These
projections produced a single-plane image from each Z-stack, which was
then used for further image processing and analysis. All experiments
involving primary neuronal cultures were conducted using three inde-
pendently prepared culture batches, which served as biological repli-
cates (n = 3). For each biological replicate, technical duplicates were
included to assess intra-experimental reproducibility. Quantitative an-
alyses (e.g., neurite or synaptic puncta measurements) were performed
on data pooled from these three independent cultures, each including
two technical replicates. Thus, the total number of analyzed synapses or
neurites reflects biologically independent experiments, not multiple
imaging fields from a single culture. Images used for quantification were
randomly selected from each replicate. Quantitative measurements,
including puncta size and fluorescence intensity, were conducted under
masked conditions to minimize experimental bias. The number of in-
dependent replicates and the quantification strategy for each figure are
explicitly described in the corresponding figure legends.

Qualitative analysis of PKR/elF2u axis distribution in hippo-
campal neurons. To determine the intensity distribution of the ISR
proteins, PKR, and elF2a, we utilized a cleaned maximum projected
image of the neuron. To clean the image, we created a mask using
manual thresholding and then applied this mask to eliminate back-
ground noise from the original image using the clear outside algorithm.
This process generates a clean image, which can be projected onto a 3D
model using the ImageJ software’s 3D Surface Plot feature, specifically
in the ISR channel. The settings used were (Mode: filled; Grid size: 512;
FireLUT, Smoothing 0; Perspective: 0; Lighting: 0,3; Scale: 1,22; Z-scale:
0,1; Min: 6 %; Max: 100 %).

Qualitative analysis of the presence of ISR components in 3D
reconstructed dendritic spines. The images of neurons transfected
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with EGFP and stained with PKR or p-PKR (Thr446) were used for 3D
reconstruction. Confocal microscopy imaging was performed by Z-
stacking at Nyquist resolution with a 60x oil immersion objective. These
conditions enabled the resolution of structures within the specified size
range for in vitro dendritic spines (nanometers). 3D morphometry and
qualitative analysis of ISR molecular components in neuronal structures
were performed in deconvolved 3D reconstructions of EGFP-transfected
neuronal processes captured through confocal microscopy. Aberrations
induced by the setup were corrected by determining the mean empirical
Point Spread Function (PSF) by applying the same protocol to perfectly
spherical beads. Deconvolution was performed on Professional Huygens
software (version 16.1). To deconvolve, images were converted to 12-bit
tiff format and split per fluorescence channel. Channel 1 contains the
EGFP-stained cytoplasm, and channel 2 contains the PKR or p-PKR stain.
Signal-to-Noise Ratio (SNR) was determined per channel, using the
estimated lowest and highest values of signal intensity in the image.
Then, each channel intensity was manually thresholded to isolate the
signal from the background and subsequently deconvolve only the
signal. Thresholded images were deconvolved with Huygens Profes-
sional 3.0.0p5 (Scientific Volume Imaging B.V.). The deconvolution
parameters used were the same as the confocal setting acquisition for
each channel. (Numerical aperture = 1.4, the oil index = 1518,
mounting medium index = 1.372, Confocal aperture = 105 pm).
Colocalization analysis. To assess colocalization, we established
two conditions: 1) a positive intensity must be present, and 2) a spatial
correlation between the two signals studied (Li et al., 2004a; Bolte and
Cordelieres, 2006). Colocalization was analyzed between the signal of
an ISR protein and either a presynaptic or postsynaptic marker. To
achieve this, we examined the correlation of the signal intensities using
the intensity correlation analysis (ICA) described in (Li et al., 2004a) and
the spatial correlation with Van Steensel’s analysis described in (Bolte
and Cordelieres, 2006). All analyses were performed using Fiji
(Schindelin et al., 2012), including ImageJ software 1.54p (Schneider
et al., 2012). The colocalization analysis of dendritic spines was per-
formed on images of the second and third-order dendritic branches of
hippocampal neurons with pyramidal-like morphology (Banker and
Cowan, 1979; Benson et al., 1994). Intensity correlation measurements
were performed on immunofluorescence image pairs of different den-
dritic spines. The ICA analysis produces an intensity correlation quotient
(ICQ) representing the relationship between the analyzed signals. The
ICQ values obtained from the ICA analysis range from —0.5 to +0.5.
When the ICQ is approximately 0, it indicates random staining; when the
ICQ varies between the range of 0 > ICQ > —0.5, it represents segre-
gated staining, and dependent staining when ICQ values vary 0 < ICQ <
+0.5. A perfect colocalization is interpreted when ICQ = 0.5 (Li et al.,
2004a). Spatial correlation or random distribution of partially co-
localized images was determined using Van Steensel’s cross-
correlation analysis with the JACoP plugin of ImageJ software,
applying 20 nm lateral displacements to the immunofluorescence image
pairs (Bolte and Cordelieres, 2006). Both the ICA and Van Steensel’s
analyses were performed using a custom semi-automatic quantification
and segmentation program on Fiji software. The segmentation and in-
tensity correlation analysis (SICA) program generates a mask around the
neurite using threshold segmentation on the channel that resembles the
neurite’s structure. (This channel is selected through careful observation
of the images). The perimeter of the mask is superposed on the different
channels, while the outer background of the perimeter is erased, thus
eliminating false zero correlation values in all channels. For the analysis
of intensity variation between conditions, we employed two methods.
The first method was global intensity analysis, used to quantify intensity
across the entire area of the selected neurite after segmentation, which
we referred to as neurite intensity. The second method was the local
intensity analysis, which was performed exclusively on the synaptic
positive perimeters according to the pre or postsynaptic marker used.
Both the global and local analyses were performed simultaneously using
a custom quantification and segmentation program in Fiji software. For
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the global intensity analysis, we used the same neurite segmentation
method described earlier. For the local intensity analysis, we modified
the following steps: once the neurite segmentation was completed, we
used the Bernsen (Radius = 3) local binarization method (Bernsen,
1986) on the pre or postsynaptic channel to generate a second mask that
included only the perimeter of the positive areas of the synaptic markers.
Finally, we used size exclusion by removing the selected areas whose
sizes do not correspond to a synaptic mark and the size corresponding to
background noise. This was accomplished using a lower and upper size
threshold. Afterward, the cleaned synaptic positive perimeter was su-
perposed on the channel of interest, and the rest of the image was erased.
This program, here referred as SALIA, which stands for Segmentation
and Local Intensity Analysis. Using the SALIA methodology, we can
analyze only the positive synaptic areas of the channel of interest, thus
allowing us to measure the local intensity in those areas. Macros Scripts
are available in the Supplementary Material Files.

Poly I:C Transfection in Conditioned Mouse Hippocampal
Neuronal Cultures. To study elF2a activation via PKR kinase, Poly I:C
(5 pg/pL) was used as an activating stimulus as previously described
(Scarim et al., 2001) in conditioned neuronal cultures of 14DIV mouse
hippocampal neurons. Fresh working solutions were prepared under a
laminar flow hood. For PKR activation in hippocampal neurons, Poly I:C
was transfected using Lipofectamine 2000. For this, the transfection
solution was prepared by dropwise adding 20 pL of Lipofectamine 2000
to 6.5 mL of Poly I:C diluted in OptiMEM. As control, Lipofectamine
2000 diluted in OptiMEM medium was used. These solutions were
prepared and incubated for 25 min before use. To perform the trans-
fection, the coverslips with hippocampal neurons were transferred
under sterile conditions from the original plate to the transfection plate,
placing the back side of the coverslip in contact with the plate, while the
front side (containing the hippocampal neurons and wax spots) faced
upward. Then, 500 pL of Poly I:C-containing transfection and control
solution was added to the neurons, and the cultures were incubated for
30 min at 37 °C and 5 % CO.. Once the transfection was completed, the
coverslips were transferred back to their original plates, under sterile
conditions. After 3 h at 37 °C and 5 % CO2, cells were processed for
immunofluorescence.

Synaptic layout analysis. Pre and postsynaptic areas were
segmented as mentioned in the ‘Qualitative analysis of the presence of
ISR components in 3D reconstructed dendritic spines’ section. Following
segmentation, binarization was performed. Then, binary particles were
filtered at the lower tail of their size distribution, considering the reso-
lution of our optical system for each specific channel (wavelength) and
at the higher tail, considering previously reported sizes of synapses from
references (Maiellano et al., 2023; Roque et al., 2014; Schikorski and
Stevens, 1997). After filtering, pre or postsynaptic particles numeric
densities, integrated densities (intensity per area) and sizes were
determined using the particle analyzer in Image J software.

