RESEARCH

BIOMEDICINE

Activation of the ISR mediates the behavioral and
neurophysiological abnormalities in Down syndrome
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Jean J. Kim*’, Wei Li*®, Peter Walter®°*, Mauro Costa-Mattioli*>*

Down syndrome (DS) is the most common genetic cause of intellectual disability. Protein
homeostasis is essential for normal brain function, but little is known about its role in DS
pathophysiology. In this study, we found that the integrated stress response (ISR)—a signaling
network that maintains proteostasis—was activated in the brains of DS mice and individuals with DS,
reprogramming translation. Genetic and pharmacological suppression of the ISR, by inhibiting the
ISR-inducing double-stranded RNA-activated protein kinase or boosting the function of the
eukaryotic translation initiation factor elF2-elF2B complex, reversed the changes in translation
and inhibitory synaptic transmission and rescued the synaptic plasticity and long-term memory
deficits in DS mice. Thus, the ISR plays a crucial role in DS, which suggests that tuning of the ISR

may provide a promising therapeutic intervention.

ntellectual disability (ID) affects ~2 to 3%
of the human population (7). Recent array-
based comparative genomic studies have
identified a large number of chromosomal
aberrations in individuals with ID (2, 3).
Down syndrome (DS) is a chromosomal con-
dition and the most common genetic cause of
ID. DS is a substantial biomedical and socio-
economic problem (4), for which there is no
effective treatment. Thus, the identification of
neuronal targets for the development of phar-
macotherapies to treat the memory decline as-
sociated with DS is an important goal.

DS results from the presence of an extra
copy of human chromosome 21 (CH21; also
known as Homo sapiens autosome 21, HSA21)
leading to genetic imbalance. Gene expression
studies have shown that the overall genome-
wide differences between individuals with DS
and euploid controls map not only to CH21
but also to other chromosomes (5, 6). Thus, the
DS phenotype could be caused by widespread
pleiotropic dysregulation of gene expression
(7). Consequently, most of the focus in the field
has been to understand how alterations in the
expression of specific genes in CH21 trisomic
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cells lead to neurodevelopmental dysfunction
(8). However, the degree to which defects in
protein homeostasis (proteostasis) might con-
tribute to the cognitive deficits associated with
DS has remained largely unexplored.

The brain must adapt to stress conditions
that occur as a result of numerous environ-
mental and/or genetic factors. The integrated
stress response (ISR) is one of the circuits that
responds to stress conditions and serves to re-
store proteostasis by regulating protein syn-
thesis rates (9). The central regulatory hub of
the ISR is the eukaryotic translation initiation
factor eIF2, the target of four kinases that are
activated in response to different stresses. In
its guanosine triphosphatase (GTP)-bound state,
elF2 assembles into the eIF2-GTP-Met-tRNA;
ternary complex (TC) that delivers the methionyl
initiator tRNA (Met-tRNA;) to the small ribo-
somal subunit (40S), priming translation ini-
tiation (10). After recognition of an AUG codon,
GTP is hydrolyzed and the resulting eIF2-GDP
leaves the ribosome (GDP, guanosine diphos-
phate). eIF2-GDP is recycled to the GTP-bound
state by eIF2B, which serves as elF2’s dedicated
guanine nucleotide exchange factor (GEF).

Translational control by the ISR is exerted
by phosphorylation of the o subunit of eIF2
(eIF2-P) on a single serine (serine 51), which
converts elF2 from a substrate into an inhibitor
of eIF2B: eIF2-P binds more tightly to eIF2B
and blocks its GEF activity. Thus, reducing TC
formation inhibits general translation (10).

