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Synaptically driven phosphorylation of ribosomal
protein S6 is differentially regulated at active synapses
versus dendrites and cell bodies by MAPK and PI3K/
mTOR signaling pathways
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High-frequency stimulation of the medial perforant path triggers robust phosphorylation of ribosomal protein S6 (rpS6) in

activated dendritic domains and granule cell bodies. Here we dissect the signaling pathways responsible for synaptically

driven rpS6 phosphorylation in the dentate gyrus using pharmacological agents to inhibit PI3-kinase/mTOR and

MAPK/ERK-dependent kinases. Using phospho-specific antibodies for rpS6 at different sites (ser235/236 versus

ser240/244), we show that delivery of the PI3-kinase inhibitor, wortmannin, decreased rpS6 phosphorylation throughout

the somatodendritic compartment (granule cell layer, inner molecular layer, outer molecular layer), especially in granule

cell bodies while sparing phosphorylation at activated synapses (middle molecular layer). In contrast, delivery of U0126, an

MEK inhibitor, attenuated rpS6 phosphorylation specifically in the dendritic laminae leaving phosphorylation in the

granule cell bodies intact. Delivery of the mTOR inhibitor, rapamycin, abolished activation of rpS6 phosphorylation in

granule cell bodies and dendrites, whereas delivery of a selective S6K1 inhibitor, PF4708671, or RSK inhibitor, SL0101-1, at-

tenuated rpS6 phosphorylation throughout the postsynaptic cell. These results reveal that MAPK/ERK-dependent signal-

ing is predominately responsible for the selective induction of rpS6 phosphorylation at active synapses. In contrast, PI3-

kinase/mTOR-dependent signaling induces rpS6 phosphorylation throughout the somatodendritic compartment but

plays a minimal role at active synapses. Collectively, these results suggest a potential mechanism by which PI3-kinase/

mTOR and MAPK/ERK pathways regulate translation at specific subcellular compartments in response to synaptic activity.

[Supplemental material is available for this article.]

Long-lasting forms of synaptic plasticity are associated with in-
creases in mRNA transcription and de novo protein synthesis,
which contribute to enduring forms of synaptic modification
including long-term potentiation (LTP) (Nguyen and Kandel
1996; Kandel 2001; Kelleher et al. 2004a; Costa-Mattioli et al.
2009). There is considerable evidence that local translation of
mRNAs in dendrites contributes to synapticmodifications that un-
derlie changes in synaptic efficacy, but the signal transduction
pathways linking synaptic activity with mRNA translation remain
elusive. Recent studies involving perforant path LTP demonstrate
that synaptic activation sufficient to trigger LTP induces robust
phosphorylation of ribosomal protein S6 (rpS6) in dentate granule
cell bodies (Panja et al. 2009) and selectively in the portion of the
dendrite contacted by activated synapses (Pirbhoy et al. 2016).

Phosphorylation of rpS6 is thought to regulate translation ini-
tiation of certain mRNAs (Jefferies et al. 1994; Roux et al. 2007;
Meyuhas 2008). Recent evidence demonstrates NMDA receptor-
dependent induction of rpS6 phosphorylation following synaptic
activation suggesting a mechanistic link with other cellular events
that are critical for LTP (Pirbhoy et al. 2016). These findings outline

a potential mechanism by which NMDA receptor-dependent acti-
vation of rpS6 phosphorylation modulates mRNA translation at
postsynaptic cell bodies and synapses.

Although high-frequency activation of synapses robustly trig-
gers rpS6 phosphorylation, the signal transduction pathways link-
ing NMDA receptor activation and rpS6 phosphorylation are
poorly understood. Also, unknown is whether different signal
transduction pathways mediate rpS6 phosphorylation at activated
synapses versus distant cell bodies. Two candidate pathways down-
stream from the NMDA receptor are phosphoinositide 3-kinase
(PI3-kinase) (Gong et al. 2006) and mitogen-activated protein ki-
nases/extracellular signal-regulated kinases (MAPK/ERK) (Jin
et al. 2013; Wang and Peng 2016). Previous studies in non-
neuronal cells indicate that phosphorylation of rpS6 can be trig-
gered by either pathway (Jefferies et al. 1994; Roux et al. 2007).
Studies in hippocampal slices have provided evidence that
PI3-kinase and mammalian target of rapamycin (mTOR) (Tang

5Present address: NIH/NIEHS, Research Triangle Park, NC 27709, USA.
Corresponding author: osteward@uci.edu

# 2017 Pirbhoy et al. This article is distributed exclusively by Cold Spring
Harbor Laboratory Press for the first 12 months after the full-issue publication
date (see http://learnmem.cshlp.org/site/misc/terms.xhtml). After 12 months,
it is available under a Creative Commons License (Attribution-
NonCommercial 4.0 International), as described at http://creativecommons.
org/licenses/by-nc/4.0/.Article is online at http://www.learnmem.org/cgi/doi/10.1101/lm.044974.117.

24:341–357; Published by Cold Spring Harbor Laboratory Press
ISSN 1549-5485/17; www.learnmem.org

341 Learning & Memory

mailto:osteward@uci.edu
mailto:osteward@uci.edu
http://www.learnmem.org/site/misc/terms.xhtml
http://www.learnmem.org/site/misc/terms.xhtml
http://www.learnmem.org/site/misc/terms.xhtml
http://www.learnmem.org/site/misc/terms.xhtml
http://www.learnmem.org/site/misc/terms.xhtml
http://learnmem.cshlp.org/site/misc/terms.xhtml
http://learnmem.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://www.learnmem.org/cgi/doi/10.1101/lm.044974.117
http://www.learnmem.org/cgi/doi/10.1101/lm.044974.117
http://www.learnmem.org/site/misc/terms.xhtml


et al. 2002) andMAPK/ERK (Kelleher et al. 2004b) play critical roles
in LTP. LTP induction triggers phosphorylation of mTOR sub-
strates, which is accompanied by increases in protein synthesis
in hippocampal slices (Kelleher et al. 2004b; Tsokas et al. 2005)
and also triggers activation of MAPK/ERK substrates, and transla-
tion-related factors (Kelleher et al. 2004b). The implicated role of
MAPK/ERK in translational control has prompted the hypothesis
that PI3K/mTOR and the MAPK/ERK signaling pathways coope-
rate to coordinate regulation of cap-dependent and 5′ terminal
oligopyrimidine (5′TOP) mRNA translation (Wang et al. 2001b;
Kelleher et al. 2004b; Shahbazian et al. 2006).

Herewe test the hypothesis that signal transduction pathways
differentially regulate phosphorylation of rpS6 to control transla-
tion initiation in different subcellular compartments. Our ap-
proach uses the model system in which rpS6 phosphorylation is
induced by stimulating the medial perforant path (MPP) projec-
tions to dentate granule cells at high-frequencies sufficient to
induce LTP (Pirbhoy et al. 2016). To test the role of each signaling
pathway, pharmacological inhibitors were locally infused into the
dentate gyrus during MPP stimulation. Phosphorylation of rpS6 at
different serine residues was assessed by immunostaining using
phospho-specific antibodies that recognize phosphorylation of
rpS6 at ser235/236, and ser240/244. Phosphorylation of rpS6 at
ser240/244 is thought to be via mTOR-dependent signaling, while
phosphorylation of ser235/236 can be regulated by multiple sig-
naling pathways including MAPK/ERK, protein kinase C (PKC)
(Gangarossa and Valjent 2012), PKA (Biever et al. 2015), and
mTOR (Roux et al. 2007; Gobert et al. 2008).

We show site-specific regulation of rpS6 phosphorylation by
MAPK/ERK and PI3-kinase signaling pathways. Local infusion of
the PI3-kinase inhibitor, wortmannin, decreases rpS6 phosphory-
lation specifically at ser235/236 throughout the postsynaptic cell
while preserving activation in the region of activated synapses.
In contrast, local infusion of U0126, an MEK inhibitor, decreases
rpS6 phosphorylation specifically in the activated dendritic lamina
sparing activation in granule cell bodies. Local delivery of the
mTOR inhibitor, rapamycin, the S6K1 inhibitor, PF4708671, and
the RSK inhibitor, SL0101-1, attenuated rpS6 phosphorylation in
both granule cell bodies and dendrites. These results indicate
that MAPK/ERK signaling is primarily responsible for inducing
phosphorylation of rpS6 at activated synapses, whereas PI3-ki-
nase/mTOR-dependent signaling induces rpS6 phosphorylation
throughout the postsynaptic cell.

Results

Phosphorylation of rpS6 is differentially regulated

in granule cell bodies and dendrites
As documented in our previous study (Pirbhoy et al. 2016), repeat-
ed stimulation of the medial perforant path (MPP) with brief high-
frequency trains (as used to induce LTP) induces robust increases in
immunostaining for rpS6 phosphorylation at ser235/236 in the ac-
tivated dendritic lamina and the cell bodies of dentate granule
cells. This effect can be seen in the figures of the present manu-
script in areas distant from the site of drug infusion, which repre-
sents the control for the drug infusion sites (see, for example, Fig.
2A,B; compare with control nonstimulated side in Fig. 2G,H).
Increases in the activated dendritic lamina are evident as a band
of increased immunostaining in the middle molecular layer of
the dentate gyrus, which is the site of termination of the MPP.
The pattern is different for sections immunostained with the anti-
body detecting phosphorylation of rpS6 at ser240/244 in that in-
creases in immunostaining are seen in granule cell bodies and
throughout the dendritic laminae without an evident band in

the zone of activated MPP synapses (see, for example, Fig. 2I,J;
compare with control nonstimulated side in Fig. 2O,P).

Previous studies report that induction of perforant path LTP
activates both PI3-kinase (Kelly and Lynch 2000) and MAPK/ERK
(Chotiner et al. 2010). There is also evidence that both mTOR-
andMAPK/ERK-dependent signaling pathways regulate phosphor-
ylation of rpS6 at ser235/236, while phosphorylation at ser240/
244 is predominately mTOR-dependent (Roux et al. 2007).
Therefore, we begin by assessing the contribution of PI3-kinase sig-
naling to rpS6 phosphorylation.

Local infusion of the PI3-kinase inhibitor, wortmannin,

blocks somatodendritic induction of rpS6 phosphorylation

sparing rpS6 phosphorylation at activated synapses
To assess the role of Akt/mTOR in mediating induction of rpS6
phosphorylation, we locally infused the PI3-kinase inhibitor, wort-
mannin, into the dorsal blade of the dentate gyrus before HFS. The
approachwas the same as in our previous studies inwhich a record-
ing micropipette containing the pharmacological agent was posi-
tioned in the dorsal blade of the dentate gyrus. The tip of the
micropipette is broken to a diameter of∼40–100 µm resulting in lo-
cal diffusion of the drugwithin an area severalmillimeters in diam-
eter (Steward and Worley 2001). The micropipette is left in place
for the duration of the experiment, so drug concentrations remain
constant in the sphere of diffusion.

