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The integrated stress response (ISR), a pivotal protein homeostasis network, plays a critical
role in the formation of long-term memory (LTM). The precise mechanism by which the ISR
controls LTM is not well understood. Here, we report insights into how the ISR modulates the
mnemonic process by using targeted deletion of the activating transcription factor 4 (ATF4),
a key downstream effector of the ISR, in various neuronal and non-neuronal cell types. We
found that the removal of ATF4 from forebrain excitatory neurons (but not from inhibitory
neurons, cholinergic neurons, or astrocytes) enhances LTM formation. Furthermore, the
deletion of ATF4 in excitatory neurons lowers the threshold for the induction of long-term
potentiation, a cellular model for LTM. Transcriptomic and proteomic analyses revealed
that ATF4 deletion in excitatory neurons leads to upregulation of components of oxidative
phosphorylation pathways, which are critical for ATP production. Thus, we conclude that
ATF4 functions as a memory repressor selectively within excitatory neurons.

integrated stress response | learning and memory | synaptic plasticity | protein synthesis

'The integrated stress response (ISR) is a phylogenetically conserved signaling network that
maintains cellular proteostasis by tuning protein synthesis (1). A large body of evidence
documents the ISR as a central molecular switch that regulates long-term memory (LTM)
formation (1, 2). Genetic or pharmacological suppression of the ISR enhances the for-
mation of LTM (3-6). In contrast, ISR activation, which leads to global reduction in
protein synthesis but increase in the translation of activating transcription factor 4 (ATF4)
(7) (Fig. 14), impairs LTM (3, 8-10). However, it remains to be determined whether
ATF4 serves as the primary downstream effector of ISR during the formation of LTM.

ATF4 belongs to the basic leucine zipper domain (bZip) family of transcription factors
and functions in a context-dependent manner either as a transcriptional repressor or
activator (11). ISR activation impaired protein synthesis—dependent long-term potenti-
ation (LTP) in hippocampal slices from control (wild type; WT) mice but not in
ATF4-deficient slices (3), suggesting that ATF4 is a major factor driving this process.
Moreover, expressinga dominant negative inhibitor of ATF4 [and CCAAT/enhancer-binding
proteins (C/EBPs)] in murine forebrain neurons promoted long-term synaptic plasticity
and memory formation (12). In contrast to these findings, shRNA-mediated A7 knock-
down in the mouse hippocampus impaired synaptic plasticity and LTM (13). It is note-
worthy that many of the methods employed to investigate the involvement of ATF4 in
the formation of LTM have important limitations as they can potentially a) target other
proteins (e.g., C/EBPs) (12) and b) exhibit shRNA-mediated off-target effects (14-16),
all of which may confound the interpretation of the results. Moreover, germline deletion
of A#f4 in mice results in defects in ocular, skeletal, and hematopoietic development (17),
rendering them unsuitable for scudying LTM. In addition, compensatory/adaptive mech-
anisms could occur when a gene is deleted in the germline (18). To circumvent these
shortcomings, we deleted A#f4 in different cell populations (excitatory neurons, inhibitory
interneurons, cholinergic neurons, and astrocytes) to dissect the role of ATF4 in different
brain cell types and investigated how it controls LTM. Unexpectedly, our results demon-
strate that ATF4 represses the formation of LTM in a cell type-specific manner.

Results

Cell Type-Specific Expression of Atf4 mRNA in the Mouse Brain. As4 mRNA is
ubiquitously expressed in the mouse brain (Allen Mouse Brain Atlas; SI Appendix,
Fig. S1A). To examine A#f4 levels in distinct cell types in the brain, we performed
combined RNA in situ hybridization (ISH; RNAscope) and immunohistochemistry
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Significance

