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The proper regulation of translation is required for the expression of long-lasting synaptic plasticity. A major site of trans-

lational control involves the phosphorylation of eukaryotic initiation factor 2 a (eIF2a) by PKR-like endoplasmic reticulum

(ER) kinase (PERK). To determine the role of PERK in hippocampal synaptic plasticity, we used the Cre-lox expression system

to selectively disrupt PERK expression in the adult mouse forebrain. Here, we demonstrate that in hippocampal area CA1,

metabotropic glutamate receptor (mGluR)-dependent long-term depression (LTD) is associated with increased eIF2a phos-

phorylation, whereas stimulation of early- and late-phase long-term potentiation (E-LTP and L-LTP, respectively) is associ-

ated with decreased eIF2a phosphorylation. Interesting, although PERK-deficient mice exhibit exaggerated mGluR-LTD,

both E-LTP and L-LTP remained intact. We also found that mGluR-LTD is associated with a PERK-dependent increase in

eIF2a phosphorylation. Our findings are consistent with the notion that eIF2a phosphorylation is a key site for the bidirec-

tional control of persistent forms of synaptic LTP and LTD and suggest a distinct role for PERK in mGluR-LTD.

De novo synthesis of proteins is critical for the expression of long-
lasting synaptic plasticity (Kelleher et al. 2004; Costa-Mattioli
et al. 2009; Richter and Klann 2009). Protein synthesis is highly
regulated at the level of initiation by numerous translational con-
trol molecules, including the eukaryotic initiation factor 2 (eIF2)
(Sonenberg and Dever 2003). Although phosphorylation of the a

subunit of eIF2 inhibits general translation, it selectively stimu-
lates the translation of the transcriptional modulator activating
transcription factor 4 (ATF4) (Vattem and Wek 2004), which plays
a role as a repressor of cAMP response element-binding protein
(CREB)-mediated synaptic plasticity (Bartsch et al. 1995; Abel
et al. 1998; Chen et al. 2003). Previously, it was shown that reduc-
tion of eIF2a phosphorylation in mice lacking the eIF2a kinase
general control nonderepressible 2 (GCN2) and in heterozygous
knockin mice with a mutation on serine 51 of eIF2a results in a
lowered threshold for inducing long-lasting late-phase long-term
potentiation (L-LTP) (Costa-Mattioli et al. 2005, 2007). In addi-
tion, mice harboring a deletion of the double-stranded (ds)
RNA-activated protein kinase (PKR) show a similar decrease in
threshold for inducing L-LTP (Zhu et al. 2011). Conversely, in-
creased eIF2a phosphorylation in transgenic mice overexpressing
PKR causes increased expression of ATF4 and impaired L-LTP
(Jiang et al. 2010). Collectively, these findings suggest that the
proper regulation of eIF2a phosphorylation is required for normal
synaptic plasticity.

The PKR-like ER kinase (PERK) is a highly conserved protein
kinase that phosphorylates eIF2a to mediate translational control
in response to ER stress (Shi et al. 1998; Harding et al. 2000).
Global deletion of PERK in mice impairs development of the skel-
etal system, postnatal growth, and pancreatic viability (Harding
et al. 2001; Zhang et al. 2002; Wei et al. 2008). In humans, muta-
tions of the PERK gene (EIF2AK3) cause Wolcott–Rallison syn-
drome (WRS), a rare autosomal recessive disorder characterized
by early onset diabetes, liver dysfunction, and pancreas insuffi-
ciency (Delepine et al. 2000; Rubio-Cabezas et al. 2009; Julier
and Nicolino 2010) and, in some cases, mental retardation
(Thornton et al. 1997; Delepine et al. 2000; Senee et al. 2004;
Reis et al. 2011). Together, these analyses suggest that PERK func-
tions as a critical modulator of a number of cellular processes re-
quiring precise translational control.