Synaptoneurosomes extraction. Synaptoneurosomes (SN) prepa-
rations contain isolated pre and postsynaptic components surrounded by
a double-layer membrane (Michaelis et al., 2017; Davis and Bloom,
1973). SNs were obtained through subcellular fractionation. SNs were
prepared from frozen brain tissue. For this, we extracted the cortex or
hippocampus from adult WT (C57BL/6) or PKRKO mice of different
ages. To this end, mice were euthanized using CO, intoxication in
concordance with the bioethics committee immediately before tissue
extraction. Then, we separated the mouse head using a surgical scissor.
Immediately, the brains were exposed by removal of the cranial vault,
making a complete bilateral section of the crania from the foramen
magnum to the anterior nasal aperture. Afterward, the brains were
extracted, pushing gently with ultra-thin forceps. Then, the isolated
brains were submerged in cold PBS1X (4 °C). Under those conditions,
brain hemispheres were separated, and a sagittal cut was made between
both hemispheres using a razor blade. Then, cortices and hippocampi
were isolated from each hemisphere using ultra-thin forceps (Dummont
N°5). Finally, cortices and hippocampi were collected in dry ice and then
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stored at —80 °C for at least a week. Once the frozen period was over, we
performed the SNs extraction using Syn-PER buffer supplemented with
proteinases and phosphatases inhibitors of the following mix: phenyl-
methylsulfonyl fluoride 1 mM, sodium fluoride 5 mM, leupeptin 0.01
mM, sodium orthovanadate 1 mM, pepstatin A 1 pM, glycerol phosphate
1 mM, antipain 1 pM. For SNs preparation, 1 mL of Syn-PER reagent was
added to 0.1 g of tissue, and the tissue was disaggregated in a glass
douncer using up-and-down homogenization twenty times, followed by
twenty repetitions of homogenization with a tighter douncer. Then,
samples were transferred to a 1.5 mL Eppendorf tubes and centrifuged at
1200 g for 10 min at 4 °C to eliminate the tissue debris. An aliquot of the
supernatant (containing the homogenate (H) fraction) was stored at
—80 °C for subsequent analysis. The supernatant was centrifuged at
15000 g for 20 min at 4 °C to obtain the cytosolic (C) and synapto-
neurosomal (S) (pellet) fractions that were stored at —80 °C for analysis.

Puromycin incorporation determination in synaptoneur-
osomes. First, a pellet containing the synaptoneurosomal fraction from
a whole mouse brain was prepared as described above and maintained at
4 °C. Four WT and four PKRKO animals were used, with each animal
considered as a single n. Each synaptoneurosomal pellet was resus-
pended in Translation Buffer (TB: 11 mM NacCl, 4.7 mM KCl, 1.2 mM
MgSOs, 2.5 mM CaClz, 1.53 mM KH2PQa, 212.7 mM glucose, and 1 mM
dithiothreitol) at 4 °C. The synaptoneurosomes were then washed twice
by centrifugation at 10,000 rpm for 10 min at 4 °C, by resuspension in
cold TB after each spin. A third centrifugation was performed under the
same conditions, but the synaptoneurosomes were resuspended in TB at
37 °C and incubated for 5 min. Each sample was then divided into equal
volumes to generate the experimental conditions: Control (TB), puro-
mycin incorporation (PURO), and puromycin incorporation under pro-
tein synthesis inhibition (PURO + CHX). Puromycin incorporation was
achieved by adding 50 pg/mL puromycin to the synaptoneurosomes and
incubating at 37 °C for 15 min. Protein synthesis inhibition was per-
formed in parallel by co-treating with 200 pg/mL cycloheximide during
puromycin incubation at 37 °C for 15 min. After incubation, samples
were returned to 4 °C and washed three times by centrifugation and
resuspension in cold TB as described above. Finally, the samples were
processed for western blotting.

Electron microscopy. Material from the synaptic fraction was fixed
overnight by immersion in 2.5 % glutaraldehyde, 0.01 % picric acid, 0.1
M cacodylate buffer, pH 7.4. Then, synaptoneurosomes samples were
rinsed in the same buffer and immersed in 1 % OsO4 for 1 h, followed by
incubation with 2 % uranyl acetate for 2 h. Synaptoneurosomes samples
were dehydrated with a graded ethanol and propylene oxide series and
infiltrated with Epon from Ted Pella Inc. Ultrathin sections were con-
trasted with 1 % uranyl acetate and lead citrate. Grids were examined
with a Phillips Tecnai 12 electron microscope operated at 80 kV.
Negative films were developed and scanned.

Immunoblot Analysis. Proteins were run in a 10 % SDS-
polyacrylamide gel and transferred to a PVDF membrane using a wet
Trans-Blot Turbo System from Bio Rad. To evaluate samples from syn-
aptoneurosomal extraction, 30 pg of total protein from each fraction was
loaded on the gel. The PVDF membrane was incubated with a blocking
solution (TBS 0.1 % Tween-20, 10 % BSA) for 1,5 h. First, antibodies
were diluted in a TBS 0.1 % Tween-20, 3 % BSA solution and incubated
overnight at 4 °C. After three 10-min washes, the membrane was incu-
bated with secondary antibodies in a TBS 0.1 % Tween-20 solution for
1.5 h at room temperature. After three washes with a 0.1 % Tween-20, 3
% BSA solution in TBS, the membrane was rinsed three more times with
TBS 0.1 % Tween-20. Finally, the membrane was analyzed using the
equipment ChemiDoc. Full membranes and antibodies specifications are
shown in the Supplementary Material Files.

Statistical Analysis. Statistical analyses were performed using
GraphPad Prism (San Diego, CA, USA, version 10.5.0). Data are
expressed as mean + S.D. For protein levels comparisons by Western
blot, we used experimental groups with n = 3, 4, or 6 (see Figure Leg-
ends). Each experimental unit (n) corresponded to a distinct animal.

Neurobiology of Disease 216 (2025) 107113

Immunofluorescence image analyses (including intensity correlation,
mean intensity, normalized integrated density, and pre/post-synaptic
puncta measurements) were performed using experimental groups
with n = 30. Specifically, three independent neuronal cultures were
prepared from a single litter of mice. For each experiment, all conditions
were performed using two replicate wells. Ten neurites were analyzed
per well pair per culture, resulting in a total of 30 neurites (10 per
group/condition). The Shapiro-Wilk test was used to assess whether
data followed a normal (Gaussian) distribution, with a significance level
() of 0.05. Data with normal distribution was analyzed using a Welch’s
t-test (confidence interval = 95 %; significance threshold: p < 0.05).
Effect size was calculated using Cohen’s d = (X1 — X2)/sp., where X1 =
mean of group 1, X = mean of group 2 and sp = pooled standard de-
viation. When this difference is not significant, the effect is not
mentioned. Data not normally distributed was analyzed using a one-
tailed Mann-Whitney test (confidence interval = 95 %; p < 0.05).
Figs. 7, 8, and 9 were analyzed using Two-tailed Mann-Whitney tests,
except Fig. 8A, where a Welch’s t-test was applied. One-tailed Man-
n-Whitney tests were employed in specific cases (Fig. 1, Fig. 2, and
Fig. 3) where prior evidence supported a directional hypothesis. For
Synapsin and PSD95 enrichment analyses in synaptosomal fractions, a
previous directional hypothesis exists regarding their enrichment. For
the PKR and phospho-PKR enrichment analyses (Fig. 1A) our
biochemical fractionation demonstrated almost exclusive presence of
these proteins in the synaptic fraction, with no detectable levels in the
cytosolic fraction. Therefore, the statistical comparison was confirma-
tory rather than exploratory, justifying a directional (one-tailed) anal-
ysis. For elF2a and phospho-elF2a, two-tailed tests were employed. In
analyses comparing synaptic protein levels between young and aged
animals, previous studies have reported age-associated decreases in
Synapsin (VanGuilder et al., 2010; VanGuilder et al., 2011), PSD95
(VanGuilder et al., 2010), and eIF2a levels (Hussain and Ramaiah, 2007;
Ladiges et al., 2000) and provide the rationale behind this choice, along
with data from our lab. Based on these reports, we hypothesized a
directional reduction with aging and accordingly used one-tailed tests. A
p-value of <0.05 was considered statistically significant.