Activation of the ISR in the brains of Ts65Dn
mice and individuals with DS

To determine whether protein homeostasis is
altered in DS, we first measured protein syn-
thesis rates in the brain of a mouse model of
DS (Ts65Dn) that recapitulates the learning
and memory deficits of the human syndrome
(11, 12). Ts65Dn mice are trisomic for approx-
imately two-thirds of the genes orthologous
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to human CH21. We measured translation in
the hippocampus of wild-type (WT) euploid
mice and Ts65Dn mice by comparing poly-
some sedimentation in sucrose gradients and
then assessing ribosome and mRNA engage-
ment. In this assay, the position of a given
mRNA in the sucrose gradient is determined by
the number of associated ribosomes. mRNAs
that are poorly translated or not translated at
all accumulate near the top, whereas trans-
lationally active mRNAs are associated with
multiple ribosomes (polysomes) and sediment
to the bottom of the gradient (Fig. 1A). Com-
pared with WT mice, mRNA translation in the
hippocampus of Ts65Dn mice was reduced,
as indicated by a 32 + 8% decrease in the
polysome/subpolysome ratio (Fig. 1, B and
C). An independent translation assay measur-
ing puromycin incorporation into nascent
polypeptide chains confirmed that protein
synthesis was markedly reduced (39 = 7%)
in the hippocampus of Ts65Dn mice (Fig. 1, D
and E).

To determine the mechanism(s) underlying
the reduced translation in Ts65Dn mice, we
first asked whether the ISR, a major pathway
that regulates translation initiation (9), is acti-
vated in the brains of Ts65Dn mice. Consistent
with the decrease in overall protein synthesis
(Fig. 1, B to E), the ISR was activated in the
hippocampus of Ts65Dn mice, as determined
by the increased elF2-P levels (Fig. 1F). To as-
sess whether these changes were also observed
in the human condition, we measured eIF2-P
levels in postmortem brain samples from human
individuals with DS. We found increased eIF2-P
levels in brain samples from human individuals
with DS compared with non-DS euploid controls
(Fig. 1G and table S1). Moreover, when we re-
programmed a fibroblast line derived from an
individual with DS (CCL-54™ from ATCC)
into induced pluripotent stem cells (iPSCs), we
identified one clone that was CH21-trisomic
(DS) and another clone from the same indi-
vidual that was fortuitously euploid (control)
(fig. S1). Microsatellite and karyotyping anal-
ysis demonstrated that the euploid iPSC clone
was isogenic (fig. S1 and see supplementary
materials and methods), likely because the
individual had mosaic DS, or the extra chro-
mosome was lost during cell line propagation.
Although extensive serial passaging (>70 pas-
sages) of trisomic-21 iPSCs may have caused
cells to become euploid (73), we find this un-
likely because karyotyping was performed on
passage 9 (fig. S1). Regardless of its etiology,
the euploid isogenic line offered the rare op-
portunity of an ideal isogenic control for our
studies. Notably, the ISR was activated in the
CH21-trisomic iPSCs but not in the isogenic
euploid iPSCs, as indicated by increased eIF2-P
levels (Fig. 1H). Similarly, the ISR was also
activated in a previously reported CH21-
trisomic iPSC line (DS1) (74) compared with
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its respective isogenic control (DS2U) (fig. S2).
As expected from the increased elF2-P levels
(Fig. 1H), protein synthesis was reduced in
the DS iPSC line compared with the euploid
isogenic control (Fig. 1, I and J). Thus, activa-
tion of the ISR in the brains of Ts65Dn mice
and human individuals with DS provides a
common molecular signature of the condition.

We next examined whether changes in the
activity of mTORC1 (mammalian target of ra-
pamycin complex 1), which regulates trans-
lation initiation rates by a pathway that is
distinct and independent from the ISR (75),
could also contribute to the decreased transla-
tion in the brain of Ts65Dn mice. mTORCI reg-
ulates translation rates by phosphorylating
its downstream targets, the ribosomal protein
S6, and the translational repressor cap-binding
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Fig. 1. The ISR is activated in the brains of DS mice (Ts65Dn) and individ-
uals with DS. (A) Schematic of polysome profiling sedimentation. After
ultracentrifugation, subpolysomes (40S, 60S, and 80S) and polysomes were
separated on the basis of size. (B and C) Representative polysome profile traces
(B) and quantification (C) of polysome/subpolysome ratio in the hippocampus
of WT and Ts65Dn mice (n = 3 per group, t4 = 4.05, two-tailed Student's t-test).
(D and E) Incorporation of puromycin into nascent peptides was detected
using an anti-puromycin antibody. A representative immunoblot (D) and
quantification (E) in hippocampal extract from WT and Ts65Dn mice (n = 3 per
group, t; = 5.69). Treatment with the protein synthesis inhibitor cycloheximide
was included as control. GAPDH, glyceraldehyde phosphate dehydrogenase.