Here, we show that PERK is required for the proper expression
of protein synthesis-dependent mGluR-LTD, but not L-LTP, at
Schaffer–collateral CA1 synapses in hippocampal slices. More-
over, we observed that LTP-inducing stimulation decreases eIF2a
phosphorylation, whereas mGluR-LTD is associated with a PERK-
dependent increase in eIF2a phosphorylation, demonstrating for
the first time that a translation factor is divergently regulated dur-
ing different protein synthesis-dependent forms of synaptic plas-
ticity. Taken together, our findings suggest that PERK distinctly
controls the regulation of eIF2a phosphorylation during mGluR-
dependent LTD in the hippocampus.
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Results

PERK is expressed in the mouse

hippocampus and forebrain-specific

disruption of PERK preserves

hippocampal morphology
To determine whether PERK is expressed
in the mouse hippocampus, we incubat-
ed coronal brain sections from 4-wk-old
wild-type mice with an antibody specific
to PERK and counterstained with diami-
nobenzidine (DAB). We observed that
PERK is abundantly expressed in various
regions of the brain, including the den-
tate gyrus, CA1, and CA3 regions of the
hippocampus (Fig. 1A). To determine
the subcellular localization and distri-
bution of PERK in hippocampal neu-
rons, we stained cultured hippocampal
pyramidal neurons (DIV 9) for PERK
and the endogenous dendritic marker,
MAP2. We found that PERK staining was
present in the cell body and colocalized
with MAP2-positive dendrites (Fig. 1B).
Similarly, we found that PERK also co-
localized with eIF2a in these regions
(Fig. 1B). To evaluate the role of PERK in
translation-dependent forms of synaptic
plasticity in the hippocampus, we em-
ployed Cre-lox recombination techniques
to generate mice in which PERK activity is
disrupted specifically in the adult fore-
brain (PERK cKO) (Trinh et al. 2012).
Western blotting confirmed efficient
Cre-mediated reduction of PERK in hip-
pocampal area CA1, which was correlated
with decreased levels of phosphorylated
eIF2a and ATF4 (Fig. 1C). Despite the re-
duction of PERK in this region, Nissl-
stained sections revealed that PERK
cKO mice did not demonstrate gross al-
terations in hippocampal morphology
compared to wild-type mice (Fig. 1D).
Together, these findings indicate that
PERK is expressed in the soma and den-
drites of mouse hippocampal neurons
and that a forebrain-specific disruption
of PERK at 2–3 wk of age does not dramat-
ically alter hippocampal morphology.

PERK cKO mice exhibit normal

basal synaptic transmission

and LTP
We next investigated whether the disrup-
tion of PERK altered hippocampal plasticity by recording fEPSPs in
area CA1 of hippocampal slices from PERK mutant and their wild-
type littermates. We first examined basal synaptic function in 4-
to 5 wk-old mice by eliciting synaptic responses with a range of
stimulus intensities and observed similar synaptic input–output
relationships in slices from wild-type and PERK cKO mice (Fig.
2A). We next examined paired-pulse facilitation (PPF), a calcium-
dependent form of presynaptic plasticity. Similar to the input–
output functions, we observed no significant difference in PPF be-
tween the two genotypes (Fig. 2B). Together, these findings dem-

onstrate that genetic disruption of the eIF2a kinase PERK does not
exert an adverse effect on either basal synaptic transmission or
short-lasting presynaptic plasticity. We proceeded to examine
LTP in area CA1 of hippocampal slices from PERK mutant and
wild-type mice. To our surprise, we found no significant differenc-
es in either early phase LTP (E-LTP) or L-LTP between PERK cKO
mice and their wild-type littermates (Fig. 2C,D). These findings in-
dicate that genetic disruption of the eIF2a kinase PERK in hippo-
campal neurons has no effect on the expression of either E-LTP or
L-LTP.