3. Results

PKR, p-PKR, elF2q, and p-eIF2a are present at CNS synapses,
where their levels and activation are modified with aging. The PKR
branch of the ISR in the brain acts as a memory repressor, and its genetic
or pharmacological downregulation has been shown to promote long-
lasting changes in synaptic function and to enhance different types of
long-term memory (Costa-Mattioli et al., 2005; Costa-Mattioli et al.,
2007; Hwang et al., 2017; Placzek et al., 2016; Zhu et al., 2011; Stern
et al., 2013). In addition, local translation has been reported to be
important for long-lasting changes in synaptic function (Nguyen et al.,
1994; Kang and Schuman, 1996). Given this, it is possible that the PKR-
branch of the ISR exerts its role locally at synapses. However, the spe-
cific localization or distribution of PKR and elF2u at synapses remains
largely unknown. To address this issue, we investigated the localization
of PKR, elF2aq, and their phosphorylated forms at hippocampal synapses
in vivo. Briefly, we isolated fractions enriched in both pre and post-
synaptic components, referred to as synaptoneurosomes, from hippo-
campal homogenates of WT mice. Ultrastructural analysis by electron
microscopy (EM) consistently revealed the expected pre and post-
synaptic structures in the synaptoneurosomal fractions (Fig. S1).
Moreover, we observed the expected enrichment of Synapsin (SYN) and
PSD95 (pre and postsynaptic markers, respectively) in the synaptic
fractions obtained from the hippocampus (Fig. 1A) and the cortex (Fig.
S3A). We then analyzed the distribution of PKR and elF2a, along with
their phosphorylated forms, in the synaptic and cytosolic fractions,
assessing their activation status by measuring the ratio of phosphory-
lated PKR to total PKR (p-PKR/PKR) or phosphorylated elF2u to total
elF2a (p-elF2a/elF2a) (Fig. S2A and S3A). Our results show that PKR
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Fig. 1. PKR, p-PKR, elF2a, and p-eIF2a are present at CNS synapses where levels and activation are modified in aging. The hippocampus from WT mice was
processed into total homogenates (H), cytosolic (C), and synaptoneurosomal (S) fractions. (A) Synapsin (SYN) and PSD95 were used as pre and postsynaptic markers,
respectively, and ISR proteins (PKR, p-PKR, elF2a, and p-elF2a) were detected by Western blot in H, C, and S fractions (30 pg/lane). Proteins blotted on the same
membrane are tagged with an asterisk (*) or untagged. (B) Protein levels were determined by quantifying the intensity of bands in the C (squares) and S (triangles)
fractions, normalized to their levels in the total homogenate (grey dashed line). n = 4; Mean =+ S.D. One-tailed Mann-Whitney test: ns, not significant; *p < 0.05). (C)
Presynaptic marker, postsynaptic marker, and ISR proteins were detected by Western blot in C and S fractions (30 pg/lane) from the hippocampus of young (2-3 m.
0.) and aged (9-12 m.o.) WT mice. (D) Quantification of protein levels in the cytosolic and synaptic fractions, normalized to the intensity of a-tubulin on the same
lane, is presented (Young, red; Aged, blue). The intensity of phosphorylated elF2a was normalized against its total form. n = 3. For SYP, PSD95, PKR, and p-PKR, one-
tailed Mann-Whitney test. For eIF2a and p-eIF2a, a two-tailed Mann-Whitney test. ns, not significant; *p < 0.05. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

and its phosphorylated form were significantly enriched in the synaptic
fraction compared to the cytosolic fraction when normalized to their
levels in the hippocampal homogenate (dashed line) (Fig. 1B). Notably,
the synaptic enrichment of PKR and its activated form is comparable to

that of pre and postsynaptic markers. In contrast, the distribution of
elF2a and its phosphorylated form (p-eIF2a) in the synaptic fraction was
indistinguishable from that in the cytosolic fractions (Fig. 1B). Inter-
estingly, the distribution pattern observed in the hippocampus for PKR
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Fig. 2. PKR affects the abundances of synaptic Synapsin, eIF2«a, and phosphorylated elF2a in the hippocampus. The hippocampi from (A) young (2-3 m.o0.)
WT and deficient in the PKR-encoding gene (PKRKO) mice were processed into cytosolic (C) and synaptoneurosomal (S) fractions (30 pg/lane). Synapsin (SYN),
PSD95 as pre and postsynaptic markers, respectively, elF2a, and p-eIF2a were detected using Western blot analysis. (B) The levels of the proteins detected in A were
determined by quantifying the band intensity of each protein in the C and S fractions, normalized to the intensity of a-tubulin on the same lane. n = 3; Mean =+ S.D.
Two-tailed Mann-Whitney test: ns, not significant; *p < 0.05. (C) The levels of eIF2a, p-eIF2a, and PSD95 were evaluated in synaptic fractions from young WT (n = 6)
and PKRKO (n = 6) mice using Western blot analysis. (D) Quantification of the band intensity of proteins detected in the synaptic fractions in C), normalized to the
intensity of a-tubulin on the same lane. Mean + S.D. Two-tailed Mann-Whitney test: ns, not significant; *p < 0.05.
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Fig. 3. The effect on synaptic Synapsin, eIF2a, and phosphorylated elF2a abundances in the hippocampus is mitigated in aged synapses. The hippocampi
from (A) aged (9-12 m.o.) WT and deficient in the PKR encoding gene (PKRKO) were processed into cytosolic (C) and synaptoneurosomal (S) fractions (30 pg/lane).
Synapsin (SYN), PSD95 (as pre and postsynaptic markers, respectively), eIF2a, and p-eIF2a were detected using Western blot analysis. (B) The levels of the proteins
detected in A were determined by quantifying the band intensity of each protein in the C and S fractions, normalized to the intensity of a-tubulin in the same lane.
The intensity of phosphorylated eIF2a was normalized against its total form. n = 3; Mean + S.D. One-tailed Mann-Whitney test: ns, not significant, *p < 0.05.

and its phosphorylated form is similar to the one found in the cortex
(Fig. S3A). However, the distribution of elF2a and p-elF2a in the cortex
differed from that in the hippocampus, with both proteins being
enriched in the cytosolic fractions (Fig. S3A). These results indicate that
while both PKR and its phosphorylated form are enriched in CNS syn-
apses, the distribution of eIF2a and p-elF2a varies across brain regions,
with differential enrichment in synaptic and cytosolic fractions.
Inhibition of the ISR reverses age-related cognitive decline
(Derisbourg et al., 2021; Derisbourg et al., 2021a; Derisbourg et al.,
2021b; Krukowski et al., 2020), and the PKR branch of the ISR is acti-
vated in the aging brain and in age-related neurodegenerative diseases
(Martinez et al., 2021). Thus, after confirming the presence of PKR,

elF2a, and their phosphorylated forms at CNS synapses in vivo, we
decided to examine their synaptic levels and neuronal distribution
during aging. To address this, we compared the cytosolic and synaptic
distributions of PKR, elF2a, and their phosphorylated forms in young
and aged WT mice. We isolated cytosolic and synaptoneurosomal frac-
tions from the hippocampus of young (2-3 months old) and aged (9-12
months old) WT mice and analyzed them using Western blotting
(Fig. 1C). To evaluate region-specific effects and age-related changes,
cortical tissue from both young and aged WT mice was processed
similarly. We observed significant age-related changes in hippocampal
synapses. First, the levels of PSD95 and SYN were significantly low in
aged hippocampal synapses (Fig. 1D). Second, although the abundance
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of synaptic PKR in synaptoneurosomal fractions did not change between
young and aged mice, the phosphorylation of PKR (ratio p-PKR/PKR)
was significantly increased in aged synaptic fractions (Fig. 1D). The
maintenance of the synaptic distribution of PKR during aging was also
observed in the cortex, but not the increase in p-PKR/PKR ratio (Fig.
S3B). Third, the total levels of elF2a in the synaptic fractions of aged
mice were significantly lower than those in young mice. Interestingly,
despite the increased levels of p-PKR/PKR in aged mice, the p-elF2a/
elF2qu ratio did not change with age (Fig. 1D). The synaptic eIF2a levels
and phosphorylation status depend on the brain region, as we found that
cortical synapses displayed different trends: eIF2a levels were increased,
and the p-elF2a/elF2u ratio was decreased (Fig. S3B). Moreover, the
age-related decrease in synaptic elF2a was specific to the synaptic
compartment, as no changes in total elF2a levels were observed in the
brain homogenates (Fig. S4). These results show that the composition of
proteins at CNS synapses changes drastically during aging, including
alterations in the levels of the novel synaptic proteins PKR and elF2a.
Additionally, our results revealed the activation of the PKR branch of the
ISR in aging synapses.

PKR contributes to the abundances of synaptic Synapsin, eIF2q,
and phosphorylated elF2« in the hippocampus, and this contribu-
tion is mitigated in aged synapses. Then, we investigated whether
PKR regulates both the abundance and phosphorylation status of eIF2a
at synapses, potentially influencing the overall synaptic protein
composition. To explore this, we measured the levels of Synapsin,
PSD95, elF2a, and its phosphorylated form in the cytosolic and syn-
aptoneurosomal fractions of the hippocampus from young mice lacking
PKR (PKRKO mice; Fig. 2A, B). In young animals, PKR deficiency
induced significant changes at synapses. We observed a marked reduc-
tion in the levels of elF2a, p-elF2u/elF2a ratio, and Synapsin (Fig. 2A).
The changes due to PKR deficiency were partially replicated in the
cytosolic fractions, where we only detected a decrease in elF2a levels,
highlighting the specificity of PKR’s control over synaptic protein
composition (Fig. 2A). Notably, the reductions in synaptic proteins
caused by PKR deficiency in the hippocampus do not occur at cortical
synapses (Fig. S7A). Furthermore, when analyzing total hippocampal
homogenates from young WT and PKRKO mice, we observed different
results compared to synapses. Specifically, SYN levels or the p-eIF2a/
elF2a ratio remained unchanged, while PSD95 levels were decreased in
PKRKO mice, and elF2a total levels were increased (Fig. S4). We further
explored the observed reduction in p-eIF2a and elF2a in synapses by
comparing the levels of phosphorylated elF2a and elF2a in the synaptic
fractions obtained from WT and PKRKO mice (Fig. 2C). We found that in
conditions of genetic deletion of PKR, there were a drastic reduction in
p-elF2a (68 %) and elF2a (72 % p-elF2a). Of note, in these enriched
synaptic fractions, we also observed the presence of two other elF2«
kinases, PERK and GCN2, and the genetic deficiency of PKR does not
affect their levels (Fig. S2C, D). PERK and GCN2 do not show the pref-
erentially enriched localization found for PKR (Fig. S2E). These results
suggest that PKR regulates synaptic protein composition in a region-
specific manner in the brains of young mice, and that PKR is a major
contributor to eIF2a phosphorylation at synapses.