It is important to note several strengths and caveats of the
approach involving local diffusion from a micropipette. First, the
local blockade in a defined area leaves other parts of the hippocam-
pus to serve as internal controls. Areas distant from the drug infu-
sion on the ipsilateral side reveal the consequences of HFS; the
contralateral hippocampus serves as a nonactivated intra-animal
control. Second, delivering drugs by diffusion from the micropi-
pette eliminates potential problems associated with injecting vol-
umes of fluid, which can cause tissue damage. Third, tissue
concentrations of the drugs are much lower than the concentra-
tions in the micropipette, and concentration decreases with dis-
tance from the micropipette tip based on laws of diffusion. A
caveat, however, is that it is not possible to determine the exact
drug concentration after infusion in vivo. Finally, it should be not-
ed that our numerous animals prepared for our previous study
document that electrode placement alone does not cause any local
disruption of rpS6 phosphorylation (Pirbhoy et al. 2016).

In all experiments, physiological consequences of drug infu-
sion were assessed. Positive-going field excitatory postsynaptic po-
tentials (EPSPs) and population spikes were initially recorded using
a saline-filled micropipette, and then the saline electrode was re-
placed with one filled with the relevant drug. The graphs in
Figure 1A and B illustrate the paradigm for experiments involving
wortmannin infusion. Following replacement of the saline-filled
micropipette with the wortmannin-filled micropipette, popula-
tion spike amplitude was 83.02 ± 9.789% of baseline (mean ±
SEM, N = 8) and EPSP slope was 86.05 ± 3.17% of baseline (Fig.
1B, N = 8). In one case, the population spike decreased to 0.66
mV, which is below our arbitrary cutoff of 1.5 mV for studies in-
volving LTP, so physiological data for population spike amplitude
was analyzedwith andwithout this case. The population spike am-
plitudewith the excluded case was 85.59 ± 10.91% of baseline (Fig.
1A, N = 7) and EPSP slope was 87.27 ± 3.38% of baseline (N = 7).

Following delivery of 30 high-frequency trains (our standard
paradigm for inducing perforant path LTP), population spike am-
plitude and EPSP slope increased as is observed in control experi-
ments with saline-filled microelectrodes (Fig. 1A,B; percent
change for wortmannin (amplitude): 249.3 ± 68.28%,N = 7; saline:
139.5 ± 27.28%, N = 6; percent change for wortmannin (slope):
47.22 ± 2.34%, N = 8; saline: 28.32 ± 3.34%, N = 6).
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Immunostaining using the phospho-specific antibody that
detects phosphorylation of rpS6 at ser235/236 confirmed robust
increases in immunostaining of granule cell bodies with a band
of increased immunostaining in the dendritic lamina in areas dis-
tant from the site of infusion (Fig. 2A,B; compare with the contra-
lateral control in Fig. 2G,H). Strikingly, in the wortmannin
infusion area, the increase in immunostaining for rpS6 phosphor-
ylation in granule cell bodies was blocked whereas the band of in-

creased immunostaining in the dendritic lamina was preserved
(Fig. 2E,F).

To quantify effects of wortmannin blockade, levels of immu-
nostaining were assessed by measuring average optical density
(OD) across the dorsal blade of the dentate gyrus. OD values in
the region of the blockade (labeled “Infusion” on the plot in
Fig. 2C) were compared with distant areas outside the sphere of in-
hibition (labeled “Distant” on the plot in Fig. 2C) and to the con-
tralateral, nonstimulated side (Contra). The plot in Figure 2C
shows average OD values across the dorsal blade of the dentate
gyrus from the granule cell layer to the outer molecular layer
(∼300µm). To provide a statistical analysis of the blockade (Fig.
2D), average OD values at four measuring sites were compared
(N = 8 rats): the granule cell layer (GCL), the inner molecular
(IML), the peak immunostaining in the middle molecular layer
(MML), and a distance of 280 µm from the GCL to represent the
outer molecular layer (OML) (denoted by arrows in Fig. 2C,K).
Quantitative comparisons of levels of OD values for distant, infu-
sion, and contralateral sections in the four measuring sites by two-
way ANOVA yielded an overall F(6,84) = 8.44, P < 0.0001 (Fig. 2D,N
= 8). Post hoc analysis with Bonferroni’s multiple comparisons
tests revealed that OD values in areas distant from thewortmannin
infusion were statistically different than in the infusion area and
contralateral sections in all regions. Notably, OD values in the
MML, within the infusion area was also significantly different
than on the contralateral side (Fig. 2D, for details on statistics,
see figure legends; two-way ANOVA, P < 0.05). Collectively, these
data suggest the surprising conclusion that PI3-kinase activation
is critical for rpS6 phosphorylation at ser235/236 throughout the
somatodendritic compartment (GCL, IML, OML) but has a mini-
mal role in the local activation of rpS6 phosphorylation in the por-
tion of the dendrite contacted by active synapses (MML).

Figure 1. Average population spike amplitude and EPSP slope following
local delivery of pharmacological agents into the dentate gyrus. (A)
Average population spike amplitude and EPSP slope (B) following local
delivery of the PI3-kinase inhibitor, wortmannin. Saline baseline was re-
corded for 15 min. The saline-filled micropipette was replaced for a
wortmannin-filled micropipette and baseline was recorded for 20 min, fol-
lowed by delivery of 30 trains of HFS (time of HFS delivery denoted by
arrow). (C) Average population spike amplitude and EPSP slope (D) follow-
ing delivery of the reversible PI3-kinase inhibitor, LY294002. Saline base-
line was recorded for 20 min. Following replacement of the saline-filled
micropipette with the LY294002-filled micropipette, no test pulses were
delivered for 15 min; baseline was then recorded for 20 min, followed
by delivery of 30 trains of HFS (time of HFS delivery denoted by arrow).
(E) Average population spike amplitude and EPSP slope (F) following deliv-
ery of the MEK inhibitor, U0126. Baseline responses were recorded for 20
min via the Hamilton micropipette before injection, then injection of
U0126 was administered within a 5-min time window. No test pulses
were delivered for 35 min following injection; baseline was then recorded
for 10 min, followed by delivery of 30 trains of HFS (time of HFS delivery
denoted by arrow). (G) Average population spike amplitude and EPSP
slope (H) following local delivery of the mTOR inhibitor, rapamycin.
Saline baseline was recorded for 20 min. Following replacement of the
saline-filled micropipette for a rapamycin-filled micropipette, no test
pulses were delivered for 20 min; baseline was then recorded for 25
min, followed by delivery of 30 trains of HFS (time of HFS delivery
denoted by arrow). (I) Average population spike amplitude and EPSP
slope (J) following local delivery of the RSK inhibitor, SL0101-1. Saline
baseline was recorded for 20 min. Following replacement of the saline-
filled micropipette for an SL0101-1-filled micropipette, no test pulses
were delivered for 15min; baseline was then recorded for 25min, followed
by delivery of 30 trains of HFS (time of HFS delivery denoted by arrow). (K)
Average population spike amplitude and EPSP slope (L) following local
delivery of the S6K1 inhibitor, PF4708671. Saline baseline was recorded
for 20 min. Following replacement of the saline-filled micropipette for a
PF4708671-filled micropipette, no test pulses were delivered for 15 min;
baseline was then recorded for 20 min, followed by delivery of 30 trains
of HFS (time of HFS delivery denoted by arrow).
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Different results were seen using the antibody for rpS6 phos-
phorylation at ser240/244 (p-ser240/244). In distant areas from the
wortmannin infusion, there were increases in immunostaining
throughout the somatodendritic compartment but without a
band of increased level of labeling in the zone of activated synapses
(cf. Fig. 2I,J and Fig. 2A,B). Althoughqualitatively evident in all cas-
es, the overall two-way ANOVA of OD values (N = 5 animals) did
not reach statistical significance (F(6,48) = 1.72, P = 0.1377). In the
wortmannin infusion area (Fig. 2M,N), increases in immunostain-
ing in both cell bodies and dendrites were blocked; indeed, immu-
nostaining the granule cell layer and the molecular layer was

indistinguishable from the contralateral control (Fig. 2O,P) and
for quantification, see Figure 2K and L.

To determinewhether similar results would be seenwith a dif-
ferent PI3-kinase inhibitor that acts via a different mechanism,
LY294002 was locally infused. Wortmannin is an irreversible, cell-
permeable fungalmetabolite that potently inhibits PI3-kinasewith
an IC50 of 5 nM (Arcaro andWymann 1993). LY294002 is a revers-
ible PI3-kinase inhibitor that acts on the ATP binding site of
PI3-kinase (Vlahos et al. 1994). Both wortmannin and LY294002
have been reported to disrupt LTP in hippocampal slices (Sanna
et al. 2002).

Figure 2. Local infusion of the PI3-kinase inhibitor, wortmannin, blocks somatodendritic phosphorylation of rpS6 but not in the zone of activated syn-
apses. (A) Immunostaining for p-ser235/236 ipsilateral to stimulation in a section distant from the infusion area. (B) High-magnification image of A. (C)
Quantification of average OD across the dorsal blade of the dentate gyrus in ipsilateral sections distant from the infusion area (“Distant”), ipsilateral sections
within the infusion area (“Infusion”), and contralateral, nonstimulated sections (“Contra”). (D) Statistical assessment at four sites along the dentate gyrus
(denoted by the arrows), GCL, IML, MML, OML (ser235/236, N = 8), error bars represent SEM. Statistical assessment by two-way ANOVA revealed a signifi-
cant interaction (F(6,84) = 8.44, P < 0.0001), a significantmain effect of treatment (F(2,84) = 114.30, P < 0.0001), and a significantmain effect of region (F(3,84)
= 42.36, P < 0.0001). Post hoc analysis with Bonferroni’s multiple comparisons tests revealed that distant sections were statistically different than sections
within the infusion area and contralateral sections in all regions. Notably, in theMML, sections within the infusion areawere significantly different than con-
tralateral sections (two-way ANOVA, P < 0.05). (E) Immunostaining of p-ser235/236 ipsilateral to the stimulation in a section within the infusion area in the
presence of wortmannin (arrows denote infusion area). (F) High-magnification image of E. Note the decrease in rpS6 phosphorylation specifically in the GCL
and nonactivated dendritic regions (IML and OML) and sparing of rpS6 phosphorylation in the zone of activated synapses (MML). (G) Immunostaining of
p-ser235/236 contralateral to the stimulation. (H) High-magnification image ofG. (I) Immunostaining of p-ser240/244 in a section distant from the infusion
area. (J) High-magnification image of I. (K) Quantification of average OD across the dorsal blade of the dentate gyrus in distant, infusion, and contralateral
sections. (L) Statistical assessment at four sites along the dentate gyrus (denoted by the arrows), GCL, IML, MML, OML (ser240/244, N = 5), error bars rep-
resent SEM. Statistical assessment by two-way ANOVA revealed a main effect of treatment (F(2,48) = 41.26, P < 0.0001) and a main effect of region (F(3,48) =
48.69, P < 0.0001), but no significant interaction (F(6,48) = 1.72, P = 0.137). (M ) Immunostaining of p-ser240/244 ipsilateral to stimulation in a sectionwithin
the infusion area in the presence of wortmannin (arrows denote infusion area). (N) High-magnification image ofM. (O) Immunostaining of p-ser240/244
contralateral to the stimulation. (P) High-magnification image of O. Scale bars: A, 200 µm; B, 50 µm.
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LY294002 was locally infused into the dentate gyrus as above;
following replacement of the saline-filled micropipette with the
LY294002-filled micropipette, the population spike amplitude
was 91.55 ± 17.44%of baseline (mean ± SEM,N = 6) and EPSP slope
was 86.09 ± 10.13% of baseline (Fig. 1D,N = 6). In one rat, the pop-
ulation spike decreased below 1.5mV (0.57mV), so as above, phys-
iological data were analyzed with and without this case. With the
excluded case, population spike amplitude was 106.5 ± 10.96% of
baseline (Fig. 1C,N = 5) and EPSP slopewas 90.97 ± 10.87%of base-
line (N = 5). Following delivery of 30 high-frequency trains, popu-
lation spike amplitude increased by 88.71 ± 24.16% (N = 5, Fig. 1C)

