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Abstract

How signaling molecules achieve signal diversity and specificity is a long-standing cell biology
question. Here, we report the development of a targeted delivery method that permits specific
expression of homologous Ras family small GTPases (i.e., Ras, Rap2 and Rapl) in different
subcellular microdomains, including the endoplasmic reticulum, lipid rafts, bulk membrane,
lysosome and Golgi complex, in rodent hippocampal CA1 neurons. The microdomain-targeted
delivery, combined with multicolor fluorescence protein-tagging and high-resolution dual-
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quintuple simultaneous patch-clamp recordings, allows a systematic analysis of microdomain-
specific signaling. The analysis shows that Ras signals long-term potentiation via endoplasmic
reticulum PI3K and lipid rafts ERK, while Rap2 and Rap1 signal depotentiation and long-term
depression via bulk membrane JNK and lysosome p38MAPK, respectively. These results establish
an effective subcellular microdomain-specific targeted delivery method, and unveil subcellular
microdomain-specific signaling as the mechanism for homologous Ras and Rap to achieve signal
diversity and specificity to control multiple forms of synaptic plasticity.

eTOC Blurb

Zhang et al. develop an effective subcellular microdomain-specific targeted delivery method and
demonstrate that homologous proteins (e.g., Ras and Rap) confine their signaling within distinct
subcellular microdomains to achieve signal transduction diversity and specificity.

Different forms of synaptic plasticity, including the long-term potentiation (LTP),
depotentiation and long-term depression (LTD), control synaptic transmission and thereby
contribute to higher brain functions such as learning and memory, yet how the multiple
forms of synaptic plasticity are independently regulated at individual synapses remains
unclear (Henley and Wilkinson, 2016; Huganir and Nicoll, 2013; Nishiyama and Yasuda,
2015; Roth et al., 2017). Previous studies have identified Ras family small GTPases (i.e.,
Ras, Rap2 and Rap1l) as molecular switches of multiple signal transduction cascades that
control synaptic plasticity, and linked genetic defects of molecules in the signal transduction
cascades to a large number of mental, neurological and psychiatric disorders (Costa and
Silva, 2003; Stornetta and Zhu, 2011; Volk et al., 2015). In particular, Ras initiates PI3K and
ERK signaling to drive synaptic delivery of AMPA-Rs containing subunits with long
cytoplasmic termini (e.g., GIuA1- and GluA2L-containing AMPA-Rs) during LTP (Kielland
etal., 2009; Kim et al., 2005; Man et al., 2003; Qin et al., 2005; Zhu et al., 2002), and Rap2
activates JNK signaling to induce synaptic removal of AMPA-Rs containing subunits with
long cytoplasmic termini during depotentiation (Kielland et al., 2009; Yang et al., 2011; Zhu
et al., 2005), whereas Rap1 stimulates p38MAPK signaling to trigger synaptic removal of
AMPA-Rs containing only subunits with short cytoplasmic termini (i.e., GluA2/3 AMPA.-
Rs) during LTD (Hsieh et al., 2006; Kielland et al., 2009; Nabavi et al., 2013; Zhu et al.,
2002). However, Ras and Rap proteins, which share a high degree of sequence and structure
homology, can be activated by the same signals and/or stimulate the same effectors; these
signals and effectors introduce abundant opportunities for cross-talk (Bos et al., 2001;
Reuther and Der, 2000). It is thus perplexing how Ras and Rap proteins may independently
regulate different forms of synaptic plasticity at the same synapses.

As a general biology phenomenon, homologous signaling molecules may initiate an
astonishing number of complex cellular responses to diverse environmental stimuli
(Gloerich and Bos, 2011; Simanshu et al., 2017). Although the mechanism underlying this
intriguing phenomenon remains elusive, the prevailing hypothesis favors the idea that
signaling molecules achieve signal diversity and specificity via selective participation into
different signaling platforms confined in distinct subcellular microdomains (Ahearn et al.,
2011; Rocks et al., 2006; Zhou and Hancock, 2015). Indeed, custom-recombinated signaling
platforms can create diversified synthetic signaling pathways (Chau et al., 2012; Peisajovich
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et al., 2010), and trafficking and localization of signaling molecules, including members in
Ras family small GTPases, are precisely regulated (Casar et al., 2009; Mochizuki et al.,
2001; Prior et al., 2003; Zhou et al., 2017). The remaining question is whether the
microdomain-confined signaling cascades do exist and mediate diverse, specific signaling
responses under physiological conditions. In this study, we systematically investigated
synaptic signaling of three general members of Ras family small GTPases, Ras, Rap2 and
Rapl. Adapting a subcellular microdomain-targeting strategy, we successfully made targeted
expression of Ras and Rap mutants in the five major subcellular microdomains, including
the endoplasmic reticulum, lipid rafts, bulk membrane, lysosome and Golgi complex. Using
this approach, we examined the endogenous Ras, Rap2 and Rap1 signaling in these
microdomains, in both /n vitro and in vivo preparations. We found that endogenous Ras
preferentially signaled synaptic potentiation via the endoplasmic reticulum PI3K and lipid
rafts ERK pathways, while endogenous Rap2 and Rapl predominantly signaled synaptic
depression via the bulk membrane JNK and lysosome p38MAPK pathways, respectively.
These results provide the first evidence indicating that under physiological conditions,
homologous Ras and Rap proteins use distinct subcellular microdomains to create multiple
specific signaling responses to regulate different forms of synaptic plasticity.

Microdomain-specific sequences achieve targeted delivery

To study how Ras family small GTPases may signal synaptic transmission at synapses, we
fused the specific membrane targeting signal sequences, including M1, LCK, CD8, LAMP1
and KDELYT (see the methods), to Ras and Rap to selectively deliver these signaling
molecules into the endoplasmic reticulum, lipid rafts, bulk membrane, lysosome and Golgi
complex, respectively. To verify the delivery specificity, we fused YFP to C termini of
various microdomain-targeting Ras constructs and expressed them in cultured rat
hippocampal neurons (Fig 1A). M1-, LCK-, CD8-, LAMP1- and KDELr-Ras-YFP, appeared
in the expected subcellular domains as revealed by co-immunostaining of the specific
domain markers (Fig 1B). To independently confirm these findings, we micro-fractionated
cultured hippocampal slices (Fig 1C). Western blots showed that Ras, Rapl and Rap2 were
present in the endoplasmic reticulum, lipid rafts, bulk membrane, lysosome and Golgi
complex fractions (Fig 1D-E), as validated by the specific domain markers (Fig S1). Next,
we acutely overexpressed M1-, LCK-, CD8-, LAMP1- or KDELr-Ras-YFP in the cultured
rat hippocampal slices for ~16 hours using the established Sindbis viral expression system
(Fig 1C; see (Lim et al., 2014; Wang et al., 2015a) for the methods), and then micro-
fractionated the endoplasmic reticulum, lipid rafts, bulk membrane, lysosome and Golgi
complex from the tissues. Western blot analysis verified that M1-, LCK-, CD8-, LAMP1-
and KDELr-Ras-YFP were predominantly expressed in the endoplasmic reticulum, lipid
rafts, bulk membrane, lysosome and Golgi complex, respectively (Fig 1F-G). Together,
these results indicate that M1, LCK, CD8, LAMP1 and KDELT signal sequences are
effective in targeting Ras expression into five distinct subcellular domains.

Neuron. Author manuscript; available in PMC 2019 May 16.
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Ras and Rap signal synaptic transmission in separate microdomains

To determine in which subcellular domain(s) Ras signals synaptic transmission, we first
made Sindbis viral expression of constitutively active (ca), dead (dd) and dominant negative
(dn) mutant forms of M1-Ras in CA1 pyramidal neurons in cultured rat hippocampal slices
for ~10 hours (Fig 2A). To identify the expression of different Ras mutant constructs, M1-
Ras(ca), -Ras(dd) and -Ras(dn) were co-expressed with different fluorescence proteins using
an internal ribosome entry site sequence (IRES). Electrophysiological recordings were then
obtained from nearby M1-Ras(ca)-IRES-GFP, M1-Ras(dd)-IRES-CFP, M1-Ras(dn)-IRES-
RFP expressing (identified by the green, cyan or red fluorescence) and control non-
expressing neuron quadruplets (Fig 2A image insets). Afferent fibers were stimulated and
AMPA-R- and NMDA-R-mediated excitatory postsynaptic currents were recorded. Neurons
expressing M1-Ras(ca)-IRES-GFP had enhanced AMPA responses, while neurons
expressing M1-Ras(dd)-IRES-CFP or M1-Ras(dn)-IRES-RFP had the same AMPA
responses compared to nearby control non-expressing neurons (Fig 2B—C and Table S2).
There was no difference in NMDA responses between M1-Ras(ca)-IRES-GFP, M1-Ras(dd)-
IRES-CFP, M1-Ras(dn)-IRES-RFP expressing and non-expressing neurons (Fig 2B—C and
Table S2). These results indicate that constitutively active Ras signaling in the endoplasmic
reticulum potentiates AMPA transmission.