Figure 1. Localization of PERK in hippocampal neurons and characterization of PERK cKO mice. (A)
PERK is highly expressed in the cell body layer of hippocampal area CA1. Representative light micro-
graph (4× magnification) is shown to the left and the boxed-in area is shown at higher powers (10×
and 40× magnification) to the right. (B) PERK is also present in dendrites of hippocampal pyramidal
neurons. (Top panel) Representative confocal images show dual staining for PERK (green) and the
dendritic marker MAP2 (red). (Lower panel) Hippocampal pyramidal neurons costained with PERK
(green) and total eIF2a (t-eIF2a, red). DAPI nuclear stain is shown in blue. Merge of immunofluores-
cence staining is shown in yellow. Scale bar, 25 mm. (C) Reduction of PERK expression in hippocam-
pal area CA1 of PERK cKO mice is correlated with reduced levels of phosphorylated eIF2a and ATF4.
(Left panel) Representative Western blots showing PERK, phospho-eIF2a (p-eIF2a), and ATF4 in the
hippocampus and hippocampal subregions from wild-type (WT) and PERK cKO (KO) mice. (Right
panel) Quantification of PERK, eIF2a phosphorylation, and ATF4 immunoreactivity. WT, n ¼ 5;
cKO, n ¼ 5 ([∗] P , 0.05, [∗∗] P , 0.01, [∗∗∗] P , 0.005, one-way ANOVA). All data represent
mean values+SEM (for all figures). (D) Representative Nissl-staining of hippocampal cell bodies in
slices obtained from wild-type (left) and PERK cKO (right) mice show no difference in gross
morphology.
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PERK cKO mice display enhanced mGluR-LTD

that is protein synthesis-dependent
Activation of metabotropic glutamate receptor (mGluR)-depen-
dent signaling is tightly coupled to the regulation of translation
in hippocampal neurons (Huber et al. 2000; Aschrafi et al. 2005;
Banko et al. 2006; Ronesi and Huber 2008). Because the regulation
of translation initiation involves eIF2a phosphorylation by PERK,
we determined whether genetic disruption of PERK in the hippo-
campus impacted mGluR-LTD. Hippocampal slices from PERK
cKO and wild-type mice were incubated with DHPG (50 mM, 10
min) to induce protein synthesis-dependent mGluR-LTD. In con-
trast to our LTP studies, PERK cKO slices exhibited enhanced
mGluR-LTD compared to their wild-type littermates (Fig. 3A).
Similarly, another paradigm of mGluR-LTD induced by paired-
pulse low-frequency stimulation (PP-LFS) in the presence of
D-(–)-2-amino-5-phosphonopentanoic acid (D-APV) (Huber et al.
2000),wasenhancedinslices fromPERKcKOmicewhencompared
to wild-type mice (Fig. 3B). Together, these findings suggest that
PERK-directed eIF2a phosphorylation is required for the normal
expression of chemically and electrically induced mGluR-LTD.

As mentioned above, group I mGluRactivation elicits a persis-
tent form of LTD in wild-type mice that requires de novo protein
synthesis (Huber et al. 2000; Hou and Klann 2004; Ronesi
and Huber 2008). In contrast, in Fmr1 KO mice that lack the trans-
lational repressor fragile X mental retardation protein (FMRP),
this mGluR-induced LTD is enhanced and independent of new
protein synthesis (Hou et al. 2006; Nosyreva and Huber 2006;

Sharma etal. 2010). Therefore,we investi-
gated whether the enhanced mGluR-
LTD in the PERK cKO mice required de
novo protein synthesis. Unlike mGluR-
LTD in Fmr1 knockout mice, we found
that the LTD in the PERK cKO mice was
blocked with application of the general
protein synthesis inhibitor anisomycin
(20 mM) (Fig. 3C). These results demon-
strate that de novo protein synthesis is
required for the enhanced mGluR-LTD
in PERK cKO mice. Furthermore, we
found that NMDA receptor-dependent
LTD (NMDAR-LTD) was similar between
wild-type and PERK cKO slices (Fig. 3D).
These results suggest a specific role for
PERK-dependent translational control
mechanisms in mGluR-dependent LTD
vs. NMDAR-LTD.

