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Abstract

Background Rasall is a Ras GTPase-activating protein which contains C2 domains necessary for dynamic membrane
association following intracellular calcium elevation. Membrane-bound Rasall inactivates Ras signaling through its
RasGAP activity, and through such mechanisms has been implicated in regulating various cellular functions

in the context of tumors. Although highly expressed in the brain, the contribution of Rasal1 to neuronal development
and function has yet to be explored.

Results We examined the contributions of Rasal1 to neuronal development in primary culture of hippocampal neu-
rons through modulation of Rasal1 expression using molecular tools. Fixed and live cell imaging demonstrate diffuse
expression of Rasal1 throughout the cell soma, dendrites and axon which localizes to the neuronal plasma membrane
in response to intracellular calcium fluctuation. Pull-down and co-immunoprecipitation demonstrate direct interac-
tion of Rasal1 with PKC, tubulin, and CaMKII. Consequently, Rasal1 is found to stabilize microtubules, through post-
translational modification of tubulin, and accordingly inhibit dendritic outgrowth and branching. Through imag-

ing, molecular, and electrophysiological techniques Rasal1 is shown to promote NMDA-mediated synaptic activity
and CaMKIl phosphorylation.

Conclusions Rasal1 functions in two separate roles in neuronal development; calcium regulated neurite outgrowth
and the promotion of NMDA receptor-mediated postsynaptic events which may be mediated both by interaction
with direct binding partners or calcium-dependent regulation of down-stream pathways. Importantly, the outlined
molecular mechanisms of Rasal1 may contribute notably to normal neuronal development and synapse formation.
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Background
Rasall, first described to our knowledge by M. Allen in
1998 [1], is a highly conserved GTPase Activating Protein
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The structure of Rasall gives many clues to its cellular
function [1]. The central RasGAP domain of the protein
is flanked by two membrane-interacting motifs [7]. The
N-terminus features two fully conserved C2 domains
[8—10], which share similarity with the Ca®>*-dependent
phospholipid-binding domains of synaptotagmin, protein
kinase C and DOC2. The C2A domain of Rasall interacts
with phosphatidylserine; the C2B domain with phospho-
inositides, together encoding a Ca®"-dependent mem-
brane association mechanism that is accompanied by
activation of RasGAP activity [11]. The C-terminal region
contains a pleckstrin homology (PH) domain, which
operates as a membrane-binding module in conjunction
with the action of the C2 domains [12, 13].

Rasall is an interesting candidate specifically in neu-
ronal development for two reasons. Firstly, its responsive-
ness to intracellular Ca?* oscillations [14]. Intracellular
Ca”" signals mediate various cellular processes such as
cell proliferation, growth cone motility, synaptic plas-
ticity and neurotransmitter release [15]. Many of these
phenomena are influenced by both the frequency and
subcellular location of Ca®* oscillations through the
workings of Ca®*-responsive proteins [16]. For instance,
CaMKII decodes the number and frequency of intracel-
lular Ca** oscillations and in turn utilizes kinase activity
to contribute to frequency-dependent forms of synaptic
plasticity [17] and neurite outgrowth [18, 19]. Further-
more, the PKC signal transduction pathway regulates the
actin cytoskeleton and neurite outgrowth in response to
intracellular Ca®* changes [20]. Thus, conceivably as an
additional Ca**-sensitive protein, Rasall may be impli-
cated in the above neuronal processes.

Secondly, Rasall exerts RasGAP activity. Following
activation, Ras triggers several pathways involved in cell
growth, differentiation and microtubule stabilization [21,
22]. When bound to Raf, Ras initiates the Raf/Mek/ERK/
MAPK signalling cascade [21, 22]. Kinases of the extra-
cellular signal-related kinase (ERK) pathway phosphoryl-
ate microtubule-associated proteins (MAPs) and regulate
microtubule stability and proliferation [23, 24], thereby
affecting key factors for neuronal polarization [25]. In
addition, Ras activates PI3K and regulates the activity of
the Rho family of small G proteins that plays significant
roles in remodelling spine morphology, suggesting a tight
coordination between the Ras and Rho family [26]. Thus,
through Ras activation Rasall may play a key role in
the activation of these signalling cascades and neuronal
processes.

Despite the above considerations, the role of Rasall
in neuronal differentiation remains unexplored. In this
study, we investigate the role of Rasall in maturation and
synaptic development of mouse hippocampal neurons
in vitro. Specifically exploring the involvement of Rasall
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in neurite outgrowth, dendritic branching and synap-
tic density which may be influenced by Ca®*-dependent
activation of Rasall’s RasGAP activity and interaction
with direct binding partners.

Results

Rasal1 expression in developing hippocampal neurons
Rasall is a Ca®" sensing RasGAP that has not previ-
ously been studied in brain development. The Allen
Brain Atlas reports broad expression of the Rasall gene
in the adult murine brain (Fig. 1A). We confirmed Rasall
expression in specific brain regions using Western blot
analysis on samples derived from 8-day old mice and
rats (Fig. 1B) which showed a strong single band at the
expected molecular mass of 90 kDa in mouse hippocam-
pal tissue (lane 1), mouse prefrontal cortex (lane 2) and
rat hippocampal tissue (lane 3). To validate the specific-
ity of the Rasall Gen Script antibody, the second blot was
incubated with a Rasall immunizing peptide (20 uM),
which corresponds to the epitope recognized by the anti-
body. As seen in Fig. 1A the staining was absent in the
blot incubated with the peptide demonstrating Rasall
specificity.

To further evaluate the expression and cellular dis-
tribution of Rasall protein in developing neurons, we
investigated primary cultures from E17-stage mouse hip-
pocampi using immunocytochemical assays. Neurons
were stained with Rasall antibody on DIV2 to DIV14
(days in vitro) to examine Rasall expression from early
to late stages of neuronal development in primary cul-
ture, during which neurons undergo many developmen-
tal processes including neurite outgrowth, branching and
synaptogenesis. Confocal imaging shows Rasall immu-
noreactivity in the soma, dendrites and axons of hip-
pocampal neurons from DIV 2 onward (Fig. 1C).

Rasal1 translocation to the plasma membrane in response
to CaZ* in hippocampal neurons

Since Rasall was found to be expressed throughout devel-
oping neurons of the hippocampus we next sought to
explore the potential functionality of Rasall in these cells.
Study of Rasall in HeLa cells determines that the plasma
membrane expression of Rasall, which is critical to Ras
GTPase activity, occurs in response to elevated Ca** [14].
We hypothesized that neuronal Rasall can translocate
to the plasma membrane in a Ca*"-dependent manner
as well. To test this hypothesis, the dynamic changes in
localization of a recombinant Rasall-EGFP fusion pro-
tein transfected into the neurons using lipofectamine in
response to Ca?" fluctuations were assessed. Endogenous
Rasall (red) and Rasall-EGFP (green) proteins had a sim-
ilar distribution pattern in neurons in basal conditions
(Fig. 2A), as well as in depolarized neurons where they
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Fig. 1 Rasall is expressed in the soma and neurites of developing hippocampal neurons. A Expression of Rasal1 in coronal section of adult

mouse brain. Allen Mouse Brain Atlas, http://mouse.brain-map.org/experiment/show/75774111. B Western blot analyses with Rasal1 antibody

in the absence (left) and presence (right) of Rasal1 immunizing peptide. Lane 1: mouse hippocampus; lane 2: mouse prefrontal cortex; lane 3: rat
hippocampus all at P8. C Endogenous Rasal1 immunoreactivity on DIV2, DIV4, DIV6, DIV12 and DIV14 in neurons stained for Rasal1 (red) and Tubulin
(blue) and imaged with confocal microscopy. DIV 2 scale bar: 5 um, DIV 4-10 scale bar: 10 um

showed a similar membrane association (Fig. 2B). Live
imaging of Rasall-EGFP fusion protein (Fig. 2C) showed
that perfusion of depolarizing solution induced a rapid
plasma membrane association which started after 2 s and
was complete after 8 s. The translocation of Rasall-EGFP
was reversible and repeatable up to 5 times in a time
frame of 10 min (Fig. 2C1-8). Figure 2D-G show addi-
tional examples of Rasall-EGFP membrane translocation

(See figure on next page.)

in living neurons, and Fig. 2H shows the time course of
membrane translocation ratio (R) of Rasall following
depolarization with high extracellular KCI (40 mM).