(F to H) Representative immunoblot and quantification of elF2-P levels in (F)
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protein eIF4E binding protein 1 (4E-BP1) (fig.
S3A). In the hippocampus of WT and Ts65Dn
mice, the phosphorylation states of these
mTORCI targets, as well as that of the cap-
binding protein elF4E [a key translation ini-
tiation factor (10)], were indistinguishable
(fig. S3, B to G), underscoring the idea that the
translation repression in DS mice was likely
exerted by ISR activation.

The PKR branch of the ISR is activated
in the brain of Ts65Dn mice

In the brain, elF2 is phosphorylated by three
kinases: PKR (double-stranded RNA-dependent
protein kinase), GCN2 (general control non-
derepressible 2), and PERK (PKR-like endoplas-
mic reticulum Kkinase) (fig. S4A). The fourth

ISR kinase, HRI (heme-regulated inhibitor), has
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been extensively studied in erythroid cells, but
little is known about its function in the brain.
To examine which elF2 kinase was responsible
for the increase in elF2-P in Ts65Dn mice, we
measured their degree of autophosphorylation,
indicative of their activation (76). Phosphoryl-
ation of PKR, but not of GCN2 or PERK, was
increased in the hippocampus of Ts65Dn mice
(fig. S4, B to G). The unfolded protein response
(UPR), which, in addition to PERK, includes
the ER stress sensors IRE1 (inositol requiring
enzyme 1) and ATF6 (activating transcription
factor 6), has recently been implicated in DS
(17, 18). We did not observe changes in the activ-
ity of IRE1 and ATF6 in the brains of Ts65Dn
mice (fig. S5). Taken together with the fact that
PERK was not activated in Ts65Dn mice, our
data indicate that the ISR (but not the UPR) is
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hippocampal extracts from WT and Ts65Dn mice (n = 8 or 9 per group,

tis = 3.14), (G) postmortem human brain extracts from controls and individuals
with DS (n = 11 per group, tyo = 2.10), and (H) human iPSC extracts from an
individual with DS (CH21-trisomic, n = 8 per group, ti4 = 4.95) compared with its
isogenic control. (I and J) Incorporation of puromycin into nascent peptides in
iPSCs was detected using an anti-puromycin antibody. A representative
immunoblot (I) and quantification (J) in the DS CH21-trisomic iPSCs compared
with the isogenic control line (n = 12 per group, t,, = 2.51). “Isogenic control”
indicates iPSCs that are diploid for CH21, whereas “DS" indicates iPSCs that
are CH21-trisomic. Both lines were derived from the same individual with DS, and
the experiment was replicated in 8 to 12 wells per genotype. Data are mean +
SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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selectively activated in the hippocampus of
Ts65Dn mice.

Itis notable that in the hippocampus (Fig. 2,
A and B) and cortex (fig. S6) of Ts65Dn mice
lacking PKR (Ts65Dn-Pkr~”~ mice), eIF2-P lev-
els were reduced compared with Ts65Dn mice.
Moreover, genetic inhibition of PKR in Ts65Dn
mice (Ts65Dn-Pkr~~ mice) was sufficient to
derepress translation in the brains of Ts65Dn
mice (Fig. 2, C and D). Thus, the increased
levels of elF2-P and the resulting sustained
translational repression in the brain of Ts65Dn
mice are mediated, at least in part, by activation
of the PKR branch of the ISR.

Inhibition of the PKR branch of the ISR
rescues the deficits in long-term memory and
synaptic plasticity in Ts65Dn mice

Individuals with DS exhibit learning and
memory deficits, specifically in hippocampus-

Fig. 2. Inhibition of PKR rescues the deficits in
long-term memory and synaptic plasticity in
Ts65Dn mice. (A and B) Representative immunoblot
(A) and quantification (B) of elF2-P levels in
hippocampal extracts from WT (n = 9), Ts65Dn

(n = 10), and Ts65Dn-Pkr™’~ mice [n = 7,

F203 = 4.12, one-way analysis of variance
(ANOVA)]. (C and D) Incorporation of puromycin
into nascent peptides was detected using

an anti-puromycin antibody. A representative immu-
noblot (C) and quantification (D) in hippocampal
extracts from WT (n = 8), Ts65Dn (n = 7), and
Ts65Dn-Pkr~’™ mice (n = 6, Fig» = 25.16).