Differential regulation of eIF2a

phosphorylation following

stimulation that induces LTP

and mGluR-LTD
To better understand the regulation of
eIF2a phosphorylation during persistent
changes in synaptic strength, we first in-
vestigated the effects of LTP-inducing
stimulation on eIF2a phosphorylation
in hippocampal slices. Protein synthesis-
dependent increases in synaptic strength,
induced by tetanic stimulation and with
application of either brain-derived neu-
rotrophic factor (BDNF) or the cyclic
AMP (cAMP) activator forskolin, have
been shown to decrease the phosphoryla-
tion of eIF2a (Takei et al. 2001; Costa-

Mattioli et al. 2005). Consistent with these findings, we found
that phosphorylation of eIF2a was reduced following both one
and four trains of high-frequency stimulation (HFS) that induces
E-LTP and L-LTP, respectively (Fig. 4A). These results indicate
that increases in synaptic strength are associated with a reduction
of eIF2a phosphorylation in hippocampal area CA1.

To determine whether a protein synthesis-dependent de-
crease in synaptic strength also altered eIF2a phosphorylation,
we next examined whether activation of group I mGluRs, which
induces LTD in the hippocampus, modulated eIF2a phosphoryla-
tion. We treated hippocampal slices from wild-type mice with
DHPG (50 mM, 10 min) or vehicle (control), and then measured
the levels of phosphorylated eIF2a in homogenates from area
CA1. Interestingly, we found that treatment of hippocampal slices
with DHPG significantly increased eIF2a phosphorylation (Fig.
4B). Thus, our findings indicate that an mGluR- and protein
synthesis-dependent decrease in synaptic strength promotes
eIF2a phosphorylation in hippocampal area CA1. Collectively,
these findings provide evidence for the differential regulation of
eIF2a phosphorylation during long-lasting LTD and LTP.

mGluR-induced increase in eIF2a phosphorylation

is dependent on PERK

As mentioned earlier, mGluR-LTD requires local protein synthesis
(Huber et al. 2000). Because the expression of mGluR-LTD was

Figure 2. Basal synaptic transmission and early- and late-phase long-term potentiation (LTP) are
normal in PERK cKO mice. (A) Input–output relationships plotted as fEPSP slope vs. fiber volley amplitude
show no difference in basal synaptic transmission between genotypes. WT, n ¼ 11; cKO, n ¼ 9 (P . 0.05,
two-way ANOVA). (B) Paired-pulse facilitation (PPF) is unaltered in PERK cKO mice compared to their wild-
type (WT) littermates. WT,n ¼ 11; cKO, n ¼ 9 (P . 0.05, two-wayANOVA). The percentage of facilitation
is shownatinterpulse intervals rangingfrom10to300msec. (C) Early-phaseLTPevokedbyasingle100-Hz
train (1 sec) was unaltered in PERK cKO slices compared to WT slices. WT, n ¼ 7; cKO, n ¼ 7 (P . 0.05,
measured 5 min before and 30 min after HFS for both genotypes, two-way ANOVA). (D) Late-phase
LTP evoked by four trains of HFS was normal in both genotypes. WT, n ¼ 10; cKO, n ¼ 11 (P . 0.05, mea-
sured 5 min before and 1.5 h after HFS, two-way ANOVA). Representative traces are shown in each panel.
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enhanced in PERK cKO mice, we examined whether the LTD-asso-
ciated increase in eIF2a phosphorylation was still present in slices
from PERK cKO mice. In hippocampal slices from wild-type mice,
DHPG-induced LTD was associated with an increase in eIF2a
phosphorylation 10 min after DHPG application (Fig. 4C).
Notably, the enhanced level of phosphorylated eIF2a was blocked
following LTD induction in the PERK cKO mice (Fig. 4C). Neither
mGluR1 nor mGluR5 expression were altered in hippocampal ly-
sates from PERK cKO mice compared to wild-type littermates, sug-
gesting that the enhanced mGluR-LTD in the PERK cKO mice is
not due to increased mGluR-dependent signaling (Fig. 4D).
Taken together, these findings support the idea that DHPG induc-
es PERK-dependent phosphorylation of eIF2a, which normally
limits mGluR-LTD.