These results confirm that Rasall is sensitive to
changes in intracellular Ca®* and that resulting revers-
ible plasma membrane association of Rasall does occur
in neurons as has been observed in other cell types.

Fig. 2 Rasall translocates to the plasma membrane in response to Ca?* in hippocampal neurons. A1-3 Hippocampal neuron expressing
Rasal1-EGFP stained to show the distribution of Rasal1-EGFP (green) compared to total Rasal T immunoreactivity (red) and MAP2 (blue) under basal
conditions. Scale bar: 10 um. B1-3 Depolarized hippocampal neuron expressing Rasal1-EGFP stained to show Rasal 1-EGFP (green) distribution
compared to total Rasal1 (red) and MAP2 (blue). C Live confocal imaging of neuron expressing Rasal1-EGFP following perfusion of depolarizing
buffer (Depolarizing B) C1-4. Followed by perfusion with basal buffer (Basal B) at 8 s (C5-7) followed by second perfusion with depolarizing buffer

at 18 5 (D-18s) (C8). Scale bar: 10 um. D-G Rasal1-EGFP live imaging in two additional neurons perfused in basal buffer D, F and depolarizing buffer
(E, G). Scale bar: 10 um. H Time-dependent change in fluorescence ratio (R) in the membrane after addition of depolarizing buffer, basal buffer at 8 s
and depolarizing buffer again at 12 s (addition of buffers indicated by dashed lines). Data presented as percentages of the original fluorescence

at 0 s. Mean+SEM are plotted, n=20
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Rasal1 binds to CaMKII, PKC, and a- and B tubulin

To further explore the potential signaling mechanisms
of Rasall in neurons we carried out a pull-down assay
using GST tags on the N-terminus (GST-Rasall-N), the
middle (GST-Rasall-M) or C-terminus (GST-Rasall-C)
of Rasall. Pull-down assay identified potential binding
partners of Rasall to include Ca’*'-sensing oscillating
proteins CaMKII-«a and protein kinase C (PKC), as well
as the microtubule proteins a- and B-tubulin. CaMKII
and PKC were found to be interactors of GST-Rasall-C,
which contains a PH domain. Beta-tubulin was found
as an interactor of the GST-Rasall-N fragment, which
contains the tandem C2 domains important for mem-
brane translocation and Rasall’s function as a RasGAP
(Fig. 3A-C).

To confirm, a co-immunoprecipitation using the GST
tagged Rasall-N, Rasall-M and Rasall-C was carried
out for CaMKII, PKC and B-Tubulin (Fig. 3A-C) using
hippocampal and whole brain adult mouse brain tissue.
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Co-IP using the full-length antibody for Rasall was
also positive for CaMKII, PKC, and a- and B-tubulin in
hippocampal brain tissue. These data confirm CaM-
KII, PKC and a- and B-tubulin as binding partners of
Rasall.

Taking together developmental expression, the bind-
ing partners of Rasall, and the observed RasGAP acti-
vating mechanism of Rasall translocation to the plasma
membrane in response to intracellular Ca*" in neurons,
we set to explore two potential processes of neuronal
development that Rasall may be implicated in neurite
outgrowth and synaptic development.

Molecular tools for modulating Rasal1 expression

in neurons

To investigate its role in neuronal development, we cre-
ated lentivirus and AAV constructs to either knock down
or overexpress Rasall in cultured hippocampal neu-
rons. Specifically, pAAV-Rasall-Flagl-IRES-GFP was
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Fig. 3 Rasall binds to CaMKIl, PKC, a- and B-tubulin. Confirmation of suspected Rasal1 binding partners using pull-down assay (n=3) with GST
tagged Rasal1 fragments; N-terminus (GST-n), middle fragment (GST-m) or C-terminal fragment (GST-c) validated by Co-IP. A Western blot

of pull-down assay (left) and Co-IP (right) of GST-tagged Rasal1 fragments stained for CaMKIl in hippocampal and whole brain lysate. B Western blot
of pull-down assay (left) and Co-IP (right) of GST-tagged Rasal1 fragments stained for PKC in hippocampal and whole brain lysate. C Western blot
of pull-down assay (left) and Co-IP (right) of GST-tagged Rasal1 fragments stained for B-tubulin in hippocampal and whole brain lysate
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used to over-express Rasall. For knockdown, four dif-
ferent shRNA constructs (pLentilox-Rasall-shRNA#1
through #4) were tested for their capability to down-reg-
ulate Rasall expression using a U6 promoter for sSaRNA
expression and a CMV promoter to express EGFP as
a marker. A Lenti-control-EGFP was used as an addi-
tional negative control. Using confocal microscopy in
cultured hippocampal neurons, Rasall-shRNA reduced
Rasall expression by 28% and Rasall-FLAG increased
Rasall expression by 131% compared to control (Addi-
tional file 1: Fig. S1B). EGFP expression could be detected
4 days after transduction with a 30% efficiency (Addi-
tional file 1: Fig. S1C), suggesting that the mild effect
of the shRNA construct was mostly determined by the
transfection percentage. In HEK293 cells transfected
with a vector encoding mouse Rasall-flag, pLentilox-
Rasall-shRNA#3-EGFP was the most effective to knock-
down Rasall protein from 100 to 54% whereas shRNA#1
caused a reduction to 73% of control. The remaining two
shRNA constructs tested were not effective in knocking
down Rasall expression. In HEK293 cells pAAV-Rasall-
Flagl-IRES-GFP effectively increased Rasall expression
to 230% (Additional file 1: Fig. S1D, E). Similarly, western
blot analysis of Rasall protein expression in primary hip-
pocampal neurons (Additional file 1: Fig. S1F, G), dem-
onstrated that pLentilox-Rasall-shRNA#3 was the most
effective knockdown construct, reducing expression to
22% of endogenous Rasall, and pAAV-Rasall-Flagl-
IRES-GFP (OE1) was most effective for overexpression
of Rasall with an over 18-fold increase of endogenous
expression and were thus chosen for subsequent experi-
ments requiring modulation of neuronal Rasall expres-
sion. Where applicable, cultures were treated with viral
constructs on DIV1 18 h after plating the cells for all
experiments.

