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Abstract

The ability to discriminate between closely related contexts is a specific form of hippocampal-
dependent learning that may be impaired in certain neurodegenerative disorders such as
Alzheimer's and Down Syndrome. However, signaling pathways regulating this form of learning
are poorly understood. Previous studies have shown that the calcium-dependent exchange factor
Ras-GRF1, an activator of Rac, Ras and R-Ras GTPases, is important for this form of learning and
memory. Moreover, the ability to discriminate contexts was linked to the ability of Ras-GRF1 to
promote high-frequency stimulation (HFS)-LTP via the activation of p38 Map kinase. Here, we
show that R-Ras is involved in this form of learning by using virally-delivered miRNAs targeting
R-Ras into the CA1 region of dorsal hippocampus and observing impaired contextual
discrimination. Like the loss of GRF1, knockdown of R-Ras in the CA1 also impairs the induction
of HFS-LTP and p38 Map kinase. Nevertheless, experiments indicate that this involvement of R-
Ras in HFS-LTP that is required for contextual discrimination is independent of Ras-GRF1. Thus,
R-Ras is a novel regulator of a form of hippocampal-dependent LTP as well as learning and
memory that is affected in certain forms of neurodegenerative diseases.
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Background

The hippocampus is a critical processor of contextual information from the outside world
and essential contributor to the formation of long-term memories. One specific form of
hippocampus dependent memory is contextual discrimination, the specialized ability to
distinguish between closely related contexts (Frankland et al., 1998, Giese et al., 2001,
Jeffery et al., 2004). Aging results in progressive weakening of the ability to process
contextual information for the purpose of new memories. This behavior can be mimicked in
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mouse models of neurodegenerative disorders such as Down syndrome(Hyde and Crnic,
2001) and Alzheimer's disease and thus may be useful as a biomarker for these hallmark
disorders (Tronche et al., 2010). However, the mechanisms underlying this form of learning
are poorly understood.

In mice, contextual discrimination ability requires Ras-GRF1(Giese et al., 2001), which is
expressed in the post-synaptic space of CNS neurons (Shou et al., 1992, Sturani et al., 1997,
Zippel et al., 1997). Along with Ras-GRF2 (Fam et al., 1997), they form a family of calcium
activated exchange factors for Ras and Rac GTPases (Feig, 2011). Both Ras-GRF1 and Ras-
GRF2 have Dbl homology exchange factor domains for Rac and CDC25 exchange factor
domains for Ras. Interestingly, the CDC25 domain of RasGRF1, but not Ras-GRF2, also has
the capacity to activate the Ras-related R-Ras GTPase (Gotoh et al., 1997, Gotoh et al.,
2001, Tian and Feig, 2001).

R-Ras is similar to Ras proteins, but clear differences exist in that they share only a subset of
both downstream targets and upstream regulators and have distinct negative regulators.
While GTP-bound Ras proteins can activate the Raf/Erk Map kinase, Ral GTPase, and P13
kinase signaling cascades, GTP-bound R-Ras only activates PI3 kinase . Moreover, only R-
Ras activates inside-out integrin signaling (Reuther and Der, 2000). While both Ras and R-
Ras can be activated by GRF1 only R-Ras is activated by the exchange factor C3G
(Overbeck et al., 1995). In contrast, negative regulators of these proteins are distinct in that
Ras-GAPs only promote hydrolysis of GTP to GDP bound to Ras proteins (Iwashita and
Song, 2008) and R-Ras GAPs such as pleixin-B1 only suppress R-Ras proteins (Negishi et
al., 2005).

R-Ras has been implicated in cell adhesion and neurite outgrowth associated with
developing hippocampal or cortical neurons (lvins et al., 2000, Negishi et al., 2005). R-Ras
localizes to active zones to regulate axonal morphogenesis and branching (Oinuma et al.,
2007, lwasawa et al., 2012). This involves downregulation of R-Ras by Plexin-B1 receptor
activation in response to its ligand Semaphorin 4D to control growth cone collapse (Oinuma
et al., 2004a, Oinuma et al., 2004b, Oinuma et al., 2010). While these studies identified a
role for R-Ras in development of the presynaptic nerve terminal, a role for R-Ras in mature
neurons has not been explored.