We then acutely overexpressed mutant forms of LCK-Ras in CA1 neurons in cultured slices
for ~10 hours. Neurons expressing LCK-Ras(ca)-IRES-GFP had enhanced AMPA
responses, whereas neurons expressing LCK-Ras(dn)-IRES-RFP had reduced AMPA
responses compared to nearby control non-expressing neurons (Fig 2B and D). Neurons
expressing LCK-Ras(dd)-IRES-CFP had the same AMPA responses compared to nearby
control non-expressing neurons (Fig 2B, 2D and Table S2). In addition, there was no
difference in NMDA responses between expressing and control non-expressing neurons (Fig
2B, 2D and Table S2). These results suggest that constitutively active Ras signaling in the
lipid rafts potentiates AMPA transmission and endogenous Ras activity in the lipid rafts
contributes to a tonic potentiation of AMPA transmission.

Similarly, we acutely overexpressed mutant forms of CD8-, LAMP1- and KDELr-Ras in
CAZ1 neurons in cultured slices for ~10 hours. Neurons expressing CD8-, LAMP1- and
KDELYr-Ras(ca)-IRES-GFP, CD8-, LAMP1- and KDELr-Ras(dd)-IRES-CFP, and CD8-,
LAMP1- and KDELr-Ras(dn)-IRES-RFP, all had the same AMPA and NMDA responses
compared to nearby control non-expressing neurons (Fig 2E-G and Table S2). Collectively,
these results suggest that constitutively active Ras signaling in both the endoplasmic
reticulum and lipid rafts potentiates AMPA transmission though only endogenous Ras
activity in the lipid rafts tonically potentiates AMPA transmission.

Using the same approach, we examined subcellular domain(s) in which Rap2 may signal
synaptic transmission by acutely overexpressing mutant forms of M1-, LCK-, CD8-,
LAMP1- and KDELr-Rap2 in CA1 neurons in cultured rat hippocampal slices for ~10 hours
(Fig 3A). Neurons expressing CD8-Rap2(ca)-IRES-GFP had reduced AMPA responses and
neurons expressing CD8-Rap2(dd)-IRES-CFP had the same AMPA responses, whereas
neurons expressing CD8-Rap2(dn)-IRES-RFP had enhanced AMPA responses compared to
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nearby control non-expressing neurons (Fig 3B, 3E and Table S3). Neurons expressing M1-,
LCK-, LAMP1- and KDELr-Rap2(ca)-IRES-GFP, M1-, LCK-, LAMP1- and KDEL-
Rap2(dd)-IRES-CFP, and M1-, LCK-, LAMP1-, and KDELr-Rap2(dn)-IRES-RFP, all had
the same AMPA and NMDA responses compared to nearby control non-expressing neurons
(Fig 3C-D, 3F-G and Table S3). Together, these results suggest that constitutively active
Rap2 signaling in the bulk membrane depresses AMPA transmission while endogenous
Rap2 activity in the bulk membrane contributes to a tonic depression of AMPA transmission.

We next investigated subcellular domain(s) in which Rapl may signal synaptic transmission
by acutely overexpressing mutant forms of M1-, LCK-, CD8-, LAMP1- and KDELr-Rapl in
CAL neurons in cultured rat hippocampal slices for ~10 hours (Fig 4A). In these
experiments, neurons expressing LAMP1-Rap1(ca)-IRES-GFP had reduced AMPA
responses and neurons expressing LAMP1-Rap1(dd)-IRES-CFP had the same AMPA
responses, whereas neurons expressing LAMP1-Rap1(dn)-IRES-RFP had enhanced AMPA
responses compared to nearby control non-expressing neurons (Fig 4B, 4F and Table S4).
Neurons expressing M1-, LCK-, CD8- and KDELr-Rapl(ca)-IRES-GFP, M1-, LCK-, CD8-
and KDELr-Rap1(dd)-IRES-CFP, and M1-, LCK-, CD8-, and KDELT-, all had the same
AMPA and NMDA responses compared to nearby control non-expressing neurons (Fig 4C—
E, 3G and Table S4). Collectively, these results suggest that constitutively active Rapl
signaling in the lysosome depresses AMPA transmission whereas endogenous Rapl activity
in the lysosome contributes to a tonic depression of AMPA transmission.

We noted that neurons expressing CD8- and LAMP1-Ras(ca)-IRES-GFP had somewhat
decreased AMPA responses, whereas neurons expressing CD8- and LAMP1-Ras(dn)-IRES-
RFP had slightly increased AMPA responses, although the changes were insignificant (Fig
2E-F). Because Ras shares a high degree (>~50%) of sequence and structure homology with
Rap proteins (Bos et al., 2001), we speculated that the small changes in AMPA responses
resulted from the less effective Ras mutants on Rap signaling in the bulk membrane and
lysosome microdomains. To test this idea, we increased the expression level of Ras mutants
by overexpressing CD8-Ras(ca)-IRES-CFP, LAMP1-Ras(ca)-IRES-GFP, CD8-Ras(dn)-
IRES-OFP and LAMP1-Ras(dn)-IRES-RFP in CA1 pyramidal neurons in cultured rat
hippocampal slices for a longer time, ~16 hours (Fig S2A), and then compared the evoked
synaptic responses in nearby expressing and control non-expressing neuron quintuplets (Fig
S2A image insets). After 16-hour expression, neurons expressing CD8-Ras(ca)-IRES-CFP
and LAMP1-Ras(ca)-IRES-GFP had significantly reduced AMPA responses, whereas
neurons expressing CD8-Ras(dn)-IRES-OFP and LAMP1-Ras(dn)-IRES-RFP had
significantly enhanced AMPA responses compared to nearby control non-expressing
neurons (Fig S2B-C and Table S5). NMDA responses in expressing and non-expressing
neurons were the same (Fig S2B—C and Table S5). These results indicate that with sufficient
overexpression, the target-delivered constitutively active Ras can stimulate and dominant
negative Ras can suppress Rap signaling in the bulk membrane and lysosome.

In contrast, neurons expressing M1- and LCK-Rap2(ca)-IRES-GFP had somewhat increased
AMPA responses, whereas neurons expressing LCK-Rap2(dn)-IRES-RFP had slightly
decreased AMPA responses (Fig 3C-D). We verified the idea that targeted delivery of Rap2
mutants may interfere with Ras signaling in the endoplasmic reticulum and lipid rafts by
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overexpressing M1-Rap2(ca)-IRES-CFP, LCK-Rap2(ca)-IRES-GFP, M1-Rap2(dn)-IRES-
OFP and LCK-Rap2(dn)-IRES-RFP in cultured rat hippocampal slices for ~16 hours, and
comparing the evoked synaptic responses in nearby expressing and control non-expressing
CAL pyramidal neuron quintuplets (Fig S3A). After 16-hour expression, neurons expressing
M1-Rap2(ca)-IRES-CFP and LCK-Rap2(ca)-IRES-GFP had significantly enhanced AMPA
responses, whereas neurons expressing M1-Rap2(dn)-IRES-OFP has the same, and neurons
expressing LCK-Rap2(dn)-IRES-RFP had significantly reduced AMPA responses compared
to nearby control non-expressing neurons (Fig S3B-C and Table S5). NMDA responses in
expressing and non-expressing neurons were the same (Fig S3B-C and Table S5). These
results indicate that with sufficient overexpression, the target-delivered constitutively active
Rap2 can stimulate Ras signaling in the endoplasmic reticulum and lipid rafts and dominant
negative Rap2 can suppress Ras signaling in the lipid rafts.

Likewise, neurons expressing M1- and LCK-Rap1(ca)-IRES-GFP had somewhat increased
AMPA responses, whereas neurons expressing LCK-Rap1(dn)-IRES-RFP had slightly
decreased AMPA responses (Fig 4C-D). We validated the notion that targeted delivery of
Rapl may interfere with Ras signaling in the endoplasmic reticulum and lipid rafts by
overexpressing M1-Rap1(ca)-IRES-CFP, LCK-Rap1(ca)-IRES-GFP, M1-Rap1(dn)-IRES-
OFP and LCK-Rap1(dn)-IRES-RFP in cultured rat hippocampal slices for ~16 hours, and
comparing the evoked synaptic responses in nearby expressing and control non-expressing
CAL pyramidal neuron quintuplets (Fig S3A). After 16-hour expression, neurons expressing
M1-Rapl(ca)-IRES-CFP and LCK-Rapl(ca)-IRES-GFP had significantly enhanced AMPA
responses, whereas neurons expressing M1-Rap1(dn)-IRES-OFP has the same, and neurons
expressing LCK-Rap1(dn)-IRES-RFP had significantly reduced AMPA responses compared
to nearby control non-expressing neurons (Fig S3D-E and Table S5). NMDA responses in
expressing and non-expressing neurons were the same (Fig S3D-E and Table S5). These
results indicate that with sufficient overexpression, the target-delivered constitutively active
Rapl can stimulate Ras signaling in the endoplasmic reticulum and lipid rafts and dominant
negative Rapl can suppress Ras signaling in the lipid rafts.