To determine whether the enhanced mGluR-LTD in the
PERK cKO slices is due to changes in de novo protein synthesis,
we next examined whether activation of group I mGluRs by
DHPG induced de novo protein synthesis. To measure protein
synthesis, we used SUnSET (Schmidt et al. 2009), a nonradioactive
puromycin end-labeling assay. Following puromycin treatment,
we incubated hippocampal slices from 3-mo-old wild-type and
PERK cKO mice with DHPG (100mM, 10 min) or vehicle (control),
and measured the levels of protein synthesis in lysates from area
CA1. We found that DHPG caused an increase in de novo protein
synthesis in the PERK cKO slices that appeared to be the same
magnitude as was observed in wild-type slices (Fig. 5A,B). These

findings suggest that the enhanced
mGluR-LTD in PERK cKO slices is due to
changes in transcript-specific translation
rather than changes in general protein
synthesis.

Discussion

Multiple lines of evidence strongly sup-
port the notion that tight regulation of
translational control is critical for the ex-
pression of hippocampal mGluR-LTD
(Costa-Mattioli et al. 2009; Richter and
Klann 2009; Waung and Huber 2009).
First, translation is required as several
general protein synthesis inhibitorsblock
mGluR-LTD (Huber et al. 2000). Second,
pharmacological and genetic disruption
of PI3K, mTORC1, and ERK signaling
pathways alter the phosphorylation of
multiple initiation factors and prevent
the expression of normal mGluR-LTD
(Gallagher et al. 2004; Hou and Klann
2004; Banko et al. 2006; Ronesi and
Huber 2008). For example, mice lacking
4E-BP2, a translational repressor of eIF4F
complex assembly, display enhanced
mGluR-LTD (Banko et al. 2006), suggest-
ing that repression of translation initia-
tion normally limits the magnitude of
mGluR-LTD. Consistent with these find-
ings, we found that a reduction of eIF2a
phosphorylation by genetic inactivation
of PERK resulted in an enhancement of
mGluR-dependent LTD (Fig. 3A). Thus,
these findings suggest that, similar to
4E-BP2, PERK normally modulates the
level of long-lasting depression following
the activation of group I mGluRs. It
should be noted that despite the lack of

an increase in eIF2a phosphorylation in the PERK cKO mice fol-
lowing induction of mGluR-LTD, it is possible that the effects of
PERK deletion on LTD could be independent of eIF2a and transla-
tion. However, the most parsimonious explanation for the present
findings is that PERK-dependent phosphorylation of eIF2a is re-
quired for translational control that limits mGluR-LTD in the
hippocampus.

Previous studies demonstrated that mice lacking the transla-
tional regulator FMRP exhibit enhanced hippocampal mGluR-
LTD and are insensitive to protein synthesis inhibitors (Huber
et al. 2002; Hou et al. 2006; Nosyreva and Huber 2006). In con-
trast, in our LTD studies we found that the enhanced mGluR-
LTD in PERK cKO mice were sensitive to protein synthesis inhibi-
tion (Fig. 3C), more in keeping with mGluR-LTD in wild-type mice
(Huber et al. 2000). One possible explanation for these differences
is that FMRP and PERK are acting to trigger distinct proteomic
changes during mGluR-dependent LTD.