Rasal1 inhibits neurite outgrowth

Ras activity is regulated by the balance between activa-
tors (guanine exchange factors, GEFs) and inactivators
(GTPase activating proteins, GAPs) [27]. Previous study
reported the inactivation of Ras is associated with reduc-
tion in neurite outgrowth of PC12 neurons [28]. We
sought to determine if the RasGAP function of Rasall
in primary hippocampal neurons may additionally regu-
late neurite outgrowth. Having validated the molecular
tools, we assessed how Rasall expression influences neu-
rite outgrowth in cultured mouse hippocampal neurons.
Neurites of DIV 6, 8, 10, 12 and 14 hippocampal neurons
transduced with either pLenti-Rasall-Flagl (Rasall-OE),
Rasall-shRNA-EGFP (Rasall-shRNA), or Lenti-control-
EGFP (EGFP-control) were traced using SynD (Fig. 4A).
Tracings of neurites were used to measure total neurite
length per neuron (Fig. 4B). Over-expression of Rasall
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reduced the average total neurite length per neuron com-
pared to EGFP-control, which was significant at DIV 6,
8, 10, and 14 (EGFP-control: Div6 1722+102 pum; Div8
2231+157; Divl0 2581 +162; Divl2 3652 +320; Divl4
5124+ 624; vs Rasall-OE: Div6 320+52; Div8 852 +44;
Divl10 2098 £154; Divl2 2323 +524; Divl4 2695+152
(n=80-120 cells)) (Fig. 4B). To the contrary, Rasall-
shRNA transduced neurons were observed to have signif-
icantly greater total neurite length (Div6: 2610+ 200 pm;
Div8: 2620+ 156; Div10: 3724 +213; Div12: 5212+ 521;
Div14: 7721 +975; n=80-120) as compared to controls at
all measured time points from DIV 6 to 14 (Fig. 4B).

Rasal1 inhibits dendrite length and branching

To determine whether the observed effects of Rasall
expression on total neurite outgrowth was due to spe-
cific effects on either axonal or dendritic outgrowth we
stained DIV 8 mouse hippocampal neurons with MAP2
and Taul antibodies as markers for dendrites and axons
respectively. Stained neurons were used to independently
trace dendritic and axonal neurites using SynD (Fig. 5A).
Comparing dendrite length across groups revealed that
over-expression of Rasall resulted in significant reduc-
tions in dendritic outgrowth relative to controls while
Rasall-shRNA transduced neurons were shown to have
significantly longer dendrites (EGFP-control 403.8 + 35;
Rasall-OE 971.8+15; Rasall-shRNA 195.9+251, n=60
(Fig. 5B)). Further, while axonal length was not shown
to differ between controls and Rasall over-expressing
neurons, knockdown of Rasall was associated with a
significant increase in axonal length (EGFP-control
1857.6+288; Rasall-OE 1586+302; Rasall-shRNA
2692+ 299, n=60 Fig. 5B).

To further elucidate the way in which Rasall influences
neurite outgrowth, the effects of Rasall on dendritic
branching were explored. Rasall-overexpressing neurons
were shown to have significantly less primary and sec-
ondary dendritic branches compared to EGFP-controls
with greater reductions found in the secondary branches
(primary branches: EGFP-control 6.8+0.4; Rasall-OE
4.7+0.3. secondary branches: EGFP-control 3.3+0.62;
Rasall-OE 2.2+0.1. n=60 (Fig. 5C)). Comparatively,
Rasall-shRNA transduced neurons were observed to
have significantly more secondary dendritic branches
(17.25+1.1). However, no significant changes in axonal
branching were detected. Taken together, our results sug-
gest that while Rasall may play a role in regulating axonal
growth, the observed inhibitory effects of Rasall on total
neurite outgrowth may be attributed to inhibition of den-
dritic growth and branching to a greater extent.
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Fig. 4 Rasall inhibits neurite growth. A Neurite tracing using SynD [29] at DIV 6, 8, 10, 12 and 14 of mouse hippocampal neurons transduced
with either Rasal1-shRNA-EGFP, Rasal1-OFE, or EGFP-control. Scale bar: 50 um. B Neurite length (um) of EGFP-control, Rasal1-shRNA, and Rasal1-OE
expressing mouse hippocampal neurons at DIV 6, 8, 10, 12, and 14. Data pooled from 4 independent experiments (n=122). Mean + SEM are plotted,

*p<0.05,**p<0.01, **p<0.001, unpaired student t-test, two tailed

Rasal1 increases tubulin detyrosination

A balanced rate of microtubule tyrosination and dety-
rosination is essential in neuronal differentiation [30]. To
test if Rasall regulates neurite outgrowth and branching
by influencing tubulin dynamics, we compared detyrosi-
nated and tyrosinated tubulin levels in control neurons
versus neurons that over-expressed Rasall or expressed
Rasall-shRNA. Consistent with the understanding that
dendrites require highly tyrosinated tubulin for sus-
tained growth while axons are largely composed of

stable detyrosinated tubulin in during development [31,
32], EGFP-control neurons were observed to express
tyrosinated tubulin (red) largely in dendritic neurites,
with axonal outgrowth comprised of a large pool of
detyrosinated tubulin (green) (Fig. 6A). Comparatively,
observation of stained neurons over-expressing Rasall
demonstrated similar presence of detyrosinated tubu-
lin throughout axons but little detyrosinated tubulin in
dendritic outgrowths. Inversely, Rasall-shRNA trans-
duced neurons showed staining of tyrosinated tubulin
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Fig. 5 Rasall inhibits dendrite length and branching. A Representative confocal images of EGFP-control, Rasal1-OE, and Rasal1-shRNA
transduced mouse hippocampal neurons stained for the dendritic marker MAP2 (red) and axonal marker Taul (green) (left). Tracings of dendrites
(middle) and axonal neurites (right) were done using SynD. Scale bar: 20 um. B Total axon and dendrite length (um) of EGFP-control, Rasal1-OE,
and Rasal-shRNA expressing neurons. C Number of primary and secondary dendritic branches in neurons expressing EGFP-control, Rasal1-OE,
and Rasal1-shRNA. Data information: In B, C Mean + SEM are plotted, *p <0.05, **p <0.01, ***p < 0.001, unpaired student t-test, two tailed. n=60
for each group, pooled from 3 repeated experiments

within dendritic neurites but also throughout axonal out-  was measured in the mid region of the longest neurite.
growth (Fig. 6A). To quantify levels of tyrosinated and  Rasall-overexpressing neurons showed significantly
detyrosinated tubulin in neurons, fluorescence intensity =~ more detyrosinated tubulin (Fig. 6B, ratio detyrosinated/
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Fig. 6 Rasall increases tubulin detyrosination. A EGFP-control, Rasal1-OF, and Rasal1-shRNA transduced hippocampal neurons stained

for tyrosinated tubulin (red) and detyrosinated tubulin (green) at DIV6. Scale bar: 20 um unless stated otherwise. B, C Quantification of fluorescence
intensity measured in the mid region of the longest neurite of detyrosinated (B) and tyrosinated (C) tubulin as a proportion of total tubulin. n=50
for each group, pooled from 5 repeated experiments, mean plus SEM are plotted, ***=p < 0.001, unpaired student t-test, two tailed

total-tub, EGFP-control  0.50+0.026; Rasall-OE ratio tyrosinated/total-tub, EGFP-control 0.499 +0.026;
0.67+0.02; Rasall-shRNA 0.312+0.03). Conversely, Rasall-OE 0.32+0.002; Rasall-shRNA 0.687+0.003).
Rasall-shRNA transduced neurons showed significantly ~ This tubulin-detyrosinating activity associated with
more tyrosinated tubulin compared to control (Fig. 6C, Rasall, which is expected to reduce tubulin dynamics,
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provides one potential explanation for the observed
defects in neurite development and specifically may con-
tribute to the observed reduction in dendritic outgrowth
which is dependent upon pools of tyrosinated tubulin.