Microdomain-specific Ras and Rap signaling control transmission via different pathways

Activation of Ras-ERK signaling is required to potentiate GluA2L-mediated AMPA
transmission whereas activation of both Ras-ERK and -PI3K signaling is required to
potentiate GluA1l-mediated AMPA transmission, although in the cultured hippocampal
slices, spontaneous activity is only sufficient to stimulate Ras-ERK signaling, but not Ras-
PI13K signaling (Kolleker et al., 2003; Qin et al., 2005; Zhu et al., 2002). Thus, our results
that stimulating Ras in the endoplasmic reticulum and lipid rafts potentiates AMPA
transmission while blocking Ras in the lipid rafts but not that in the endoplasmic reticulum
suppresses AMPA transmission are suggestive of existence of Ras-PI13K signaling complex
in the endoplasmic reticulum and Ras-ERK signaling complex in the lipid rafts. To directly
examine this possibility, we first performed pharmacology experiments (Fig 5A). Including
LY294002, an inhibitor of PI3K, in culture media blocked the potentiation of AMPA
transmission in M1-Ras(ca)-IRES-GFP expressing neurons, but had no effect on the
potentiation of AMPA transmission in LCK-Ras(ca)-IRES-RFP expressing neurons, the
normal AMPA transmission in M1-Ras(dn)-IRES-GFP expressing neurons and the
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depression of AMPA transmission in LCK-Ras(dn)-IRES-RFP expressing neurons.
Conversely, including PD98059, an inhibitor of ERK activator MEK, in culture media
blocked the potentiation of AMPA transmissions in M1-Ras(ca)-IRES-GFP and LCK-
Ras(ca)-IRES-RFP expressing neurons, and occluded the depression of AMPA transmission
in LCK-Ras(dn)-IRES-RFP-stimulated, but had no effect on the normal AMPA transmission
in M1-Ras(dn)-IRES-GFP expressing neurons (Fig 5B—F and Table S6). To confirm the
idea, we examined the synaptic transmission in cultured slices prepared from G/uA1 and
GIluAZ knockout, and G/uA1(5831A/5845A) transgenic mice. We found that M1-Ras(ca)-
IRES-GFP-, but not LCK-Ras(ca)-IRES-RFP-stimulated potentiation of AMPA transmission
was barred in G/uA1 knockout CAL neurons, as well as in GIluA1(S831A/5845A) transgenic
CAL neurons (Fig 5G-I and Table S7), in which GIuA1 phosphorylation and GluA1-
mediated synaptic potentiation are impaired (Lee et al., 2003). In contrast, LCK-Ras(ca)-
IRES-GFP-, but not M1-Ras(ca)-IRES-RFP-stimulated potentiation of AMPA transmission
was barred in G/uA2knockout CAL neurons (Fig 5G, 5J and Table S7). Consistently, G/luA1
knockout had no effect on the normal AMPA transmission in M1-Ras(dn)-IRES-GFP
expressing neurons, and the depression of AMPA transmission in LCK-Ras(dn)-IRES-RFP
expressing neurons, while G/uAZ2knockout had no effect on the normal AMPA transmission
in M1-Ras(dn)-IRES-GFP-expressing neurons, but prevented the depression of AMPA
transmission in LCK-Ras(dn)-IRES-RFP expressing neurons (Fig 5K-L and Table S7).
Together, these results suggest that Ras controls PI3K signaling in the endoplasmic
reticulum and ERK signaling in the lipid rafts.

To verify that Ras signals the PI3K pathway in the endoplasmic reticulum, we made
subcellular domain-specific expression of dominant negative PTEN, PTEN(dn) (Fig S4A),
which stimulates PI3K signaling (Hu et al., 2008). Specifically, we overexpressed M1-,
LCK-, CD8- and LAMP1-PTEN(dn) in CA1 neurons in cultured rat slices for ~10 hours. We
found that neurons expressing M1-PTEN(dn)-IRES-GFP had increased AMPA responses,
whereas neurons expressing LCK-, CD8- and LAMP1-PTEN(dn)-IRES-GFP had the same
AMPA responses compared to nearby control non-expressing neurons (Fig S4B and Table
S8). Similarly, to confirm that Ras signals the ERK pathway in the lipid rafts, we acutely
overexpressed M1-, LCK-, CD8- and LAMP1-MEK(dn)-IRES-GFP in CA1 neurons in
cultured rat slices for ~10 hours to make subcellular domain-specific suppression of MEK-
ERK signaling (Fig S4A). Neurons expressing LCK-MEK(dn)-IRES-GFP had decreased
AMPA responses, whereas neurons expressing M1-, CD8- and LAMP1-MEK(dn)-IRES-
GFP had the same AMPA responses compared to nearby control non-expressing neurons
(Fig S4C and Table S8). Collectively, these results consistently support the idea that Ras
signals via the PI3K pathway in the endoplasmic reticulum and the ERK pathway in the
lipid rafts.

While Rap2 signals via JNK to depotentiate GluA1- and GluA2L-mediated AMPA
transmission, Rapl signals via p38MAPK to depress GluA2-mediated AMPA transmission
(Kielland et al., 2009; Myers et al., 2012; Sheng et al., 2016; Zhu et al., 2005). Thus, our
results that activating and blocking Rap2 activity in the bulk membrane suppresses and
potentiates AMPA transmission, respectively, are indicative of existence of the Rap2-JINK
signaling complex in the bulk membrane. Similarly, our results that activating and blocking
Rapl in the lysosome suppresses and potentiates AMPA transmission, respectively, are
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indicative of existence of the Rap1-p38MAPK signaling complex in the lysosome. We
evaluated these deductions with pharmacology experiments, G/uAI and G/uAZ2 knockout
mice, and GIuAZ(K882A) transgenic mice (Fig 6B—F and Table S6). Including SP600125,
an inhibitor of JNK, in culture media blocked the depression of AMPA transmission in CD8-
Rap2(ca)-IRES-GFP expressing neurons and occluded the potentiation of AMPA
transmission in CD8-Rap2(dn)-IRES-GFP expressing neurons, but had no effect on the
depression of AMPA transmission in LAMP1-Rap1(ca)-IRES-RFP expressing neurons and
the potentiation of AMPA transmission in LAMP1- Rap1(dn)-IRES-RFP expressing
neurons. In contrast, including SB203580, an inhibitor of p38MAPK, in culture media
blocked the depression of AMPA transmission in LAMP1-Rap1(ca)-IRES-RFP expressing
neurons and occluded the potentiation AMPA transmission in LAMP1-Rap1(dn)-IRES-RFP
expressing neurons, but had no effect on the depression of AMPA transmission in CD8-
Rap2(ca)-IRES-GFP expressing neurons and the potentiation of AMPA transmission in
CD8-Rap2(dn)-IRES-GFP expressing neurons. Moreover, CD8-Rap2(ca)-IRES-GFP- and
LAMP1-Rapl(ca)-IRES-RFP-stimulated depressions of AMPA transmission, and CD8-
Rap2(ca)-IRES-GFP- and LAMP1-Rap1(ca)-IRES-RFP-stimulated potentiations of AMPA
transmission were preserved in G/uAI1 knockout CA1 neurons, but all were prevented in
GIluAZ knockout CA1 neurons (Fig 6G—-L and Table S9). Finally, LAMP1-Rap1(ca)-IRES-
GFP-, but not CD8-Rap2(ca)-IRES-GFP-stimulated depression of AMPA transmission was
prevented in GIUAZ(K882A) transgenic CA1 neurons (Fig 6G, 6J and Table S9), in which
GluA2-mediated synaptic depression is impaired (Steinberg et al., 2006). Together, these
results suggest that Rap2 controls JNK signaling in the bulk membrane and Rapl controls
p38MAPK signaling in the lysosome.

To verify that Rap2 signals the INK pathway in the bulk membrane, we acutely
overexpressed M1-, LCK-, CD8- and LAMP1-TNIK(dn)-IRES-GFP in CA1 neurons in
cultured rat slices for ~10 hours to make subcellular domain-specific suppression of TNIK
signaling (Fig S4A), which relays Rap2 signaling to JINK (Zhu et al., 2005). Neurons
expressing CD8-TNIK(dn)-IRES-GFP had increased AMPA responses, whereas neurons
expressing M1-, LCK- and LAMP1-TNIK(dn)-IRES-GFP had the same AMPA responses
compared to nearby control non-expressing neurons (Fig S4D and Table S8). Similarly, to
confirm that Rap1 signals the p38MAPK pathway in the lysosome, we acutely
overexpressed M1-, LCK-, CD8- and LAMP1-p38MAPK(dn)-IRES-GFP in CAL neurons in
cultured rat slices for ~10 hours to make subcellular domain-specific suppression of
p38MAPK signaling (Fig S4A). Neurons expressing LAMP1-p38MAPK (dn)-IRES-GFP
had increased AMPA responses, whereas neurons expressing M1-, LCK- and CD8-
p38MAPK(dn)-IRES-GFP had the same AMPA responses compared to nearby control non-
expressing neurons (Fig S4E and Table S8). Collectively, these results consistently support
the notion that Rap2 signals the INK pathway in the bulk membrane and Rap1 signals the
p38MAPK pathway in the lysosome.