and EPSP slope increased by 32.09 ± 9.15% (N = 5) compared with
139.5 ± 27.28% (N = 6) for population spike amplitude and 28.32 ±
3.34% (N = 6) for EPSP slope in control experiments with saline-
filled micropipettes. The percent change from baseline for EPSP
slope with all cases was 29.08 ± 8.05% (Fig. 1D, N = 6).

Immunostaining for p-ser235/236 revealed reduced induc-
tion of rpS6 phosphorylation in both the cell bodies and dendritic
laminae in the area of LY294002 infusion compared with distant
sites (compare Fig. 3A,B with Fig. 3E,F). The block was partial, how-
ever, because immunostaining was elevated compared with the
contralateral control (Fig. 3G,H). There was a clear band of

Figure 3. Local infusion of the reversible PI3-kinase inhibitor, LY294002, attenuates phosphorylation of rpS6. (A) Immunostaining for p-ser235/236 ip-
silateral to stimulation in a section distant from the infusion area. (B) High-magnification image of A. (C) Quantification of average OD across the dorsal
blade of the dentate gyrus in ipsilateral sections distant from the infusion area, ipsilateral sections within the infusion area, and contralateral, nonstimulated
sections. (D) Statistical assessment at four sites along the dentate gyrus, GCL, IML, MML, OML (ser235/236, N = 6), error bars represent SEM. Statistical
assessment by two-way ANOVA revealed a significant interaction (F(6,60) = 3.67, P = 0.0036), a significant main effect of treatment (F(2,60) = 84.34, P <
0.0001), and a significant main effect of region (F(3,60) = 46.65, P < 0.0001). Post hoc analysis with Bonferroni’s multiple comparisons tests revealed
that distant sections were statistically different than sections within the infusion area and contralateral sections in the GCL, IML, and MML. Distant sections
were also significantly different than contralateral sections in the OML. Notably, sections within the infusion area were also statistically different than con-
tralateral sections in the GCL and MML (two-way ANOVA, P < 0.05). (E) Immunostaining of p-ser235/236 ipsilateral to the stimulation in a section within
the infusion area in the presence of LY294002 (arrows denote infusion area). (F) High-magnification image of E. Note the reduction in rpS6 phosphory-
lation in the GCL and throughout the molecular layer of the dentate gyrus. The distinct band of rpS6 phosphorylation remains in sections within the in-
fusion area. (G) Immunostaining of p-ser235/236 contralateral to the stimulation. (H) High-magnification image of G. (I) Immunostaining of p-ser240/244
in a section distant from the infusion area. (J) High-magnification image of I. (K) Quantification of average OD across the dorsal blade of the dentate gyrus
in ipsilateral sections distant from the infusion area, ipsilateral sections within the infusion area, and contralateral sections. (L) Statistical assessment at four
sites along the dentate gyrus, GCL, IML, MML, OML (ser240/244, N = 6), error bars represent SEM. Statistical assessment by two-way ANOVA revealed a
main effect of treatment (F(2,60) = 67.23, P < 0.0001) and a main effect of region (F(3,60) = 94.19, P < 0.0001), but no significant interaction (F(6,60) = 1.37, P
= 0.2402). (M ) Immunostaining of p-ser240/244 ipsilateral to stimulation within the infusion area in the presence of LY294002 (arrows denote infusion
area). (N) High-magnification image ofM. (O) Immunostaining of p-ser240/244 contralateral to the stimulation. (P) High-magnification image of O. Scale
bars: A, 200 µm; B, 50 µm.
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increased immunostaining in the activated dendritic lamina with-
in the area of infusion, but not to the extent seen outside the area
of LY294002 infusion.

Quantitative assessments of OD across the dentate gyrus con-
firmed lower levels of immunostaining within the LY294002 infu-
sion area compared with the distant site in both cell bodies and
dendrites (Fig. 3C, N = 6). Analysis of OD in each of the four mea-
suring sites by two-wayANOVAyielded an overall F(6,60) = 3.67, P =
0.0036 (Fig. 3D, N = 6). Post hoc analysis with Bonferroni’s multi-
ple comparisons tests revealed that immunostaining in distant
sections were statistically different than within the infusion area
and contralateral sections in the GCL, IML, and MML. Levels of
staining in distant sites were significantly different than con-
tralateral sections in the OML. Notably, average OD within the in-
fusion area was also statistically different than the contralateral
control in the GCL and MML (Fig. 3D, for statistics, see figure leg-
end; two-way ANOVA, P < 0.05). Thus, in contrast to wortmannin,
LY294002 attenuated but did not completely block phosphoryla-
tion of rpS6 at ser235/236 in the granule cell bodies and dendrites.
There was relative sparing of rpS6 phosphorylation in the band of
activated synapses, however.

Immunostaining for p-ser240/244 also revealed reduced
phosphorylation within the area of LY294002 infusion in compar-
ison with areas distant from the infusion site (compare Fig. 3I,J
with Fig. 3M,N). However, quantitative analyses of OD levels in
the four measuring sites revealed that differences were not statisti-
cally significant for p-ser240/244 [F(6,60) = 1.37, P = 0.2404 (Fig. 3L,
N = 6)].

MAPK/ERK regulates phosphorylation of rpS6

at activated synapses
The results using PI3-kinase inhibitors indicate that PI3-kinase is
critical for inducing rpS6 phosphorylation throughout the somato-
dendritic compartment, but another signaling pathway must be
acting to locally induce rpS6 phosphorylation at active synapses.
One candidate is MAPK/ERK, which is strongly activated by MPP
stimulation in an NMDA receptor-dependent manner (Chotiner
et al. 2010). To test the involvement of the MAPK signaling path-
way,we injected theMEK inhibitor, U0126, into the dentate gyrus.
U0126 inhibits activation of ERK1/2 by inhibiting the kinase activ-
ity of MEK1/2 (Favata et al. 1998).

Inprevious studies (OSteward, unpubl.),we found that the ap-
proach used above, in which U0126 is allowed to diffuse from a re-
cording micropipette, does not produce consistent inhibition of
ERK1/2 phosphorylation. Instead, we used the approach described
in Chotiner et al. (2010) in which small volumes (0.2–0.4 µL) of
U0126 were injected into the dentate gyrus using a Hamilton sy-
ringe fitted with a pulled glass micropipette. Recording leads were
attached to themetal barrel of theHamiltonmicrosyringe to record
evoked potentials before and after injection. The procedure was to
lower the Hamilton/microsyringe into the dentate gyrus and col-
lect test responses for 20 min. Because there was a decrease in re-
sponse amplitude after placement of the Hamilton/microsyringe,
the baseline was calculated as the average response amplitude dur-
ing the last 10minof thepreinfusionbaseline (see Fig. 1E). Thenwe
injected U0126 (20 µM) over a period of ∼5min, waited for 35min
withno test pulse delivery aftermaking the injection, and then col-
lected test responses for 10 min before initiating HFS.

Following delivery of U0126, the population spike amplitude
decreased to 50.49 ± 6.16% of preinjection baseline (mean ± SEM,
N = 7) and the EPSP slope decreased to 57.83 ± 10.15% (N = 7).
Because of differences in the recording characteristics of the
Hamilton micropipette electrode, we did not exclude cases below
the 1.5 mV cutoff and instead report the post-LTP data for six cases
excluding only one case in which there was a problem with the re-

cording. Local delivery of U0126 blocked LTP induction; popula-
tion spike amplitude increased by 184.93 ± 55.28% (Fig. 1E, N =
6) and EPSP slope increased 0.78 ± 15.78% (Fig. 1F, N = 6) after
HFS. Percent change from baseline for all cases for EPSP slope
was −3.9 ± 14.13% (N = 7).

A caveat for the physiological recordings for this experiment
is that bubbles can develop in the barrel of the Hamiltonmicrosyr-
inge and the fluid volume delivery can cause the tissue to shift so
that the electrode is no longer in the optimal location for record-
ing. To confirm that U0126 blocked ERK1/2 phosphorylation, sec-
tions were immunostained using an antibody that recognizes
phosphorylated ERK1/2 (p-ERK) (Huang et al. 2007). In areas with-
in the U0126 infusion site, p-ERK activation was completely
blocked (Fig. 4A,B) in comparison to areas distant from the injec-
tion site, where p-ERK immunostaining was increased in the gran-
ule cell layer and the dendritic laminae (Fig. 4C,D).

Immunostaining for p-ser235/236 revealed substantial reduc-
tions in rpS6 phosphorylation in the dendritic lamina at the
injection site in comparison to distant sites (compare Fig. 4E,F to
Fig. 4I,J). In contrast, levels of immunostaining in granule cell bod-
ies was comparable to distant sites (for quantification, see Fig. 4G).
Notably, therewas no bandof increased immunostaining in the ac-
tivated lamina, the MML. Levels of immunostaining in the OML
were comparable to the contralateral control (Fig. 4K,L).

Quantitative comparisons of levels of immunostaining
within the injection site, distant areas, and the contralateral side
in the four measuring sites by two-way ANOVA yielded an overall
F(6,72) = 13.02, P < 0.0001 (Fig. 4H, N = 7). Post hoc analysis with
Bonferroni’s multiple comparisons tests revealed significant differ-
encesbetweendistant sections andcontralateral sections at allmea-
suring sites and between sections within the injection site and
contralateral sections in the GCL, IML, and MML. Notably, there
were also significant differences between distant sections and sec-
tions within the injection site in the IML, MML, and OML (Fig.
4H, for statistics, see figure legend; two-way ANOVA, P < 0.05).