Since PKR and its target, eIF2q, are present in synaptic fractions and
show alterations in their levels or activation in the aged brain, we
investigated whether PKR regulates both the abundance and phos-
phorylation status of elF2a at synapses and synaptic protein composition
during aging. To explore this, we evaluated the levels of Synapsin,
PSD95, elF2q, and its phosphorylated form in the cytosolic and syn-
aptoneurosomal fractions of the hippocampus from aged mice lacking
PKR (PKRKO mice; Fig. 3A, B). The elF2a, p-elF2a, SYN, and PSD95
levels in aged hippocampal synapses were similar in WT and PKR-
deficient mice (Fig. 3A, B). Of note, in cortical synapses from aged
PKRKO mice, only PSD95 exhibits changes in its levels (Fig. S7B). These
findings suggest that PKR regulation of elF2a level and activity in aged
mice is compartment-specific (Fig. S8). Interestingly, aged PKRKO mice
exhibited decreased levels of elF2a (Fig. S8), in contrast with what we
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found in PKR-deficient young mice that showed increased elF2a levels,
indicating that PKR’s regulation of eIF2x levels is age-dependent. Taken
together, these results support the idea that PKR modulates key synaptic
proteins, such as PSD95 and Synapsin, and this regulation occurs
differentially in the cortex and hippocampus. Additionally, PKR also
regulates synaptic levels of its molecular target, elF2a, and its phos-
phorylation status. Importantly, these regulatory effects of PKR over
other protein abundances are absent in aged synapses and are tissue-
specific. The consistent presence of PKR, elF2a, and their phosphory-
lated forms in synaptic fractions prompted us to thoroughly analyze
their distribution within intact synaptic structures.

PKR and elF2a along with their phosphorylated forms, are
located in hippocampal synapses in vitro. To explore in more detail
the distribution and localization of PKR and elF2«a and their phosphor-
ylated forms in neurons, we performed immunofluorescence in hippo-
campal neurons cultured at low densities from mouse embryos (14DIV)
(Kaech and Banker, 2006). Our analysis revealed that PKR, elF2a, and
their phosphorylated forms overlapped with the cytoskeleton marker
Microtubule-Associated Protein 2 (MAP2) in both the neuronal soma
and branches (Fig. S8A). In these neurons, we observed a decreasing
gradient of PKR and elF2a, as well as their phosphorylated forms, from
the neuronal soma to the branches (Fig. S8B). We also detected clear
focal peaks of PKR and elF2a and their phosphorylated forms, particu-
larly in regions corresponding to synaptic structures (Fig. S8B, C). These
findings suggest that while PKR and elF2a are widely distributed across
the neuronal soma and branches, they also localize to synapse-like re-
gions, indicating a potential role in local synaptic function. To gain
further insight into the presence of PKR, elF2a, and their phosphorylated
forms at specific neuronal compartments, we analyzed their location at
axons, dendrites, and dendritic spines of hippocampal neurons. For
these experiments, we used the presynaptic markers Bassoon (BSN) and
Synaptophysin (SYP), and the postsynaptic marker PSD95. We found
that PKR, p-PKR, elF2a, and p-eIF2a were detected at remarkably close
proximity of pre and postsynaptic puncta, showing clear overlapping
areas between the PKR-branch of the ISR and the synaptic markers
(Fig. 4A). Moreover, we found that PKR, p-PKR, elF2a, and p-eIF2a were
consistently present at the dendritic spines of hippocampal neurons as
discrete puncta (Fig. 4B). In contrast to the staining pattern found for
PKR (and the phosphorylated form), which is mainly detected as puncta
along dendrites, elF2a and its phosphorylated form were detected both
as puncta and homogeneously distributed in these neuron projections
(Fig. 4B). Those puncta were located at the neck and head of the den-
dritic spines (Fig. 4B). The presence of these proteins at synaptic
structures by immunofluorescence is consistent with our biochemical
analysis described above.

To investigate the precise colocalization of ISR proteins with syn-
aptic markers, we performed an Intensity Correlation Analysis (ICA) (Li
et al., 2004b; Dunn et al., 2011). ICA is a method used to assess the
spatial correlation between two molecular signals by comparing the
intensity fluctuations of each signal across space. A key measure in ICA
is the Product Difference of the Mean (PDM), which is calculated by
subtracting the mean intensity of each signal from individual pixel in-
tensities and then multiplying the deviations. If the PDM is positive, both
signals tend to increase or decrease together, suggesting colocalization,
while negative PDM values indicate no correlation. For ICA, the fluo-
rescence intensity of a pixel for each ISR protein was plotted against the
PDM of that pixel and pre or postsynaptic markers. Examples of plotted
PDMs when analyzing pixels for PKR or elF2u and pre or postsynaptic
marker intensities, in which we mainly obtained positive values (Fig.
S9). Then, we calculated the Intensity Correlation Quotient (ICQ), which
is derived from PDM and represents the proportion of pixels with posi-
tive PDM values relative to the total number of pixels. ICQ values range
between —0.5 and + 0.5, where values close to +0.5 indicate strong
colocalization. The ICA allowed us to calculate the ICQ per pair of sig-
nals (PKR: PSD95; PKR:Bassoon; elF2a:PSD95; elF2a:SYP and phos-
phorylated forms: pre or postsynaptic) on every image. To complement
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Fig. 4. PKR and elF2q, along with their phosphorylated forms, are located in the nearby synaptic areas and in the dendritic spines of hippocampal
neurons in vitro. Hippocampal neurons were obtained from E16 to E18 mice and cultured up to 14 days in vitro (14DIV) at low density to allow individual neuronal
imaging. (A) Representative confocal images of immunofluorescence staining against PKR, p-PKR, elF2a, or p-eIF2a (red) and pre (Bassoon/BSN) or postsynaptic
(PSD95) markers (green) in the first-to-second branches of these neurons. Scale bar = 10 pym. Deconvolution and 3D reconstruction were performed on Z stacks of
confocal images from the first-to-second branches of hippocampal neurons. (B) 3D reconstructions of dendritic spines from EGFP-transfected (300 ng/well) hip-
pocampal neurons (14DIV) merged with the reconstructed images for PKR, p-PKR, elF2aq, or p-elF2a staining from the immunofluorescence. An enlarged view of a
specific area (white box) is shown on the right. Scale bar = 100 nm. Confocal images of immunofluorescence from entire neuronal cells can be found in Supple-
mentary Fig. 8. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

our analysis, we also evaluated the randomness of intensity correlation
between PKR, p-PKR, elF2a, or p-eIF2a with pre or postsynaptic markers
through Van Steensel’s Cross-Correlation Function (CCF) analysis (van
Steensel et al., 1996) on the same images. This analysis helped us to
determine whether two fluorescently labeled proteins are co-distributed
in the synapse by measuring how their intensities align when one image
is shifted relative to the other.

To further study the relationship between PKR, p-PKR, and synaptic
markers, we applied the Intensity Correlation Analysis (ICA) method to
assess the colocalization of PKR and p-PKR with presynaptic (Bassoon,
BSN; Synaptophysin, SYP) and postsynaptic (PSD95) markers in

immunofluorescence images of hippocampal neuron neurites (Fig. 5A,
D). We generated images that depict regions where the intensity of PKR
or p-PKR overlaps with the pre or postsynaptic markers, labeled as
Positive Correlation (+ Corr.) along the neurites (Fig. 5A, D).

Using the PDMs distribution, we compared the intensity of PKR and
p-PKR with those of pre or postsynaptic markers across the entire neu-
rites (Fig. S9A, B). The ICA analysis revealed that most pixels were
positive, indicating synchronicity in the signals between PKR and p-PKR
and pre or postsynaptic markers (Fig. S9A, B; n = 30 per pair of stains).
We quantified the mean ICQ for all pair signals, which showed positive
values for each combination (Fig. 5B, E). These results provide robust
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Fig. 5. PKR and p-PKR partially colocalize with presynaptic and postsynaptic markers in in vitro hippocampal neurons. Hippocampal neurons were obtained
from E16 to E18 mice and cultured up to 14 days in vitro (14DIV) at low density to allow individual neuronal imaging. Colocalization and randomness of coloc-
alization analyses were performed on Z stacks of confocal images from the first-to-second branches of hippocampal neurons (n = 30 per pair of markers, from images
from three independent cultures). Examples of overlapping puncta (yellow square) are shown in the insets. Representative maximal projections from immunoflu-
orescence detecting (A) PKR (red) and the presynaptic marker (left) Bassoon (BSN, green), and PKR (red) and the postsynaptic marker (right) PSD95 (green). Merge
and positive correlation (+ Corr.) heat maps between (A) PKR or (D) p-PKR and pre or postsynaptic markers are shown. Scale bar = 10 pm. Quantification of the
Mean Intensity Correlation Quotient (ICQ) between (B) PKR and BSN, and between PKR and PSD95, was calculated through intensity correlation analysis (ICA) at the
first-to-second branches of hippocampal neurons. (C) Representative Cross Correlation Function (Pearson’s coefficient /Ax; CCF) between PKR and BSN, and PKR and
PSD95 at the first-to-second branches of hippocampal neurons. The same analysis was performed for p-PKR, detecting (D) p-PKR (red) and the presynaptic marker
(left) Synapsin (SYN, green), and p-PKR (red) and the postsynaptic marker (right) PSD95 (green). (E) ICQ between p-PKR and SYN or between p-PKR and PSD95 was
calculated through intensity correlation analysis at the first-to-second branches of hippocampal neurons. (F) CCF between p-PKR and Synapsin and p-PKR and PSD95
at the first-to-second branches of hippocampal neurons. For all panels, three independent cultures were obtained, each yielding two replicate wells. From each pair of
wells, ten neurites were analyzed. Scale bar = 10 pm. For details on ICA, refer to the methodology section. (For interpretation of the references to colour in this figure
lfgend, the reader is referred to the web version of this article.)