We previously reported that RasGRF1 contributes to contextual discrimination by regulating
a specific form of postsynaptic plasticity called high frequency long-term potentiation (HFS-
LTP, (Jin et al., 2013) in the CA1 region of the hippocampus. Additionally, this signaling
was dependent on p38 activation. Because RasGRF1 can potentially activate R-Ras through
the same CDC25 exchange domain that activates R-Ras, in this paper we tested the
possibility that R-Ras contributes to HFS-LTP and/or contextual discrimination. Using viral
delivered miRNAs specific for knockdown of R-Ras in vitro and in vivo, we found that R-
Ras is necessary for HFS-LTP and contextual discrimination, but it is not functioning as an
effector of Ras-GRF1 in this context.
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EXPERIMENTAL PROCEDURES

Animals

2-3 month old male C57BI/6J animals were used for all experiments. All procedures were
carried out in accordance with the Institutional Animal Care and Use Committee guidelines
of Tufts University.

Generation of R-Ras miRNA constructs

R-Ras miRNA sequences were purchased from Open Biosystems as an ShRNAmir set
(TRCNO0000077618, TRCN0000077619, TRCN0000077620, TRCN0000077622) cloned
into the pGIPZ expression vector. Unrelated miRNA sequence was used as a control. Each
clone was individually transfected into 3T3 cells to test for endogenous knockdown efficacy
of R-Ras. 1.5mL Opti-MEM media containing DNA for the pGIPZ expression vector (3ug),
VSVG (3ug), and delta 8.91 plasmids (6pg) were combined with 36pl Lipofectamine 2000
(Invitrogen) and 1.5mL Opti-MEM, allowed to mix for 20 minutes and then added to 3T3
cells. After overnight incubation, the cells were washed with PBS and lysed in ice cold
RIPA buffer containing protease inhibitors. Cell lysates were spun at 13,0009 for 15 min,
SDS-loading buffer was added to the supernatant, and SDS-PAGE was run to assay for total
R-Ras using anti-R-ras antibody (sc-523, Santa Cruz) and anti-ERK antibody (sc-94, Santa
Cruz) for loading control. Positive sequences (miRNA #1:
CCGGCCACCATTGAAGATTCCTACACTCGAGTGTAGGAATCTTCAATGGTGGT
TTTTG, miRNA #2:
CCGGGTCTGAATGTCGATGAGGCATCTCGAGATGCCTCATCGACATTCAGACT
TTTTG, sense in bold) and an unrelated control sequence were sent to Virovek (Hayward,
CA) for cloning into the full AAV9-CMV-RRasmiRNA-mCherry vector to use for in vivo
experiments.

Stereotaxic surgery

2-3 month old male C57BI/6J animals were used for injection of AAV9-RRasmiRNAs into
the CA1 region of the hippocampus. 1ul of virus (titered at 1.45e13 vg/mL) was injected on
each side of the hippocampus at a rate of 0.06 pl/min using the following coordinates:
Dorsal CA1: anterioposterior: —2.0mm from bregma, lateral: 1.6mm, ventral: -1.7mm
and/or Ventral CAl: anterioposterior: —2.5mm from bregma, lateral: + 2.5mm, ventral:
—-1.75mm using a stereotaxic frame (BENCHmark). Animals were allowed 2 weeks for
recovery and expression of the virus within the hippocampus prior to being used for
electrophysiology or behavioral experiments.