The activation of the integrated
stress response (ISR) underlies
memory deficits in various
cognitive disorders, but how ISR
regulates long-term memory
(LTM) remains largely unknown.
Here, we show that deleting
activating transcription factor 4
(ATF4), a downstream target of
ISR, in excitatory neurons but not
in inhibitory and cholinergic
neurons or astrocytes bolsters
LTM-associated behaviors.
Therefore, in excitatory neurons,
ATF4 plays a major role in
regulating ISR-mediated
mnemonic processes.
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Fig. 1. ATF4 deletion in excitatory neurons facilitates LTM formation. (A) Schematic of the ISR pathway. The central component of the ISR, elF2q, is phosphorylated
by four dedicated ISR kinases, which leads to a decrease in global protein synthesis but a paradoxical increase in translation of the Atf4 mRNA. (B) The breeding
strategy used to generate forebrain excitatory neuron-specific Atf4 knockout mice. (C) Control (Atf4**:Camk2a-Cre) and mice in which ATF4 is deleted in excitatory
neurons (Atf4"f:Camk2a-Cre; here defined as Atf4% cKO). (D) Combined ISH/IHC shows selective deletion of Atf4 (green dots) in the CaMKlla-positive excitatory
neurons (depicted by “red” staining) in the CA1 region of Atf4% cKO mice compared to the control group. (£) Quantification of Atf4 mRNA levels in control and Atf4%
cKO mice (t = 16.55, degrees of freedom (df) = 4.202, n = 5/group, P < 0.0001, unpaired t test with Welch's correction; each point in the graph represents means
per mouse). (F) Protocol for weak MWM test. (G and H) Enhanced spatial LTM acquisition in Atf4% cKO mice (Day 5: n = 10/group, P = 0.0471, two-way ANOVA with
Tukey's post hoc comparisons) and preference for the target quadrant on the probe test under a weak training paradigm (n = 10/group, P = 0.0130, two-way ANOVA
with Tukey's post hoc comparisons). The Atf45 cKO mice spent significantly more time than the baseline by a one-sample t test (P = 0.0048 for Atf4® cKO and
P =0.2667 for control mice), indicating that weak training was sufficient to form an LTM. (/) The swimming distances of the two genotypes were comparable (mean
distance for control: 12.56 + 0.25 m and Atf4% cKO: 11.70 + 0.30 m; t = 2.08, df = 17.51, n = 10/group, P = 0.0525, unpaired t test with Welch’s correction). (/) The time
required to find the visible platform was similar between control and Atf4% cKO mice (t = 0.4238, df = 17.66, n = 10/group, P = 0.6769, unpaired t test with Welch's
correction). (K) Schematic of the weak contextual fear conditioning (CFC) protocol (1-foot shock; 0.35 mA for 1 s). The percentage of freezing was calculated for
5 min 24 h posttraining. (L) Long-term contextual fear memory is enhanced in Atf45* cKO mice compared to the control group (n = 8/group, On test day: P = 0.0003,
two-way ANOVA with Bonferroni's post hoc comparisons). (M) Time course of normalized synaptic changes induced by high-frequency stimulation (100 Hz for 1 s)in
control (n = 7 slices obtained from five mice) and Atf4™ cKO mice (n = 7 slices obtained from six mice). (N) Quantification of average LTP recording after stimulation
(last 10 min of recording). Average LTP for control = 106.9 + 4.2 and Atf4® cKO = 118.1 £ 6.1; the asterlsk (*) indicates a significant increase from the baseline 100
as determined by a Wilcoxon test (P = 0.0469). Data are mean + SEM. *P < 0.05, ***P < 0.001, ****P < 0.0001, n.s. = not significant.

(IHC) on mouse hippocampal sections. This approach was  acidic protein (GFAP) (S Appendix, Fig. S1B), indicating low
chosen as commercial ATF4 antibodies do not provide reliable basal ATF4 expression in the astrocytes, in accordance with
IHC signals in mouse brain sections. The combined ISH/  previous reports (19, 20).