<

evidence that PKR and p-PKR signals are synchronized with the pre and areas, using SYP and PSD95 as pre or postsynaptic markers, respectively.
postsynaptic markers, confirming their association with synaptic struc- We then quantified the mean fluorescence intensity levels of p-elF2a in
tures. The CCF values between PKR (Fig. 5C) and p-PKR (Fig. 5F) and pre both basal and PKR-activated conditions. The resulting heat maps of
or postsynaptic marker signals pairs decrease in response to displace- mean relative intensity levels of p-elF2a demonstrated a clear increase
ment of the signals (n = 30 per pair of stains), revealing a nonrandom in p-elF2a at both pre and postsynaptic areas following Poly I:C treat-

colocalization of the signals. Together, these findings demonstrate that ment (Fig. 7B, C). These findings indicate that PKR activation leads to
PKR and its phosphorylated form (p-PKR) are present in synaptic regions the localized phosphorylation of elF2a, specifically at synaptic sites,

and also colocalize with key pre and postsynaptic markers, further highlighting a potential mechanism by which PKR modulates synaptic
confirming their synaptic localization. protein function through the ISR pathway.

Next, we investigated the potential colocalization of elF2u and p- PKR activation increases phospho-elF2u0 colocalization with
elF2a with pre and postsynaptic markers, using the same analysis (ICA) presynaptic regions. Building on the observation that PKR activation
applied to the sensor kinase PKR. Positive regions for elF2o and p-elF2a induces a localized increase in p-eIF2x in synaptic regions, we further
were abundantly present in proximity to pre and postsynaptic puncta in investigated whether PKR activation modulates p-eIF2a localization at
immunofluorescence images at neurites of 14DIV hippocampal neurons the pre and postsynaptic regions. Briefly, we assessed the colocalization
(Fig. 6A and D, respectively). Under thorough observation, elF2a and p- of p-elF2u with pre or postsynaptic markers under PKR activation con-
elF2a positive regions consistently overlap with the pre and post- ditions. We performed the ICA (Li et al., 2004b; Dunn et al., 2011)
synaptic marker regions at all the neurites observed. Furthermore, heat protocol on immunofluorescence confocal images from 14DIV hippo-
maps of positive PDMs (+Corr.) of elF2a (Fig. 6A) or p-elF2a (Fig. 6D) at campal neurons that were stimulated with Poly I:C for 3 h after trans-
pre or postsynaptic regions indicate that variation in the intensities of fection. We then examined how the overlap between p-elF2a and
ISR and synaptic signals is synchronized. Consequently, we analyzed the synaptic markers changed under control and Poly I:C conditions. Heat
distribution of PDMs between elF2a, p-eIF2a, and pre or postsynaptic maps of the positive PDMs (+Corr.) at the regions where p-eIF2a and pre
signals in whole images of neurites. There, we found that a considerable or postsynaptic signals overlap suggest that the intensities of these sig-
part of the total pixels has intensity signals of eIF2u (Fig. S9C), p-eIF2a nals vary synchronously under Poly I:C treatment (Fig. 8A, B). The mean
(Fig. S9D), and pre or postsynaptic synchronically vary. Based on this, ICQ per pair of signals in every image was calculated to quantify the
we determined the mean ICQ between elF2a, p-eIF2a and pre or post- colocalization pattern in activation conditions compared to basal con-
synaptic markers and found that the mean ICQ was positive for all pairs ditions. The interaction pattern for p-eIF2a:SYP changed under PKR

analyzed (Fig. 6B, E), reflecting a positive correlation between pairs of activation conditions (p-eIF2a:SYPcrgr, 0.17 +/— 0,006 and p-elF2a:
signals. The CCF values between elF2u (Fig. 6C) or p-elF2a (Fig. 6F) and SYPpoly:ic 0.19 +/— 0,006) (Fig. 8A). However, no changes were
pre or postsynaptic markers signal pairs show a decrease in response to observed between p-elF20:PSD95 after elF2a phosphorylation induction
displacement (Fig. 6C, F), revealing a dependent variation of the signals. with Poly I:C (p-elF2a:PSD95¢rr; 0,013 +/— 0,006 and p-elF2a:
To our knowledge, this is the first study describing the colocalization of PSD95p,ji:1c 0,0154 +/— 0,008) (Fig. 8B). The significant increase in ICQ
PKR, p-PKR, elF2q, or p-elF2a with pre and postsynaptic markers on values for p-e[F2a:SYP under Poly I:C conditions suggests an enhanced

neurons. When combined with our complementary biochemical evi- interaction or redistribution of p-elF2a within synaptic regions marked
dence, these results strongly support the synaptic localization of PKR by Synaptophysin. This shift may reflect a regulatory role of PKR acti-
and elF2a signaling components. This suggest that the PKR-elF2a vation in synaptic protein dynamics. In contrast, the colocalization of p-
pathway of the integrated stress response is not only present at synapses elF2a with PSD95 remained unchanged after Poly I:C treatment, sug-
but may also have a direct role in local synaptic regulation. gesting that elF2a phosphorylation does not significantly impact post-

PKR activation induces local eIF2a phosphorylation at pre and synaptic density protein (PSD95) interactions. This stability implies that
postsynaptic areas. The localized presence of p-PKR and p-elF2a at PKR-mediated phosphorylation of elF2a selectively influences presyn-

hippocampal pre and postsynaptic regions led us to test whether the aptic rather than postsynaptic protein associations. Additionally, the
phosphorylation state of elF2a can be modulated in response to PKR CCF analysis between p-elF2a with pre and postsynaptic markers
activation stimulus at synapses. To explore this, we first treated neurons showed no randomness in intensity correlation (van Steensel et al.,
with Poly I:C, a commonly used dsRNA analog and a potent PKR acti- 1996) on the same images (Fig. 8C), suggesting that p-eIF2q is spatially
vator (Barragan-Iglesias et al., 2020; Yang et al., 1995). After 3 h of Poly associated with specific synaptic compartments rather than being
I:C transfection, we observed a marked increase in p-PKR levels in hip- diffusely distributed throughout the cell. These results support the idea
pocampal neurons (Fig. S10). Concurrently, the levels of p-elF2a were that PKR activation, through the phosphorylation of elF2a, plays a tar-
elevated in primary and secondary branches (Fig. 7A). Having estab- geted role in synaptic regulation, selectively modulating synaptic pro-
lished that PKR activation leads to increased p-elF2a levels in neuronal tein dynamics in response to activation conditions.

branches, we next studied the phosphorylation of elF2a, specifically at PKR contributes to the density, size, composition, and trans-
synapses under PKR activation. To achieve this, we isolated the p-elF2a lation of synapses. The findings regarding the significant changes in
fluorescence signal and analyzed its overlap with pre and postsynaptic structural protein constituents of CNS synapses, specifically Synapsin
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Fig. 6. elF2ua and p-eIF2a partially colocalize with pre and postsynaptic markers at hippocampal neurons in vitro. Hippocampal neurons were obtained from
E16 to E18 mice and cultured up to 14 days in vitro (14DIV) at low density to allow individual neuronal imaging. Colocalization and randomness of colocalization
analysis were performed on Z stacks of confocal images from first-to-second branches of hippocampal neurons (n = 30 per pair of markers, from images from three
independent cultures). Examples of overlapping puncta (yellow square) are shown in the insets. Representative maximal projections from immunofluorescences
detecting (A) elF2u (red) and the presynaptic marker (left) Synapsin (SYN, green), and elF2a (red) and the postsynaptic marker (right) PSD95 (green). Merge and
positive correlation (+ Corr.) heat maps between (A) elF2a or (D) p-eIF2« and pre or postsynaptic markers are shown. Scale bar = 10 pm. Quantification of the Mean
Intensity Correlation Quotient (ICQ) between (B) elF2x and BSN and between elF2a and PSD95 calculated through the intensity correlation analysis (ICA) at the first-
to-second branches of hippocampal neurons. (C) Representative Cross Correlation Function (Pearson’s coefficient /Ax; CCF) between elF2a and BSN and elF2a and
PSD95 at the first-to-second branches of hippocampal neurons. The same analysis was performed for p-elF2a detecting (D) (left) p-eIF2a (red) and the presynaptic
marker Synapsin (SYN, green), and (right) p-elF2a (red) and the postsynaptic marker (PSD95; green). (E) ICQ between p-elF2a and Synapsin (SYN) and between p-
elF2o and PSD95 was calculated through ICA at the first-to-second branches of hippocampal neurons. (F) CCF between p-elF2a and Synapsin (SYN) and p-elF2a and
PSDO5 at the first-to-second branches of hippocampal neurons. For all panels, three independent cultures were obtained, each yielding two replicate wells. From each
pair of wells, ten neurites were analyzed. Scale bar = 10 pm. For ICA details, see methodology section. (For interpretation of the references to colour in this figure
lfgend, the reader is referred to the web version of this article.)