Electrophysiology

Recordings using theta-burst stimulation (TBS-LTP), high frequency stimulation (HFS-
LTP) or low frequency stimulation (LTD) were performed as described previously (Jin et
al., 2010; Jin et al., 2013). Briefly, transverse acute hippocampal slices (350 pm) were cut in
ice-cold oxygenated sucrose-enhanced artificial cerebrospinal fluid (ACSF) containing (in
mM): 124 NaCl, 2 KCI, 2 MgSQy,, 1.25 NaH,POy4, 2 CaCls,, 26 NaHCO3, 10 D-glucose, ,
saturated with 95% O, and 5% CO, (pH 7.4). in which they were allowed to recover for at
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least 90 min before recording. Schaffer collaterals were stimulated with a unipolar
stimulating electrode (World Precision Instruments) placed in the lateral CA1 subfield. A
borosilicate glass recording electrode filled with ACSF was positioned in the stratum
radiatum of CAL. For HFS-induced LTP : two consecutive trains (1 s) of stimuli at 100 Hz
separated by 20 s were applied to the CAL. 2) For TBS stimulation: 15 bursts of four pulses
at 100 Hz delivered at an interburst interval of 200 ms.

p-p38 activation

For experiments testing the effect of HFS-LTP on p38 activation, slices were given the
stimulation but with 2X the intensity to quantify differences between control and
experimental samples and then fixed 10 minutes later and processed for immunostaining as
described below.

Immunohistochemistry

All mice were deeply anesthetized with ketamine/xylazine and transcardially perfused with
0.1 M phosphate buffer (PB) followed by 4% paraformaldehyde (4% PFA) dissolved in
0.1M PB. Brains were extracted and post-fixed in 4% PFA for 24 h. Brains were transferred
to 30% sucrose for 48—72 h before slicing 30 um coronal sections through the extent of the
hippocampus using a cryostat. Sections were stored in cryoprotectant at —20°C until use. For
post-processing of hippocampal slices used in electrophysiology experiments, slices were
bath fixed in 4% PFA overnight at 4°C prior to incubation in 30% sucrose. 18 um coronal
sections through the extent of the hippocampus were cut and directly mounted onto charged
slides and processed for staining. For staining, slices were washed extensively in PBS +
0.1% Triton-X (PBST) before blocking in 5% normal goat serum (NGS) + PBST for 1 hour
to reduce non-specific background. Slices were incubated with p-p38 antibodies (9211S,
Cell Signaling) overnight at room temperature in 5% NGS + PBST. The next day, slices
were rinsed extensively in PBST and incubated in AlexaFluor 488 secondary antibodies
(A11008, Invitrogen) for 1.5 h at room temperature. The slices were washed with PBST and
counterstained with DAPI to observe nuclei before mounting on slides with Vectashield
(H-1400, Vector Labs) to prevent fading.

Quantification of images and statistical analysis

Images to assess the levels of p-p38 were captured with a 20x objective from a Nikon 80i
epifluorescent microscope. Cell bodies in area CA1 positive for viral infection of R-Ras
miRNA (mCherry+) were identified, traced, and saved as an ROI using ImageJ. This ROI
was collected blind to the images taken for positive p-p38 staining. The ROI for virally
infected cells was then overlayed onto the corresponding image for p-p38 stained sections
and the intensity of the signal was measured for each corresponding cell body using ImageJ
(See Figure 3A). The remaining cells positive for p-p38 were then traced and saved as a
separate ROl (mCherry ). The intensity of this signal was again measured using ImageJ.
An average of 187 cells for each (mCherry + vs. mCherry -) condition were collected and
analyzed. Student's two-tailed t-test was performed for statistical significance set at p <0.05.
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Contextual Discrimination

Contextual discrimination behavior was performed as described previously (Giese et al.,
2001; (Jin et al., 2013). The mice were trained to discriminate between two contexts, one
being the chamber itself in which they were shocked and a similar context in which the
walls of the chamber were changed to alternating white and black bars but retained the metal
grid floor, in which they were not. The first day, mice were pre-exposed to both contexts for
10 minutes. On days 2 and 3, the mice were shocked in one context (paired); after 148 s, a 2-
s shock (0.75mA) was delivered, and the mice remained for another 30s in the context. After
3 hrs., the mice were exposed to the other context (unpaired) and received no shock over the
180s time period. On day 4, the mice were tested for their freezing behavior over the
duration of 3 minutes in each of the two contexts.

Quantification of freezing

Freezing behavior was measured using a digital camera connected to a computer with
Actimetrics FreezeFrame software. The bout length was 1 s and the threshold for freezing
behavior was determined by an experimenter blind to experimental conditions and animal
group. Two-Way ANOVA followed by Bonferroni's correction was performed to test for
statistical significance set at p < 0.05.