IHC revealed that Asf4 mRNA was coexpressed with markers

of various neuronal subtypes, such as calcium/calmodulin-  Deletion of ATF4 in Forebrain Excitatory Neurons Leads to
dependent protein kinase type I subunit alpha (CaMKIla) for ~ Enhanced LTM. To study the role of ATF4 in ITM formation
excitatory neurons, glutamic acid decarboxylase 67 (GADG67) in forebrain excitatory neurons, which are critically required for

for inhibitory neurons, and choline acetyltransferase (ChAT) this process (21), we crossed A" mice with Camk2a-Cre mice
for cholinergic neurons (S/ Appendix, Fig. S1B). However, only  that express Cre postnatally in excitatory forebrain neurons (22)
a small fraction of A#4 mRNAs colocalized with glial fibrillary ~ to generate cell type-specific knockout (AtfA:Camk2a-Cre;
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hereafter denoted A#f#* cKO) and control (A#f4*"*: Camk2a-Cre)
mice, respectively (Fig. 1 Band C). The selective deletion of A#f4 in
excitatory neurons was confirmed by combined ISH/THC (Fig. 1
D and E).

We first examined spatial LTM using the Morris water maze
(MWM) test, in which mice use visual cues to find a hidden
platform in a circular pool (23). We studied LTM as it requires
protein synthesis which is controlled by ISR. Previous studies
demonstrated that ISR inhibition facilitates spatial LTM forma-
tion under a weak training paradigm (one training session per day
for 5 to 6 d; Fig. 1F) (3, 4). Atf4** cKO mice reached the hidden
platform significantly faster than control mice (Fig. 1G; 45.44 +
12.19% reduction in escape latency in A##™ cKO vs. control on
day 5 of training), indicating that ATF4 represses spatial LTM
acquisition. Accordingly, unlike control mice, Asz‘" cKO mice
spent more time swimming in the target quadrant during the
probe test (Fig. 1H; A#f4* cKO and control mice spent 32.76 +
1.98% and 26.46 + 1.17% of the total time in the target quadrant,
respectively). Additional analysis revealed that A7 cKO mice,
but not control mice, spend significantly more time in the target
quadrant than chance, further demonstrating that weak training
induces LTM in these animals. Notably, the enhanced LTM of
Atf#* cKO mice cannot be attributed to enhanced locomotion
since both genotypes swam a similar distance in the circular pool
(Fig. 11). Moreover, both control and A##* cKO mice performed
comparably in a version of the MWM where the platform was
visible to the mice (Fig. 1). Thus, the deletion of A#f% in excitatory
forebrain neurons promotes spatial LTM.

We also examined spatial LTM using a more robust training
paradigm (referred to as the standard MWM test hereafter), con-
sisting of three training trials per day for 5 d (87 Appendix,
Fig. S2A). Both control and A#4™ cKO mice performed similarly
during the LTM acquisition phase (SI Appendix, Fig. S2B), and
no difference was observed in the time spent in the target quadrant
during the probe test (S Appendix, Fig. S2C). Both control and
Atf4% cKO mice spent significantly more time in the target quad-
rant than the baseline, indicating the formation of robust LTM
in both these groups in the standard MM protocol. Taken
together, these data support the notion that the threshold for
forming LTM is lowered in A#4™ cKO mice.

We next investigated hippocampus-dependent contextual fear
memory. In this task, mice receive a foot shock (the unconditioned
stimulus; US) in a chosen context (conditioned stimulus; CS).
Twenty-four hours after training, mice are exposed to the CS, and
their fear response is measured (4). We first used a weak training
protocol, which consisted of a mild foot shock (0.35 mA for 1 s)
(Fig. 1K). Twenty-four hours after training, Asf% Ex cKO froze more
(~1.9-fold increase) than control mice (Fig. 1L), demonstrating
enhanced contextual LTM. The freezing behavior of A#f4™ cKO
mice was also increased (1.5-fold) when measured 24 h after a
stronger training protocol (two shocks of 0.7 mA for 2 s) (S Appendix,
Fig. S2 D and E). No anxiety-like behavior or locomotor alterations
were observed in A4 cKO mice (S Appendix, Fig. S2 F-K). Thus,
long-term fear memory is facilitated in mice lacking ATF4 in fore-
brain excitatory neurons.