(E) Schematic of the fear conditioning paradigm.
(F) Genetic inhibition of PKR: freezing behavior
before (naive) and 24 hours after training in WT

(n =12), Ts65Dn (n = 10), and Ts65Dn-Pkr™"~ mice
(n =9, H=2274, one-way ANOVA on ranks).

(G) Pharmacological inhibition of PKR: freezing
behavior before (naive) and 24 hours after training in
vehicle-treated (n =15) and PKRi-treated Ts65Dn
mice (n = 14, t,7 = 3.21). (H) Schematic of the object
recognition task. (I) Genetic inhibition of PKR: novel
object discrimination index 24 hours after training in
WT (n = 15), Ts65Dn (n = 15), and Ts65Dn-Pkr™~
mice (n = 12, F,39 = 11.56). (J) Pharmacological
inhibition of PKR: novel object discrimination index
24 hours after training in vehicle-treated (n = 10)
and PKRi-treated Ts65Dn mice (n = 12, tyg = 3.48).
(K) Genetic inhibition of PKR: L-LTP induced by four
trains of high frequency stimulation (HFS, 4 x

100 Hz) in WT (n = 10), Ts65Dn (n = 14), and
Ts65Dn-Pkr~~ mice (n = 14, H = 15.72, P < 0.05).
fEPSP, field excitatory postsynaptic potential.

(L) Pharmacological inhibition of PKR: L-LTP induced
by 4 x 100 Hz of HFS in vehicle-treated (n = 7)
and PKRi-treated Ts65Dn mice (n = 13, U = 41.00,
P < 0.05, Mann-Whitney U test). Data are

mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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dependent tasks (4, 19). To investigate whether
activation of the ISR contributes to long-term
memory deficits in DS mice, we first exam-
ined hippocampus-dependent contextual fear
memory. In this task, we paired a context (con-
ditioned stimulus, CS) with a foot shock (un-
conditioned stimulus, US).Twenty-four hours
after training, we exposed mice to the CS and
measured their fear responses (in this case, freez-
ing behavior) as an index of the strength of
their long-term memory (Fig. 2E). Although
freezing prior to training was similar in Ts65Dn
mice and naive WT mice, Ts65Dn mice exhib-
ited a significant reduction in freezing behavior
24 hours after a normal training paradigm (two
foot shocks at 0.7 mA for 2 s), indicating that
their long-term contextual fear memory was
impaired (Fig. 2F), as expected (20, 21). Genetic
ablation of PKR in Ts65Dn mice (T s65Dn-Plr ™~
mice) significantly improved their long-term
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memory (Fig. 2F). A weak training protocol
(one foot shock at 0.35 mA for 1 s) is known to
induce a better long-term fear memory in Pkr”~
mice compared with their WT littermates (22).
However, in response to a normal and more
conventional training protocol (two foot shocks
at 0.7 mA for 2 s), the one we used to reveal that
Ts65Dn mice exhibited impaired memory,
Pkr™~ mice and WT littermates showed nor-
mal long-term memory (fig. S7A). Thus, genetic
deletion of PKR selectively improves long-term
memory in Ts65Dn mice. Consistent with these
results, treatment with an inhibitor of PKR,
PKRi (22), reversed the long-term memory
deficits in Ts65Dn mice (Fig. 2G) but had no
effect on WT mice (fig. S7B).

To corroborate these findings, we assessed
long-term object recognition memory, which
is also dependent on the hippocampus (23). In
this task, animals need to differentiate between
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a familiar and a novel object. During acquisi-
tion, two identical objects are placed in a box,
and mice are allowed to explore them (Fig. 2H).
Ts65Dn and WT mice spent, on average, an
equal amount of time investigating the iden-
tical objects (fig. S8, A and B). When one object
was replaced by a novel one 24 hours later, WT
mice, relying on their memory for the old ob-
ject, preferentially explored the novel object.