Because LTP depends on Ras-ERK (required by both GluA2L-and GluAl-mediated LTP)
and -PI13K (required by GluA1-mediated LTP) signaling, depotentiation depends on Rap2-
JNK signaling, and LTD depends on Rap1-p38MAPK signaling (Kielland et al., 2009;
Kolleker et al., 2003; Qin et al., 2005; Zhu et al., 2002; Zhu et al., 2005), we investigated
whether blocking subcelluar microdomain-specific Ras/Rap signaling selectively affects
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LTP, depotentiation and LTD by overexpressing M1-Ras(dn)-, LCK-Ras(dn)-, CD8-
Rap2(dn)- and LAMP1-Rap1(dn)-IRES-GFP in CAL neurons in cultured rat slices for ~10
hours (Fig 7A). Subsequently examining LTP revealed that M1-Ras(dn)-IRES-GFP
expressing neurons had reduced LTP (by ~50%), LCK-Ras(dn)-IRES-GFP expressing
neurons had abolished LTP, while CD8-Rap2(dn)- and LAMP1-Rap1(dn)-IRES-GFP
expressing neurons had the same LTP compared to nearby control non-expressing neurons
(Fig 7B-E and Table S10). Depotentiating the newly formed LTP in the same neurons
showed that M1-Ras(dn)-IRES-GFP expressing neurons had reduced depotentiation (by
~50%), CD8-Rap2(dn)-IRES-GFP expressing neurons had no depotentiation, and LAMP1-
Rap1(dn)-IRES-GFP expressing neurons had the same depotentiation compared to nearby
control non-expressing neurons (Fig 7B—E and Table S10). LTD experiments showed that
M1-Ras(dn)-, LCK-Ras(dn)- and CD8-Rap2(dn)-IRES-GFP expressing neurons had the
same LTD, whereas LAMP1-Rap1(dn)-IRES-GFP expressing neurons had the eliminated
LTD compared to nearby control non-expressing neurons (Fig 7F—I and Table S10). These
results suggest that the endoplasmic reticulum- and lipid rafts-specific Ras signals LTP, the
bulk membrane-specific Rap2 signals depotentiation and the lysosome-specific Rapl signals
LTD.

Endogenous Ras and Rap signal synaptic transmission in distinct microdomains in vivo

To determine whether endogenous Ras signals transmission in the endoplasmic reticulum
and lipid rafts in intact brains, we virally expressed M1-Ras(dn)-IRES-GFP and LCK-
Ras(dn)-IRES-RFP in the hippocampal CA1 regions of intact rats. After 10 hours /n vivo
expression, we made simultaneous recordings from M1- Ras(dn)-IRES-GFP and LCK-
Ras(dn)-IRES-RFP expressing and nearby control non-expressing CA1 pyramidal neuron
triplets in the acutely prepared hippocampal slices (Fig 8A). Neurons expressing M1-
Ras(dn)-IRES-GFP and LCK-Ras(dn)-IRES-RFP had reduced AMPA responses compared
to non-expressing neurons (Fig 8B-C and Table S11), suggesting that the endogenous
endoplasmic reticulum and lipid rafts Ras activity tonically potentiates AMPA transmission.
To examine whether the potentiations depend on activity, we infused TTX with the viral
solutions during the expression (Fig 8A), which blocks the local neuronal activity during the
expression (McCormack et al., 2006). Hippocampal infusion of TTX blocked M1-Ras(dn)-
IRES-GFP- and LCK-Ras(dn)-IRES-RFP-mediated suppressions of AMPA responses (Fig
8B, 8D and Table S11). As expected, neurons expressing M1-Ras(ca)-IRES-GFP and LCK-
Ras(ca)-IRES-RFP had enhanced AMPA responses compared to non-expressing neurons
(Fig 8E and Table S11). Together, these results suggest that endogenous Ras signaling in the
endoplasmic reticulum and lipid rafts potentiates synaptic AMPA transmission in an
activity-dependent manner in intact brains.

We next investigate endogenous Rap signaling in the bulk membrane and lysosome in intact
brains by virally expressing CD8-Rap2(dn)-IRES-GFP and LAMP1-Rap1(dn)-IRES-RFP in
the hippocampal CA1 regions of intact rats. After 10 hours of /n vivo expression, we made
simultaneous recordings from CD8-Rap2(dn)-IRES-GFP and LAMP1-Rap1(dn)-IRES-RFP
expressing and nearby control non-expressing CA1 pyramidal neuron triplets in the acutely
prepared hippocampal slices (Fig 8A). Neurons expressing CD8-Rap2(dn)-IRES-GFP and
LAMP1-Rap1(dn)-IRES-RFP had enhanced AMPA responses compared to non-expressing
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neurons (Fig 8F-G and Table S11), suggesting that endogenous Rap2 signaling in the bulk
membrane and endogenous Rapl signaling in the lysosome tonically depress AMPA
transmission. Hippocampal infusion of TTX blocked CD8-Rap2(dn)-IRES-GFP and
LAMP1-Rapl(dn)-IRES-RFP-mediated potentiations of AMPA responses (Fig 8F, 8H and
Table S11). As expected, neurons expressing CD8-Rap2(ca)-IRES-GFP and LAMP1-
Rapl(ca)-IRES-RFP had depressed AMPA responses compared to non-expressing neurons
(Fig 81 and Table S11). Collectively, these results suggest that endogenous Rap2 signaling in
the bulk membrane and endogenous Rapl signaling in the lysosome depress synaptic AMPA
transmission in an activity-dependent manner in intact brains.

DISCUSSION

In this study, we have created and validated a targeted delivery method that permits selective
expression of Ras and Rap proteins into distinct subcellular microdomains. Using this
method, we reveal that endogenous Ras preferentially signals synaptic potentiation via the
endoplasmic reticulum PI3K and lipid rafts ERK pathways, while endogenous Rap2 and
Rap1l predominantly signal synaptic depression via the bulk membrane JNK and lysosome
p38MAPK pathways, respectively (Fig 8J).

Microdomain-dependent signal diversity and specificity

We show here that Ras, Rap2 and Rap1 utilize the different subcellular microdomains to
signal multiple different forms of synaptic plasticity (Fig 8J). Signaling molecules generate a
plethora of specific cellular outputs, even though many of them have a high degree of
sequence and structural identity in functional domains (Gloerich and Bos, 2011; Simanshu et
al., 2017). How the signal diversity and specificity are achieved is a long-standing cell
biology question. To determine whether Ras and Rap utilize the microdomain-specific
signaling to create signal diversity and specificity to control synaptic plasticity, we first
adapted or engineered multiple domain-targeting sequences, including M1-, LCK-, CD8-,
LAMP1- and KDELTr-targeting sequences, to drive expression of recombinant proteins
predominantly into the desired subcellular domains. We verified the delivery specificity with
microdomain-specific markers and Western blotting after micro-fractionation. Importantly,
electrophysiology and pharmacology experiments in wild type, knockout and/or transgenic
animals showed no effect on synaptic responses resulted from any potential non-specific
expressions in undesired microdomains, suggesting no significant non-specific expression in
undesired microdomains. Moreover, expression of Ras and Rap in their preferred, as well as
in all non-preferred signaling microdomains for 10+2 hours and 16+2 hours resulted in
similar changes in synaptic responses that were suggestive of approximately equivalent
levels of construct expressions in these microdomains (cf. (Zhu et al., 2002; Zhu et al.,
2005)). Finally, expressions of Ras and Rap dead mutants with these five targeting sequences
had no effect on synaptic transmission. Collectively, these results validate the method as an
effective approach to deliver recombinant proteins into multiple distinct subcellular
microdomains.

Using the microdomain-specific delivery method, we systematically interrogated
endogenous Ras and Rap signaling in the endoplasmic reticulum, lipid rafts, bulk
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membrane, lysosome and Golgi complex. Although endogenous Ras and Rap are present in
all five microdomains, Ras and Rap only use the endoplasmic reticulum-, lipid rafts-, bulk
membrane- and lysosome-specific signaling to achieve their perspective physiological
functions at synapses. For example, targeting Ras into the endoplasmic reticulum and lipid
rafts microdomains results in the independent PI3K and ERK signal transductions that
control synaptic potentiation during LTP, while targeting Rap2 and Rapl (which share ~70%
homology) into the bulk membrane and lysosome microdomains initiates the specific INK
and p38MAPK signaling cascades that control synaptic depressions during depotentiation
and LTD, respectively. Therefore, confining endogenous, homologous Ras and Rap within
distinct microdomains, as seen here in CAL neurons, diversifies signaling responses.
Moreover, forcing Ras into the functional Rap microdomains and forcing Rap into in the
functional Ras microdomains induce non-specific signaling responses, underscoring the
importance of restraining Ras and Rap within the correct microdomains in maintaining
synaptic signal specificity. Together, our data provide the first evidence indicating that the
microdomain-specific Ras and Rap signaling mechanisms play key roles in diversifying and
specifying signals at single synapses.