Given that A##™ cKO mice exhibited enhanced LTM, we next
studied hippocampal LTD a cellular model underlying LTM for-
mation (24). A single train of high-frequency stimulation (1 x HFS)
of the Schaffer collateral pathway elicited a long-lasting LT only
in slices from A#f4™ cKO mice (Fig. 1 M and N) demonstrating
that deletion of ATF4 in forebrain excitatory neurons lowered the
threshold for LTP. Therefore, consistent with the genetic inhibition
of ISR (5), deletion of A#f4 in the forebrain excitatory neurons
bolsters synaptic plasticity and LTM formation.

PNAS 2024 Vol. 121

No.31 2407472121

Deletion of ATF4 in Inhibitory Neurons, Cholinergic Neurons, or
Astrocytes Fails to Enhance LTM. GABAergic inhibitory neurons
play a critical role in ITM formation by regulating the activity of
excitatory neurons (25). Astrocytes are believed to play a key role in
LTM by modulating synaptic functions (26, 27). Genetic inhibition
of the ISR in ecither GABAergic neurons or astrocytes facilitates
LTM formation (5, 28). If ATF4 is the major effector of the ISR in
inhibitory neurons and astrocytes, it is conceivable that deletion of
the Atf4 gene in these cell types should lead to an enhanced LTM
phenotype similar to that of excitatory neurons. To this end, we
deleted Asf# in inhibitory neurons by crossing A" with mice
expressing Cre recombinase under the glutamic-acid decarboxylase
2 (Gad2) promoter to generate GABAergic-specific A#f4 knockout
(Alf4ﬂ/ f: Gad2-Cre; hereafter denoted as At cKO) and control
(Agf4”/ *:Gad2-Cre) mice (Fig. 2A4). To delete A#f% in astrocytes, Ag[4ﬂ/ fi
and Gfap-Cre mice were cross-bred to obtain astrocyte-specific Agf%
knockout (A% Gfip-Cre; hereafter denoted as A cKO)
and control (A#f4*"*:Gfap-Cre) mice (Fig. 3A). Combined ISH/
IHC confirmed that A#f4 was selectively deleted from GABAergic
inhibitory neurons in A##" KO (Fig. 2 B and C) and GFAP-
expressing astrocytes in A" cKO mice (Fig. 3 Band O).

Strikingly, deletion of the A% gene from either inhibitory neu-
rons or astrocytes failed to facilitate LTM upon weak MWM (Fig. 2
D and E for inhibitory neurons and Fig. 3 D and E for astrocytes)
and CFC paradigms (Figs. 2G and 3G for inhibitory neurons and
astrocytes, respectively). Moreover, both genotypes behaved simi-
larly in the standard version of the M\WM (87 Appendix, Fig. S3 A
and B for inhibitory neurons and SI Appendix, Fig. S4 A and B for
astrocytes) or CFC (8] Appendix, Fig. S3C for inhibitory neurons
and S7 Appendix, Fig. S4Cfor astrocytes). No visual or anxiety-related
behavioral abnormalities were observed upon ATF4 deletion in
inhibitory neurons or astrocytes (for inhibitory neurons: Fig. 2F
and S/ Appendix, Fig. S3 D-H; for astrocytes: Fig. 3F and
SI Appendix, Fig. S4 D—H). Thus, deletion of ATF4 from inhibitory
neurons or astrocytes fails to facilitate LTM.