In this study, we found that DHPG-induced mGluR-LTD
triggered an increase in phosphorylated eIF2a, which was pre-
vented in the absence of PERK (Fig. 4C). As noted above,phosphor-
ylation of eIF2a inhibits general translation while preferentially
stimulating the gene-specific translation of mRNAs with upstream
open reading frame (uORF) sequences such as ATF4. Therefore, we
hypothesize that PERK normally either decreases general protein
synthesis or increases the translation of specific synaptic mRNAs
to limit mGluR-LTD. Future studies investigating the identities

Figure 3. PERK cKO mice express enhanced mGluR-LTD that is protein synthesis-dependent. (A)
DHPG application (50 mM, 10 min) induced mGluR-LTD in wild-type (WT) slices that was enhanced
in PERK cKO slices. WT, n ¼ 8 slices; cKO, n ¼ 8 slices; seven mice per genotype (P , 0.01, two-way
ANOVA followed by Bonferroni’s post hoc test). (B) mGluR-LTD induced by paired-pulse low-frequency
stimulation (PP-LFS) (1-Hz, 50-msec interstimulus interval, 20 min) in the presence of D-APV (50 mM)
was enhanced in PERK cKO slices. WT, n ¼ 9 slices; cKO, n ¼ 7 slices (P , 0.05, two-way ANOVA fol-
lowed by Bonferroni’s post hoc test). (C) Measurement of mGluR-LTD in slices from PERK cKO and
WT littermates in the presence of anisomycin (40 mM) 20 min prior to, during, and 30 min after
DHPG (50 mM, 10 min) treatment indicates that enhanced mGluR-LTD in PERK cKO slices is sensitive
to anisomycin. WT, n ¼ 8 slices; cKO, n ¼ 8 slices; seven mice per genotype (P . 0.05, two-way
ANOVA). (D) NMDA receptor-dependent LTD induced by paired-pulse low-frequency stimulation
(PP-LFS) (1-Hz, 50-msec interstimulus interval, 15 min) was not altered in PERK cKO slices compared
with WT slices. WT, n ¼ 9 slices; cKO, n ¼ 12 slices (P . 0.05, two-way ANOVA).
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of the newly synthesized LTD proteins following synaptic activa-
tion of mGluRs in these mice should provide insight into the dif-
ferent regulatory mechanisms that control mGluR-LTD.

We observed that eIF2a phosphorylation was differentially
regulated upon activation of LTP and LTD (Fig. 4A,B). These find-
ings suggest that distinct pools of eIF2a are phosphorylated and
mRNAs are translated during NMDA-receptor dependent LTP
and mGluR-LTD. In support of this notion, a recent study showed
that DHPG stimulation causes preferential recruitment of certain
locally translated mRNAs, without alterations to the size or num-
ber of translational hotspots (Kim et al. 2013). Moreover,
mGluR-LTD, which is enhanced in PERK cKO mice (Fig. 3A), was
unaffected in mice lacking the eIF2a kinase GCN2 (Costa-
Mattioli et al. 2005). In contrast, L-LTP, which had a lowered
threshold for induction in GCN2-deficient mice (Costa-Mattioli
et al. 2005), was unaffected in PERK cKO mice (Fig. 2C,D). Thus,
it appears that GCN2-dependent translational control is specific
to NMDA receptor-dependent LTP, whereas PERK-dependent
translational control is specific to mGluR-LTD. Moreover, our find-
ings provide the first direct evidence of a translation factor that is
differentially regulated by protein synthesis-dependent LTP and
LTD and indicate a distinct role for the proper regulation of
eIF2a by PERK during mGluR-dependent LTD.

Precise translational control mechanisms in dendrites are
considered critical for long-lasting plasticity of synaptic connec-

tions and for the expression of cognitive functions that rely on
such plasticity (Kelleher et al. 2004; Sutton and Schuman 2006;
Costa-Mattioli et al. 2009; Richter and Klann 2009). Consistent
with this, we recently reported that disruption of PERK-dependent
translational control mechanisms in the prefrontal cortex of PERK
cKO mice results in multiple cognitive impairments, including
severe behavioral inflexibility (Trinh et al. 2012). In the present
study, our findings suggest that PERK-directed translational con-
trol of eIF2a phosphorylation distinctly limits the expression of
mGluR-dependent LTD in the hippocampus. Based on these re-
sults, we speculate that disruption of PERK-dependent phosphor-
ylation of eIF2a following activation of group I mGluRs may serve
as a mechanism for the behavioral manifestations observed in
PERK-deficient mice. Future studies investigating the specific
role of PERK-regulated translation in the brain will prove useful
to elucidate the molecular underpinnings of normal cognitive
processes and how they are altered in neurological disorders and
neurodegenerative diseases.