<

A

Ctrl Poly IC

(o2 o]
o o

Neurite p-elF2a
S

Mean Intensity
S
o

o

Ctrl Poly IC

N
o o

Normalized p-elF2a
Integrated Density
=

5
0
Ctrl Poly IC
SYP SYP
3.12+/-  4.49 +/-
0.31 0.49

N
[T}
%G
QN
T 2
£
SE
ctrl  Poly IC
PSD95PSD95
2.26 +/- 3.28 +/-
0.18 0.31

Fig. 7. Local elF2a phosphorylation at pre and postsynaptic areas is induced by PKR activation. Hippocampal neurons were obtained from E16 to E18 mice
and cultured for up to 14 days in vitro (14DIV). p-eIF2a intensity levels were evaluated in regions positive for pre and postsynaptic markers through immunoflu-
orescence on those mouse embryonic hippocampal neurons at low densities to allow individual neuronal imaging. Cultures were transfected for 30 min with Poly I:C
(5 pg/mL) or vehicle (Ctrl; DMSO) using Lipofectamine 2000. Then, the stimulus was removed, and after 3 h, neurons were processed for immunofluorescence. (A)
Representative confocal images of immunofluorescence from the first-to-second branches of neurons treated with vehicle or Poly I:C (5 pg/mL) and stained against p-
elF2a (red). On the right, the quantification of mean intensity for p-eIF2a staining in neurites under vehicle or Poly I:C is shown. (B) Representative confocal images
of immunofluorescence against p-eIlF2u (red) and the presynaptic marker Synaptophysin (SYP, green) in the first-to-second branches of hippocampal neurons after 3
h of treatment with vehicle (control, Ctrl) or Poly:IC (5 pg/mL). Scale bar = 10 pm. At right, the quantification of the mean p-elF2« integrated density at the
presynaptic region, normalized to its corresponding branch integrated density, is shown for the vehicle (Ctrl; DMSO) and Poly I:C (5 pg/mL). (C) Representative
confocal images of immunofluorescence against p-elF2u (red) and the postsynaptic marker (PSD95, green) in the first-to-second branches of hippocampal neurons
after 3 h of treatment with vehicle (Control, Ctrl) or Poly I:C (5 pg/mL). Scale bar = 10 pm. At right, the quantification of the mean p-elF2a integrated density at the
postsynaptic region normalized to its corresponding branch integrated density is shown for vehicle (Ctrl; DMSO) and Poly I:C (5 pg/mL). For all analyses, ten neurites
were analyzed from images of three independent cultures (n = 30).; Mean + S.D. Two-tailed Mann-Whitney test: *p < 0.05, **p < 0.01. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Phospho-elF2a colocalization with presynaptic areas is increased by PKR activation. Hippocampal neurons were obtained from E16 to E18 mice and
cultured up to 14 days in vitro (14DIV) at low density to allow individual neuronal imaging. At 14DIV, cultures were transfected for 30 min with Poly I:C (5 pg/mL) or
vehicle (Ctrl; DMSO) using Lipofectamine 2000. Then, the stimulus was removed, and after 3 h, neurons were processed for immunofluorescence. Colocalization and
randomness of colocalization analysis were performed on Z stacks of confocal images from the first-to-second branches of hippocampal neurons (n = 30, per pair of
markers). Examples of overlapping puncta (yellow square) are shown in insets. (A) Representative maximal projections from immunofluorescences detecting p-eIF2u
(red) and the presynaptic marker synaptophysin (SYP, green) in hippocampal neurons treated with vehicle (Control, Ctrl) or Poly I:C (5 pg/mL for 3 h). Merge and
positive colocalization (+Corr.) heat maps between p-eIF2a and SYP. Scale bar = 10 pm. Mean Intensity Correlation Quotient (ICQ) between p-eIF2a and SYP at first-
to-second branches of 14DIV hippocampal neurons is shown. (B) Representative maximal projections from immunofluorescences against p-elF2u (red) and the
postsynaptic marker PSD95 (green) at hippocampal neurons treated with vehicle (Control, Ctrl) or Poly I:C (5 pg/mL for 3 h). Merge and positive colocalization (+
Corr.) heat maps between p-eIF2« and PSD95. Scale bar = 10 pm. The mean Intensity Correlation Quotient (ICQ) between p-elF2a and PSD95 at first-to-second
branches of hippocampal neurons is shown. (C) Representative Cross Correlation Function (Pearson’s coefficient/Ax; CCF) between p-elF2a and SYP (left) or p-
elF20 and PSD95 (right) at first-to-second branches of hippocampal neurons treated with control (vehicle) or Poly I:C (5 pg/mL for 3 h) from images shown in A (left
graph) and B (right graph). For all analyses, ten neurites were analyzed from images of three independent cultures (n = 30). Mean =+ S.D. Two-tailed Mann-Whitney
test. ns, not significant, **p < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(SYN) and PSD95, as well as alterations in elF2a activation under PKR SYN (Fig. 9B) and PSD95 (Fig. 9E) staining compared to WT, indicating a

deficiency, prompted us to investigate the possible role of PKR in the deficiency in the structural integrity or molecular composition of syn-
synaptic architectural layout of newly formed synapses. For this, we apses. Further morphometric analysis revealed a striking alteration in
studied synaptic discrete regions in conditions of PKR deficiency. To presynaptic morphology: PKRKO neurons showed significantly larger
investigate this, we cultured mouse embryo hippocampal neurons at low mean presynaptic sizes compared to WT neurons. This increase is
densities from WT and PKRKO mice. These neurons developed electri- attributable to a reduction in medium-sized presynaptic structures
cally active synapses and exhibited synaptic plasticity by days 8-10 in (Fig. 9C), suggesting a shift in the distribution profile of presynaptic
vitro (Derisbourg et al., 2021b). We then conducted a detailed structures in the absence of PKR. In contrast, the distribution and mean
morphological assessment of synapses and quantitative image analysis size of postsynaptic compartments (PSD95 puncta) remained unaltered
to compare the synaptic density and size of hippocampal WT and PKRKO between genotypes (Fig. 9E, F). Given that PKR regulates the phos-
neurons at their primary or secondary branches at DIV14, using SYN and phorylation of elF2u at synapses and influences the abundance of key
PSD95 stains as markers for pre and postsynaptic compartments, synaptic proteins, we next sought to determine whether PKR directly
respectively. Our analysis revealed no significant differences in the modulates local protein synthesis. To address this, we isolated syn-
numeric density of presynaptic (SYN puncta/pm?) or postsynaptic aptoneurosomes from WT and PKR-deficient mice and measured de novo
(PSD95 puncta/um?) structures in WT and PKRKO neurons (Fig. 9A, D), protein synthesis using a puromycin incorporation assay. Strikingly,
suggesting that PKR is not essential for the overall number of synapses synaptoneurosomes from PKRKO mice exhibited a significant increase in
under basal conditions. However, when examining signal intensities as a protein synthesis compared to those from WT controls (Fig. 9G). This
proxy for protein content, PKRKO synapses displayed significantly lower provides direct evidence that PKR acts as a regulator of local translation
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at synapses. Along with our results obtained in synaptic discrete regions,
and our in vivo findings in synapse-enriched fractions showing altered
synapse composition (decreased Synapsin levels and the proteostatic
regulator elF2a), these data demonstrated that PKR plays a critical role
in modulating the molecular composition and morphological distribu-
tion of synapses, particularly within the presynaptic compartment,
likely through translational control. These structural changes may un-
derlie the previously observed synaptic functional deficits in PKR-
deficient neurons, highlighting a novel role for PKR in sculpting syn-
aptic architecture and controlling structural plasticity.