RESULTS
R-Ras knockdown in the CA1 hippocampus suppresses HFS-LTP but not TBS-LTP

GRF1 is known to be capable of activating R-Ras, as well as Ras. Thus, we began to test
whether R-Ras may function as an effector for GRF1 in synaptic plasticity by testing the
consequence of knocking down the expression of R-Ras in vivo on a synaptic plasticity
paradigm known to be mediated by Ras-GRF1, high frequency stimulated LTP (HFS-LTP),
and one that is not, theta-burst induced LTP (TBS-LTP). To this end, we generated adeno-
associated viruses (AAV) that express miRNA against R-Ras. First, two previously
validated miRNASs against different segments of the R-Ras sequence were tested upon
transfection of DNA encoding them into NIH 3T3 cells and compared to a control unrelated
miRNA sequence for the ability to block endogenous R-Ras expression. Fig.1A shows that
both miRNAs were effective in suppressing expression of R-Ras but not a control protein,
Erk Map kinase, with R-Ras 2 being more effective than R-Ras1. Next, both miRNAs and a
control unrelated miRNA were cloned into vectors for AAV9 co-expressing mCherry and
high titer virus were generated for infection into the CA1 hippocampus by stereotactic
injection. After 14 days, the CA1 hippocampus in brain slices were inspected for DAPI
staining in all cells and mCherry staining in infected cells. Figure 1B shows that a
significant proportion of cells of the CA1 hippocampus were infected. To confirm efficacy
of the R-Ras miRNAs in vivo, immunostaining of R-Ras was performed on hippocampal
tissue infected with either R-Ras miRNA in area CA1. As expected, we observed a
significant reduction in R-Ras immunostaining in cells containing either miRNA compared
to neighboring cells lacking viral expression (..compared to slices infected with the control
miRNA) (Fig. 1C). AAVY is known to preferentially infect neurons over non-neuronal cells
(Aschauer et al., 2013). Nevertheless, we co-stained infected cells with antibodies to either
NeuN or S100, which specifically stain neurons or glia, respectively. As expected, viral
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expression shows that over 95% of mCherry expressing cells co-expressed NeuN, while less
than 5% of mCherry cells co-expressed S100 (data not shown).

To test whether brain slices with R-Ras expression knocked down in CA1 neurons displayed
defective HFS-LTP like brain slices from GRF1 knockout mice, 2-month old WT mice were
stereotactically injected with either R-Ras miRNA1, R-Ras miRNA2 or control miRNAs
and 14 days later HFS-LTP was measured in the area of the CA1 expressing mCherry.
Figure 2A shows brain slices expressing either R-Ras miRNA , but not control miRNA,
treated brain slices did, in fact, display suppressed HFS-LTP. Next, we tested TBS-LTP
where GRF1 does not to play a role (Jin et al., 2013). Strikingly, R-Ras knockdown by both
R-Ras miRNAs failed to suppress TBS-LTP (Fig. 2B). In addition, we injected mice with
control or R-Ras miRNA into area CA1 and tested for presynaptic function to further
characterize the localized effect of R-Ras knockdown in area CAl. R-Ras knockdown had
no effect on the input-output relationship when compared to control miRNA , suggesting no
impairment in presynaptic transmission (Fig. 1C). We also tested paired-pulse facilitation
and again observed no differences between R-Ras miRNA and control miRNA (Fig. 1D).
Together, these results show that both R-Ras miRNAs are quite specific in that they block
HFS-LTP but not TBS-LTP, and that this effect is, as expected from viral infection
conditions, postsynaptic in nature. They also suggest that R-Ras functions as an effector for
GRF1 in promoting HFS-LTP in 2-month old mice that has been shown to involve a
GRF1/p38 Map kinase signaling cascade (Jin et al., 2013).