Finally, regulation of the ISR in cholinergic neurons is also
important for LTM formation (29). To study the effects of selec-
tive inhibition of the ISR in cholinergic neurons on contextual
LTM formation, we crossed Eif2s144;ftg mice, which allow for
cell type—specific mutation of the phosphorylation site at serine
51 in the alpha subunit of eukaryotic translation initiation factor
2 (eIF2) to alanine (S51A) and inhibition of ISR signaling (30, 31),
with mice expressing Cre recombinase under the choline acetyl-
transferase (ChAT) promoter (Ez'fZ:]Ch"l cKI) (81 Appendix, Fig. S5
A and B). ISR inhibition in cholinergic neurons facilitated LTM
formation, as determined by increased freezing 24 h after a weak
fear conditioning training (SI Appendix, Fig. SSE). To investigate
whether memory enhancement as a consequence of ISR inhibition
was mediated via ATF4, we generated mice in which ATF4 is
deleted in cholinergic neurons, by crossing Agf4ﬂ/ " mice and
ChAT-Cre mice (Ag%Ch"l cKO) (S Appendix, Fig. S5 C and D).
In contrast to the Eif2s1" cKI mice, the A#f#h! cKO mice
performed similarly to control mice in the CFC test (SI Appendix,
Fig. S5F). Thus, the enhanced LTM caused by inhibition of the
ISR in cholinergic neurons is ATF4-independent. Taken together,
our results show that deletion of A#f# solely in excitatory neurons
facilitates LT'M formation, which supports the notion that ATF4
represses LTM in a cell type-specific manner.

ATF4 Deletion in Excitatory Neurons Engenders Enhanced
Expression of Proteins Involved in Oxidative Phosphorylation.
To gain insight into the molecular mechanism underlying the
enhanced ITM in mice lacking ATF4 in excitatory neurons, we
conducted RNA sequencing (RNA-Seq) on the hippocampus

https://doi.org/10.1073/pnas.2407472121
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Fig. 2. Deletion of Atf4 in inhibitory neurons has no effect on LTM formation. (A) Schematic of the breeding strategy used to generate inhibitory neuron-specific
Atf4 knockout mice. (B) Diagram of the two genotypes of mice Atf4**:Gad2-Cre (control) and Atf4"™:Gad2-Cre (Atf4"™ cKO) used in experiments. Combined ISH/IHC
showing selective deletion of Atf4 (green dots) in the GAD67-positive inhibitory neurons (depicted by red staining) of Atf4" cKO mice compared to the control
group. (C) Quantitation of Atf4 mRNA levels in control and Atf4™ cKO mice (t = 9.168, df = 5.461, n = 5/group, P = 0.0002, unpaired t test with Welch's correction;
each point in the graph represents means per mouse). (D and £) Deletion of Atf4 in the inhibitory neurons does not affect memory acquisition, and mice from
both genotypes showed similar preference for the target quadrant on the probe test (n = 10/group, P = 0.9786, two-way ANOVA, two-way ANOVA with Tukey's
post hoc comparisons). The control and Atf4™ cKO mice did not spend significantly more time in the target quadrant than the baseline (one-sample ¢ test,
P =0.1357 for control and P = 0.1714 for Atf4'™ cKO), indicating that the weak training was insufficient to induce a robust LTM in both groups. (F) Latency to find
the visible platform is similar between control and Atf4"™ cKO mice (t = 0.2631, df = 11.67, n = 9 for control and n = 10 for the Atf4"™ group, P = 0.7971, unpaired
t test with Welch’s correction). (G) Long-term contextual fear memory is similar between control and Atf4™ cKO mice (n = 8 mice/group, On test day: P = 0.5449,
two-way ANOVA with Bonferroni's post hoc comparisons). Data are mean + SEM. ***P < 0.001, n.s. = not significant.