Immunostaining for p-ser240/244 within the injection area
(Fig. 4Q,R), was comparable to distant sites in the granule cell
layer (Fig. 4M,N), whereas levels of immunostaining in the den-
dritic laminae were reduced (for quantification, see Fig. 4O).
Immunostaining in the OML was reduced to control levels while
immunostaining in the IML and MML remained elevated com-
pared with controls (Fig. 4S,T).

Quantitative comparisons of levels of immunostaining for
p-ser240/244 in the fourmeasuring sites by two-way ANOVA yield-
ed an overall F(6,72) = 3.89, P = 0.002 (Fig. 4P, N = 7). Post hoc anal-
ysis with Bonferroni’s multiple comparisons tests revealed a
significant difference between distant sections and contralateral
sections at all measuring sites and between sections within the in-
jection site and contralateral sections in the GCL, IML, and MML.
There was also a significant difference between distant sites versus
within the injection site in the MML and OML (Fig. 4P, for statis-
tics, see figure legend; two-way ANOVA, P < 0.05). Thus, in contra-
distinction to PI3-kinase, the data indicate that MAPK/ERK is
primarily responsible for local induction of rpS6 phosphorylation
at active synapses.

Local infusion of the mTOR inhibitor, rapamycin,

blocks rpS6 phosphorylation throughout the

somatodendritic domain, especially phosphorylation

at ser240/244
Our data so far support the idea that MAPK/ERK is primarily re-
sponsible for inducing phosphorylation of rpS6 at active synapses,
whereas PI3-kinase mediates rpS6 phosphorylation throughout
the somatodendritic compartment with a minimal role in the
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Figure 4. Local infusion of the MEK inhibitor, U0126, attenuates dendritic phosphorylation of rpS6. (A) Immunostaining of phospho-ERK in a section
within the injection site. (B) High-magnification image A at the site of infusion. (C ) Immunostaining of phospho-ERK in a section distant from the injection
site. (D) High-magnification image of C. (E) Immunostaining for p-ser235/236 ipsilateral to stimulation in a section distant from the injection site. (F)
High-magnification image of E. (G) Quantification of average OD across the dorsal blade of the dentate gyrus in ipsilateral sections distant from the injec-
tion site, ipsilateral sections within the infusion area, and contralateral, nonstimulated sections. (H) Statistical assessment at four sites along the dentate
gyrus, GCL, IML, MML, OML (ser235/236, N = 7), error bars represent SEM. Statistical assessment by two-way ANOVA revealed a significant interaction
(F(6,72) = 13.02, P < 0.0001), a significant main effect of treatment (F(2,72) = 121.41, P < 0.0001), and a significant main effect of region (F(3,72) = 94.30, P <
0.0001). Post hoc analysis with Bonferroni’s multiple comparisons tests revealed a significant difference between distant sections and contralateral sections
at all measuring sites. Therewas also a significant difference between sections within the infusion area and contralateral sections in the GCL, IML, andMML.
Notably, there was a significant difference between distant sections and sections within the infusion area in the IML, MML, and OML (two-way ANOVA, P <
0.05). (I) Immunostaining of p-ser235/236 ipsilateral to the stimulation in a section within the injection site in the presence of U0126. (J)
High-magnification image of I. Note local infusion of U0126 reduces phosphorylation of rpS6 throughout the molecular layer of the dentate gyrus.
The distinct band of rpS6 phosphorylation is not discernable. (K ) Immunostaining of p-ser235/236 contralateral to the stimulation. (L)
High-magnification image of K. (M) Immunostaining of p-ser240/244 in a section distant from the injection site. (N) High-magnification image of M.
(O) Quantification of average OD across the dorsal blade of the dentate gyrus in ipsilateral sections distant from the injection site, ipsilateral sections
within the injection site, and contralateral sections. (P) Statistical assessment at four sites along the dentate gyrus, GCL, IML, MML, OML (ser240/244,
N = 7), error bars represent SEM. Statistical assessment by two-way ANOVA revealed a significant interaction (F(6,72) = 3.89, P = 0.0020), a significant
main effect of treatment (F(2,72) = 83.75, P < 0.0001), and a significant main effect of region (F(3,72) = 254.91, P < 0.0001). Post hoc analysis with
Bonferroni’s multiple comparisons tests revealed a significant difference between distant sections and contralateral sections at all measuring sites.
There was also a significant difference between sections within the infusion area and contralateral sections in the GCL, IML, and MML. Notably, there
was also a significant difference between distant sections and sections within the infusion area in the MML and OML (two-way ANOVA, P < 0.05). (Q)
Immunostaining of p-ser240/244 ipsilateral to stimulation in a section within the U0126 injection site. (R) High-magnification image of Q. Note the re-
duction of rpS6 phosphorylation in the dendritic laminae. (S) Immunostaining of p-ser240/244 contralateral to the stimulation. (T) High-magnification
image of S. Scale bars: E, 200 µm; F, 50 µm.
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region of activated synapses. We next explored whether the story
holds for the downstream mediators of PI3-kinase and MAPK/
ERK. We began by assessing the role of mTOR by locally infusing
rapamycin. For this, we returned to the strategy of delivering phar-
macological agents via diffusion from a recording micropipette
electrode. If MAPK/ERK is primarily responsible for inducing phos-
phorylation of rpS6 at active synapses and PI3-kinase, acting
through mTOR/S6K1, is primarily responsible for inducing rpS6
phosphorylation throughout the somatodendritic compartments
with a minimal role in the activated region, one prediction is
that rapamycin will block phosphorylation throughout the soma-
todendritic compartments (GCL, IML, OML) and spare phosphor-
ylation in the activated dendritic lamina (MML). In addition,
because phosphorylation at ser240/244 is thought to be mediated
primarily by PI3-kinase/mTOR (Roux et al. 2007), a second predic-
tion is that phosphorylation at ser240/244 will be more affected
than phosphorylation at ser235/236.

Following replacement of the saline-filled micropipette with
the rapamycin-filled micropipette, population spike amplitude
was 78.17 ± 18.58%of baseline (mean ± SEM,N = 5) and EPSP slope
was 139.4 ± 51.89% of baseline (N = 5). In two cases, the popula-
tion spike decreased below 1.5 mV (0.52–1.40 mV), so physiologi-
cal data were analyzed with and without these values. Population
spike amplitude after electrode exchange with the excluded cases
was 106.4 ± 11.89% of baseline (Fig. 1G, N = 3) and EPSP slope
was 87.26 ± 12.38% of baseline (Fig. 1H, N = 3). Following delivery
of HFS, population spike amplitude increased by 167.8 ± 18.16%
(Fig. 1G, N = 3) and EPSP slope increased by 50.53 ± 11.61% (Fig.
1H, N = 3) compared with 139.5 ± 27.28% (N = 6) for population
spike amplitude and 28.32 ± 3.34% (N = 6) for EPSP slope in control
experiments. The percent change frombaseline for EPSP slopewith
all cases was 96.65 ± 42.36% (N = 5).

Because induction of rpS6 phosphorylation at ser240/244 is
mediated primarily by mTOR activation, a positive control for
the effectiveness of rapamycin is the blockade of increases in
immunostaining for p-ser240/244. Accordingly, the findings for
p-ser240/244 are summarized first although the order of presenta-
tion in the figure is as in Figure 2 to facilitate comparison.

Immunostaining for p-ser240/244 revealed strong attenua-
tion of rpS6 phosphorylation in granule cell bodies and dendrites
within the infusion area in comparison to distant sites (cf. Fig.
5I,J and Fig. 5M,N; for quantification, see Fig. 5K). Immunostain-
ing in the granule cell layer and dendritic lamina within the infu-
sion site were reduced to levels comparable to the contralateral
control (Fig. 5O,P), indicating complete blockade.

Quantitative comparisons of levels of immunostaining for
p-ser240/244 in the fourmeasuring sites by two-wayANOVAyield-
ed an overall F(6,48) = 3.05, P = 0.0131 (Fig. 5L,N = 5). Post hoc anal-
ysis with Bonferroni’s multiple comparisons tests revealed that
distant sections were statistically different than sections within
the infusion area and contralateral sections in all regions.
Notably, for p-ser240/244, immunostaining within the infusion
area was significantly different than contralateral sites in the GCL
and IML (Fig. 5L, for statistics, see figure legend; two-way ANOVA,
P < 0.05).

Phosphorylation of rpS6 at ser235/236 can be mediated by
different signaling pathways, so assessing the effects of rapamycin
provides insight into the contribution of mTOR-mediated increas-
es in rpS6 phosphorylation. Immunostaining for p-ser235/236
confirmed robust activation of rpS6 phosphorylation in areas dis-
tant from the rapamycin-filled micropipette (Fig. 5A,B). Within
the infusion area (Fig. 5E,F), phosphorylation of rpS6 was blocked
in the granule cell bodies, whereas the band of increased immuno-
staining in theMMLwas partially preserved in some animals (three
out of five cases, one of which is illustrated in Fig. 5E,F). Despite the
partial sparing of dendritic labeling in the case shown in Figure 5E

and F, the quantitative analysis of ODacross themolecular layer for
all cases revealed reductions in immunostaining to the levels of the
contralateral control in both cell body and dendritic lamina (for
quantification, see Fig. 5C). Comparisons of levels of immuno-
staining for p-ser235/236 in the four measuring sites by two-way
ANOVA yielded an overall F(6,48) = 7.29, P < 0.0001 (Fig. 5D, N =
5). Post hoc analysis with Bonferroni’s multiple comparisons tests
revealed that distant sections were statistically different that sec-
tions within the infusion area and contralateral sections in all re-
gions (Fig. 5D, for statistics, see figure legend; two-way ANOVA,
P < 0.05).

Taken at face value, the quantitative results indicate that
mTOR activation is critical for induction of rpS6 phosphorylation
in both the granule cell bodies and dendrites for both p-ser235/236
and p-ser240/244. However, preservation of the band of increased
labeling in the MML in some cases (such as the one shown in Fig.
5E,F) points to the interpretation that mTOR is more critical for
rpS6 phosphorylation throughout the somatodendritic compart-
ment and additional pathways also contribute to induction of
rpS6 phosphorylation at active synapses.

Local infusion of the RSK inhibitor, SL0101-1, partially

attenuates rpS6 phosphorylation at activated synapses

and in granule cell bodies
One kinase that mediates phosphorylation of rpS6 is p90 ribosom-
al protein S6 kinase (RSK) (Roux et al. 2007). It is thought that RSK
can be activated by both 3-phosphoinositide-dependent protein
kinase-1 (PDK1) (Jensen et al. 1999; Frödin et al. 2000) and the
MAPK/ERK signaling pathway (for review, see Anjum and Blenis
2008). If induction of rpS6 phosphorylation at active synapses
is mediated primarily by MAPK/ERK acting through RSK, then
inhibition of RSK should block the development of the band of in-
creased staining at active synapses and the portion of the phos-
phorylation in cell bodies that is mediated by MAPK/ERK. Also,
inhibition of RSK should have no effect on phosphorylation of
rpS6 at ser240/244, as this subset of serine sites are primarily
mTOR-dependent. We assessed this by infusing the selective RSK
inhibitor, SL0101-1, into the dentate gyrus.