R-Ras knockdown suppresses HFS-induced p38 Map kinase activation

HFS-LTP in mice at least 2-months of age involves GRF1-mediated activation of p38 Map
kinase activation (Jin et al., 2013). Thus, in order to further test whether R-Ras may be an
effector of GRF1 in HFS-LTP induction, we tested whether the ability of suppressed R-Ras
expression to specifically block this form of LTP involved inhibition of p38 Map kinase
activation. In these experiments virus expressing R-Ras miRNA(1) or R-Ras miRNA2 were
injected into the CAL hippocampus and then 14 days later brain slices were stimulated with
the HFS induction protocol. 10 minutes later, slices were fixed and stained for active p-p38
Map kinase. Cells positive for mCherry (i.e. expressing miRNA) were selected and overlaid
onto the corresponding images for p-p38 staining (Fig. 3A). A comparison between p-p38
fluorescent intensity in mCherry+ cells to neighboring cells that were uninfected with virus
showed p-p38 activation to be significantly reduced (Fig. 3B). These results suggest R-Ras
expression correlates with p-p38 activation and is consistent with being an effector for the
GRF1/p38 signaling cascade.

R-Ras knockdown suppresses contextual discrimination

RasGRF1 is known to contribute to the hippocampal-dependent learning task contextual
discrimination (Giese) through a HFS-LTP/GRF1/p38 signaling cascade (Jin et al., 2013).
To determine whether R-Ras knockdown also leads to behavior changes consistent with its
effect on HFS-LTP and p38 activation, mice infected bilaterally in the dorsal CAl
hippocampus with virus expressing control, R-RasmiRNAL or R-RasmiRNA2 were tested
for their ability to display contextual discrimination. In this assay, mice were exposed to one
context in which they were given a brief foot shock (paired) and another closely related one
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in which they were not (unpaired). Mice that display contextual discrimination freeze for a
longer duration when placed back in the context within which they were shocked than in the
closely related one in which they were not. Figure 4 shows that mice expressing control
miRNA displayed proper contextual discrimination by freezing for a longer total duration in
the paired context compared to the unpaired context. Mice infected with virus expressing
either R-Ras miRNAL or R-RasmiRNAZ2 froze equally in the paired and unpaired contexts.
Overall, mice infected with either of the R-Ras miRNA viruses froze the same in the
unpaired context as in the paired context indicating that like GRF1 knockout mice both sets
of mice expressing R-Ras miRNA lost contextual discrimination learning.

Together, these findings show that knocking down expression of R-Ras in the CAl
hippocampus gives the same phenotype in these assays of synaptic plasticity, signal
transduction and behavior defects as GRF1 knockout mice, suggesting that R-Ras may
mediate at least part of the effects of GRF1 in promoting these processes.

R-Ras functions independently from GRF1 in promoting HFS-LTP

Despite the fact that the loss of GRF1 expression in GRF1 knockout mice and knockdown of
R-Ras expression in the CA1 led to similar reductions in HFS-LTP and p38 activation that is
necessary for it, additional experiments did not support the hypothesis that R-Ras functions
as a downstream effector of GRF1 in these contexts. First, we showed previously that the
ability of GRF1, but not GRF2, to activate R-Ras was due to a 3 amino acid differences in
their CDC25 Ras-activating domains (Fig. 5A) (Gotoh et al., 2001). A chimera of GRF1,
which contained just those amino acids of GRF2 failed to activate R-Ras, while maintaining
its ability to activate Ras (Gotoh et al., 2001). Thus, this chimera was tested to determine
whether it lost the ability promote HFS-LTP. To this end, we used an assay system we
previously generated that involves restoring GRF1 expression into the CAl of GRF1
knockout mice via stereotactic injection of adenovirus expressing GRF1 under the control of
the neuron-specific synapsin promoter (Jin et al., 2013). In that system reconstituted GRF1
behaved like endogenous GRF1 and restored HFS-LTP, but not TBS-LTP. Thus, we used
this system to test the chimera described above. Strikingly, Figure 5B shows that expression
of this chimera reconstituted HFS-L TP as efficiently as WT GRF1. To confirm this finding,
another chimera that cannot activate R-Ras was tested. It had the entire C-terminus of
GRF1, including the DH/PH and CDC25 domains, replaced with those of GRF2. It also
reconstituted HFS-LTP like GRF1 when expressed in GRF knockout mice (Fig. 5C). Thus,
GRF1 does not induce HFS-LTP through R-Ras activation.