In contrast, Ts65Dn mice showed markedly
reduced object discrimination, indicating that
their long-term object recognition memory was
impaired (Fig. 2I), as expected (19, 24). Again,
these deficits in long-term memory were ame-
liorated by genetic (Fig. 2I) or pharmacological
inhibition of PKR in Ts65Dn mice (Fig. 2J and
fig. S8). Both genetic and pharmacological
inhibition of the PKR restored behavioral flex-
ibility in Ts65Dn mice in a spontaneous alter-
nation T-maze task (fig. S9).

‘We next investigated whether the inhibition
of PKR could improve the long-term deficits
in synaptic plasticity in Ts65Dn mice. To this
end, we recorded protein synthesis-dependent
late long-term potentiation (L-LTP), which is
thought to underlie long-term memory (25),
in hippocampal slices. As expected, L-LTP
was impaired in slices from Ts65Dn mice, and
genetic ablation of PKR rescued the impaired
L-LTP in Ts65Dn mice (Fig. 2K). Consistent
with these data, treatment with PKRi im-
proved L-LTP in slices from Ts65Dn mice (Fig.
2L). Genetic or pharmacological inhibition of
PKR does not further enhance L-LTP induced
by four tetanic trains in WT slices (22); hence,
the effects of these manipulations were specific
to Ts65Dn mice. Thus, in Ts65Dn mice, the
cognitive impairment at both the behavioral
and synaptic levels is caused, at least in part,
by activation of the PKR branch of the ISR.

Inhibition of the ISR rescues the dysregulated
translational program in Ts65Dn mice

To decipher the translational landscape in the
brain of Ts65Dn mice in an unbiased manner,
we next compared genome-wide transcriptional
changes by RNA sequencing (RNA-seq) with
translational changes, as determined by the
sequencing of polysome-associated mRNA in
the brain of WT and Ts65Dn mice (Fig. 3A). As
expected, in Ts65Dn mice, numerous genes
were transcriptionally and/or translationally
dysregulated (Fig. 3, B and C). Gene ontology-
term enrichment analysis revealed categories
of genes involved in mRNA metabolism, and
signaling pathways involved in LTP regulation
and memory storage (Fig. 3D). To identify the
mRNAs whose translation was altered in Ts65Dn
mice, we focused on mRNAs that were not
significantly altered at the transcriptional level
but were translationally increased or decreased
(>1.5-fold) in Ts65Dn mice. We found 662
differences in the brains of Ts65Dn mice (Fig.
3E and table S2). Of note, the expression of
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Fig. 3. Inhibition of the ISR rescues the dysregulated translational program in the brain of Ts65Dn
mice. (A) Schematic of the polysome profiling followed by RNA-seq protocol. (B) Scatterplot showing the
genes significantly up- or down-regulated (>1.5 fold) at the transcriptional and/or translational levels in
the brain of Ts65Dn mice. mMRNAs whose expression was not altered between genotypes were removed from
the analysis (white square). (C) Venn diagram depicting transcriptionally and translationally up- or down-
regulated genes in Ts65Dn mice. (D) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis of the genes down-regulated in Ts65Dn mice compared with WT. cAMP, 3',5'-cyclic
adenosine monophosphate; GnRH, gonadotropin-releasing hormone. (E) Heat map showing genes that

are significantly up- or down-regulated only at the translational level in Ts65Dn mice and rescued in

Ts65Dn-Pkr™™ mice (n = 3 per group).

>80% of the mRNAs whose association with
ribosomes was reduced in Ts65Dn mice was
selectively corrected in Ts65Dn-Pkr~”~ mice
(Fig. 3E, table S2, and fig. S10). Moreover, in
an outcome that would be expected of ISR
induction, a subset of mRNAs showed in-
creased association with the polysome fraction
in Ts65Dn mice but not in Ts65Dn-Pkr ™~
mice (Fig. 3E and table S2). Thus, inhibition
of the PKR branch of the ISR partially cor-
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rects the dysregulated translational program
in Ts65Dn mice.