Rasal1 promotes synapse development

and NMDA-mediated synaptic transmission

Beyond neurite outgrowth, Rasall expression in devel-
oping neurons was thought to play an additional role in
regulating synaptic development. Previous study dem-
onstrates SynGAP, an additional neuronally expressed
RasGADP, plays a crucial role in synapse development [33].
We thus aimed to explore whether Rasall may act in a
similar manner.

We first asked whether Rasall affects Ca®" levels in hip-
pocampal neurons in response to depolarization. Fura-2
ratiometric Ca®* signals were compared in control cells,
neurons overexpressing Rasall and neurons expressing
Rasall-shRNA, as described above. Figure 7A shows rep-
resentative Fura-2 traces of the 3 groups. After perfusion
with 40 mM KCI control neurons showed 340/380 ratios
of 0.306+0.07, n=41. Ca’>" levels were significantly
increased in Rasall-OE neurons (Fura-2 340/380 ratio of
0.78+0.05, n=47 P <0.00001 compared to control). Ca**
levels in Rasall-shRNA transduced neurons were not
significantly reduced compared to EGFP-control (Fura-2
ratio 0.29 +0.022, n=40; Fig. 7B).

Synapse development requires optimal Ca** levels [34].
We asked if Rasall would play a role in synapse devel-
opment in hippocampal neuronal culture. Figure 7D1
shows a punctate expression of endogenous Rasall and
somatic expression in a mature DIV16 neuron. Cellular
Rasall levels were manipulated by either overexpression
or knockdown, and the synapse morphology after 16 days
in culture was observed. To this end, neurons were depo-
larized in 60 mM KCI to allow endocytic uptake of the
lipophilic dye FM1-43, a well-established method to

(See figure on next page.)
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label active synapses [35]. Specifically, synaptic density
was compared between transduced hippocampal cul-
tures with EGFP-control, Rasall-OE and Rasall-shRNA
(Fig. 7D2,3,4). Synapse puncta were counted using SynD
software per pm dendrite. Neurons overexpressing
Rasall had significantly more puncta 0.54/pum=+0.014,
n=>50, compared to control 0.38/pm*0.014, n=45,
P<0.01. Consistently, Rasall-shRNA neurons had signifi-
cantly less puncta compared to control (0.21/pm +0.025,
n=>50, P<0.01) (Fig. 7E). For all 3 groups, 90% of the
fluorescent puncta were also positive for red FM43 dye.
Thus, Rasall promotes morphological development of
functional synapses.

We then investigated if the increased synapses in
Rasall-overexpressing cells enhance synaptic transmis-
sion. Specifically, we compared the miniature EPSCs
(mEPSCs) recorded from the 3 neuronal groups. The
recordings were carried out in the presence of 0.2 uM
tetrodotoxin (TTX, Tocris), 200 pM CdCl2, 10 pM
bicuculline (BCC, Sigma) and 20 uM CNQX (Toc-
ris). The Gaussian and binomial distribution show an
increased frequency of mEPCSs in Rasall-OE neurons
compared to EGFP-control, and a reduced mEPSCs
frequency in Rasall-shRNA neurons compared to
EGFP-control (Fig. 7F, G). When we isolated specific
receptors with several receptor blockers, we found that
isolated NMDAR-mediated mEPSCs were specifically
affected. Example NMDAR-mEPSCs are shown in
Fig. 7H. NMDA-mediated mEPSC amplitude was sig-
nificantly increased in Rasall-OE neurons 24.8 £4.16
PA, n=29 compared to EGFP-control 13.4+1.5 pA,
n=28, while Rasall-shRNA neurons were not signifi-
cantly changed; 12.2+3.8 pA n=19 (Fig. 7I). NMDA-
mediated mEPSC frequency was also significantly
increased in Rasall-OE neurons; 1.4+0.2 Hz, com-
pared to EGFP-control; 0.81+0.08 Hz. mEPSC fre-
quency appeared smaller in Rasall-shRNA neurons

Fig. 7 Rasall promotes synapse development and NMDA-mediated synaptic transmission. A Representative ratiometric measurements of Fura-2
fluorescence, indicative of intracellular Ca** concentrations, in cultured EGFP-control, Rasal1-OF, and Rasal1-shRNA transduced hippocampal
neurons following perfusion with depolarizing buffer. B Quantification of Fura-2 ratios in EGFP-control (n-41), Rasal1-OE (n=47), and Rasal 1-shRNA
(n=40) transduced hippocampal neurons following perfusion with depolarizing buffer (40 mM KCl). Mean + SEM plotted. ****p < 0.0001. C Fura-2
color map of loaded neuron. (D1) Punctate expression of endogenous Rasal1 and perinuclear expression in a mature Div16 neuron. (D2-4) Confocal
images of synapse morphology stained for FM43 (red) and Rasall (cyan) in depolarized EGFP-control, Rasal1-OE, and Rasal1-shRNA transduced
hippocampal neurons at DIV 16 day. Scale bar: 10 uM. E Quantification of fluorescent FM43 puncta as a measure of functional synapses per M

of dendrite in EGFP-control (n=45), Rasal 1-OE (n=50), and Rasal 1-shRNA (n=50) transduced hippocampal neurons perfused in depolarizing
medium (60 mM KCL). Quantified using SynD software. Data presented as Mean + SEM. *p < 0.05. F The frequency plot (left) and Gaussian
distribution (right) of miniature EPSCs (mEPSCs) recorded from EGFP-control, Rasal1-OE, and Rasal1-shRNA transduced hippocampal neurons. G
Representative traces of isolated NMDA-mediated mEPSCs in EGFP-control, Rasal1-OE, and Rasal1-shRNA transduced hippocampal neurons. H
NMDA-mediated mEPSC amplitude (pA) of EGFP-control (n=28), Rasal1-OE (n=29), and Rasal1-shRNA (n=19) transduced hippocampal neurons.
Mean + SEM. *p < 0.05. (I) NMDA-mediated mEPSC frequency (Hz) of EGFP-control (n=28), Rasal1-OE (n=29), and Rasal1-shRNA (n=19) transduced
hippocampal neurons. Mean + SEM. *p < 0.05, ***p < 0.001. Data information: In (B, E, G, H) data was analyzed using two-tailed unpaired student

t-test
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Fig. 7 (See legend on previous page.)

(0.32£0.08 Hz) but was not found to be significantly
different from the control group. Together our data
show that Rasall promotes synapse development and
NMDA-mediated synaptic transmission.

Rasal1 promotes CaMKIl phosphorylation

Since Rasall was shown to be associated with elevated
NMDAR activity, we next explored whether CaMKII
activation was additionally regulated by Rasall expres-
sion as CaMKII activation is known to occur as a result
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of NMDAR activity (Giese et al. 1998; Bayer et al. 2001).
Therefore, investigating the possibility that Rasall indi-
rectly activates CaMKII and thereby contributes to
NMDA-dependent synaptic development. To do so we
used an antibody that specifically detects phosphoryl-
ated (i.e. activated) CaMKII (p-CaMKII). To observe the
maximal range of activation of CaMKII it was necessary
to inhibit spontaneous synaptic transmission before acti-
vation. Cultures were treated with TTX, CNQX and APV
for at least 8 h (blocked neurons). Under these condi-
tions, the neurons showed a very low level of p-CaMKII
immunofluorescence and total CaMKII fluorescence
level was stable in all groups (Fig. 8A1). Alternatively, the
neurons were first blocked and subsequently activated
acutely by applying media containing high glycine for
5 min to facilitate CaMKII activation (activated neurons,
Fig. 8A2-4). In Fig. 8A2 activation of control neurons
facilitates higher levels of phosphorylated CaMKII (red)
confirming that our protocol activated CaMKII.