Following replacement of a saline-filledmicropipette, with an
SL0101-1-filled micropipette, population spike amplitude was
83.77 ± 9.46% of baseline (mean ± SEM, Fig. 1I, N = 7) and EPSP
slope was 83.86 ± 7.60% of baseline (Fig. 1J, N = 7). Following
delivery of 30 HFS trains, the population spike amplitude in-
creased by 188.1 ± 36.45% (Fig. 1I, N = 7) and EPSP slope increased
by 50.23 ± 5.12% (Fig. 1J, N = 7) compared with 139.5 ± 27.28%
(N = 6) for population spike amplitude and 28.32 ± 3.34% (N = 6)
for EPSP slope in control experiments with saline-filled
micropipettes.

Immunostaining for p-ser235/236 revealed substantial re-
ductions of rpS6 phosphorylation in both the granule cell layer
and dendritic layers within the area of SL0101-1 infusion in com-
parison to distant sites (compare Fig. 6A,B to Fig. 6E,F).
Nevertheless, the band of increased immunostaining for rpS6
phosphorylation at activated synapses remained apparent in the
MML. Overall, the attenuation of rpS6 phosphorylation was par-
tial, however, as immunostaining within the infusion area was
higher than immunostaining levels on the contralateral side
(Fig. 6G,H).

Quantitative analysis confirmed a reduction in immunostain-
ing in both the dendritic lamina and granule cell bodies (Fig. 6C).
Quantitative comparisons of levels of immunostaining for
p-ser235/236 in the fourmeasuring sites by two-way ANOVA yield-
ed an overall F(6,72) = 5.52, P < 0.0001 for p-ser235/236 (Fig. 6D,N =
7). Post hoc analysis with Bonferroni’s multiple comparisons tests
revealed a significant difference between distant sections and
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contralateral sections in all regions. Therewas also a significant dif-
ference between distant sections and sections within the infusion
area in the GCL, IML, and MML. Notably, there was a significant
difference between sections within the infusion area and contralat-
eral sections in all regions (Fig. 6D, for statistics, see figure legend;
two-way ANOVA, P < 0.05).

Immunostaining for p-ser240/244 revealed slightly lower lev-
els of rpS6 phosphorylation in the dendritic laminaewithin the in-
fusion area in comparison to distant sites (cf. Fig. 6I,J and Fig. 6M,
N), whereas levels of immunostaining for rpS6 phosphorylation
in granule cell bodies were comparable to distant sites (compare

Fig. 6J,N) and elevated compared with the contralateral control
(Fig. 6O,P).

Quantitative analysis revealed no reduction in immunostain-
ing throughout the postsynaptic cell (Fig. 6K). Quantitative com-
parisons of levels of immunostaining for p-ser240/244 in the
four measuring sites by two-way ANOVA yielded an overall
F(6,72) = 5.07, P = 0.0002 (Fig. 6L, N = 7). Post hoc analysis with
Bonferroni’s multiple comparisons tests revealed that distant sec-
tions and sections within the infusion area were statistically differ-
ent than contralateral sections in all regions (Fig. 6L, for statistics,
see figure legend; two-way ANOVA, P < 0.05).

Figure 5. Local infusion ofmTOR inhibitor, rapamycin, strongly inhibits phosphorylation of rpS6. (A) Immunostaining for p-ser235/236 ipsilateral to stim-
ulation in a section distant from the infusion area. (B) High-magnification image of A. (C) Quantification of averageOD across the dorsal blade of the dentate
gyrus in ipsilateral sections distant from the infusion area, ipsilateral sections within the infusion area, and contralateral, nonstimulated sections. (D)
Statistical assessment at four sites along the dentate gyrus, GCL, IML, MML, OML (ser235/236, N = 5), error bars represent SEM. Statistical assessment
by two-way ANOVA revealed a significant interaction (F(6,48) = 7.29, P < 0.0001), a significant main effect of treatment (F(2,48) = 105.62, P < 0.0001), and
a significant main effect of region (F(3,48) = 17.00, P < 0.0001). Post hoc analysis with Bonferroni’s multiple comparisons tests revealed that distant sections
were statistically different than sections within the infusion area and contralateral sections in all regions (two-way ANOVA, P < 0.05). (E) Immunostaining of
p-ser235/236 ipsilateral to the stimulation in a section within the rapamycin infusion area. (F) High-magnification image of E. Note rapamycin infusion
completely blocks phosphorylation of rpS6 in the GCL and throughout the molecular layer of the dentate gyrus. The distinct band of rpS6 phosphorylation
remained in some instances in sections within the infusion area. (G) Immunostaining of p-ser235/236 contralateral to the stimulation. (H)
High-magnification image of G. (I) Immunostaining of p-ser240/244 in a section distant from the infusion area. (J) High-magnification image of I. (K)
Quantification of average OD across the dorsal blade of the dentate gyrus in ipsilateral sections distant from the infusion area, ipsilateral sections within
the infusion area, and contralateral sections. (L) Statistical assessment at four sites along the dentate gyrus, GCL, IML, MML, OML (ser240/244, N = 5),
error bars represent SEM. Statistical assessment by two-way ANOVA revealed a significant interaction (F(6,48) = 3.05, P = 0.0131), a significant main
effect of treatment (F(2,48) = 162.19, P < 0.0001), and a significantmain effect of region (F(3,48) = 80.86, P < 0.0001). Post hoc analysis with Bonferroni’s mul-
tiple comparisons tests revealed that distant sections were statistically different than sections within the infusion area and contralateral sections in all regions.
Notably, sections within the infusion area were statistically different than contralateral sections in the GCL and IML (two-way ANOVA, P < 0.05). (M )
Immunostaining of p-ser240/244 ipsilateral to stimulation in a section within the rapamycin infusion area. (N) High-magnification image of M. (O)
Immunostaining of p-ser240/244 contralateral to the stimulation. (P) High-magnification image of O. Scale bars: A, 200 µm; B, 50 µm.
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Together these data indicate that RSK primarily contributes to
rpS6 phosphorylation at ser235/236 throughout the somatoden-
dritic compartment and plays a minimal role, if any, in phosphor-
ylation of rpS6 at ser240/244.

Local infusion of the S6K1 inhibitor, PF4708671, partially

attenuates rpS6 phosphorylation in granule cell bodies

and dendritic laminae
Two mTOR-dependent kinases that mediate phosphorylation of
rpS6 are S6K1 and S6K2 (Dufner and Thomas 1999). S6K1 has

been shown to localize in the nucleus and cytosol, while S6K2 is
highly restricted to the nucleus (Lee-Fruman et al. 1999; Park
et al. 2002). Activation of S6K1 is reported to be primarily by
mTOR (Thoreen et al. 2012), whereas S6K2 may also be regulated
by the downstream substrate of ERK, RSK (Wang et al. 2001a). If
PI3-kinase acting through mTOR/S6K1 is primarily responsible
for inducing phosphorylation of rpS6 throughout the somatoden-
dritic compartment with a minimal role at activated synapses, the
prediction is that blockade of S6K1 will block phosphorylation in
cell bodies and spare activation indendrites. To test this,we infused
the selective S6K1 inhibitor, PF4708671, into the dentate gyrus.

Figure 6. Local infusion of RSK inhibitor, SL0101-1, partially attenuates phosphorylation of rpS6. (A) Immunostaining for p-ser235/236 ipsilateral to
stimulation in a section distant from the infusion area. (B) High-magnification image of A. (C) Quantification of average OD across the dorsal blade of
the dentate gyrus in ipsilateral sections distant from the infusion area, ipsilateral sections within the infusion area, and contralateral, nonstimulated sections.
(D) Statistical assessment at four sites along the dentate gyrus, GCL, IML, MML, OML (ser235/236, N = 7), error bars represent SEM. Statistical assessment
by two-way ANOVA revealed a significant interaction (F(6,72) = 5.52, P < 0.0001), a significant main effect of treatment (F(2,72) = 124.82, P < 0.0001), and a
significant main effect of region (F(3,72) = 64.93, P < 0.0001). Post hoc analysis with Bonferroni’s multiple comparisons tests revealed a significant difference
between distant sections and contralateral sections in all regions. There was also a significant difference between distant sections and sections within the
infusion area in the GCL, IML, and MML. Notably, there was a significant difference between sections within the infusion area and contralateral sections in
all regions (two-way ANOVA, P < 0.05). (E) Immunostaining of p-ser235/236 ipsilateral to the stimulation in a section within the infusion area in the pres-
ence of SL0101-1 (arrow denotes SL0101-1 electrode track). (F ) High-magnification image of E. Note local infusion of SL0101-1 attenuates phosphory-
lation of rpS6 in the GCL and throughout the molecular layer of the dentate gyrus. The distinct band of rpS6 phosphorylation remained elevated
above control levels. (G) Immunostaining of p-ser235/236 contralateral to the stimulation. (H) High-magnification image of G. (I ) Immunostaining of
p-ser240/244 in a section distant from the infusion area. (J) High-magnification image of I. (K ) Quantification of average OD across the dorsal blade of
the dentate gyrus in ipsilateral sections distant from the infusion area, ipsilateral sections within the infusion area, and contralateral sections. (L)
Statistical assessment at four sites along the dentate gyrus, GCL, IML, MML, OML (ser240/244, N = 7), error bars represent SEM. Statistical assessment
by two-way ANOVA revealed a significant interaction (F(6,72) = 5.07, P = 0.0002), a significant main effect of treatment (F(2,72) = 248.25, P < 0.0001),
and a significant main effect of region (F(3,72) = 444.19, P < 0.0001). Post hoc analysis with Bonferroni’s multiple comparisons tests revealed that
distant sections and sections within the infusion area were statistically different than contralateral sections in all regions (two-way ANOVA, P < 0.05).
(M) Immunostaining of p-ser240/244 ipsilateral to stimulation in a section within the SL0101-1 infusion area. (N) High-magnification image of M. (O)
Immunostaining of p-ser240/244 contralateral to the stimulation. (P) High-magnification image of O. Scale bars: A, 200 µm; B, 20 µm.
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PF4708671 inhibits S6K1 by preventing its phosphorylation activ-
ity and does not target S6K2 (Pearce et al. 2010). Again, because
phosphorylation at ser240/244 is mediated primarily by mTOR,
we reasoned that a positive control for the effectiveness of
PF4708671 would be a reduction in immunostaining for p-
ser240/244, so the findings for p-ser240/244 are summarized first.