Second, we showed previously that GRF1 knockout mice display decreased HFS-induced
p-38 activation, but that it was not completely eliminated. Thus, we tested here whether R-
Ras independently regulates p38 activity in response to HFS stimulation by injecting R-Ras
miRNA-1 virus into GRF1 knockout mice to determine whether it could further suppress
HFS-induced p38 activation. Figure 5E shows that it did, arguing that R-Ras does not
mediate this function of GRF1, but rather independently regulates p38 Map kinase.

Overall, these findings argue that R-Ras, through its ability to regulate p38 Map kinase and
HFS-LTP in a GRF1-independent manner plays a unique role in promoting the ability of
mice to display contextual discrimination
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DISCUSSION

This study reveals a novel role for the R-Ras GTPase in the brain by demonstrating its
requirement for a distinct form of LTP in the CA1 hippocampus, HFS-LTP in adult mice,
and a form of learning, contextual discrimination, that depends upon it. These conclusions
are based on the findings that two independent mechanisms of suppressing R-Ras expression
in neurons of the CA1 hippocampus blocked HFS-LTP, but not other forms of synaptic
plasticity such as theta-burst LTP or LTD. The mechanism involved suppressing p38 Map
kinase activation by HFS stimulation, which has been shown previously to be required for
the induction of HFS-LTP in the CA1 hippocampus of mice at least 2 months of age (Jin et
al., 2013). Consistent with our previous finding that HFS-LTP induction via p38 Map kinase
activation is required for contextual discrimination learning, we show here that R-Ras
knockdown also suppresses this form of learning.

The phenotypes associated with R-Ras knockdown in the CA1 were similar to those found
in GRF1 knockout mice that have been tied to its role in promoting contextual
discrimination, including suppression of both p38 activation and LTP induction by HFS
stimulation. Nevertheless, despite the fact that R-Ras is a potential GTPase effector of
GRF1, we found that R-Ras regulates HFS-LTP and p38 activation by HFS-stimulation
independently of GRF1. That is because mutants of GRF1 that can no longer activate R-Ras
still reconstitutes HFS-LTP when expressed in a GRF knockout mice and suppression of R-
Ras in GRF1-knockout mice further suppresses the residual p38 Map kinase activation
present in these knockout mice.

The best-documented effectors of R-Ras are PI3-kinase and integrins, not p38 Map kinase.
In fact, in one study expression of activated R-Ras in tissue culture cells did not lead to
enhanced p38 activity (Self et al., 2001), however in another it did (Pozzi et al., 2006). In yet
another study activated R-Ras activated p38 indirectly by promoting TGFb signaling
(Erdogan et al., 2008). Finally, immune cells lacking R-Ras were shown to display
decreased p38 activity (Singh et al., 2012). The mechanism underlying how R-Ras
influences p38 in neurons is not known at present. Our attempt to document that HFS-
stimulation leads to R-Ras activation has been unsuccessful because using standard
pulldown assays that have been used by others to quantify the GTP bound state we could not
detect active GTP-bound R-Ras in lysates from brain slices used in these studies. Thus, it is
possible that basal R-Ras activity may not be altered by HFS-stimulation in the CA1
hippocampus to directly mediate p38 activation. Instead, R-Ras may play a permissive role
in p38 activation, like that found in epithelial cells described above (Erdogan et al., 2008) by
regulating the expression of a component of the activation mechanism used by HFS
stimulation to activate this kinase, a possibility presently under investigation.