Inhibition of the ISR rescues the deficits in
protein synthesis, long-term memory, and
synaptic plasticity in Ts65Dn mice

Because (i) eIF2 is the central hub of the ISR
and its phosphorylation reduces general pro-
tein synthesis rates by inhibiting eIF2B (10),
(ii) the ISR is activated in the brains of Ts65Dn
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mice, and (iii) protein synthesis is a primary
node of proteostatic control, and its regulation
is crucial for synaptic plasticity and long-term
memory formation (26), we reasoned that
either direct inhibition of the ISR by reducing
elF2-P levels or promoting the activity of e[F2B
should similarly reverse the cognitive deficits
in Ts65Dn mice. To test these predictions, we
first crossed Ts65Dn mice with heterozygous
Eif2s]s/A mice, in which in one of the alleles
the phosphorylation site at serine 51 of elF2o,
was replaced by nonphosphorylatable alanine.
In the brains of Ts65Dn-Eif2s15“ mice, eIF2-
P levels were reduced compared with Ts65Dn
mice (Fig. 4, A and B). As expected, direct
reduction of elF2-P levels in Ts65Dn mice
(Ts65Dn-Eif2s1 54 mice) restored the aberrant
translation (Fig. 4, C and D). More impor-
tantly, reduction of elF2-P levels corrected
the deficits in long-term memory (Fig. 4E and
fig. S11) and L-LTP in Ts65Dn mice (Fig. 4F)
but had no effect on WT mice (fig. S12). Thus,
direct reduction of elF2-P levels and correc-
tion of the aberrant translation in Ts65Dn
mice rescues their deficits in L-LTP and long-
term memory.

To further support these findings, we treated
Ts65Dn mice with the small-molecule, drug-
like ISR inhibitor ISRIB. ISRIB is a potent
elF2B activator that enhances GEF activity
by facilitating eIF2B assembly into its deca-
meric holoenzyme, resulting in the reversal of
elF2-P-mediated translational events (27-29).
Treatment with ISRIB paralleled the effects of
reducing elF2-P levels genetically: ISRIB res-
cued the impairment in long-term memory
(Fig. 4G) and L-LTP (Fig. 4H) in Ts65Dn mice,
although it did not further enhance L-LTP (fig.
S13A) or long-term fear memory (fig. S13B) in
WT mice. Thus, direct genetic or pharmaco-
logical manipulation of the efficacy of the cen-
tral ISR effector eIF2-P rescues the core deficits
in long-term memory and synaptic plasticity in
Ts65Dn mice.

Inhibition of the ISR reverses the
enhanced inhibitory synaptic transmission in
Ts65Dn mice

According to previous reports, the deficits in
L-LTP and long-term memory in Ts65Dn mice
can be attributed to enhanced inhibitory syn-
aptic transmission (24, 30, 3I). Thus, we first
wondered whether reversal of the PKR-mediated
increase in eIF2-P also corrects the abnormally
high inhibitory synaptic transmission observed
in Ts65Dn mice. As expected, whole-cell record-
ings showed that inhibitory synaptic trans-
mission was enhanced in Ts65Dn mice (Fig. 5,
A and B). Specifically, we observed significant
enhancement of the frequency (but not the
amplitude) of miniature inhibitory postsynaptic
currents (mIPSCs) in hippocampal slices from
Ts65Dn mice (Fig. 5, A and B, and fig. S14A).
The enhanced synaptic inhibition was reduced
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Fig. 4. Genetic or pharmacological inhibition of the ISR rescues the deficits in memory and
synaptic plasticity in Ts65Dn mice. (A and B) Representative immunoblot (A) and quantification
(B) of elF2-P levels in hippocampal extracts from WT (n = 8), Ts65Dn (n = 8), and Ts65Dn-Eif2s15"4
mice (n = 8, H = 15.92). (C and D) Incorporation of puromycin into nascent peptides was detected
using an anti-puromycin antibody. A representative immunoblot (C) and quantification (D) in
hippocampal extracts from WT (n = 11), Ts65Dn (n = 11), and Ts65Dn-Eif2s15* mice (n = 12,

F312 = 11.23). (E) Genetic inhibition of the ISR: freezing behavior before (naive) and 24 hours after
training in WT (n = 9), Ts65Dn (n = 13), and Ts65Dn-Eif2sI> mice (n = 12, F».3 = 20.25).