Following replacement of the saline-filled micropipette with
the PF4708671-filled micropipette, response amplitude was
93.84 ± 45.03% of baseline (mean ± SEM, N = 7) for the population
spike amplitude and 88.13 ± 39.23% of baseline (N = 7) for EPSP
slope. In four cases, the population spike was below 1.5 mV
(0.16–1.3 mV), so as above, data are reported with and without
these cases. The baseline after micropipette exchange with the ex-
cluded caseswas 83.53 ± 20.56%of baseline (Fig. 1K,N = 3) for pop-
ulation spike amplitude and 81.64 ± 5.47%of baseline (Fig. 1L,N =
3) for EPSP slope. Following the delivery of 30 trains of HFS, popu-
lation spike amplitude increased by 155 ± 29.85% (Fig. 1K, N = 3)
and EPSP slope increased by 24.72 ± 1.4% (Fig. 1L,N = 3) compared
with 139.5 ± 27.28% (N = 6) for population spike amplitude and
28.32 ± 3.34% (N = 6) for EPSP slope in control experiments with
saline-filled micropipettes. The percent change from baseline for
EPSP slope with all cases was 17.66 ± 8.48% (N = 7).

Immunostaining for p-ser240/244 revealed substantial reduc-
tions in rpS6 phosphorylation in granule cell bodies and dendritic
laminae within the infusion area in comparison to distant sites (cf.
Fig. 7I,J and Fig. 7M,N; for quantification, see Fig. 7K). Indeed, only
a few scattered granule cells were heavily stained whereas most
granule cells exhibited low-moderate levels of immunostaining
(compare Fig. 7J–N). The attenuationwas partial, however, because
immunostaining was higher than on the contralateral side (Fig.
7O,P).

Quantitative comparisons of levels of immunostaining for
p-ser240/244 in the fourmeasuring sites by two-wayANOVAyield-
ed an overall F(6,72) = 5.29, P = 0.0001 (Fig. 7L,N = 7). Post hoc anal-
ysis with Bonferroni’s multiple comparisons tests revealed that
distant sections were statistically different than sections within
the infusion area and contralateral sections in all regions.
Notably, sections within the infusion area were also statistically
different than contralateral sections in the GCL, IML, and MML
(Fig. 7L, for statistics, see figure legend; two-way ANOVA, P <
0.05). Taken together, these results indicate only partial blockade
of rpS6 phosphorylation at ser240/244 in both cell bodies and
dendrites.

Immunostaining for p-ser235/236 revealed reductions in rpS6
phosphorylation in both granule cells bodies and dendritic lami-
nae within the infusion area in comparison to distant sites (cf.
Fig. 7A,B and Fig. 7E,F; for quantification, see Fig. 7C). A band of
increased immunostaining was still evident in the region of acti-
vated synapses (Fig. 7F), but levels of immunostaining in the
band were not as elevated as in areas outside the infusion site
(Fig. 7B).

Quantitative comparisons of levels of immunostaining for
p-ser235/236 in the fourmeasuring sites by two-wayANOVAyield-
ed an overall F(6,72) = 7.50, P < 0.0001 (Fig. 7D, N = 7). Post hoc
analysis with Bonferroni’s multiple comparisons tests revealed
that distant sections were statistically different than contralateral
sections in all regions and sections within the infusion area
were significantly different than contralateral sections in the
GCL, IML, and MML. Notably, distant sections were also statisti-
cally different than sections within the infusion area in the IML
and MML (Fig. 7D, for statistics, see figure legend; two-way
ANOVA, P < 0.05).

The results collectively reveal a different pattern than predict-
ed in that PF4708671 produced partial blockade of rpS6 phosphor-
ylation for p-ser240/244 in cell bodies and dendrites and partial
blockade of rpS6 phosphorylation for p-ser235/236 predominately

in the dendritic lamina. Itmaybe that under the experimental con-
ditions here, PF4708671 is not acting with the expected specificity
or that inhibition of S6K1 is compensated by other kinases result-
ing in a partial inhibition. These caveats will be considered further
in the Discussion.

Local infusion of pharmacological inhibitors

does not affect levels of total rpS6
Previously, we reported that HFS-induced phosphorylation of
rpS6 is not associated with increases in total rpS6 (Pirbhoy et al.
2016). Similarly, immunostaining of sections from cases reported
above that had received different pharmacological agents revealed
no changes in total rpS6 due either to stimulation alone or follow-
ing delivery of any of the inhibitors. Supplemental Figure S1 shows
nearby infusion site sections of the images represented in the fig-
ures above for each pharmacological agent immunostained for
total rpS6. Thus, changes in immunostaining observed with
phospho-specific antibodies described above indicate changes in
phosphorylation, not changes in rpS6 protein levels.

Induction of rpS6 phosphorylation depends on signals

fromNMDA receptor activation, not strong depolarization

or cell firing
Induction of rpS6 phosphorylation with HFS requires NMDA re-
ceptor activation, but subsequent signals remain to be defined.
For example, HFS induces strong postsynaptic depolarization
and massive cell discharge, both of which would activate voltage-
gated calcium channels. To identify which postsynaptic events
were responsible for inducing rpS6 phosphorylation, we took
advantage of the fact that local delivery of the GABA receptor
antagonist, bicuculline, leads to strong depolarization and multi-
ple population spikes in response to single pulse stimulation of
the perforant path that does not induce LTP (Steward et al.
1990).

For this experiment, baseline responses were collected with a
saline-filled microelectrode, then the saline microelectrode was re-
placed with amicroelectrode filled with 8mMbicuculline, and test
pulse stimulation was delivered at 1/10 sec for 1 h.

Figure 8A illustrates typical control responses recorded via the
saline-filled micropipette with single pulse stimulation of the per-
forant path. Immediately after placement of the bicucullinemicro-
pipette, the disinhibitory effects of the bicuculline were apparent;
in contrast to the single population spike-evoked with single test
pulses (Fig. 8A), there were multiple population spikes in response
to each pulse and the amplitudewith a characteristic inter-spike in-
terval (Fig. 8B).

Immunostaining for p-ser235/236 after 1 h of single pulse
stimulation with bicuculline revealed strong activation of rpS6
phosphorylation in an area ∼1 mm in diameter around the micro-
pipette (Fig. 8E,F) with a band of increased immunostaining in the
activated dendritic lamina (MML). Levels of immunostaining in
sites distant from the bicuculline infusion were comparable to
the unstimulated side (Fig. 8G,H). There were also increases in
immunostaining for p-ser240/244 in the granule cell bodies and
proximal dendrites in the area surrounding the bicuculline-filled
micropipette (Fig. 8I,J).

The strong discharge of granule cells due to bicuculline infu-
sionwould activate hilar neurons thatmediate recurrent excitatory
feedback to granule cells, which likely activates NMDA receptors.
Thus, the increases in immunostaining observed with phospho-
specific antibodies could be due to NMDA receptor activation rath-
er than depolarization and cell discharge. To test this, we carried
out another experiment in which we combined the NMDA recep-
tor antagonist, APV,with bicuculline in themicropipette recording
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electrode (APV: 51 mM; bicuculline: 8 mM). As above, single pop-
ulation spikes were recorded via the saline micropipette (Fig. 8C)
whereas multiple population spikes were evident after placement
of the bicuculline/APV micropipette (Fig. 8D).

After single pulse stimulation delivered at 1/10 sec for 1 h,
immunostaining for either p-ser235/236 (Fig. 8M,N) or p-ser240/
244 (Fig. 8Q,R) revealed complete blockade of rpS6 phosphoryla-
tion when compared with cases with bicuculline alone (Fig. 8E,F;
Fig. 8I,J). Collectively, these results indicate that phosphorylation
of rpS6 is not mediated by depolarization or strong cell discharge

and instead depends on signals generated directly viaNMDA recep-
tor activation.

Discussion

Previously (Pirbhoy et al. 2016), we showed thatHFS of theMPP in-
duced phosphorylation of rpS6 at ser235/236 in cell bodies and
dendrites of dentate granule cells with a selectively higher level
of labeling in the zone of activated synapses. In contrast, phos-
phorylation at ser240/244 occurred at cell bodies and throughout

Figure 7. Local infusion of the S6K1 inhibitor, PF4708671, partially attenuates phosphorylation of rpS6. (A) Immunostaining for p-ser235/236 ipsilateral
to stimulation in a section distant from the infusion area. (B) High-magnification image of A. (C) Quantification of average OD across the dorsal blade of the
dentate gyrus in ipsilateral sections distant from the infusion area, ipsilateral sections within the infusion area, and contralateral, nonstimulated sections. (D)
Statistical assessment at four sites along the dentate gyrus, GCL, IML, MML, OML (ser235/236, N = 7), error bars represent SEM. Statistical assessment by
two-way ANOVA revealed a significant interaction (F(6,72) = 7.50, P < 0.0001), a significant main effect of treatment (F(2,72) = 139.31, P < 0.0001), and a
significant main effect of region (F(3,72) = 72.31, P < 0.0001). Post hoc analysis with Bonferroni’s multiple comparisons tests revealed that distant sections
were statistically different than contralateral sections in all regions and sections within the infusion area were significantly different than contralateral sec-
tions in the GCL, IML, and MML. Notably, distant sections were also statistically different than sections within the infusion area in the IML and MML
(two-way ANOVA, P < 0.05). (E) Immunostaining of p-ser235/236 ipsilateral to the stimulation in a section within the infusion area in the presence of
PF4708671 (arrow denotes electrode track). (F) High-magnification image of E. Note local infusion of PF4708671 attenuates phosphorylation of rpS6
throughout the molecular layer of the dentate gyrus. The distinct band of rpS6 phosphorylation remained discernable. (G) Immunostaining of
p-ser235/236 contralateral to the stimulation. (H) High-magnification image of G. (I) Immunostaining of p-ser240/244 in a section distant from the in-
fusion area. (J) High-magnification image of I. (K) Quantification of average OD across the dorsal blade of the dentate gyrus in ipsilateral sections distant
from the infusion area, ipsilateral sections within the infusion area, and contralateral sections. (L) Statistical assessment at four sites along the dentate gyrus,
GCL, IML, MML, OML (ser240/244, N = 7), error bars represent SEM. Statistical assessment by two-way ANOVA revealed a significant interaction (F(6,72) =
5.29, P = 0.0001), a significant main effect of treatment (F(2,72) = 147.93, P < 0.0001), and a significant main effect of region (F(3,72) = 180.77, P < 0.0001).
Post hoc analysis with Bonferroni’s multiple comparisons tests revealed that distant sections were statistically different than sections within the infusion area
and contralateral sections in all regions. Notably, sections within the infusion areawere also statistically different than contralateral sections in the GCL, IML,
and MML (two-way ANOVA, P < 0.05). (M ) Immunostaining of p-ser240/244 ipsilateral to stimulation in a section within the infusion area in the presence
of PF4708671 (arrow denotes electrode track). (N) High-magnification image ofM. (O) Immunostaining of p-ser240/244 contralateral to the stimulation.
(P) High-magnification image of O. Scale bars: A, 200 µm; B, 20 µm.
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the dendritic lamina without a band of increased labeling in the
zone of activated synapses (see also Panja et al. 2009). We term
this generalized somatodendritic activation. Here, we show that:
(1) local blockade ofMAPK/ERK attenuated p-ser235/236 in the ac-
tivated dendritic lamina, sparing phosphorylation of rpS6 in the
granule cell bodies; (2) local blockade of PI3-kinase blocked soma-
todendritic phosphorylation of rpS6 while preserving rpS6 phos-
phorylation in the region of activated synapses. Together, these
results suggest that induction of rpS6 phosphorylation at activated
synapses is mediated predominately byMAPK/ERK and that gener-
alized somatodendritic activation of rpS6 phosphorylation ismedi-

ated primarily by PI3-kinase/mTOR (Fig. 9). In what follows, we
discuss complications, caveats, and implications.