Microdomain-specific signaling in regulation of synaptic plasticity

Unveiling the microdomain-specific Ras and Rap signaling at synapses is central to the
effort of deciphering the entire nanoscale molecular regulatory machinery governing
synaptic plasticity, crucial for understanding the molecular and cellular basis of behavior, as
well as a number of mental, neurological and psychiatric disorders (Costa and Silva, 2003;
Henley and Wilkinson, 2016; Huganir and Nicoll, 2013; Nishiyama and Yasuda, 2015; Roth
et al., 2017; Stornetta and Zhu, 2011). It is established that activity-dependent exocytosis
and endocytosis bring AMPA-Rs into and out of the cell plasma membrane to regulate
transmission (Lledo et al., 1998; Luscher et al., 1999). In particular, synaptic activity drives
exocytosis of AMPA-Rs during LTP, with majority of AMPA-Rs being inserted into
extrasynaptic membrane first and then trapped into synapses by activity (Ehlers et al., 2007;
Esteves da Silva et al., 2015; Kennedy et al., 2010; Makino and Malinow, 2009; Patterson et
al., 2010; Penn et al., 2017; Zhang et al., 2015). The existing evidence also supports the idea
that some AMPA-Rs may be directly inserted into synapses via exocytosis (Esteves da Silva
et al., 2015; Kennedy et al., 2010; Patterson et al., 2010; Penn et al., 2017). Here we show
that Ras-PI3K signaling in the endoplasmic reticulum potentiates transmission when
activated together with Ras-ERK signaling in the lipid rafts, whereas Ras-ERK signaling in
the lipid rafts alone is sufficient to potentiate transmission, shedding the first light on the
subcellular signaling mechanisms that control the trafficking events. Synaptic activity
activates Ras-ERK signaling that stimulates phosphorylation of GIuA1 at S845, GluA4 at
S842 and GIuA2L at S841, and this single phosphorylation is sufficient to drive synaptic
delivery of GIUA2L- and GluA4-, but not GluAl-containing AMPA-Rs (Hu et al., 2008;
Kolleker et al., 2003; Qin et al., 2005). On the other hand, strong synaptic activity,
experience-dependent activity and/or the presence of neuromodulatory factors stimulate
additional Ras signaling and activate Ras-PI13K signaling that stimulates phosphorylation of
GluA1l at S831, and this phosphorylation, together with the phosphorylation of GIuA1 at
S845, is required for driving GluAl-containing AMPA-Rs into synapses (Hu et al., 2008;
Kolleker et al., 2003; Lim et al., 2014; Qin et al., 2005). Thus, it is tempting to speculate that
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Ras-PI3K signaling at the endoplasmic reticulum (or spine apparatus) may lead to
phosphorylation of intracellular GIuA1 at S831 and drive exocytosis of GIuA1-containing
AMPA-Rs at extrasynaptic membrane (Fig 8J), and that at the membrane surface the single-
site phosphorylated GluAl-containing AMPA-Rs remain to be highly mobile (cf. (Ehlers et
al., 2007)). Synaptic activity-stimulated Ras-ERK signaling at the lipid rafts may further
phosphorylate GIuA1 at S845, which can reduce the AMPA-Rs’ mobility and restrict them
locally at synapses. Indeed, our pilot immunoelectron microscopic analysis of subcellular
locations of phosphorylated GIuA1 at synapses supports this notion (Fig S5; our
unpublished observation). It is likely that lipid rafts Ras-ERK signaling may also entrap
GIuA2L- and GluA4-containing AMPA-Rs into synapses by phosphorylation, via the lateral
trafficking and/or direct exocytosis routes.

We here report that Rap2-JNK signaling in the bulk membrane depotentiates transmission
whereas Rap1-p38MAPAK signaling in the lysosome depresses transmission, inspiring a
few new thoughts of how synaptic signaling regulates AMPA-R trafficking during
depressions. Rap2-JNK signaling stimulates dephosphorylation and synaptic removal of
GluAl-, GIuA2L- and GluA4-containing AMPA-Rs during depotentiation (Kielland et al.,
2009; Myers et al., 2012; Sheng et al., 2016; Zhu et al., 2005). Thereby, we envisage that
depotentiating activity-stimulated Ras-JNK signaling at the bulk membrane might induce
dephosphorylation of GluAl, GIuA2L and GIluA4 in the lipid raft islands surrounded by the
bulk membrane to enhance their mobility to escape from synapses (Fig 8J). Undepotentiated
GluAl-, GIUA2L- and GluA4-containing AMPA-Rs will eventually be exchanged with
GluR2/3 AMPA-Rs via an activity-independent process at a slow rate time constants of ~16
h (Adesnik et al., 2005; Kolleker et al., 2003; McCormack et al., 2006; Zhu, 2009; Zhu et
al., 2000). GluA2/3 AMPA-Rs, on the other hand, are continuously cycling between synaptic
and non-synaptic sites in an activity-independent manner at a fast rate time constant of ~20
min (Lee et al., 2002; Luscher et al., 1999; Nishimune et al., 1998; Osten et al., 1998; Song
et al., 1998). Therefore, we imagine that the cycling could give the synaptic activity-
stimulated Rap1-JNK signaling at lysosome/late endosome an opportunity to phosphorylate
GluA2/3 AMPA-Rs during LTD (Fig 8J) (Kielland et al., 2009; Zhu et al., 2002).
Phosphorylation of GIuA2 at S880 disrupts its interaction with glutamate receptor-
interacting protein/AMPA-binding protein (GRIP/ABP) and favors its binding with PKC-
interacting protein 1 (PICK1) (Chung et al., 2000; Matsuda et al., 2000; Perez et al., 2001),
which reduces the recycling of GIuA2/3 AMPA-Rs and depresses synaptic transmission
(Braithwaite et al., 2002; Daw et al., 2000; Lin and Huganir, 2007; Seidenman et al., 2003;
Zhou et al., 2018). As with LTP, it remains in debate whether synaptic AMPA-Rs are
removed via direct endocytosis at synapses and/or through lateral diffusion followed by
endocytosis at extrasynaptic sites during depotentiation and LTD (Ashby et al., 2004; Nadif
Kasri et al., 2011; Tardin et al., 2003). Combining the microdomain-specific signaling
manipulation technique that we report here with immunoelectron microscopy (Kielland et
al., 2009; Racz et al., 2004), two-photon fluorescence lifetime imaging (Nishiyama and
Yasuda, 2015) and super-resolution live-cell imaging (MacGillavry et al., 2013; Roth et al.,
2017) of phosphorylation and trafficking of AMPA-Rs should allow direct visualization of
many elusive nanoscale signaling and trafficking events at synapses during different forms
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of plasticity. We expect that these experiments will directly test the above hypotheses of
signaling regulations of LTP, depotentiation and LTD.

Understanding microdomain-specific signaling is essential to intervene in the aberrant
signaling-driven diseases (Ahearn et al., 2011; Simanshu et al., 2017). Lack of knowledge of
specificities of disease-involved signaling, that prevents identification of precise drugable
targets, is the primary obstacle that hinders development of effective treatments for cancers
and cognitive diseases. For example, although Ras and Rap are known to interact with a
large number of effector proteins and control many signal responses, so far only a very few
specific Ras and Rap signaling pathways have been identified to be responsible for particular
tumors and cognitive disorders (Aoki et al., 2008; Lim et al., 2014; Lim et al., 2017b). This
study provides a precision regulation toolbox and an effective strategy that may inspire more
systematic and high-throughput investigations of subcellular microdomain-specific signaling
pathways, which should promote development of precision medications for treating a variety
of diseases.

STARXMETHODS
KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
mouse anti-calreticulin monoclonal antibody BD Biosciences Cat No: 612136;

RRID:AB_399507

Goat anti-caveolin-1 polyclonal antibody Sigma-Aldrich Cat No: SAB2500204;
RRID:AB_10605605

mouse anti-transferrin receptor monoclonal antibody | Innovative Research Cat No: 13-6800;
RRID:AB_86623

rabbit anti-giantin polyclonal antibody Covance Cat No: PRB-114C-200;
RRID:AB_291560

rabbit anti-LAMP2 polyclonal antibody Thermo Fisher Scientific Cat No: PA-1655;
RRID:AB_2134625

Alexa 594-conjugated goat anti-mouse antibody Thermo Fisher Scientific Cat No: A-11005;
RRID:AB_2534073

Alexa 594-conjugated goat anti-rabbit antibody Thermo Fisher Scientific Cat No: A-11012;
RRID:AB_2534079

rabbit anti-GFP monoclonal antibody Cell Signaling Technology Cat No: 2956S;
RRID:AB_1196615

mouse anti-Ras monoclonal antibody BD Biosciences Cat No: 610001;
RRID:AB_397424

mouse anti-Rapl monoclonal antibody BD Biosciences Cat No: 610195;
RRID:AB_397594

mouse anti-Rap2 monoclonal antibody BD Biosciences Cat No: 610215;
RRID:AB_397612