To test the possibility that Rasall enhances CaM-
KII activation, we compared phosphorylated CaMKII
immunoreactivity in neurons expressing EGFP-control,
Rasall-OE and Rasall-shRNA to neighboring untrans-
fected neurons in activated cultures. The ratio of fluo-
rescence intensity of transfected/untransfected neurons
was taken. Rasall overexpression did not significantly
increase the level of phosphorylated CaMKII compared
to EGFP-control (Fig. 8B, EGFP-control ratio: 0.96 +0.02
vs Rasall-OE ratio: 0.98 +0.03, n=20-25). Immunofluo-
rescence in Rasall-shRNA neurons drastically decreased
p-CaMKII immunoreactivity (ratio 0.23+0.03, n=25;
Fig. 8B and A4). Total CaMKII levels in Fig. 8C sig-
nificantly increased in Rasall-OE neurons (3.5+0.09)
compared to EGFP-control (1.3+0.1, p <0.0001). Total
CaMKII fluorescence also significantly decreased com-
pared to control in Rasall-shRNA transfected neu-
rons (0.92 +0.09, n=20-25, p<0.001). To confirm these
interesting data, we carried out fluorescent Western blot

(See figure on next page.)
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analysis of p-CaMKII (red) (Fig. 8D), and p-CaMKII
(red) and CaMKII (green) on the same blot (Fig. 8E). The
hippocampal neurons were treated identically as in the
immunofluorescence experiment in Fig. 8A—C. Recep-
tor activation increased p-CaMKII expression in all con-
ditions (Fig. 8E) compared to blocked neurons (Fig. 8D)
which shows that our activation protocol works in West-
ern blot. p-CaMKII levels were significantly increased
in Rasall-OE samples (1.07 £0.12) compared to control
(0.93+0.03, n=8, p<0.01) (Fig. 8F). In Rasall-shRNA
transduced neurons, p-CaMKII levels were significantly
decreased (0.59+0.02) compared to control (p<0.0001).
Total CaMKII levels were significantly higher in Rasall-
OE transduced neurons compared to EGFP-control
while Rasall-shRNA transduced neurons were not sig-
nificantly different (EGFP-control: 0.72 +0.29; Rasall-OE:
1.83+0.21; Rasall-shRNA: 1.02+0.08, n=8) (Fig. 8G).
Our findings using Western blot analysis suggests a
strong effect of Rasall on CaMKII activity, consider-
ing that only 40% of the neurons were transfected with
the Rasall-OE or Rasall-shRNA constructs (Additional
file 2: Fig. S2).

Discussion
We provide the first evidence, to our knowledge, indi-
cating the role of Rasall in neurite outgrowth and syn-
aptic development in developing hippocampal neurons.
Rasall was found to be highly expressed within the hip-
pocampus with diffuse expression across the soma, axon
and dendrites of primary hippocampal neurons. Rasall
expression is found to be linked to both inhibition of
dendritic growth and branching as a result of elevations
in microtubule detyrosination and to synaptic develop-
ment through elevations in NMDAR activity.
Overexpression of Rasall was found to predominately
inhibit dendritic outgrowth and branching, whereas
knockdown increased neurite outgrowth and dendritic

Fig. 8 Rasall promotes CaMKIl phosphorylation. A Representative confocal images of blocked control hippocampal neurons treated with TTX,
CNQX and APV for at least 8 h to block CaMKIl phosphorylation (A1), EGFP-control hippocampal neurons treated for 5 min with 10 uM glycine

to acutely induce CaMKIl phosphorylation (A2), glycine (10 uM) treated Rasal1-OE transduced hippocampal neurons (A3) and glycine (10 pM)
treated Rasal1-shRNA transduced hippocampal neurons (A4) stained for phosphorylated (red) or total CaMKIl (cyan). Transfected neurons (green)
indicated by arrows were compared to neighboring non-transfected neurons. Scale bar: 20 um. B Quantification of the ratio of phosphorylated
CaMKIl fluorescence intensity of transfected /non-transfected EGFP-control (n=20), Rasal1-OE (n=25), and Rasal1-shRNA (n=25) transduced
hippocampal neurons. € Quantification of total CaMKIl levels in EGFP-control (n=20), Rasal1-OE (n=25), and Rasal1-shRNA (n=25) transduced
hippocampal neurons as ratio of fluorescence intensity in transfected/non-transfected neurons. D Fluorescent western blot of p-CaMKI|

(red) of glycine (10 uM) treated EGFP-control, Rasal1-OFE, and Rasal1-shRNA transduced hippocampal neurons. E Fluorescent western blot

of CaMKIl (green) and p-CaMKIl (red) of glycine (10 uM) treated EGFP-control, Rasal1-OE, and Rasal1-shRNA transduced hippocampal neurons. F
Quantification of p-CaMKll/actin levels in fluorescent western blot across of glycine (10 uM) treated EGFP-control, Rasal1-OE, and Rasal 1-shRNA
transduced hippocampal neurons (n=8). G Quantification of total CaMKll/actin levels in fluorescent western blot across of glycine (10 uM)
treated EGFP-control, Rasal1-OF, and Rasal1-shRNA transduced hippocampal neurons. (n=8). Data information: In (B, C, F, G) *p <0.05, **p < 0.01,

***p <0.001, two-tailed unpaired student t-test
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branching. The observed regulation of neurite outgrowth
by Rasall may be a feature of observed elevated tubulin
detyrosination and thus subsequent reduction in micro-
tubule dynamics, specifically in dendritic neurites which
have previously been reported to rely on the dynamic
state of tyrosinated tubulin for outgrowth in developing
neurons [31, 32]. The tyrosination state of tubulin is a sig-
nificant factor in microtubule dynamics, with tyrosinated
tubulin supporting highly dynamic microtubules and
detyrtosinated tubulin associated with stabilized micro-
tubules [36]. Rasall expression was shown to correlate
with significant elevations in total detyrosinated tubulin
within hippocampal neurons, with observed increases
in detyrosinated tubulin and reductions in tyrosinated
tubulin specifically in dendritic outgrowths compared to
controls. Previous study demonstrates that while devel-
oping axons express greater amounts of stable detyrosi-
nated tubulin, developing dendrites require higher levels
of dynamic tyrosinated tubulin to support outgrowth and
branching [31, 32]. With further evidence suggesting that
the absence of tyrosinated tubulin alters the morphol-
ogy and path-finding ability of developing growth cones
within dendritic processes [37-39]. Thus, providing a
potential explanation as to why Rasall expression associ-
ated with greater detyrosinated tubulin was observed to
reduce dendritic length and branching whereas Rasall
knock-down, associated with greater tyrosinated tubu-
lin, was observed to increase dendritic outgrowth and
branching. However, the mechanisms bridging Rasall
and tubulin tyrosination states is currently not under-
stood. Additionally, the ability of Rasall to mediate
neurite outgrowth through other post-translational
tubulin modifications, such as acetylation, remain to be
investigated.