These findings also add to a growing list of examples where p38 Map kinase can contribute
to LTP induction, which has been more tightly linked in the past to Erk Map kinase
induction. For example, in addition to HFS-LTP induced by GRF1 described already, p38
Map kinase activity has also been associated with enhanced theta-burst LTP associated with
exposure to an enriched environment (Li et al., 2006). Here we show a third example, via R-
Ras.
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R-Ras has been studied in neurons mainly in the context of the discovery that Plexin-B, a
receptor for semaphorins, is a GTPase activating protein that inhibits R-Ras (lvins et al.,
2000, Negishi et al., 2005). Semaphorins are best known for their role in promoting the
collapse of growth cones of axons during development of synapses, and suppression of R-
Ras activity is a required step in this process (Oinuma et al., 2004a, Oinuma et al., 2004b,
Oinuma et al., 2010). R-Ras has also been detected in an sShRNA screen for genes that
contribute to neuronal toxicity associated with Huntington’s disease (Miller et al., 2012).
The results presented here are the first to identify a normal role for R-Ras in a specific form
of animal behavior, contextual discrimination, that may be impaired in certain
neurodegenerative disorders, and a form of synaptic plasticity that contributes to it.
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Figure 1. miRNA knockdown of R-Ras in cells and in animals
A. Selection of R-Ras miRNAs for in vivo use. Lysates of NIH 3T3 cells transfected with

two R-Ras specific miRNAs or a control unrelated miRNA sequence were immunoblotted to
detect endogenous R-Ras expression. B. Expression of AAV encoding R-Ras miRNA and
mCherry in the CA1 hippocampus. Hippocampal brain slices from mice infected with AAV
ncoding R-Ras miRNA were stained with DAPI to detect cell nuclei and mCherry
fluorescence to detect expression of virus. C. R-Ras miRNASs reduce endogenous R-Ras
expression in area CA1 hippocampus. Top: Representative images of cells uninfected or
infected with R-Ras miRNAs and immunostained for endogenous R-Ras. Bottom: Cells
infected with either R-Ras miRNA showed significantly lower staining intensity compared
to neighboring cells that were uninfected (One-way ANOVA, F 5 510 = 112.6, p < 0.0001,
Bonferroni post hoc, R-Ras miRNA - vs. R-Ras miRNAL, t = 8.40, p < 0.05, R-Ras miRNA
- vs. R-Ras miRNA2, t = 13.73, p < 0.05, R-Ras miRNA1 vs. R-Ras miRNA2,t=0.98, p >
0.05).
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Figure 2. R-Ras knockdown impairs HFS- but not TBS-LTP
A. Viruses expressing either control miRNA, R-Ras miRNA1 (R-Rasl) or R-Ras miRNA2

(R-Ras2) were injected into CA1 and tested for HFS-LTP induction. (Control-HFS 157 +
7.4%; R-Ras miRNAL1-HFS, 127 + 3.6%; R-Ras miRNA2-HFS, 122 + 2.6%; Two-Way
ANOVA, miRNA effect, Fj 1295 = 13.89, p = 0.0001). Inset shows representative traces for
control, R-Rasl, and R-Ras2 miRNAs, respectively. Calibration: Horizontal = 10ms,
Vertical = 1ImV. B. A separate group of mice injected with viruses expressing R-Ras
miRNA1 or R-Ras miRNA2 were tested for TBS-LTP induction in area CAl. (WT-TBS,
159 + 4.1%; R-Ras miRNA1-TBS, 149 + 2.7%; R-Ras miRNA2-TBS, 154 + 16.3%; Two-
Way ANOVA, miRNA effect, F 767 = 0.64, p = 0.64). Inset shows representative traces for
control, R-Ras1, and R-Ras2 miRNAs, respectively. Calibration: Horizontal = 10ms,
Vertical = ImV. C. Input-output relationship is normal in cells infected with R-Ras miRNA
compared to control miRNA in area CA1 (Two-Way ANOVA, miRNA x intensity, F g 108 =
0.05, p = 1.00). D. Paired-pulse facilitation is normal in cells infected with R-Ras miRNA
compared to control miRNA in area CA1 (Two-Way ANOVA, miRNA x interval, F 5 36 =
0.64, p = 0.53).
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Figure 3. Knockdown of R-Ras in CA1 attenuates p38 MAPK activation after HFS-LTP
stimulation