(F) Genetic inhibition of the ISR: L-LTP induced by 4 x 100 Hz of HFS in Ts65Dn (n = 10) and
Ts65Dn-Eif2s1 mice (n = 9, t;7 = 3.1, P < 0.01). (G) Pharmacological inhibition of the ISR: freezing
behavior before (naive) and 24 hours after training in vehicle-treated (n = 14) and ISRIB-treated

(n = 16) Ts65Dn mice (U = 43.50, Mann-Whitney U test). (H) Pharmacological inhibition of the ISR:
L-LTP induced by 4 x 100 Hz of HFS in vehicle-treated (n = 8) and ISRIB-treated (n = 9) Ts65Dn
mice (t;5 = 4.84, P < 0.001). Data are mean + SEM. *P < 0.05, **P < 0.01.
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in hippocampal slices from Ts65Dn-Pkr~~
mice (Fig. 5, A and B), as well as in slices from
Ts65Dn mice treated with PKRi (Fig. 5, C and
D, and fig. S14B). Excitatory synaptic transmis-
sion (determined by measuring miniature ex-
citatory postsynaptic current frequency and
amplitude) was not altered in the hippocam-
pus of Ts65Dn mice (fig. S15). Accordingly,
genetic reduction of e[F2-P levels (Fig. 5, E and
F, and fig. S14C) or promoting the activity of
elF2B with ISRIB (Fig. 5, G and H, and fig. S14D)
reduced the enhanced synaptic inhibition in
Ts65Dn mice. Thus, inhibition of the ISR at
the level of the initiating kinase PKR or at its
central elF2-eIF2B regulatory hub reverses
the enhanced synaptic inhibitory tone in
Ts65Dn mice.

The ISR: A molecular switch for long-term
memory formation that is turned off in
cognitive disorders

It is widely accepted that de novo protein syn-
thesis is required for the formation of long-
term memory (32, 33). Research in different
species and animal models over the past
decade has shown that the ISR is a central
proteostasis network causally controlling long-
term memory formation. This conclusion is
supported by three types of observations. First,
genetic or pharmacological suppression of the
ISR, by inhibiting the eIF2 kinases or boosting
the function of the elF2-eIF2B complex, facil-
itates long-term memory formation (26, 34).
Second, activation of the ISR by inhibiting the
elF2 phosphatases or activating PKR in the hip-
pocampus impairs long-term memory (26, 34).
Finally, mutations in key components that
induce the ISR have been associated with ID
(85-37), underscoring the importance of the
ISR in mnemonic processes.

In this study, we found that activation of
the ISR can account, at least in part, for the
core behavioral and neurophysiological abnor-
malities in Ts65Dn mice, a model system of
DS. The potential significance of our findings
is highlighted by the observation that the acti-
vation of the ISR in the brains of Ts65Dn mice
is recapitulated in the brains of individuals
with DS, as well as in human CH21-trisomic
iPSCs derived from individuals with DS. Thus,
ISR-mediated maladapted regulation of pro-
tein synthesis may emerge as a central mo-
lecular mechanism underlying the cognitive
decline associated with DS.

Given the heterogeneity of the genetic per-
turbations in DS, it seems unlikely that aber-
rant levels of a single protein are the sole cause
of the long-term memory deficits associated
with DS. Instead of repairing the expression
of individual genes, we correct the overall
translational program controlled by the ISR by
restoring the function of eIF2-eIF2B, where
the ISR exerts its central control. Briefly, we
find that inhibition of the activated ISR either
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Fig. 5. Genetic or pharmacological inhibition of the ISR suppresses the increased inhibitory
synaptic responses in Ts65Dn mice. (A and B) Sample traces (A) and summary data (B) show
frequency of mIPSCs in CAL neurons from WT (n = 16), Ts65Dn (n = 20), and Ts65Dn-Pkr™~ (n = 16)
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in CAl neurons from vehicle-treated (n = 16) and PKRi-treated (n = 17) Ts65Dn mice (t3; = 7.09).