The observed outgrowth events may also be attributed
to both Rasall’s RasGAP function as well as direct inter-
action with binding partners. To function as a RasGAP
and reduce active Ras [14] Rasall must associate with the
plasma membrane. The reversible Ca*"-induced translo-
cation, likely driven by the conserved C2 domains, pro-
vides such an activation mechanism [8—10]. As observed
in the current study, neuronal Rasall reversibly trans-
locates to the plasma membrane in response to Ca**
elevations allowing for activation of RasGAP activity
and inhibition of Ras. Ras inhibition by other GTPase-
activating proteins has been previously demonstrated
to result in similar reduction in neurite outgrowth in
rat PC12 neurons [28], most likely through inhibition
of the down-stream MAPK-ERK-Kinase cascade [21,
22, 40]. Activation of ERK by Ras is important for den-
dritic protein synthesis and functions as a supersensitive
Ca’?*-dependent threshold detector for neural activity
in dendrites [41]. As our study demonstrated successful
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knockdown of Rasall expression in neurons using lenti-
viral particles, it is expected that consequently a reduc-
tion of RasGAP activity through reduced Rasall would
lead to less inhibition of active Ras and down-stream
signaling proteins which could explain the observed
increase in neurite outgrowth and branching. Conversely,
the observed inhibition of neurite outgrowth as a result
of Rasall over-expression may be explained through
increased inhibition of Ras.

Further, it is suggested that Rasall’s interaction with
identified binding partners, CaMKII, PKC, and tubu-
lin, may also modulate neurite outgrowth by modifying
microtubule dynamics. Microtubules are highly dynamic,
undergoing cycles of polymerization and rapid depolym-
erization [30] regulated by calcium [42]. Axon pathfind-
ing requires different ranges of high and low Ca** levels
that are needed for optimal neurite outgrowth [43]. Acti-
vated by asymmetric activation of Ca®* channels in the
plasma membrane or internal stores, low Ca*" levels lead
to collapse of filopodia [15] while high Ca*" levels cause
local stabilization [44]. High Ca’* regulates MAP1B
phosphorylation resulting in decreased tubulin binding,
favoring disassembly of microtubules [45]. In addition,
Ca*"-bound calmodulin binds to microtubule-associated
proteins MAP2 and Tau-1 and competes for association
with tubulin, inhibiting microtubule stabilization [46].
Direct binding of Rasall to tubulin may act as a similar
obstacle to the cycling of microtubule polymerization in
high Ca®* conditions. Moreover, High [Ca®"]; elevations
activate CaMKI]I, leading to reorganization of the actin
cytoskeleton and regulation of neurite outgrowth [47].
Activation of CaMKII is dependent on calmodulin and
Ca”" binding. It is possible that CaMKII keeps calmo-
dulin in close proximity to Rasall as we have identified
CaMKII as one of Rasall’s binding partners, along with
PKC. With CaMKII, PKC and neuromodulin binding to
the PH-domain of Rasall, which acts as the [Ca®"]; oscil-
lation sensor, it is possible that Rasall, CaMKII, PKC,
calmodulin and neuromodulin all work together in a
Ca?* decoding complex facilitating membrane transloca-
tion and binding. This complex with Rasall could func-
tionally be involved in neurite outgrowth, influencing the
assembly and disassembly of microtubules.

We further identified Rasall as a potential contributor
to synaptic development in developing hippocampal neu-
rons. Rasall expression was found to be associated with
significantly greater influxes of Ca®* following depolari-
zation as well as elevations in frequency and amplitude
of mESPCs which were attributed to NMDAR activity.
Additionally, Rasall expression was associated with sub-
sequently greater elevations in activated CaMKII which
is reasonably assumed to be the result of observed eleva-
tions in NMDAR activity [48, 49]. Following activation,
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CaMKII regulates trafficking of AMPA receptors to
the postsynaptic density strengthening the postsynap-
tic response [50]. Altogether, supporting the observed
increases in synaptic densities observed in hippocampal
neurons over-expressing Rasall. Interestingly, Rasall
was found to be a direct binding partner of CaMKII in
the present analysis. Although the functionality of this
interaction was not explored, it is suspected that similar
to CaMKII binding of SynGAP within synapses follow-
ing NMDA-mediated activation, active CaMKII binds
Rasall to inactivate Rasall’s RasGAP activity and seques-
ter the GTPase-activating protein away from synapses in
efforts to release Ras and downstream signaling proteins
from inhibition [51]. The timed activation of Ras would
allow for the activation of ERK-dependent signaling cas-
cades that promote AMPA insertion into the developing
synapses, promoting synaptic maturation [52-54]. Sug-
gesting a timed role of Rasall in synaptic development
wherein Rasall present in synapses is activated following
depolarization promoting NMDAR activation which sub-
sequently increases CaMKII activity. Following activation
CaMKII binds to Rasall, inactivating Rasall’s inhibitory
effect on Ras, the latter is then free to participate in sign-
aling cascades that promote AMPA insertion into syn-
apses. However, further research is required to explore
this theory and should look into the timed expression
of Rasall in synapses before and after NMDAR activa-
tion and the long-term effects of Rasall expression on
AMPAR expression and insertion.

The mechanism bridging Rasall and increased
NMDAR activity was not explored in the present analysis
and should be considered as an area of interest. A pre-
vious study reported that PKC modulates NMDAR traf-
ficking and gating, particularly linking PKC to the rapid
delivery and activation of NMDA receptors in hippocam-
pal neurons [55]. This finding suggests a possible mecha-
nism that Rasall might directly bind to and sequester
PKC at synapses. Such an interaction could facilitate the
rapid insertion and activation of NMDARs. Subsequently,
these NMDARs may be inhibited and removed from the
synapse by CaMKII activated by NMDAR. This sequence
of events could then create a conducive environment for
the Ras-mediated insertion of AMPA receptors.

Future work should explore the contribution of Rasall
to physiological processes of learning and memory
through the presently identified contributions of Rasall
to NMDA-mediated synaptic development and interac-
tions with direct binding partners in mature neurons.
As well as Rasall’s role in learning and memory deficits
coinciding with neurological disorders. Rasall has been
shown as one of the earliest deregulated proteins in hip-
pocampus in Alzheimer’s disease [56]. Additionally, it
has been shown deregulated in other disorders involving
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cognitive impairments, such as Huntington’s disease [57]
and Parkinson’s disease [58]. This suggests Rasall may
play a role in abhorrent synaptic function and neuronal
degeneration, potentially through interaction with micro-
tubule networks. These findings position Rasall not only
as a novel protein of interest in neuronal development
but also in neurodegeneration.

Conclusions

Taken together, our work explores the unknown func-
tions of neuronal Rasall, supporting two roles for Rasall
in neuronal development: (1) Inhibition of neurite out-
growth through detyrosination of dendritic micro-
tubules, and (2) strengthening synaptic transmission
through elevated NMDAR activity. The current proposed
working model of Rasall in neurites and synapses is illus-
trated (Fig. 9).

Materials and methods

Animal and dissociated cultures

Embryonic hippocampal cultures were prepared from
embryonic day 17-18 CD1 mice following the published
protocol [59] with modifications. All procedures were
performed in accordance with animal welfare guidelines
at the University of Toronto and were approved by the
institutional animal care and use committee.