Bacterial and Virus Strains
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Chemicals, Peptides, and Recombinant Proteins
Alexa 594-conjugated cholera toxin Thermo Fisher Scientific
Cat No: C34777
o Calbiochem
LY294002 (PI3K inhibitor) Cat No: A15147
o Calbiochem
PD98059 (MEK inhibitor) Cat No: A10705
o Calbiochem
SP600125 (JNK inhibitor) Cat No: A10860
o Calbiochem
SB203580 (p38MAPK inhibitor) Cat No: A10824
o Calbiochem
Tetrodotoxin citrate (TTX, Na channel blocker) Cat No: 554412
Critical Commercial Assays
Sigma endoplasmic reticulum isolation kit Sigma-Aldrich
Cat No: ER0100
Sigma caveolae/rafts isolation kit Sigma-Aldrich
Cat No: CS0750
Sigma lysosome isolation kit Sigma-Aldrich
Cat No: LYSIS01
Sigma Golgi isolation kit Sigma-Aldrich
Cat No: GL0010

Experimental Models: Organisms/Strains

Recombinant DNA
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Software and Algorithms

Igor Pro 6 Wavemetrics http://www.wavemetrics.com/

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents can be directed to and will be
fulfilled by the Lead Contact Dr. Li Lin (linliwz@163.com). The requests may also be sent
to and will be fulfilled by Dr. J. Julius Zhu (jjzhu@virginia.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—Male and female Sprague Dawley rats (Charles River), knockout and/or
transgenic mice bred congenically on a C57BL/6 background (Jackson Laboratory, Bar
Harbor, MA) at embryonic day 18 (E18 pregnant females) and/or postnatal 6-7 day (P6-7)
and P14-21 were used to prepare cultured neurons, cultured slices and intact brain
experiments in this study. Both male and female animals were used in the study given no
difference detected in Ras- and Rap-regulated synaptic transmission and plasticity between
the animal groups (Zhu et al., 2002; Zhu et al., 2005). Animals were maintained in the
animal facility at the University of Virginia, and family or pair housed in the temperature-
controlled animal room with 12 h/12 h light/dark cycle. Food and water were available ad
libitum. All procedures for animal surgery and maintenance were performed following
protocols approved by the Animal Care & Use Committee of the University of Virginia and
in accordance with US National Institutes of Health guidelines.

METHOD DETAILS

Neuronal culture preparation—Cultured hippocampal neurons were prepared from rat
embryos at 18 as previously described (Lim et al., 2017a; Zhang and Macara, 2006). Cells
were dissociated mechanically after trypsin treatment, and plated onto poly-D-lysine
(Sigma-Aldrich; P1149)-coated plastic culture dishes at the density of ~5x104 cells/cm?.
Plated cells were recovered in the plating media (DMEM with 2 mM glutamine, 10% FBS,
0.45% glucose and 0.11 mg/mL sodium pyruvate) for 3—4 h, and then maintained in the
Neurobasal media (Invitrogen, 21103-049) supplemented with B27 (Invitrogen, 17504-044)
and Glutamax (Invitrogen, 35050-061) before use. Neurons were infected using Sindbis
virus on DIV4-5.
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Cultured slice preparation—Cultured slices were prepared from postnatal 6-7 day old
rats, knockout and transgenic mice following the previous studies (Lim et al., 2017a; Lim et
al., 2017b; Wang et al., 2015a). In brief, the hippocampi were dissected out in ice-cold
HEPES-buffered Hanks’ solution (pH 7.35) under sterile conditions, sectioned into 400 pm
slices on a tissue chopper, and explanted onto a 0.4-mm pore size Millicell-CM culture
membrane insert (Millipore; PICM03050). The membranes were then placed in 750 pl of
MEM culture medium, contained (in mM): HEPES 30, heat-inactivated horse serum 20%,
glutamine 1.4, D-glucose 16.25, NaHCO3 5, CaCl, 1, MgSQy 2, insulin 1 mg/ml, ascorbic
acid 0.012% at pH 7.28 and osmolarity 320. Cultured slices were maintained at 35°C, in a
humidified incubator (ambi ent air enriched with 5% CO,).

Subcellular microdomain-targeting constructs—Ras and Rap constructs were made
as previously described (Zhu et al., 2002; Zhu et al., 2005). Briefly, Ras mutant constructs,
including constitutively active mutant (G12—V), dominant negative mutant (S17—N) and
null/dead mutant (T35—A, D38—A), Rap2 mutant constructs, including the constitutively
active mutant (G12—E), dominant negative mutant (S17—N) and null/dead mutant
(F39—S), and Rap1 mutant constructs, including constitutively active mutant (Q63—E),
dominant negative mutant (S17—N) and null/dead mutant (T35—A, D38—A), were
generated from wild type Ras (NCBI Reference: NM_001130442.1), Rap2 (NCBI
Reference: NM_021033) and Rapl (NCBI Reference: NM_001291896) sequences using
Quick Change Site-Directed mutagenesis kit (Stratagene, La Jolla, CA). Subcellular
microdomain-targeting Ras and Rap constructs were generated by first mutating putative
palmitoylation-relevant cysteines at C-termini of H-Ras and Rap2 to serines to make them
palmitoylation-deficient. The palmitoylation-deficient H-Ras and Rap2, and wild type Rapl
were then fused to specific tethering signals at their N-termini, with the sequence encoding
amino acids 1-66 of the avian infectious bronchitis virus M protein (M1-Ras/Rap) to
restrict their expression in the endoplasmic reticulum, with the sequence encoding N-
terminal palmitoylated myristoylation LCK signal (LCK-Ras/Rap) to restrict their
expression in the lipid rafts, with the sequence encoding the targeting signal and
transmembrane domain of CD8a receptor (CD8-Ras/Rap) to restrict their expression in the
bulk membrane, with the sequence encoding N-terminal and transmembrane domain of
LAMP1 (LAMP1-Ras/Rap) to restrict their expression in the lysosome, or with the
sequence encoding the resident Golgi protein KDELTr receptor with N193D mutation
(KDELr-Ras/Rap) to restrict their expression in the Golgi complex (cf. (Chiu et al., 2002;
Honing et al., 1996; Matallanas et al., 2006; Rohrer et al., 1996)). Given the critical role of
C-terminal YXXI signal of LAMP1 in its lysosome trafficking (Honing et al., 1996; Rohrer
et al., 1996), the sequence encoding C-terminal 11 amino acids of LAMP1 was linked to the
C-termini of Ras and Rap constructs to improve their lysosome targeting. In some
experiments, YFP was fused at the C-termini of Ras constructs to follow their expression
distributions. In the other experiments, Ras and Rap constructs and GFP, CFP, OFP and RFP
(mCherry) (gifts from Dr Roger Tsien) were subcloned before and after an internal
ribosomal entry site (IRES) sequence of the pCITE vector (Novagen) to achieve co-
expression. These Ras and Rap constructs were then subcloned into a Sindbis viral construct
and viral particles were produced following the supplier manual (http://
tools.thermofisher.com/content/sfs/manuals/sindbis_man.pdf).
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Construct expression—Recombinant proteins were expressed using the Sindbis viral
expression system, which does not infect individual neurons in intact brain slices/tissues
more than once (Malinow et al., 2010). For /n vitro expression, CAL pyramidal neurons in
hippocampal cultured rat and mouse slices were infected after 7-14 days /n vitro with
Sindbis virus, and then incubated on culture media and 5% CO», for 10£2 h before
experiments unless stated otherwise. For in vivo expression, P14-21 rats were initially
anesthetized by an intraperitoneal injection of ketamine and xylazine (10 and 2 mg/kg,
respectively). Animals were then placed in a stereotaxic frame and one ~1x1 mm hole was
opened above the right side of the somatosensory cortex. A glass pipette was used to make
pressure injections of ~100 nl diluted Sindbis viral solution in the hippocampal CAL region
according to stereotaxic coordinates. After injection, animals were allowed to recover from
the anesthesia and returned to their cages. When expression time is properly controlled,
dominant negative proteins serve as an effective way to study endogenous Ras and Rap
signaling (Zhu et al., 2002; Zhu et al., 2005). Therefore, experiments were typically
performed within 10+2 h or 16+2 h after Sindbis viral infection.