Induction of rpS6 phosphorylation at active synapses
Induction of perforant path LTP activates both PI3-kinase (Kelly
and Lynch 2000) and MAPK/ERK (Davis et al. 2000; Chotiner
et al. 2010). Prolonged HFS leads to dramatic increases in im-
munostaining for p-ERK throughout the postsynaptic cell, with
higher levels of immunostaining in the activated dendritic lamina
(Chotiner et al. 2010). The observed differential effects of U0126

Figure 8. Induction of rpS6 phosphorylation depends on NMDA receptor activation. (A) Evoked responses recorded with a saline-filled microelectrode.
(B) Evoked responses recorded with a bicuculline-filled microelectrode. (C) Evoked responses recorded with saline-microelectrode. (D) Evoked responses
recorded with microelectrode filled with bicuculline and APV combined. (E) Immunostaining for p-ser235/236 in a section ipsilateral to test pulse stimu-
lation in the presence of bicuculline. (F ) High-magnification image of E. (G) Immunostaining for p-ser235/236 in a section contralateral to test pulse stim-
ulation. (H) High-magnification image of G. (I) Immunostaining for p-ser240/244 in a section ipsilateral to test pulse stimulation in the presence of
bicuculline. (J) High-magnification image of I. (K ) Immunostaining for p-ser240/244 in a section contralateral to test pulse stimulation. (L)
High-magnification image of K. (M ) Immunostaining for p-ser235/236 in a section ipsilateral to test pulse stimulation in the presence of bicuculline
and APV combined. (N) High-magnification image of M. (O) Immunostaining for p-ser235/236 in a section contralateral to the test pulse stimulation.
(P) High-magnification of O. (Q) Immunostaining for p-ser240/244 in a section ipsilateral to test pulse stimulation in the presence of bicuculline and
APV combined. (R) High-magnification image of Q. (S) Immunostaining for p-ser240/244 in a section contralateral to the test pulse stimulation. (T )
High-magnification image of S. Scale bars: G, 200 µm; H, 50 µm.
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versus wortmannin suggest that the band of increased immuno-
staining for p-ser235/236 in the region of activated synapses is
mediated primarily by MAPK/ERK-dependent signaling (Fig. 9
right side).

MAPK/ERK is thought to activate p-ser235/236 primarily via
RSK (Roux et al. 2007). Activation of RSK involves phosphorylation
of ser227 in the activation loop of the N-terminal kinase domain
(NTKD) (for review, see Nguyen 2008) and the RSK inhibitor,
SL0101-1, inhibits the NTKD, blocking phosphorylation of RSK
substrates (Smith et al. 2005, 2007). Consistent with the idea
that RSK mediates rpS6 phosphorylation at active synapses, local
infusion of SL0101-1 partially blocked the band of increased
immunostaining for p-ser235/236 in the region of activated syn-
apses. The fact that SL0101-1 did not eliminate the band of in-
creased immunostaining in the activated lamina may be because
the RSK blockade is incomplete, a coordinated interaction of RSK
with another ERK-dependent substrate is needed, or that kinases
other than RSK also contribute.

SL0101-1 also caused modest decreases in immunostaining
for p-ser235/236 throughout the somatodendritic compartment
suggesting that RSK (and by implication MAPK/ERK) also contrib-
utes to p-ser235/236 at a distance from the activated synapses. This
is consistent with the fact that HFS of the perforant path activates
p-ERK throughout the somatodendritic compartment (Chotiner
et al. 2010).

Generalized induction of rpS6 phosphorylation

throughout the somatodendritic compartment

is mediated in part by mTOR

Our results indicate that both MAPK/ERK and mTOR contribute
to generalized induction of rpS6 phosphorylation throughout
the somatodendritic compartment, but mTOR plays a more
dominant role, especially for p-ser240/244. This conclusion is
supported by the striking result that local delivery of wortmannin
selectively blocked phosphorylation of rpS6 in cell bodies and
nonactivated dendritic laminae while preserving phosphorylation
in the region of activated synapses. Similarly, rapamycin blocked
activation of rpS6 phosphorylation throughout the somatoden-
dritic compartment, leaving only a small amount of residual
immunostaining for p-ser235/236 in the region of activated syn-
apses. This result is in line with other studies showing residual
rpS6 phosphorylation following rapamycin treatment (Pende
et al. 2004). However, blockade with LY2940002 was incomplete.
It is unknown whether inhibition of PI3-kinase with wortmannin
and LY294002 affects downstream mTOR signaling in the same
way. One important difference between the two PI3-kinase inhib-
itors is their mechanism of action. Wortmannin inhibits class I, II,
and III isoforms via covalent modification and thus, is an irrevers-
ible inhibitor (Powis et al. 1994; Norman et al. 1996). LY294002 af-
fects ATP binding of PI3-kinase and studies with hippocampal
slices have shown recovery of function following washout
(Sanna et al. 2002). Thus, the partial block by LY294002 may be
because the block is reversible.

Infusion of the S6K1 inhibitor, PF4708671, attenuated rpS6
phosphorylation of ser235/236 and ser240/244 throughout the
somatodendritic compartment. This is consistent with the inter-
pretation that generalized somatodendritic activation of rpS6
phosphorylation is via mTOR acting in part via S6K1. The fact
that blockade was partial may be due to incomplete blockade of
S6K1 by PF4708671 or compensation by other kinases, such as
RSK, MAP kinase-interacting kinase (MNK) (Panja et al. 2014) or
possibly S6K2. A contribution by S6K2 is less likely, however, given
evidence that this kinase is restricted to the nucleus (Lee-Fruman
et al. 1999).

The fact that PF4708671 partially diminished the band of
immunostaining at activated synapses adds complexity to an oth-
erwise relatively straightforward story. A possible explanation is
that phosphorylation at ser235/236 at active synapses is mediated
by MAPK/ERK but with an obligate corequirement for mTOR acti-
vation. This is not in accordwith the dramatically selective effect of
wortmannin, however, which blocks generalized somatodendritic
phosphorylation of rpS6 but preserves induction of rpS6 phos-
phorylation in the region of activated synapses.

Deciphering the role of postsynaptic depolarization

and cell firing in rpS6 phosphorylation
Results with bicuculline and APV indicate that activation of rpS6
phosphorylation is mediated primarily by signals from the syn-
apse via NMDAR activation, and is not due to postsynaptic depo-
larization, entry of calcium via voltage-gated calcium channels, or
massive cell firing. Infusion of bicuculline alone enhances depola-
rization by blocking GABA receptor-mediated hyperpolarization,
which triggers massive cell discharge (multiple population spikes)
in response to single pulse stimulation. In this setting, rpS6 phos-
phorylation is strongly induced. However, rpS6 phosphorylation
is completely blocked by co-infusion of APV despite the fact
that cell discharge is still greatly enhanced. A caveat, however, is
that there were fewer population spikes with co-infusion of bicu-
culline and APV, which may indicate that NMDA receptor block-
ade decreases the duration of depolarization. For this reason, a
possible contribution of depolarization, calcium entry via voltage-

Figure 9. Summary of PI3-kinase/mTOR- and MAPK/ERK-dependent
signaling to rpS6 phosphorylation following synaptic stimulation.
Somatodendritic activation of rpS6 phosphorylation at ser240/244 via
PI3-kinase/mTOR-dependent kinases, i.e., S6K1, is the primary mechanism
for modifying ribosomes throughout the postsynaptic cell (left side).
Synapse-specific phosphorylation of rpS6 at ser235/236 via MAPK/
ERK-dependent kinases, that is, RSK, provides a mechanism for selective
modification of ribosomes at activated synapses (right side).
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gated channels, and massive cell discharge cannot be excluded
(Fig. 9).

Possible links between rpS6 phosphorylation

and activity-dependent synaptic modifications

mediated by MAPK/ERK and mTOR signaling
Activation of NMDAR-MAPK/ERK-RSK-p-rpS6 locally at activated
synapses fits in well with previous evidence implicating MAPK/
ERK in synaptic plasticity. In addition to regulating rpS6 phosphor-
ylation, MAPK/ERK also plays a role in phosphorylation of other
translation initiation factors like eukaryotic initiation factor-4E
(eIF4E) and 4EBPs (Kelleher et al. 2004b; Kroczynska et al. 2011).
Also, RSK forms a complex with 4EBP1 preventing the recruitment
of components of eIF4F to the 5’ cap structure in its inactive form
(Kroczynska et al. 2011), implicating RSK activation in translation
initiation. Activation of MAPK/ERK throughout the somatoden-
dritic compartment (Chotiner et al. 2010), is also thought to play
a key role in the induction of gene transcription with perforant
path LTP (Steward et al. 2007).

Activation of mTOR has also been implicated in late-phase
LTP (L-LTP) and other forms of synaptic plasticity. Inhibition of
PI3-kinase by intracerebroventricular injection of wortmannin
(250nM) inhibits LTP-associated increases in PI3-kinase phosphor-
ylation diminishing activation of downstream substrates, p-Akt
and p-p70S6K, in the dentate gyrus (Kelly and Lynch 2000). In
studies of LTP in hippocampal slices, blockade of mTORwith rapa-
mycin reduced L-LTP following HFS but did not block LTP induc-
tion (Tang et al. 2002). In another study of LTP in hippocampal
slices (Sanna et al. 2002), the PI3-kinase inhibitors, wortmannin,
and LY294002 abrogated established LTP, but LTP recovered after
washout of the reversible inhibitor, LY294002. Preincubation
with LY294002 did not block LTP induction. These data suggest
that AKT/mTOR are required for maintenance of LTP after HFS.

Interestingly, there is evidence that both MAPK/ERK and
mTOR activation is required for stimulation-induced phosphoryla-
tion of translation-related factors (Kelleher et al. 2004b). Overall,
studies indicate that there exists a corequirement for MAPK/ERK-
and mTOR-dependent signaling involved in regulating local pro-
tein synthesis. The precise requirement and level of interaction be-
tween the pathways needs to be further explored.