Dissected hippocampi were digested with 0.025%
Trypsin/EDTA at 37 °C in HBSS (Hanks balanced salt
solution; Sigma, St. Louis, MO, U.S.A) for 15 min and
washed with pre-warmed medium to stop digestion.
Cells were triturated approximately 10 times with a 1000
uL tip. Neurons were centrifuged at 1000 rpm for 5 min,
supernatant was removed and cells were re-suspended
in culture media. Cell density was determined using an
Improved Neubauer hemocytometer and low-density
cultures were plated on Poly-D-Lysine (0.1 mg/ml Sigma)
coated glass coverslips (18 mm #1.5, Warner Instru-
ments) at 25,000 neurons/cm? Hippocampal neurons
were cultured using a spatially separated ring of cortical
neurons for neurotrophic support following the method
published previously [60]. Neurons were plated in Neu-
robasal medium (Invitrogen, Carlsbad, CA, U.S.A.) with
2% B27 (Invitrogen), 1xPen/Strep (Gibco), and 2 mM
GlutaM AX (Invitrogen) at 37C with 5% CO,.

Transduction of hippocampal neurons

The small hairpin sequence shRNA targeting Rasall was
packaged in a pLentilox vector with EGFP and CMV
promotor. Target sequence of the sShRNA#3 was gaa-
gacccgctttecacac. Full-length Rasall (Genbank number
ID:19415) was packaged in an AAV vector with FLAG
tag IRES-GFP. Two controls were either packaged with
scrambled siRNA or with EGFP alone. Cultures were
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Fig. 9 Working model of proposed mechanistic activities of Rasall in neurites and synapses

treated at Divl, 18 h after plating the cells. The vectors
transduced neurons with near 40% efficiency as deter-
mined by EGFP expression, which could be detected as
early as Div4.

Immunocytochemistry

For the analysis of neurite outgrowth and branching cul-
tures were fixed at the indicated time points with pre-
warmed 4% paraformaldehyde/4% sucrose in PBS for

20 min at RT, and washed 3 xwith PBS. Cells were per-
meabilized with 0.1% Triton X-100 in PBS for 20 min
at RT. Antibody solution consisted of 2% bovine serum
albumin (BSA), 2% fetal bovine serum (FBS), and 0.2%
fish gelatin in PBS. Cells were incubated with primary
antibodies in antibody solution for either 2 h at RT or
overnight at 4 °C. After the secondary antibody incuba-
tion, cells were washed 3Xxwith PBS. Coverslips were
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mounted on slides with ProLong Gold (Invitrogen) and
dried in the dark at RT.

Antibodies

We compared several Rasall antibodies; Rasall sc-68771
Santa Cruz, Rasall NBP1-32776 Novus Biologicals and
Rasall from GenScript (Piscataway, NJ). The GenScript
antibody proved to be highly specific and was used in
all experiments. Anti-alpha-tubulin (mouse monoclo-
nal, 1:1000, Sigma, #T-5168), anti-beta-tubulin (1:1000,
Sigma, #T0198) anti-MAP2 (chicken polyclonal, 1:500,
Millipore, AB15452), anti-Taul (mouse monoclonal,
1:1000, Chemicon, #MAB3420), anti-Flag (mouse mon-
oclonal, 1:10.000, Sigma Aldrich, F3165), anti-Rasall
(rabbit polyclonal, 1:500, GenScript), anti-Tyrosinated
Tubulin (rat monoclonal, 1:40.000, Abcam, Ab6160),
anti-detyrosinated tubulin (rabbit polyclonal, 1:200, Mil-
lipore, #AB3201,) and anti-NeuN (mouse monoclonal,
1:200, Millipore, #MAB377, Darmstadt, Germany), anti-
CaMKII (mouse monoclonal, Santa Cruz, sc-5306), and
anti-pCaMKII (rabbit polyclonal, Santa Cruz, sc-12886).
Secondary antibodies: anti-mouse, rat and rabbit, alexa
fluor 405, 488, 568 and 688 (1:500, Molecular Probes).

Western blotting

The procedures of Western blot were carried out as pre-
viously described [61]. Protein samples were prepared in
RIPA buffer and protein concentrations were determined
using the Bio-Rad Protein Assay reagent (Bio-Rad, Her-
cules, CA). Equal amounts of protein samples (25 pg)
were separated in a 10% SDS-PAGE gel and transferred
to a nitrocellulose membrane (#66485; PALL Life Sci-
ences) via semi-dry transfer (350 mA, 90 min). Blots were
blocked with 5% skim milk in tris-buffered saline with
0.1% tween-20 (TBST), and incubated with primary at
4 °C overnight and with corresponding horseradish per-
oxidise (HRP) and then corresponding secondary anti-
bodies at room temperature. Protein signals of interest
were visualized using enhanced chemiluminescent rea-
gents (PerkinElmer, Mass, USA) and analyzed by expo-
sure to film (HyBlot CL, NJ, USA). Densitometry was
employed to quantify proteins of interest using the gel
analyzer function of Image] (ver. 1.46a; National Insti-
tutes of Health, USA).

Image acquisition

Images were captured with a Leica TCS LS confocal
laser-scanning microscope (Heidelberg, Germany; Leica
confocal software, version 2.5; Leica Microsystems) with
either 40x (NA 1.25) or 63x (NA 1.32) oil-immersion
lenses, and 488, 543 and 633 lasers, as described previ-
ously [61] or with a Carl Zeiss Confocal Laser Scanning
Microscope LSM700 with either 63X DIC (NA 1.40) or
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40xDIC (NA 1.3) oil immersion lenses. All cells were
imaged at a resolution of 1024x1024 pixels. For neu-
rons (Div>8) that require a larger field of view to cap-
ture a single neuron, multiple images were taken under
the 40 X lens first and mosaics of overlapping images were
assembled in Image] (NIH, http://rsb.info.nih.gov/ij)
using Mosaic] plugin [62].

Confocal imaging of live and fixed cells for translocation
experiment

Experiments to observe Rasall translocation were car-
ried out as described in [63]. For live cell imaging of
Rasall translocation, the hippocampal neurons were
transfected with Rasall-EGFP fusion protein using Lipo-
fect AMINE 2000 (Invitrogen) and were incubated with
depolarizing solution containing 25 mM HEPES, pH 7.4,
90 mM NaCl, 40 mM KCl, 3 mM CaCl2, 1.4 mM MgCl2,
and 10 mM glucose or basal medium (25 mM HEPES,
pH 7.4, 140 mM NaCl, 4.7 mM KCl, 1.4 mM MgCl2, and
10 mM glucose) during live imaging.. EGFP fluorescence
in cells was measured by confocal imaging at 1 Hz using
a 63 Xxobjective. To analyze the translocation process
the relative increase in plasma membrane over cytosolic
fluorescence intensity (R) was calculated with the relative
plasma membrane translocation parameter [14].

Image analyses

For analyzing the neurite length the neurons were traced
semi-manually by both simple neurite tracer [64] and
SynD [29]. Both program analyses showed the same
trend and similar tracings. All neurons were traced by
the researcher and again blind by a student at the lab. All
graphs and tracings shown are from SynD. All synapse
data were automatically analyzed by SynD.