Immunocytochemistry—For M1-, KDELr- and LAMP1-Ras constructs, neurons were
fixed in 4% paraformaldehyde with 4% sucrose in PBS for 15 min at room temperature.
They were then permeabilized with 0.2% Triton X-100 in PBS for 5 min at room
temperature. For CD8- and LCK-Ras constructs, neurons were fixed in ice-cold 4%
paraformaldehyde with 4% sucrose for 15 minutes without permeabilization.
Paraformaldehyde-fixed neurons were blocked with 20% goat serum in PBS for one hour at
room temperature, and then incubated with primary antibodies diluted in 5% goat serum in
PBS overnight at 4°C. Primary a ntibodies used include mouse monoclonal calreticulin
antibody (1:100, BD Biosciences, San Jose, CA; 612136, RRID:AB_399507), mouse
monoclonal transferrin receptor antibody (1:100, Innovative Research, Novi, MI; 13-6800,
RRID:AB_86623), rabbit polyclonal giantin antibody (1:500, Covance, Princeton, NJ;
PRB-114C-200, RRID:AB_291560), rabbit polyclonal LAMP2 antibody (1:500, Thermo
Fisher Scientific, Waltham, MA; PA-1655, RRID:AB_2134625). Following washes in PBS,
Alexa 594-conjugated goat anti-mouse (1:500, Thermo Fisher Scientific, Waltham, MA;
A-11005, RRID:AB_2534073) or goat anti-rabbit (1:500, Thermo Fisher Scientific,
Waltham, MA; A-11012, RRID:AB_2534079) secondary antibodies diluted in 5% goat
serum were incubated with the neurons at room temperature for one hour. For LCK-Ras
construct, neurons were incubated with Alexa 594-conjugated cholera toxin (Thermo Fisher
Scientific, Waltham, MA; C34777) for one hour at room temperature. After incubation,
neurons were washed with PBS and mounted using Vectashield (Mector Laboratories,
Burlingame, CA). Fluorescence images were acquired with an Olympus F\VV1000 confocal
microscope or an custom-made two-photon microscope (Wang et al., 2015b) with a 60x
water-immersion lens (NA 1.00, Olympus, Center Valley, PA).

Micro-fractionation and Western analysis—The endoplasmic reticulum, lipid rafts,
lysosome and Golgi complex fractionations were isolated with the Sigma endoplasmic
reticulum (Sigma-Aldrich, St. Louis, MO; ER0100), caveolae/rafts (Sigma-Aldrich;
CS0750), lysosome (Sigma-Aldrich; LYSIS01) and Golgi (Sigma-Aldrich; GL0010)
isolation kits, respectively. The bulk membrane fraction was isolated following a previous
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protocol (Agudo-lbanez et al., 2017). Briefly, the hippocampal tissues were homogenized in
0.25 M sucrose, 10 mM Tris (pH 8), 1 mM MgCl,, 1 mM EDTA, and 0.5 mM DTT with
protease inhibitors. The lysates were then centrifuged at 800 x g for 10 min at 4°C to
remove the nuclear fraction, and the supernatant was further centrifuged at 5,000 x g for 10
min at 4°C to remove the mitochondrial fraction, and at 100,000 x g for 60 min at 4°C to
isolate the membrane fraction. Homogenization was made for every 48 cultured slices, and
the lysates were micro-fractionated for either endoplasmic reticulum, lipid rafts, lysosome or
Golgi complex fractions using 0.8 ml ultra-clear tubes (Beckman Coulter, Brea, CA;
344090). Recombinant Ras-YFP, endogenous calreticulin, caveolin-1, transferrin receptor,
LAMP2, giantin, Ras and Rap in 5-10% of the isolated fractions were loaded and separated
with SDS-PAGE, blotted with anti-GFP (1:1000; Cell Signaling Technology, Beverly, MA;
2956S, RRID:AB_1196615), anti-calreticulin (1:1000, BD Biosciences; 612136,
RRID:AB_399507), anti-caveolin-1 (1:1000, Sigma-Aldrich; SAB2500204,
RRID:AB_10605605), anti-transferrin receptor (1:1000, Innovative Research; 13-6800,
RRID:AB_86623), anti-giantin (1:2000, Covance; PRB-114C-200, RRID:AB_291560),
anti-Ras (1:2000; BD Biosciences; 610001, RRID:AB_397424), anti-Rap1 (1:2000; BD
Biosciences; 610195, RRID:AB_397594) or anti-Rap2 (1:2000; BD Biosciences; 610215,
RRID:AB_397612). Chemiluminescent Western blots were captured by a digital camera
under linear exposure conditions.

Electrophysiology—Multiple patch-clamp recordings were obtained simultaneously
and/or sequentially from nearby infected and non-infected CA1 neuron doublets, triplets,
quadruplets or quintuplets (Lim et al., 2017a; Wang et al., 2015b), under visual guidance
using fluorescence and transmitted light illumination, using up to five Axopatch-200B
amplifiers (Molecular Devices, Sunnyvale, CA). The operation and analysis of multiple
patch-clamp recordings (and imaging) were made with a single custom-written IGOR Pro 6
program (WaveMetrics, Lake Oswego, OR)-based software PEPOI (Wang et al., 2015b).
Bath solution (29£1.5°C), unless otherwise stated, cont ained (in mM): NaCl 119, KCI 2.5,
CaCl, 4, MgCl, 4, NaHCO3 26, NaH,PO4 1, glucose 11, picrotoxin (PTX) 0.1, bicuculline
0.01, and 2-chloroadenosine 0.002, at pH 7.4 and gassed with 5% CO/95% O». 2-
chloroadenosine was included to prevent bursting. For acutely prepared slices, 2-mM CaCl,-
and 1-mM MgCl,-containing bath solution was used instead and 2-chloroadenosine was
excluded. For experiments in which slices were maintained in culture media with additional
10 uM LY294002 (Calbiochem, La Jolla, CA; A15147), 25 M PD98059 (Calbiochem;
A10705), 5 M SP600125 (Calbiochem; A10860) and 2 uM SB203580 (Calbiochem;
A10824), these inhibitors were included at the time of viral infection and removed during
recordings. For some intact brain experiments, 100 uM TTX (Calbiochem; 554412) was
infused together with viral solutions during the expression and TTX was removed during the
recordings. Patch recording pipettes (3-6 MQ) for current (voltage-clamp) recordings
contained (in mM): cesium methanesulfonate 115, CsCI 20, HEPES 10, MgCl, 2.5, Na,ATP
4, NagGTP 0.4, sodium phosphocreatine 10, EGTA 0.6, and spermine 0.1, at pH 7.25.
Synaptic responses were evoked by bipolar electrodes with single voltage pulses (200 ps, up
to 20 V) placed in the stratum radiatum ~300-500 pm from the CAL1 cells. Synaptic AMPA
and NMDA responses at —60 mV and +40 mV were averaged over 90 trials. To minimize the
effect from AMPA responses, the peak NMDA responses at +40 mV were measured after
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digital subtraction of estimated AMPA responses at +40 mV. Synaptic plasticity experiments
followed our previous reports (McCormack et al., 2006; Zhu et al., 2005). Briefly, LTP was
induced by a pairing protocol using 200 pulses at 2 Hz at =5 mV within 5 min after
formation of whole-cell configuration. Depotentiation was induced by a pairing protocol
using 300 pulses at 1 Hz at —45 mV ~38 min after induction of LTP in the presence of
SB203580, which blocks LTD. LTD was induced by pairing 300 pulses at 1 Hz at =45 mV
15 min after formation of whole-cell configuration. The cultured slices used for synaptic
plasticity experiments were cultured in high Mg2* media during the expression to avoid
change in the basal transmission (McCormack et al., 2006; Zhu et al., 2005).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical results were reported as meanzs.e.m. Animals or cells were randomly assigned
into control or experimental groups and investigators were blinded to experiment treatments
in cultured slices and animals. Given the negative correlation between the variation and
square root of sample number, 7, the group sample size was typically set to be ~16-36 to
optimize the efficiency and power of statistical tests. All the sample numbers, including
animals, cells and/or experimental replications, were summarized in the supplemental tables
S1-11. Because the evoked synaptic responses depend on the arbitrarily applied stimulation
intensity, the Wilcoxon non-parametric test, that is independent of means and requires no
pre-assumption, was used to determine the statistical significance of the means (p<0.05; two
sides).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Microdomain-targeted delivery method reveals signal diversity and specificity

Endoplasmic reticulum Ras-PI3K and lipid rafts Ras-ERK signal long-term
potentiation

Bulk membrane Rap2-JNK signals depotentiation

Lysosome Rapl-p38MAPK signals long-term depression
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Figure 1. Microdomain-targeting sequences deliver Ras to distinct subcellular compartments
(A) Schematic drawing outlines /n vitro immunostaining and toxin binding experimental

design.

(B) Upper images show YFP fluorescence of expressed M1-, LCK-, CD8-, LAMP1- and
KDELTr-Ras-YFP in cultured hippocampal neurons. Middle images show red fluorescence of
Alexa 594-conjugated anti-calreticulin, -transferring-R, -LAMP2 or —giantin, or Alexa 594-
conjugated cholera toxin. Lower images show the overlays.
(C) Schematic drawing outlines micro-fractionation experimental design.
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(D) Blots of endogenous Ras, Rap2 and Rapl in the endoplasmic reticulum, lipid rafts, bulk
membrane, lysosome and Golgi complex fractionated from cultured rat hippocampal slices.
(E) Relative levels of Ras, Rap2 and Rap1 in all microdomains. See Table S1 for values.

(F) Blots of recombinated Ras-YFP in the endoplasmic reticulum, lipid rafts, bulk
membrane, lysosome and Golgi complex fractionated from cultured rat hippocampal slices
after 16-18 h expression of M1-, LCK, CD8-, LAMP1- and KDELr-Ras-YFP.