from control and A#4™ cKO mice (SI Appendix, Methods and
Materials). A total of 110 genes were differentially expressed
(DEGs) in the A#f#* KO compared to the control group, of
which 94 were up-regulated and 16 down-regulated (S Appendix,
Fig. S64 and Dataset S1). Importantly, 19% of the DEGs (21
out of the 110) contain documented ATF4 binding sites near
the transcription start sites (TSSs) (distance up to £1,000 bp
from TSSs) as determined by the list of targets obtained from
publicly available human and mouse ATF4 ChIP-Atlas datasets
(32) (SI Appendix, Fig. S6B). ATF4 represses the cAMP response
element-binding protein (CREB) (33), a transcription factor
involved in LTM formation (34). Indeed, 36 out of the 110 DEGs
contain known CREB binding sites (S/ Appendix, Fig. S6C),
suggesting that ATF4 deletion derepresses CREB-mediated gene
expression in excitatory neurons. Accordingly, phosphorylation of
CREB was also increased by 2.8-fold in the hippocampal lysates
of Atf4* cKO mice compared to controls (SI Appendix, Fig. S6D).
Notably, pathway analyses revealed an upregulation of genes encod-
ing proteins that function in oxidative phosphorylation (OXPHOS)
(SI Appendix, Fig. SGE). qPCR analysis showed an upregulation of
several genes of the OXPHOS pathway (Cox56, Nedufal3, and
Ndufb6) in the hippocampus from A##™> cKO compared to control
mice (S] Appendix, Fig. S6F), consistent with previous results (35).
Given the poor correlation between mRNA levels and their
encoded proteins in complex biological samples (36, 37), we
examined the proteome of the synaptic compartments from
control and A#f4** cKO mice. Sixty-nine synaptic proteins were
differentially expressed in the brain of Atf4E" cKO mice, of
which 33 were up-regulated and 36 down-regulated (Fig. 4 A
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and B and Dataset S2). Homer3 (but not Homerl or Homer2),
a postsynaptic density-associated protein involved in the for-
mation of fear memory (38) was elevated in synaptosome pro-
teomics A#f4" cKO mice, and validated by western blotting
(Fig. 4 Cand D).

Consistent with the RNA-seq analyses, pathway analysis of
the synaptic proteome showed an upregulation of proteins
involved in OXPHOS in Atf4E" cKO mice (Fig. 4 Eand F). To
investigate the link between ATF4 and OXPHOS, primary
neurons from WT and A#f4™ cKO embryos were stained with
the cell-permeable tetramethylrhodamine ethyl ester (TMRE)
dye to measure the mitochondrial membrane potential (A¥Ym),
a marker of mitochondrial activity and ATP synthesis (39).
Atf4* KO neurons displayed a twofold increase in TMRE
signal compared to the WT neurons (Fig. 4G) at 21 d in vitro
(DIV21), a time point when CaMKIla protein is readily
expressed in culture (40) and ATF4 is ~80% depleted in the
lysates obtained from primary neurons (Fig. 4H). Together, we
demonstrate that A#f4 deletion in excitatory neurons results in
enhanced expression of OXPHOS pathway proteins, engen-
dering more ATP production to promote neuronal functions
underlying LTM formation.

Discussion

The ISR is a pivotal protein network that controls LTM formation
across diverse phyla. Convergent and orthogonal studies demon-
strated that genetic inhibition of the ISR pathway by either deleting
the ISR kinase general control nonderepressible 2 (GCN2) (41) or
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protein kinase R (PKR) (6, 42), or by generating an elF2a heterozy-
gous knock-in (Ser51Ala) (3) or a cell type-specific elF2a homozy-
gous knock-in (5, 28), boost LTM formation in mice. In addition,
inhibiting the ISR kinases: PKR or protein kinase RNA-like endo-
plasmic reticulum kinase (PERK) pharmacologically or activating
elF2B, which is converted into an inhibitor of the guanosine diphos-
phate (GDP) to guanosine triphosphate (GTP) exchange upon ISR
activation, with an ISR inhibitor (ISRIB), augments 'TM in rodents
(4, 6, 42, 43). Conversely, genetic or pharmacological activation of
ISR impairs LTM formation (3, 8-10). The ISR bidirectionally con-
trols LT'M formation in birds (10). The clinical relevance of the ISR
is highlighted by a) the identification of mutations in ISR cardinal
genes (encoding eIF2y and constitutive repressor of elF2a phospho-
rylation, CReP) that activate the ISR and are associated with intel-
lectual disabilities in humans (44—47) and b) inhibition of the ISR
reverses the LTM decline in several cognitive disorders, including
Down syndrome (48) and Alzheimer’s disease (49).