In summary, our study reveals that PKR and elF2a, along with their
phosphorylated forms, are specifically localized at central nervous sys-
tem synapses. We found that aging leads to notable alterations in

PKRKO

Neurobiology of Disease 216 (2025) 107113

synaptic protein composition, characterized by increased PKR activation
and a reduction in eIF2a levels at hippocampal synapses. Additionally,
our data demonstrate that PKR activation plays a key role in directly
modulating local eIlF2o phosphorylation at synapses, highlighting the
importance of the PKR-elF2a axis in regulating synaptic function and
plasticity. Importantly, we show that PKR deficiency results in a sig-
nificant increase in protein synthesis in synapse-enriched fractions,
providing direct evidence that PKR acts as a local regulator of trans-
lation. These findings provide new insights into how components of the
ISR are integrated within synaptic compartments, suggesting a mecha-
nistic link between ISR dysregulation, synaptic integrity, and age-
related neurodegenerative processes.
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Fig. 9. PKR genetic deficiency alters synapse density, size, composition, and translation in synapses. Hippocampal neurons were obtained from E16 to E18
mice and cultured for up to 14 days in vitro (14DIV) at low density to allow individual neuronal imaging. Synapsin (SYN) or PSD95 positive areas were segmented
from Z-stack maximal projections of first-to-second branches of confocal images of hippocampal neurons. After segmentation, pre or postsynaptic regions to be
studied were filtered by size based on optical resolution and expected values from references (details in the Methods section). Then, SYP or PSD95 positive regions
numeric densities, intensities, and sizes were determined. (A) Representative maximal projections from immunofluorescences against presynaptic marker SYN
(green) at WT and PKRKO hippocampal neurons. Branch perimeter (white line), SYN positive regions perimeter (yellow line), and SYN positive areas intensity levels
heat maps are shown. Scale bar = 10 pm. On the right, quantification of numeric densities of SYN puncta per pm? at branches of WT or PKRKO hippocampal neurons
(n = 30; t-Test (Welch’s); Mean + S.D.; 95 % confidence interval. ns, not significant). (B) Quantification of the mean intensity of each SYN puncta normalized by the
mean intensity of all puncta in the same image at branches of WT or PKRKO hippocampal neurons. (C) Quantification of SYN mean puncta sizes per pm? at branches
of WT or PKRKO hippocampal neurons. On the right, the relative cumulative frequency distribution of WT and PKRKO SYP puncta sizes is shown. The number of SYN
synaptic puncta quantified is indicated. LL: Lower Limit size of the first range in the distribution (see Methods). (D) Representative maximal projections from
immunofluorescences against postsynaptic marker PSD95 (red) at WT and PKRKO hippocampal neurons. Branch perimeter (white line), PSD95 positive regions
perimeter (yellow line), and PSD95 positive areas intensity levels heat maps are shown. Scale bar = 10 pm. On the right, the quantification of mean numeric densities
of PSD95 puncta per pm? at branches of WT or PKRKO hippocampal neurons. (E) The quantification of the mean intensity of each PSD95 puncta normalized by the
mean intensity of all puncta in the same image at branches of WT or PKRKO hippocampal neurons. (F) The quantification of PSD95 mean puncta sizes per pm? at
branches of WT or PKRKO hippocampal neurons. On the right, the relative cumulative frequency distribution of WT and PKRKO PSD95 puncta sizes is shown. The
number of PSD95 synaptic puncta quantified is indicated. LL: Lower Limit size of the first range in the distribution (see Methods). For all analyses, ten neurites were
analyzed from images of three independent cultures (n = 30). Data is presented as mean =+ S.D. For B, C, E, and F, a two-tailed Mann-Whitney test was applied: ns, not
significant, *** p < 0.005, **** p < 0.001. (G) Brains from WT (n = 4) or PKRKO (n = 4) young (2 m.o.) mice were processed into synaptoneurosomal (S) fractions. S
fractions were treated with puromycin (50 pg/mL) for 15 min. Incorporation of puromycin into nascent peptides was detected using an anti-puromycin antibody. The
TGX signal was used as a loading control. Levels of puromycin incorporation were determined by quantifying their total lane intensity in synaptic fractions and
normalized to the levels in the TGX stain on the same lane. Student’s t-test: ns, not significant; *p < 0.05. (For interpretation of the references to colour in this figure
lfgend, the reader is referred to the web version of this article.)

4. Discussion regulates downstream signaling. This prevents the interaction between
PKR and elF2a. Similarly, our observation of PKR distribution in Banker-
The synapse is the fundamental unit of communication between cultured hippocampal neurons revealed clustering along axons
neurons, playing a crucial role in the processing and transmission of (Fig. 4A). To our knowledge, this is the first description of an ISR protein
information within the nervous system. Synaptic plasticity, the ability of compartmentalization in neurons.
synapses to strengthen or weaken over time in response to activity, In a study performed by Baleriola et al. (Baleriola et al., 2014), the
constitutes the cellular foundation of learning and memory. Many local ISR activity in hippocampal neurons was examined. Although this
morphological and functional synaptic changes observed in synaptic study did not focus on the distribution of eIF2u or any of its kinases, it
plasticity require de novo protein synthesis (Sutton and Schuman, 2006). showed that under conditions of AP exposure, Atf4 mRNA is locally
A significant and compelling body of evidence shows that the PKR translated into axons, independent of the neuronal body, and associated
branch of the ISR is a central regulator of long-term plasticity and with increased elF2a phosphorylation. In our work, the co-localization
memory processes in both healthy and disease conditions (Costa-Mat- of PKR with both presynaptic (Synapsin/Basson) and postsynaptic
tioli et al., 2005; Costa-Mattioli et al., 2007; Zhu et al., 2011; Stern et al., (PSD95) markers provides strong evidence for the PKR branch of the
2013; Batista et al., 2016; Jiang et al., 2010; Sharma et al., 2018; ISR’s synaptic localization and supports its role in local synaptic pro-
Shrestha et al., 2020) (reviewed in (Costa-Mattioli et al., 2007; Lockshin cesses. Furthermore, our findings also suggest that PKR activation
and Calakos, 2024)). However, whether the ISR components are local- modulates the degree of colocalization of elF2a with presynaptic and
ized to the synapse and play a role in regulating the composition or postsynaptic markers (Fig. 8A, B). Together, these findings suggest that
morphology of synapses remains largely unknown. In this study, we the ISR may modulate synaptic activity locally.
used two complementary assays to investigate the presence of PKR and PKR Modulates Synaptic Protein Composition Size, and trans-
elF2a, along with their phosphorylated forms, at synapses in both in vivo lation. Here, we demonstrate that the genetic ablation of PKR leads to a
and in vitro models. Our findings revealed that PKR is active (phos- marked reduction in synaptic elF2a phosphorylation and Synapsin
phorylated) at synapses (Fig. 1A), and its local activation leads to the levels, accompanied by significant alterations in synaptic architecture.

phosphorylation of elF2u at these synapses (Fig. 7B, C). Using mice Strikingly, these changes were confined to the hippocampus (Fig. 2A)
lacking PKR, we found that PKR regulates elF2a phosphorylation and were not observed in cortical synapses (Fig. S7A), indicating a brain

(Fig. 2A, B) and Synapsin levels at synapses in young animals (Fig. 2A), region-specific function of PKR in regulating synaptic composition.
and contributes to synapse size (Fig. 9, C) and protein synthesis in Notably, Synapsin levels decreased by more than 50 %, specifically at
synapses (Fig. 9G). Interestingly, synapses from aged mice exhibited hippocampal synapses (Fig. 2A). Additionally, we found a reduction in
increased PKR activation and reduced elF2a levels (Fig. 1C, D), sup- Synapsin intensity at individual synapses in PKR-deficient mice
porting the role of these ISR components in age-dependent neuro- (Fig. 9C). Synapsins are essential presynaptic proteins that tether syn-
degeneration. Overall, our results show that the PKR-elF2«a signaling aptic vesicles (SVs) to the actin cytoskeleton, particularly within the
axis is present at hippocampal and cortical synapses, exhibiting region- reserve pool. Their phosphorylation state and abundance regulate the
specific and age-dependent alterations. This local ISR activation changes availability of SVs for release during neurotransmission (Cesca et al.,
the synaptic protein composition, size, and morphology, providing new 2010; Greengard et al., 1993). In the context of PKR deficiency, the
insights into the roles of PKR and elF2a in synaptic function. decrease in Synapsin levels could significantly alter vesicle dynamics.

Synaptic Localization of PKR and eIF2a. We found that PKR and its Reduced Synapsin may lead to a loosening of vesicle tethering, thereby
phosphorylated form are highly enriched at hippocampal and cortical enhancing the mobilization of vesicles from the reserve pool to the
synapses, indicating a compartmentalized distribution of the PKR- readily releasable pool (Chi et al., 2003; Hilfiker et al., 2005). This shift
branch of the ISR in neurons. Previous studies have demonstrated the could increase the number of vesicles available for immediate release
compartmentalization of the ISR in dividing cells (Zappa et al., 2022; upon stimulation, effectively raising the release probability at synapses.
Carrara et al., 2015; Kastan et al., 2020), discussed in (Boone and Zappa, Moreover, the loss of Synapsin-mediated vesicle clustering could facil-
2023). For example, Zappa and colleagues (Zappa et al., 2022) recently itate a more rapid replenishment of the releasable pool, especially
described the localization of PKR to a granule membrane-less during sustained activity. These effects could underlie the previously
compartment in response to dsRNA, which excludes elF2a and reported enhancements in synaptic efficacy and memory performance in
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PKRKO animals. It is also possible that reduced Synapsin affects the
spatial organization of vesicles and active zones, leading to a more
permissive presynaptic architecture that favors neurotransmitter release
(Pieribone et al., 1995; Milovanovic and De Camilli, 2017). These
changes likely act in concert with other PKR-dependent modifications in
synaptic composition to fine-tune presynaptic function. Thus, the
reduction of Synapsin at synapses in PKRKO mice is likely to have
profound effects on vesicle availability and release dynamics. This pre-
synaptic reconfiguration may contribute directly to enhanced synaptic
transmission and cognitive performance, linking structural remodeling
with functional plasticity in the absence of PKR. Although our micro-
scopy and biochemical data suggest potential functional consequences,
direct evidence, such as electrophysiological measurements of synaptic
activity or behavioral memory testing, will be essential in future studies
to establish a causal link between the structural alterations and synaptic
function.