(E and F) Sample traces (E) and summary data (F) show frequency of mIPSCs in CAl neurons from
Ts65Dn (n = 20) and Ts65Dn-Eif2sI1>* mice (n = 17, ta5 = 4.58). (G and H) Sample traces (G) and
summary data (H) show frequency of mIPSCs in CAl neurons from vehicle-treated (n = 13) and
ISRIB-treated Ts65Dn mice (n = 22, t33 = 6.18). Data are mean + SEM. **P < 0.01.

upstream at the level of the ISR-inducing
kinase PKR, or downstream by manipulating
the central ISR signaling hub (eIF2-eIF2B),
rescues the cognitive deficits and neurophys-
iological abnormalities in Ts65Dn mice. By
correcting the translational program con-
trolled by the ISR, we overcame a central limi-
tation of the field: It is simply not feasible to
determine in vivo the causal role of all of the
individually dysregulated proteins in long-term
memory formation by overexpressing or knock-
ing them down, which would require hundreds
of experiments, and given the current tech-
nology, it is certainly not possible to test all
combinatorial possibilities. Beyond these limi-
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tations, it may prove not to be useful to target
specific genes if the ultimate cause of the dis-
order lies in global proteostasis defects that
are sensed as a generic stress condition in the
brain by the ISR.

Excessive synaptic inhibition is thought to
cause the deficits in hippocampal L-LTP and
long-term memory in Ts65Dn mice (24, 30, 31).
We provide genetic and pharmacological evi-
dence that inhibition of the ISR reverses the
excessive synaptic inhibition and, in turn, the
deficits in L-LTP and long-term memory that
likely result from it. Thus, our findings pre-
sent a model that links these two axes of
dysfunction—increased synaptic inhibition,
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and impaired L-LTP and long-term memory
formation—through a single proteostasis net-
work, the ISR.

In addition to reducing enhanced synaptic
inhibition, other manipulations and pathways
[serotonin, sonic hedgehog (Shh), minocycline,
lithium, exercise, brain-derived neurotrophic
factor (BDNF)] have been shown to improve
the memory and/or L-LTP deficits in Ts65Dn
mice. It is of interest that these manipulations
modulate the ISR: minocycline, which has been
reported to improve memory in Ts65Dn mice
(88), inhibits the ISR by reducing eIF2-P levels
(39). Treatment with fluoxetine, a selective
serotonin reuptake inhibitor, improves long-
term memory in Ts65Dn mice (40) and has
been shown to inhibit the PKR branch of the
ISR (41). The synthetic activator of the Shh
pathway SAG 1.1 rescues memory in Ts65Dn
mice (42). Although it is currently unknown
whether SAG 1.1 inhibits the ISR, another
pharmacological activator of the Shh blocks the
PERK branch of the ISR, resulting in decreased
elF2-P levels (43). Lithium improves LTP and
memory in Ts65Dn mice (44) and inhibits the
ISR by promoting elF2B activity (45). Exercise,
which has been reported to improve cognitive
function in Ts65Dn mice (46), has recently
been shown to block the ISR in the hippo-
campus of an Alzheimer’s disease (AD) mouse
model (47). Finally, pharmacological induction
of BDNF with the recently developed BDNF-
mimetic drug 7,8-dihydroxyflavone (DHF)
reverses the deficits in LTP and long-term mem-
ory in Ts65Dn mice (48), and BDNF inhibits
the ISR in neurons by promoting eIF2B activ-
ity and reducing eIF2-P levels (49). These ob-
servations raise the intriguing possibility that
the manipulations reported to reverse the mem-
ory deficits in Ts65Dn may do so, either directly
or indirectly, by modulating the ISR, which
might lie at the crossroad of the different
pathways implicated in DS.

Finally, DS is characterized by a high inci-
dence of early onset AD, and activation of the
ISR has been implicated in a variety of neuro-
degenerative disorders, including AD (50), trau-

Zhu et al., Science 366, 843-849 (2019)

matic brain injury (51), prion disease (52), and
myelination disorders (53, 54). Thus, genetic or
pharmacological modulation of the ISR may
emerge as a promising avenue to alleviate a
wide range of cognitive disorders resulting from
a disruption in protein homeostasis.
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Tuning stress protects cognition

Down syndrome (DS) is a chromosomal disorder that occurs when a person has an extra copy of chromosome
21. DS causes intellectual disabilities, among other health issues, but little is known about the mechanisms underlying
the memory deficits in DS. Zhu et al. used a multidisciplinary approach to show that a defect in integrated stress
response, a conserved pathway that controls protein homeostasis, can explain the cognitive and neuronal deficits in a
mouse model of DS (see the Perspective by Halliday and Mallucci). These insights into the biological basis underlying
DS could potentially help in the design of treatments for this condition.
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