Although it was not our goal to assess the effects of the drugs
on LTP, our results do provide insights into the relationship be-
tween induction of rpS6 phosphorylation and perforant path
LTP. For example, althoughwortmannin blocked rpS6 phosphory-
lation in cell bodies, it did not impair LTP induction. In some re-
spects, this result has the fewest caveats, because it means that
attenuation of rpS6 phosphorylation is not due to diminished syn-
aptic activation during HFS. Also, this result indicates that activa-
tion of rpS6 phosphorylation in the activated dendritic lamina is
not sufficient for LTP of the population EPSP. LY294002 partially
attenuated LTP of the population EPSP, which may account for
the partial attenuation of rpS6 phosphorylation in the activated
dendritic lamina. U0126 blocked LTP of the population EPSP and
blocked rpS6 phosphorylation in the activated dendritic lamina.
SL0101-1 attenuated phosphorylation of rpS6 at ser235/236 in
the activated dendritic lamina but did not affect rpS6 phosphory-
lation at ser240/244 and did not block LTP. As with wortmannin,
the results with SL0101-1 reveal that rpS6 phosphorylation at
ser235/236 in the activated dendritic lamina is not linked to LTP.
Finally, PF4708671 attenuated LTP induction and produced partial
blockade of rpS6 phosphorylation for both p-ser240/244 and
p-ser235/236 in cell bodies and dendrites. It may be that attenua-
tion of LTP induction accounts for the lack of specificity of effects
on rpS6 phosphorylation at the different serine residues.

Does phosphorylation of rpS6 regulate mRNA translation?
Our findings here document that different signaling pathways reg-
ulate rpS6 phosphorylation at active synapses versus the rest of the
somatodendritic compartment, but the significance for mRNA
translation remains unclear. Our previous study demonstrates
that robust induction of rpS6 phosphorylationwithHFS of the per-
forant path is not accompanied by detectable increases in protein
synthesis in either granule cell bodies or the dendritic lamina
(Pirbhoy et al. 2016). The lack of changes in overall protein synthe-
sis may be because phosphorylation of rpS6 affects translation of
only a specific subset of mRNAs and/or shifts translation from
one set of mRNAs to another. Alternatively, rpS6 may have some
role independent of translation initiation (for review, see Meyuhas
2015). Compelling evidence shows that the positioning of ribo-
somes in spines is regulated by synaptic activity (Ostroff et al.
2002) and following learning experiences (Ostroff et al. 2017).
For example, a recent study reveals that there are increases in poly-
ribosomes within spines in neurons in the amygdala following
aversive conditioning. Also, infusion of the cap-dependent initia-
tion inhibitor, 4EGI-1, disrupts training-induced polyribosome po-
sitioning and leads to decreases in polyribosomes in dendritic
shafts and prevented accumulation of polyribosomes in spine
heads whereas polyribosomes at spine bases were preserved (Ostr-
off et al. 2017). A provocative idea is that phosphorylation of
rpS6 via different signaling pathways may play a role in regulating
ribosome trafficking in response to synaptic activity. Further stud-
ies will be required to explore this possibility.

Materials and Methods

Animals
Experimental animals were adult female (150–300 g) Sprague-
Dawley rats fromHarlan laboratories (Hsd). Rats were anesthetized
with 20%urethane and positioned in a stereotaxic apparatus as de-
scribed previously (Steward et al. 1998; Pirbhoy et al. 2016). All ex-
perimental procedures were approved by the Institutional Animal
Care and Use Committee (IACUC) of the University of California,
Irvine.

Acute neurophysiology preparation
Acute neurophysiological techniques were used to stimulate the
medial perforant path projections to the dentate gyrus unilaterally.
Projections from the entorhinal cortex to the dentate gyrus are
predominately unilateral, so the contralateral side serves as an
intra-animal control. A stimulating electrode, an insulated tung-
sten microelectrode, was stereotaxically positioned in the medial
entorhinal cortex (4.0mm lateral, 1.0mmanterior to lambdawith-
in a 3.0–4.0 mm range below the cortical surface). Electrode depth
was adjusted to obtain a maximal evoked response in the dentate
gyrus with minimal stimulus intensity. Stimulus intensity was
set to evoke an ∼1.5mV population spike. The recording electrode,
a glass micropipette filled with 0.9% saline, was positioned in
the cell body layer of the dentate gyrus (3.5 mm posterior, 1.5–
1.7 mm lateral to bregma and ∼3.0 mm below the cortical surface).
The depth of the recording electrode was adjusted to record
the positive-going field potential generated by perforant path
stimulation.

Experimental procedure
After positioning electrodes, test stimulationwas delivered at a rate
of 1/10 sec to determine baseline response amplitude. Then high-
frequency stimulation was initiated as described below.

High-frequency stimulation (HFS)
All cases received 60min of continuous HFS, which is the standard
paradigm used to cause Arc mRNA to localize selectively in
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activated dendritic domains (Steward et al. 1998). Delivery of HFS
involved three bouts of ten 400 Hz trains followed by test stimula-
tion to determine the extent of LTP, then continuing HFS at a rate
of 1/10 sec for the remaining 60 min.

Immediately after the end of stimulation, rats received a lethal
dose of Euthasol (0.5 mL) or Fatal-plus (0.5 mL) and were perfused
with 4% paraformaldehyde within 5min of the last stimulus train.

Local drug infusions
Stimulating and recording electrodes were positioned as described
above, stimulus intensitywas adjusted to elicit population spikes of
∼1.5 mV in amplitude, and baseline amplitude of the population
EPSP and population spike were assessed using a saline-filled
recording electrode. The saline-filled microelectrode was then re-
placed with a microelectrode filled with the designated pharmaco-
logical agent (see below), and response amplitude was monitored
to confirm placement. Once the drug-filled micropipette electrode
was positioned, no test responses were taken for a 15–35-min peri-
od. Response amplitude with drug-filled micropipette was then
taken for 10–25min. After recording response amplitude post-drug
delivery, HFS was delivered as described above. For U0126, evoked
potentials were recorded by connecting leads directly to the metal
barrel of a Hamilton microsyringe fitted with a pulled glass micro-
pipette. A total volume of 0.2–0.4 µL (20 µM U0126) was injected
via Hamilton microsyringe into the dorsal blade of the dentate gy-
rus before HFS delivery. Post infusion, no test responses were taken
for a 35-min period, then a 10-min post infusion baseline was re-
corded. HFS was then delivered as mentioned above. Of note, in
all experiments, stimulus intensity was set to evoke a population
spike of ∼1.5 mV. In some cases, when the saline electrode was
switched to place the drug-filled electrode, the population spike
dropped below 1.5 mV. Thus, values for all drugs are reported for
the total number of cases and as a separate value where cases under
1.5 mV are excluded.

Pharmacological agents
PI3-kinase inhibitor, wortmannin, (4.7 mM [2 mg/mL] in
10% DMSO in saline; RBI, Cat. W107). PI3-kinase inhibitor,
LY294002, (1 mM [343.8 µg/mL] in 10% DMSO in saline;
Sigma-Aldrich, Cat. L9908). MEK inhibitor, U0126, (20 µM [8.53
µg/mL] in 10% DMSO in saline; Promega, Cat. V112A). mTOR in-
hibitor, rapamycin (0.1 mM (91.417 µg/mL) in 10% DMSO in sa-
line; LC Laboratories, Cat. R5000). RSK inhibitor, SL0101-1, (10
µM (15.5 µg/mL) in 10% DMSO in saline; AdooQ bioscience,
Cat. A1160).

S6K1 inhibitor, PF4708671, (100 µM (39.0 µg/mL) in 10%
DMSO in saline; Tocris, Cat. 4032). GABA(A)-antagonist, bicucul-
line methiodide (8 mM [4.1 mg/mL] in saline; RBI, Cat. G-004).
NMDA antagonist, APV, (51 mM (10 mg/mL) in saline; Tocris,
Cat. 0106).

Immunohistochemistry
Brains were sectioned in the coronal plane on a Vibratome at 40
µm and sections were stored in phosphate buffer (pH 7.4) before
staining. Prior to immunostaining, free-floating sections were
placed in microfuge tubes with nanopure water and then the
microfuge tubes were placed in boiling water for 5 min for antigen
retrieval. Sections were then treated with H2O2 to block endoge-
nous peroxidase activity, transferred to 0.01% Tween in PBS for
15 min, blocked for 1–2 h at room temperature in TSA blocking
buffer and then incubated for 18–20 h in a 1:100 dilution of rpS6
phospho-specific antibodies that recognize phosphorylated
ser235/236 (Cell Signaling, catalog #4858), ser240/244 (Cell
Signaling, catalog #2215) or 1:100 dilution of total rpS6 (Cell
Signaling, catalog #2217). Sections were then incubated in a
1:250 dilution of biotinylated donkey anti-rabbit IgG for 2 h
(Jackson Laboratories, 711-065-152), treated with ABC for 1 h
and stained for 5 min in DAB. For p-ERK immunostaining, free-
floating sections were placed in microfuge tubes with nanopure
water and heated to 95°C for 5 min. Sections were then washed

with TBS and placed in blocking buffer for 2 h (10% normal goat
serum in TBS) and then incubated for 30–34 h in a 1:200 dilution
of polyclonal phosphorylated ERK antibody (Cell Signaling, cata-
log 9101). Sections were then incubated in a 1:200 dilution of bio-
tin conjugated goat anti-rabbit IgG secondary in 10% NGS for 2 h,
treated with ABC for 1 h and stained for 3min inDAB. After immu-
nostaining, sections were mounted on 0.5% gelatin subbed slides.
Slides were dehydrated through washes of graded ethanol, cleared
in three changes of xylene and coverslipped with DPX.

Image quantification
Optical density (OD) across the granule cell layer and molecular
layers of the dentate gyrus was quantified using NIH ImageJ as de-
scribed previously (Farris et al. 2014). Images were taken at 20× at
the same exposure. A region of interest (ROI) line was aligned per-
pendicular to the cell body layer extending through the dendritic
laminae, and OD was measured at 20-µm intervals. The OD at
each level was averaged across the total number of line measure-
ments per image to obtain an average value along the ROI line
for each section (∼19 measurements). Overall, the average ROI
line values per case were then averaged across rats to generate an
“average optical density versus distance” graph where N = number
of rats. Values are presented as mean ± SEM. For the assessment of
changes in immunostaining per region (granule cell layer (GCL),
inner molecular layer (IML), middle molecular layer (MML), outer
molecular layer (OML)), values were obtained as described above
except that OD values were taken from each corresponding region.

Statistical analysis
All statistical analyses were done using Prism (GraphPad Software,
San Diego, USA). For all analyses, “N” = number of animals.
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