(G) Relative levels of Ras-YFP and Rap2 in all microdomains in tissues expressing M1-,
LCK, CD8-, LAMP1-and KDELr-Ras-YFP. See Table S1 for values.
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Figure 2. Ras signaling in the endoplasmic reticulum and lipid rafts potentiates transmission

(A) Schematic drawing outlines /n vitro experimental design. The right images show

simultaneous whole-cell recordings from CA1 pyramidal neuron quadruplets under
fluorescence (upper) and transmitted light (lower) microscopy.
(B) Upper, evoked AMPA-R- (-60 mV) and NMDA-R- (+40 mV) mediated responses
recorded from control non-expressing (Ctrl), M1-Ras(ca)-IRES-GFP, M1-Ras(dd)-IRES-
CFP and M1-Ras(dn)-IRES-RFP expressing CAL cells after 10+2 h expression. Lower,
evoked AMPA and NMDA responses recorded from non-expressing, LCK-Ras(ca)-IRES-
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GFP, LCK-Ras(dd)-IRES-CFP and LCK-Ras(dn)-IRES-RFP expressing cells after 10+2 h
expression.

(C-G) AMPA and NMDA responses in M1-Ras (C), LCK-Ras (D), CD8-Ras (E), LAMP1-
Ras (F) and KDELr-Ras (G) mutant expressing neurons relative to non-expressing control
cells. See Table S2 for values. Asterisks indicate p<0.05 (Wilcoxon tests).
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Figure 3. Rap2 signaling in the bulk membrane depresses transmission
(A) Schematic drawing outlines /n vitro experimental design.

(B) Evoked AMPA-R- (-60 mV) and NMDA-R- (+40 mV) mediated responses recorded
from control non-expressing (Ctrl), CD8-Rap2(ca)-IRES-GFP, CD8-Rap2(dd)-IRES-CFP
and CD8-Rap2(dn)-IRES-RFP expressing CA1 cells after 10+2 h expression.

(C-G) AMPA and NMDA responses in M1-Rap2 (C), LCK-Rap2 (D), CD8-Rap2 (E),
LAMP1-Rap2 (F) and KDELr-Rap2 (G) mutant expressing neurons relative to non-
expressing control cells. See Table S3 for values. Asterisks indicate p<0.05 (Wilcoxon tests).
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Figure 4. Rapl signaling in the lysosome depresses transmission
(A) Schematic drawing outlines /n vitro experimental design.

(B) Evoked AMPA-R- (-60 mV) and NMDA-R- (+40 mV) mediated responses recorded
from control non-expressing (Ctrl), LAMP1-Rapl1(ca)-IRES-GFP, LAMP1-Rap1(dd)-IRES-
CFP and LAMP1-Rap1(dn)-IRES-RFP expressing CAL cells after 10+2 h expression.
(C-G) AMPA and NMDA responses in M1-Rapl (C), LCK-Rapl (D), CD8-Rapl (E),
LAMP1-Rapl (F) and KDELr-Rapl (G) mutant expressing neurons relative to non-
expressing control cells. See Table S4 for values. Asterisks indicate p<0.05 (Wilcoxon tests).
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Figure 5. Ras signals PI3K and ERK in the endoplasmic reticulum and lipid rafts
(A) Schematic drawing outlines /n vitro experimental design.

(B) Evoked AMPA-R- (-60 mV) and NMDA-R- (+40 mV) mediated responses recorded
from control non-expressing (Ctrl), M1-Ras(ca)-IRES-GFP and LCK-Ras(ca)-IRES-RFP
expressing CA1 cells cultured in media containing LY 294002 or PD98059.

(C-D) AMPA and NMDA responses in M1-Ras(ca) and LCK-Ras(ca) expressing neurons
relative to non-expressing control CA1 cells cultured in media containing 10 pM LY 294002
(C) or 25 uM PD98059 (D). See Table S6 for values.
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(E-F) AMPA and NMDA responses in M1-Ras(dn) and LCK-Ras(dn) expressing neurons
relative to non-expressing control CAL cells cultured in media containing 10 uM LY 294002
(E) or 25 uM PD98059 (F). See Table S6 for values.

(G) Evoked AMPA-R- (=60 mV) and NMDA-R- (+40 mV) mediated responses recorded
from non-expressing (Ctrl), M1-Ras(ca)-IRES-GFP and LCK-Ras(ca)-IRES-RFP expressing
CAL cells in cultured slices prepared from G/uAI1 knockout and G/uAZ knockout mice.
(H-J) AMPA and NMDA responses in M1-Ras(ca) and LCK-Ras(ca) expressing neurons
relative to non-expressing control CAL cells in cultured slices prepared from G/uA1
knockout (H), GIuA1(5831A/5845A) transgenic (1) and G/uAZknockout (J) mice. See
Table S7 for values.

(K-L) AMPA and NMDA responses in M1-Ras(dn) and LCK-Ras(dn) expressing neurons
relative to non-expressing control CAL cells in cultured slices prepared from G/uA1
knockout (K) and G/uAZ2 knockout (L) mice. See Table S7 for values. Asterisks indicate
p<0.05 (Wilcoxon tests).
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Figure 6. Rap signals JNK and p38MAPK in the bulk membrane and lysosome
(A) Schematic drawing outlines /n vitro experimental design.

(B) Evoked AMPA-R- (-60 mV) and NMDA-R- (+40 mV) mediated responses recorded
from control non-expressing (Ctrl), CD8-Rap2(ca)-IRES-GFP and LAMP1-Rap1(ca)-IRES-
RFP expressing CA1 cells cultured in media containing SP600125 or SB203580.
(C-D) AMPA and NMDA responses in CD8-Rap2(ca) and LAMP1-Rap1(ca) expressing
neurons relative to non-expressing CA1 cells cultured in media containing 5 pM SP600125
(C) or 2 uM SB203580 (D). See Table S6 for values.
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(E-F) AMPA and NMDA responses in CD8-Rap2(dn) and LAMP1-Rap1(dn) expressing
neurons relative to non-expressing CAL1 cells cultured in media containing 5 UM SP600125
(E) or 2 uM SB203580 (F). See Table S6 for values.

(G) Evoked AMPA and NMDA responses recorded from non-expressing (Ctrl), CD8-
Rap2(ca)-IRES-GFP and LAMP1-Rapl(ca)-IRES-RFP expressing CAL cells in cultured
slices prepared from G/uAZ2knockout and GIuAZ(K882A) transgenic mice.

(H-J) AMPA and NMDA responses in CD8-Rap2(ca) and LAMP1-Rap1(ca) expressing
neurons relative to non-expressing CAL1 cells in cultured slices prepared from G/luA1
knockout (H), G/luAZknockout (1) and G/uAZ(K882A) transgenic (J) mice. See Table S9
for values.

(K-L) AMPA and NMDA responses in CD8-Rap2(dn) and LAMP1-Rap1(dn) expressing
neurons relative to non-expressing CAL1 cells in cultured slices prepared from G/uA1
knockout (K) and G/uAZ knockout (L) mice. See Table S9 for values. Asterisks indicate
p<0.05 (Wilcoxon tests).
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Figure 7. Microdomain-specific Ras and Rap signal distinct forms of synaptic plasticity
(A) Schematic drawing outlines 7 vitro experimental design.

(B-E) Relative LTP and depotentiation in M1-Ras(dn)-, LCK-Ras(dn)-, CD8-Rap2(dn) and

LAMP1-Rapl(dn)-IRES-GFP expressing neurons compared to control non-expressing
neurons. See Table S10 for values.

20 30
Time (min)

(F-I) Relative LTD in M1-Ras(dn)-, LCK-Ras(dn)-, CD8-Rap2(dn) and LAMP1-Rap1(dn)-
IRES-GFP expressing neurons compared to control non-expressing neurons. See Table S10

for values.
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(A) Schematic drawing outlines /n vivo experimental design.
(B) Evoked AMPA-R- (-60 mV) and NMDA-R- (+40 mV) mediated responses recorded
from control non-expressing (Ctrl), M1-Ras(dn)-IRES-GFP and LCK-Ras(dn)-IRES-RFP
expressing CAL cells after 10+2 h expression /in vivo without or with 100 uM TTX.
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Figure 8. Microdomain-specific Ras, Rap2 and Rapl signal synaptic transmission in intact
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(C-E) AMPA and NMDA responses in M1-Ras(dn), LCK-Ras(dn), M1-Ras(ca) and LCK-
Ras(ca) expressing neurons relative to non-expressing control cells. See Table S11 for
values.

(F) Evoked AMPA and NMDA responses recorded from non-expressing (Ctrl), CD8-
Rap2(dn)-IRES-GFP and LAMP1-Rapl1(dn)-IRES-RFP expressing CAl cells after 10£2 h
expression /n vivo without or with 100 uM TTX.

(G-1) AMPA and NMDA responses in CD8-Rap2(dn), LAMP1-Rap1(dn), CD8-Rap2(ca)
and LAMP1-Rap1(ca) expressing neurons relative to non-expressing control cells. See Table
S11 for values. Asterisks indicate p<0.05 (Wilcoxon tests).

(J) Schematic model for microdomain-specific Ras and Rap signaling controlling LTP,
depotentiation and LTD. See text for detail.
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