A salient feature of the ISR is the enhancement of LTM upon
its inhibition in diverse cell types, e.g., excitatory and inhibitory
neurons (5) as well as cholinergic neurons (this work) and astrocytes
(28). Using a combination of molecular, genetic, behavioral, elec-
trophysiological, and biochemical approaches, we conclusively show
that the ISR downstream target ATF4 is an ITM repressor only in
excitatory neurons, which comprise the largest percentage (~70 to
80%) of the neuronal cells in the neocortex (50) (key findings are
summarized in S/ Appendix, Fig. S7). The findings that ATF4 is
not a general ISR effector that regulates LTM formation across cell
types were unexpected. Thus, ISR downstream targets other than
ATF4 may repress ITM in other cell types. For instance,
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oligophrenin-1 (OPHNI1), a protein whose synthesis is up-regulated
upon mGluR-mediated ISR activation (31), may function as an
ISR effector in dopaminergic neurons to control reward-related
learning and memory (51, 52). Future studies should aim to elu-
cidate how ISR inhibition in cholinergic neurons, inhibitory neu-
rons, and astrocytes promotes LT'M. To this end, one could either
use a gene candidate approach (using known ISR targets) or an
unbiased genome-wide approach using cell type—specific ribosome
profiling. In the latter case, once the ISR downstream targets are
identified in different cell types, functional studies are needed to
determine their roles during the formation of LTM.

In addition, it is pertinent to examine how ATF4 regulates mem-
ory formation in forebrain excitatory neurons. Consistent with the
idea that ATF4 is a CREB repressor (3, 33), we have found an
increase in CREB-regulated targets in A4 cKO vs. control mice
(SI Appendix, Fig. S6C). Intriguingly, we unveiled that several com-
ponents of the OXPHOS pathway are up-regulated in A##™ cKO
mice. Previous studies have shown that inhibition of mitochondrial
complex I of the OXPHOS pathway impairs LTP in rodent hip-
pocampal slices (53). Dysregulation of the OXPHOS pathway is
also associated with several memory-related disorders. For example,
protein components of the OXPHOS pathway are down-regulated
in Ts65Dn mice (54, 55), a mouse model of Down’s syndrome in
which ISR is activated and fear memory is impaired (6). Furthermore,
components of OXPHOS such as Cox56, Ndufal3, and Neufb6,
which exhibit increased expression upon ATF4 deletion in excitatory
neurons (S/ Appendix, Fig. SG6F), are significantly down-regulated in
late-onset Alzheimer’s disease (56). Thus, it is conceivable that the
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Fig. 4. Selective molecular changes in mice in which Atf4 is deleted in excitatory neurons. (A) Schematic of synaptosome fractionation protocol from the mouse
hippocampus (generated using BioRender.com). (B) Venn diagram of the common (1,232) and unique (69) protein hits identified in the proteomic analyses
of the synaptosome lysates obtained from control and Atf4% cKO mice. (C) Top 10 up-regulated proteins in the synaptosomes of Atf4% cKO mice (based on
foldchange relative to the control mice). (D) Western blot from the cytoplasm and synaptosome fractions of control and Atf4% cKO mice. The blots were probed
with antibodies against Homer1, Homer2, and Homer3. p-actin was used as a loading control. Cytoplasmic fraction was run as a control to confirm the purity
of the synaptosome fractionation; an antibody against cyclin-dependent kinase 5 (CDK5) was used as a marker of cytoplasmic fraction. The bar graphs in the
Right panel represent the densitometric quantification of the bands for each protein (n = 3/group; for Homer3: t = 4.953, df = 2.006, P = 0.0382; for Homer2:
t=0.2585, df =3.939, P=0.8090; for Homer1:t=0.1136, df = 2.308, P = 0.9187, unpaired t test with Welch's correction). (E) Pathway enrichment analysis of the 69
differentially abundant proteins in the synaptosome of Atf4%* cKO mice. (F) Heatmap of the OXPHOS pathway proteins that are up-regulated in the synaptosome
of Atf4¥ cKO mice. (G) Primary hippocampal pyramidal neurons were cultured from the samples obtained from control and Atf4% cKO mice. The DIV21 neurons
were cotreated with TMRE (red) and NeuO (green) and mitochondrial membrane potential (A¥m) was determined from the intensity of the signals. Merged
images for four different cells per genotype are shown as representatives. Bar graph (on the Right) showing the quantification of the TMRE signals. Each dot
indicates the intensity of the TMRE signal obtained from a single cell. t = 3.980, df = 18.04, P = 0.0009, unpaired t test with Welch’s correction. (H) The deletion
of Atf4 in the DIV21 neurons of Atf45% cKO was confirmed by a western blot using an ATF4 antibody. CaMKlla expression indicated the activation of Cre in these
cells. p-actin was used as a loading control. The bar graph (on the Right) shows the densitometric quantification of the ATF4 bands (t = 3.819, df = 2.678, n = 3/
group, P =0.0385, unpaired t test with Welch's correction). Data are mean + SEM. *P < 0.05, ***P < 0.001, n.s. = not significant.