Coimmunoprecipitation

As described previously [61], the hippocampal neuron
protein (300 pg) was incubated with Protein A/G Plus-
Agarose beads (Santa Cruz Biotechnology, sc-2003) pre-
treated with Rasall antibody GenScript at 4 °C for 1 h.
The cell lysates were centrifuged at 10,000 X g for 3 min.
The supernatants were collected and incubated again
with Protein A/G Plus-Agarose beads at 4 °C for 2 h, and
centrifuged at 10,000 X g for 1 min. A sample of superna-
tant was collected to detect level of the unbound proteins
using western blotting. The pellet was washed with RIPA
buffer 4 °C for 5 min and centrifuged at 500 X g for 1 min,
this step was repeated five times. The remaining pellet
was mixed with 40 pL of Laemmli buffer (Bio-Rad; with
50 mM DTT). After vortexing, the mixture was boiled for
5 min, and centrifuged at 10,000 X g for 3 min. The super-
natant was collected for western blot analysis.
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Protein affinity purification (pull-down)

For affinity pull-down experiments, three GST/Rasall
fusion proteins, Rasall-N-GST, Rasall-M-GST, Rasall-
C-GST were prepared as described previously [65]. In
all cases, GST was located at the N- or C-terminal end
of Rasall. Rasall-N-GST contains the N-terminus end,
Rasall-M-GST the middle, and Rasall-C-GST the C-ter-
minus end. Specifically, the Rasall cDNA was amplified
by PCR and cloned into pGEX4T-1. The constructs were
resequenced to confirm appropriate insertion sites and
the absence of spurious PCR generated nucleotide errors.
Expression of the transformed plasmid in BL21 (DE3)
Bacteria (C25271; New England Biolabs) was induced by
IPTG (isopropyl beta-D-1thiogalactopyranoside) (I5502;
Sigma-Aldrich). GST-fusion protein was collected from
bacterial lysate and purified using glutathione-Sepharose
4B beads as described by the manufacturer (17-0756-01;
GE Healthcare).

For affinity purification experiments, the solubilized
protein extracts (300 pg of protein) were incubated
overnight at 4 °C with glutathione-Sepharose beads (GE
Healtcare) bound to the indicated GST-fusion proteins
(50 pg). Beads were washed three times with 600 ul of
PBS containing 0.2% Triton X-100, and bound proteins
were eluted with glutathione elution buffer. Eluates were
incubated in sample buffer and subjected to 10% SDS-
PAGE for Western blot analysis.

Ca%* imaging

To measure intracellular calcium ([Ca2+]i) levels, neurons
were loaded with 2 uM Fura-2 AM (Molecular Probes,
Eugene, OR, U.S.A.) in extracellular solution composed
of (mM) 140 NaCl, 2 CaCl,, 1 MgCl,, 10 HEPES, 10 glu-
cose, 4 KCI (pH 7.3-7.4 and 320-330 mOsm) for 30 min
at 37 °C. Ratiometric imaging was performed by alternate
excitation at 340 nm and 380 nm by a Deltaram V single
monochromator (PTI) controlled by EasyRatioPro (PTI,
Edison, NJ, U.S.A.) in a dark environment at room tem-
perature [66]. The signals were recorded by an intensified
charged-coupled device (ICCD) camera (PTI) and fluo-
rescence intensity (Poenie-Tsien) ratios of images were
calculated using EasyRatioPro. Only GFP positive cells
were measured.

Electrophysiological measurements

Whole-cell patch clamp recordings (ruptured) were per-
formed on cultured hippocampal neurons using an Axo-
patch 200B patch-clamp amplifier and Digidata 1322A
(Molecular Devices, Sunnyvale, CA, US.A.) digitizer,
as described previously [66—68]. The external solution
contained (mM) 120 NaCl, 5.4 KCl, 1 MgCl,, 2 CaCl, 20
HEPES, and 10 glucose (pH 7.4, NaOH), as well as vari-
ous blockers including 2 pM tetrodotoxin (TTX, Tocris),
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200 uM CdCl,, 10 pM bicuculline (BCC, Sigma) and
20 uM CNQX (Tocris) to isolate spontaneous NMDA-
mediated mEPSCs. The pipette (3—6 MQ) was filled with
the pipette solution containing (mM) 130 CsCl, 1 MgCl,,
2 Na,-ATP, 0.03 Na,-GTP, and 1 EGTA (pH 7.2, CsOH).
A voltage ramp (from — 100 mV to 80 mV, over 300 ms)
was applied with a holding potential of — 60 mV. The
recordings were performed with or without 100 uM car-
bachol (CCh) at room temperature (22-25 °C). Clampfit
10.3 (Axon Instrument) and Origin 8.1 (OriginLab) were
used for analyses of data.

CaMKIl phosphorylation assay

Cultured neurons were blocked with culture media sup-
plemented with 1 uyM TTX, 40 uM CNQX and 100 pM
APV for 8 h. Blocked neurons were fixed and stained as
normal after the 8 h incubation time. Activated neurons
were stimulated with 10 pM glycine for 5 min before fix-
ing with 4% PFA and 10 uM glycine, followed by immu-
nostaining using the regular protocol.

Quantification and statistical analysis

Statistical analysis was performed using GraphPad Prism
software. Statistical significance was calculated using the
two-tailed unpaired student t-test. Statistical significance
was set at p<0.05. All data are presented as mean + SEM.
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The online version contains supplementary material available at https://doi.
0rg/10.1186/513578-024-01193-w.

Additional file 1: Fig S1. Manipulation of Rasal1 protein expression
using p-Lenti-Rasal1-shRNA-EGFP and pAAV-Rasal 1-FLAG constructs. A
Representative confocal images of Rasal1 expression in EGFP-control,
pAAV-Rasal1-FLAG or pLenti-Rasal1-shRNA-EGFP transduced hippocampal
neurons stained for Rasal1 (red) and MAP2 (green). Scale bar: 20 um. B
Change in Rasal1 expression (as percent of control) of p-Lenti-Rasal1-
ShRNA-EGFPand pAAV-Rasal1-FLAG transduced hippocampal neurons.
Data presented as Mean +SEM. n=60 cells in total per group. Experi-
ment repeated 3 times. C Transfection efficiency of 30% in hippocampal
neurons is shown with alpha-tubulin staining (cyan) as control and

GFP expression in green. Anti-Flag staining for AAV constructs had a
higher expression efficiency (data not shown). D, E Rasal1 expression

in HEK293 cells transfected with a vector encoding mouse Rasal1-flag,
(lanes 1-5), alone (lane 1) or in combination with four different sShRNA
constructs (lanes 2-5). As control the lower half of blot membrane was
cut and stained against the household protein alpha-tubulin. The upper
half was stained for the flag epitope. The strongest inhibition of Rasal1
protein levels was observed with shRNA construct #3. (Ratio Flag/alpha-
tubulin=Rasal1-Flag: 1,38; sShRNA#1: 1.01; sShRNA#2: 1,39; shRNA#3: 0,76;
shRNA#4: 1,36) F Rasal1 protein levels in primary hippocampal cultures
transduced with p-Lenti-Rasal 1-shRNA-EGFP #3, and 2 pAAV-Rasal1-FLAG
over-expression constructs (OET and OE2) compared to controls deter-
mined using Western blot analysis. G Quantization of Western blot band
intensities primary hippocampal cells transduced with p-Lenti-Rasal1-
ShRNA-EGFP #3, and 2 pAAV-Rasal1-FLAG over-expression constructs (OE1
and OE2) compared to controls (ratio Rasal1/Actin: control 0.154 +0.025;
Rasal1-shRNA3: 0.033+£0.005; pAAV-Rasal1-Flag2-IRES-GFP: 2.9+ 0.3;
plenti-Rasal1-Flag1: 1.4+0.7).
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Additional file 2: Fig 52. Design of Rasal1 shRNA vectors. Oligonucleo-
tides and shRNA target sequences (bold) for Rasal1 knockdown. The lead-
ing T is required at the -1 position of the U6 promoter. The loop sequence
is based on Brummelkamp et al., Science 2002.
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