Materials and Methods

Materials
Alexa Fluor 488-coupled goat anti-rabbit, Alexa Fluor 568-coupled
goat anti-mouse, and anti-rabbit phospho-eIF2aS52 antibodies
were from Invitrogen. Rabbit anti-PKR-like endoplasmic re-
ticulum kinase (PERK) antibody was from Rockland. Mouse
anti-eIF2a (L57A5), and rabbit anti-PERK (C33E10) and rabbit
anti-mGluR1 antibodies were from Cell Signaling Technology.
Anti-puromycin (12D10) antibody was kindly provided by Dr.
P. Pierre. Anti-mGluR5 antibody was from R&D Systems. 3,3′-
Diaminobenzidine (DAB) substrate staining kit was from Vector
Laboratories. (RS)-3,5-Dihydroxyphenylglycine (DHPG) and ani-
somycin were obtained from Tocris Bioscience. Puromycin
(P8833) and mouse anti-actin and anti-MAP2 antibodies were
from Sigma.

Animals
Transgenic mice containing a forebrain-specific deletion of PERK
(CamkIIa-Cre; PerkloxP/loxP) were generated, maintained, and geno-
typed as described previously (Trinh et al. 2012).

Figure 4. PERK is required for the distinct regulation of eIF2a phosphor-
ylation following mGluR-LTD induction. (A) E-LTP and L-LTP stimulation
decreases eIF2a phosphorylation in hippocampal area CA1. Untetanized
(control) slices vs. 1 × 100 Hz (E-LTP) and 4 × 100 Hz (L-LTP) slices are
compared (n ¼ 5 slices per condition, [∗] P , 0.05, [∗∗] P , 0.01,
one-way ANOVA). (B) DHPG application (50 mM, 10 min) increases
eIF2a phosphorylation in hippocampal area CA1 (n ¼ 6 slices per condi-
tion, [∗] P , 0.05, Student’s t-test). (C) The DHPG-induced increase in
eIF2a phosphorylation in WT slices is blocked in PERK cKO slices.
Hippocampal slices from PERK cKO and WT mice were treated with or
without DHPG (50 mM, 10 min, n ¼ 6 slices per condition, [∗] P , 0.05,
one-way ANOVA). (D) mGluR1 and mGluR5 expression were unaltered
in hippocampal lysates from PERK cKO mice compared to wild-type litter-
mates (mGluR1, n ¼ 4, P ¼ 0.6; mGluR5, n ¼ 6, P ¼ 0.8, Student’s t-test).
Representative Western blots are shown in each panel.

Figure 5. DHPG-induced mGluR-LTD in slices from PERK cKO mice is
associated with an increase of de novo protein synthesis similar to that
in wild-type mice. (A) Representative Western blot of lysates from wild-
type (WT) and PERK cKO hippocampal slices treated with puromycin (5
mg/mL, 35 min) and incubated with either ACSF (Cntl) or DHPG (100
mM) for 10 min to measure protein synthesis at baseline levels and in re-
sponse to DHPG treatment. (B) Cumulative graph with percentages ex-
pressed relative to WT control (Cntl), n ¼ 3 mice per genotype, 2–3
slices per condition ([∗] P , 0.05, Student’s t-test), All data represent
mean values+SEM.
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Immunohistochemistry and Nissl staining
Immunohistochemical and Nissl staining techniques were per-
formed using standard procedures as described previously
(Banko et al. 2006). For immunohistochemical studies, sections
from 4-wk-old wild-type mice were incubated with rabbit anti-
PERK (Rockland, 1:200) followed by secondary antibody incuba-
tion and detection using the DAB staining method. For immuno-
fluorescence studies, mouse primary hippocampal neurons (DIV
9) were incubated with rabbit anti-PERK (Rockland, 1:200) and ei-
ther mouse anti-MAP2 (1:500) or mouse anti-eIF2a (1:500) anti-
bodies followed by an incubation with Alexa Fluor 488-coupled
goat anti-rabbit and Alexa Fluor 568-coupled goat anti-mouse an-
tibodies (1:500).