ISR-ATF4 axis regulates the energy levels required for excitatory
synapses to support LTM formation.

Considering that a) LTM formation depends on the intricate
interplay of a diverse array of brain cell types and b) ATF4 does not
repress LTM via all cell types, it stands to reason that targeting ATF4
across multiple cell types would yield different outcomes compared
to targeting it in a single cell type. Accordingly, a prior study
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employed lentivirus to express a shRNA targeting Az specifically
in the hippocampus, which led to a ~60% reduction in Az levels
and an impairment (not enhancement) in spatial LTM (13). Since
non-neuronal cells comprise at least half of the total brain cells (57),
this effect could be mediated via non-neuronal cells such as astro-
cytes, microglia, and oligodendrocytes, which all have roles in
memory formation (26, 27, 58, 59). Moreover, a major technical
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limitation of RNA interference is the difficulty in achieving efficient
and specific knockdown of the target gene in vivo (14). This is
particularly challenging in the brain because of the complex neural
circuits and diverse cell types involved in LTM formation.
Furthermore, the temporal and spatial specificity required to manip-
ulate gene expression either in specific brain areas or time points
adds another layer of complexity. For example, even though the
MWM is primarily known as a hippocampus-dependent task,
impaired connections with other brain regions impact LTM forma-
tion (reviewed in ref. 60). It is plausible that targeting ATF4 in one
brain region is insufficient to dissect its role in memory. The targeted
molecular genetics approach, which we used, selectively deletes Azf4
in different cell types and mitigates, at least in part, many of the
aforementioned limitations. A recent study demonstrated that dele-
tion of A#f4 in excitatory neurons by injecting Cre-expressing viruses
into the brain of Atf4ﬂ/ ! mice impairs LTP (61); an immediate
explanation of the discrepancy is not clear. Our observation that a
single train of high-frequency stimulation is sufficient to induce
long-lasting LTP only in slices from A##™ cKO mice is consistent
with previous studies with elF2a knock-in mice (S51A mutant) where
both heterozygous (3) and excitatory neuron-specific knock-ins (5)
exhibited long-lasting LTP following 1 x HFS, whereas the same
stimulation in the control mice induced a short-lasting TP (5). These
results indicate that the inhibition of ISR lowers the threshold for
eliciting long-lasting LTP.

Finally, activation of the ISR underlies the cognitive decline asso-
ciated with a wide range of disorders (44—47). It is therefore imper-
ative to investigate whether targeting A7/ in specific cell types could
serve as a potential therapeutic option for cognitive disorders.

Methods and Materials

Mice were housed in cages on ventilated racks at a temperature of 20 to 22 °C
and a humidity level of approximately 55%, with a standard 12-h light/dark cycle.
They had ad libitum access to food (standard rodent chow) and water. At postnatal
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