Primary hippocampal neurons provide a powerful model for study-
ing molecular and structural mechanisms with high resolution; howev-
er, they do not fully represent the complexity of the in vivo brain
environment, where multiple cell types and circuit dynamics influence
ISR signaling. Consequently, certain in vitro phenotypes—such as al-
terations in synaptic shape or the localization of ISR components—may
not match those in vivo. However, our biochemical analyses of syn-
aptoneurosomes from hippocampal and cortical tissue support the
physiological presence and age-related regulation of PKR at synapses.
Future research using in vivo or ultrastructural approaches in PKR-
deficient models will be important to further validate and expand
these findings.

The selective reduction of phosphorylated synaptic elF2a observed
in PKR-deficient mice (Fig. 2A, B) shows that PKR partially mediates
synaptic elF2a phosphorylation. This observation is particularly rele-
vant considering the role of e[F2a phosphorylation in synaptic plasticity,
learning, and memory (Sutton and Schuman, 2006; Di Prisco et al.,
2014). elF2a is essential for protein synthesis, and its phosphorylation
induces a translational arrest but also allows the translation of specific
mRNAs containing uORFs. uORFs-containing transcripts are part of the
800 mRNAs that are preferentially translated in the neuropil (axons,
synapses, and dendrites) compared to somata (Glock et al., 2021). Thus,
an active synaptic PKR, through elF2a phosphorylation, could act as a
proteostatic regulator and consequently change the composition in
response to activity. So far, the synaptic localization of HRI, GCN2, or
PERK, the other elF2a kinases, has not been described. Here, we also
observed the presence of PERK and GCN2 as proteins detectable at
hippocampal synapses. If these kinases are active like PKR at synapses,
they may also participate in synaptic elF2a phosphorylation, as they
have been implicated in memory and cognition (Costa-Mattioli et al.,
2005; Sharma et al., 2018; G et al., 2013). However, in conditions of PKR
deficiency, the reduction of nearly 70 % in phosphorylation levels sug-
gests that PKR is the primary kinase involved in the phosphorylation of
elF2a. The reduction in elF2a levels due to PKR deficiency was found
only in hippocampal synapses (Fig. 2A, C) and not in cortical ones (Fig.
S7A) and was not observed in the total hippocampal extracts (Fig. S5A).
These results revealed a tissue-specific control of PKR over elF2a levels
and a compartmentalized control of the kinase over its substrate levels.
Future studies are warranted to identify additional kinases or pathways
that may modulate synaptic elF2a activity and how these may be
influenced by PKR loss in different physiological or pathological con-
texts. Interestingly, recent evidence has shown that GCN2 controls elF2«
levels in the brain after a demyelinating stimulus (Falcon et al., 2025).
We propose that PKR is another ISR kinase controlling elF2« levels in
basal conditions and in a compartmentalized manner. Our measure-
ments of de novo protein synthesis at the synapse showed increased
levels in PKRKO-derived synaptic fractions. This result provides direct
functional evidence that PKR acts as a local regulator of translation at
the synapse. Mechanistically, this is consistent with our observation of
decreased phosphorylated elF2« levels at hippocampal synapses in PKR-
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deficient animals. Since phosphorylation of elF2a is a well-established
repressor of global protein synthesis, its reduction would relieve trans-
lational inhibition, thereby promoting local protein production. This
suggests that the PKR-elF2u signaling axis operates at synaptic com-
partments to dynamically regulate the local proteome.

Age-Related Changes in Synaptic PKR-eIlF2u Signaling. PKR ki-
nase and its target have been implicated in CNS aging and age-related
diseases that affect cognitive abilities (Hussain and Ramaiah, 2007;
Segev et al., 2013; Oliveira et al., 2021; Kim et al., 2007). In synapses
derived from aged brains, we observed changes in synaptic composition
characterized by increased PKR activation (phosphorylation) and a
decrease in total elF2a levels, without a corresponding increase in p-
elF2q, indicating an age-related shift in PKR-eIF2a signaling and sug-
gesting that PKR may also influence local proteostasis through mecha-
nisms that are partially independent of elF2a phosphorylation. These
findings, along with our results in PKR-deficient synapses, where we saw
a reduction in puromycin incorporation, indicate that PKR regulates
local translation at synapses and that age-related alterations in the
balance between PKR activity and eIF2a availability could disrupt syn-
aptic proteome homeostasis, potentially contributing to synaptic
vulnerability and cognitive decline during aging and neurodegenerative
processes. On the other hand, PKR activation has been associated with
increased susceptibility to neurodegeneration, as it can exacerbate
neuroinflammation and cognitive decline (Cheng et al., 2025; Trinh and
Klann, 2013). Moreover, activated PKR has been found in the context of
age-dependent neurodegenerative diseases, particularly in Alzheimer’s
Disease patients and mouse models (Peel and Bredesen, 2003). In
addition to its role in the integrated stress response, PKR is also a key
effector downstream of type I interferon signaling, where it is tran-
scriptionally induced and activated by double-stranded RNA during
antiviral responses (Martinez et al., 2021). This pathway is increasingly
recognized as being abnormally activated in the aging brain and in
various neurodegenerative diseases, where chronic neuroinflammation
and dysregulated interferon responses are prominent features. In this
context, the increased synaptic phosphorylation of PKR observed in aged
brains may not only reflect intrinsic stress responses but could also result
from enhanced interferon signaling. This raises the possibility that
immune-related pathways may influence synaptic PKR activity and, by
extension, affect local translation and synaptic integrity. Therefore, our
findings may have implications that extend beyond stress responses,
potentially linking synaptic changes to neuroimmune mechanisms in the
context of aging and disease. Future studies exploring the intersection of
interferon signaling, PKR activation, and synaptic function could pro-
vide valuable insights into how neuroinflammation contributes to
cognitive decline. Overall, our results revealed an alteration of the PKR-
elF2a axis at synapses in aged synapses. It remains to be established
whether the activated synaptic PKR contributes, in part, to the synaptic
dysfunction and cognitive decline in aging.

Our results show that synaptic-enriched fractions from 9 to 12-month
animals are associated with reduced levels of PSD95 and Synapsin,
which align with previously described findings (VanGuilder et al., 2010;
VanGuilder et al., 2011). This age range, which corresponds to a middle-
aged stage in mice rather than advanced aging, shows early molecular
and structural alterations in the brain that precede overt behavioral or
neurodegenerative phenotypes. For instance, changes in hippocampal
long-term potentiation (LTP) and reductions in field excitatory post-
synaptic potential (fEPSP) amplitudes have been observed by 9 months
of age (Pereda et al., 2019). Similarly, modifications in synaptic vesicle
pool organization (Nikonenko and Skibo, 2025) and altered expression
of synaptic proteins involved in neurotransmission and plasticity have
been reported in the hippocampus within this time frame (VanGuilder
et al., 2010). Importantly, signs of cognitive decline, particularly in
spatial learning and memory, have also been detected in 12-month-old
mice (Li et al., 2020). In aged synapses, we found decreased synaptic
elF2a levels without changes in cytosolic levels (Fig. 1C, D). These re-
sults indicate that the mechanism maintaining elF2ua at the synapse
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could be altered during this early stage of aging. Based on the opposite
results in cortical synapses, this mechanism is differentially affected
across brain regions. Associated with aging, increased PKR activation
was found only in hippocampal synapses. Intriguingly, this profound
increase in synaptic PKR activation (phosphorylation) was not corre-
lated with increased elF2a phosphorylation levels at the synapses. This
could be related to PKR’s kinase activity being negatively regulated
during aging, as described by Hussain and Ramaiah (Hussain and
Ramaiah, 2007). They described that total brain cortical extracts
derived from aged mice negatively affect the kinase activity of a re-
combinant PKR protein. It remains to be determined that it is also
extensible to hippocampal synapses. Overall, our results revealed an
alteration of the PKR-elF2« axis at synapses in aged synapses.

Together, our results support a novel role for PKR as a controller of
synaptic structural plasticity, highlighting the integrated stress response
as a spatially organized signaling pathway that can directly shape syn-
aptic composition and function. Dysregulation of the axis PKR-elF2«
may contribute to region-specific synaptic vulnerability during aging.

Broader Implications and Future Directions. Our study highlights
the importance of synaptic PKR signaling in regulating synaptic pro-
teins, aging, ISR activation, and translation. The presence of dynamic
PKR and elF2a at synapses suggests that local ISR regulation is crucial
for synaptic function, while age-related alterations in this pathway may
contribute to synaptic decline and cognitive impairments. Future studies
should investigate the molecular mechanisms underlying PKR-mediated
synaptic ISR activation, including interactions with other ISR kinases
such as GCN2 and PERK. Additionally, exploring how PKR modulation
affects synaptic plasticity and behavior in aging and disease models
could provide valuable insights into the therapeutic potential of ISR-
targeting strategies. Overall, our findings establish a novel role for
PKR-elF2a signaling at synapses and lay the groundwork for future
research into synaptic ISR dynamics and their relevance to CNS physi-
ology, aging, and disease.
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