Hippocampal slice preparations and treatment
Transverse hippocampal slices were prepared and CA1 regions
were dissected as described previously (Banko et al. 2005).
Briefly, for mGluR-LTD experiments, slices from 4- to 5-wk old
mice were equilibrated in oxygenated artificial CSF (ACSF) and
subsequently incubated with DHPG (50 mM) for 10 min prior to
being snap-frozen over dry ice. For LTP studies, slices were isolated
and prepared from 3- to 4-mo-old adult mice. Upon stimulation of
E-LTP and L-LTP (see Electrophysiology), slices were prepared in a
fashion identical to that used for mGluR-LTD experiments. For
NMDA receptor-dependent LTD studies, slices were isolated and
prepared from 3-mo-old mice.

Electrophysiology
Field excitatory postsynaptic potentials (fEPSPs) were recorded
from hippocampal slices as described previously (Banko et al.
2005). For mGluR-LTD studies, slices were incubated with DHPG
(50mM) for 10 min in the presence of either vehicle or anisomycin
(20 mM). For PP-LFS studies, mGluR-LTD was induced in the pres-
ence of D-(–)-2-amino-5-phosphonopentanoic acid (D-APV) (50
mM, Sigma) by using 900 paired-pulse stimuli with a 50-msec in-
terstimulus interval delivered at 1 Hz for 20 min. NMDA receptor-
dependent LTD was induced by 900 paired-pulse stimulations
with 50-msec interstimulus interval delivered at 1 Hz for 15 min
(Jiang et al. 2007). For LTP studies, LTP was induced with either
one train (E-LTP) or four trains (L-LTP) (5-min intertrain interval
[ITI]) of a 100-Hz high-frequency stimulation (HFS) for 1 sec.

Western blotting
Western blots were performed using standard procedures as de-
scribed previously (Banko et al. 2005). Notably, for optimal
detection of PERK in mouse brain samples, a minimum of 40 mg
of protein was needed. Primary antibodies of interest include:
PERK (C33E10, 1:500), phospho-eIF2aS52 (1:1000), eIF2a
(1:1000), ATF4 (1:2000), mGluR1 (1:1000), mGluR5 (1:200), and
actin (1:10000).

Measurement of de novo protein synthesis
Four-hundred-micrometer transverse hippocampal slices were ob-
tained from 3-mo-old wild-type and PERK cKO mice. Puromycin
labeling of the slices was adapted from procedures described pre-
viously (Schmidt et al. 2009). Briefly, slices were allowed to recover
in ACSF at 32˚C for 2 h and subsequently treated with puromycin
(5 mg/mL) for 35 min and incubated with either DHPG (100 mM)
or ACSF vehicle (control) for 10 min. Reactions were stopped by
flash freezing the slices on dry ice. Then, proteins were prepared,
blotted, and quantified by standard Western blotting procedures.
Fifty micrograms of puromycin-labeled protein were resolved on
4%–12% gradient gels and visualized using an antibody specific
to puromycin. Protein synthesis levels were determined by taking
the total lane signal from 30 kDa to 250 kDa and subtracting the
signal from a control lane that was not labeled by puromycin.
Comparisons of protein synthesis levels between both genotypes
and treatment were made by normalizing to the average wild-type
control signal obtained from different experimental replicates.

Statistical analysis
All data are presented as the mean+ SEM. Intergroup differences
were evaluated by a one-way ANOVA. For electrophysiological
data analysis, two-way ANOVA and post-hoc tests were used where
appropriate. When only two means were analyzed, a two-tailed
Student’s t-test analysis was performed. Values of P , 0.05 were
considered to represent statistically significant differences.
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