Hippocampal slices prepared from mice injected with viruses expressing R-Ras miRNA1 or
R-Ras miRNA2 into CA1 were stimulated for HFS-LTP and processed for immunostaining
of phosphorylated p38. A. Representative image of CAL pyramidal neurons positive for
miRNA (mCherry) (left) traced and overlayed onto the CA1 layer of p-p38-labeled cells.
Fluorescent intensity of p-p38 was quantified for each R-Ras miRNA positive cell and
compared to the population of non-infected cells. B. Magnified region of A showing
examples of p-p38 in both uninfected cells and cells infected with R-Ras miRNA expressing
virus in the same brain slice. C. Quantification of p-p38 fluorescent intensity in R-Ras
miRNA1- or R-Ras miRNA2- positive cells compared to virus-negative cells (One-Way
ANOVA, F 5 732 = 199, p < 0.0001, Bonferroni post-hoc: R-Ras miRNA1+ vs R-Ras
miRNA-, t= 15.93; p < 0.05, R-Ras miRNA2+ vs R-Ras miRNA-, t = 18.04, p < 0.05.
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Figure 4. Knockdown of R-Ras in the dorsal CA1 impairs contextual discrimination
Animals injected with either control miRNA, R-Ras miRNAL or R-RasmiRNAZ2 into dorsal

CA1 were tested for their ability to discriminate between two similar contexts. (Two-Way
ANOVA, miRNA effect, F 5 4o = 5.35, p = 0.009; Control, t = 2.89, p < 0.05; R-Ras
miRNAL, t = 0.35, p > 0.05; R-Ras miRNAZ2, t = 0.35, p > 0.05).
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Figure 5. GRF1 induces HFS-LTP in an R-Ras-independent manner and R-Ras acts
independently of GRF1 in promoting HFS-induced p38 activation

A. The amino acid differences in the CDC25 domains between GRF1 and GRF2 responsible
for activation of R-Ras by GRF1 (Gotoh et al., 2001) B. HFS-LTP in brain slices from
double GRF1/GRF2 knockout (DBKO) mice and DBKO mice injected with adenovirus
expressing wild-type GRF1 or the GRF1/(R)GRF2 chimera that can no longer activate R-
Ras into the CA1 hippocampus (DBKO 111 + 4.3% ; WT-GRF1, 165 + 9.4%; GRF1/(R-
Ras-GRF2, 148 + 8.5%, Two-Way ANOVA, Virus effect, F 5 944 = 7.76, p = 0.0044;
Bonferroni post-hoc, WT-GRF1 vs. GRF1/(R-Ras-GRF2), p > 0.05 at all time points). C.
Functional domains in chimera that replaces the whole C-terminus of GRF1 with that of
GRF2, including the CDC25 domain of GRF1 that is required for R-Ras activation. (PH-
pleckstrin homology, CC- coiled-coil, 1Q- calmodulin binding domain, DH- Dbl homology,
REM- Ras exchange motif, CDC25- Ras and R-Ras activating domain) D. HFS-LTP in
brain slices of DBKO mice is reconstituted in the CA1 with (PCQ);GRF2. (DBKO, 111.63
+ 2.23%; WT-GRF1, 165 * 9.4%; (PCQ),GRF2, 150 + 10.7%, Two-Way ANOVA, Virus
effect, F» 944 = 6.06, p = 0.011; Bonferroni post-hoc, WT-GRF1 vs. (PCQ);GRF2, p > 0.05
at all time points, also see data as reported in (Jin et al., 2014, Fig. 3A) E. Hippocampal
slices from mice previously injected with virus expressing R-Ras miRNAL or 2 into the
CAL1 area of RasGRF1 KO mice were stimulated with HFS-LTP and processed for
immunostaining of phosphorylated p38. A comparison of levels of phosphorylated p38
immunostaining between wild-type cells (WT), GRF1 KO cells and GRF1 KO cells
containing R-Ras miRNAs revealed an additive effect on p-p38 inhibition by R-Ras in cells
already lacking RasGRF1 (One-Way ANOVA, F ;5 535 = 817.5, p < 0.0001, Bonferroni post-
hoc: R-Ras miRNA- vs. GRF1-KO, t = 19.23, p < 0.05; GRF1-KO vs. GRF1-KO+R-Ras
miRNA, t = 5.95, p < 0.05).
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