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Hippocampal neurons maintain a large Ptdins(4)P
pool that results in faster Ptdins(4,5)P, synthesis

Lizbeth de la Cruz!@®, Christopher Kushmerick?®, Jane M. Sullivan'@®, Martin Kruse3®, and Oscar Vivas'®

Ptdins(4,5)P, is a signaling lipid central to the regulation of multiple cellular functions. It remains unknown how Ptdins(4,5)P,
fulfills various functions in different cell types, such as regulating neuronal excitability, synaptic release, and astrocytic
function. Here, we compared the dynamics of PtdIns(4,5)P, synthesis in hippocampal neurons and astrocytes with the
kidney-derived tsA201 cell line. The experimental approach was to (1) measure the abundance and rate of Ptdins(4,5)P,
synthesis and precursors using specific biosensors, (2) measure the levels of Ptdins(4,5)P, and its precursors using mass
spectrometry, and (3) use a mathematical model to compare the metabolism of PtdIns(4,5)P, in cell types with different
proportions of phosphoinositides. The rate of Ptdins(4,5)P, resynthesis in hippocampal neurons after depletion by cholinergic
or glutamatergic stimulation was three times faster than for tsA201 cells. In tsA201 cells, resynthesis of PtdIns(4,5)P, was
dependent on the enzyme PI4K. In contrast, in hippocampal neurons, the resynthesis rate of Ptdins(4,5)P, was insensitive to
the inhibition of PI4K, indicating that it does not require de novo synthesis of the precursor Ptdins(4)P. Measurement of
phosphoinositide abundance indicated a larger pool of Ptdins(4)P, suggesting that hippocampal neurons maintain sufficient
precursor to restore Ptdins(4,5)P, levels. Quantitative modeling indicates that the measured differences in Ptdins(4)P pool
size and higher activity of PI4K can account for the experimental findings and indicates that high PI4K activity prevents
depletion of PtdIns(4)P. We further show that the resynthesis of PtdIns(4,5)P, is faster in neurons than astrocytes, providing
context to the relevance of cell type-specific mechanisms to sustain PtdIns(4,5)P, levels.

Introduction
Modulation of neuronal firing frequency relies on the regulation
of ion channel activities. Substantial evidence in the last two
decades puts phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P,)
as a critical controller of ion channels (Hille et al., 2015) and,
therefore, as a potential regulator of neuronal excitability and
firing patterns. Many of these studies relied on the expression of
ion channels in heterologous expression systems where the
levels of PtdIns(4,5)P, were easily manipulated. Less work has
been done using neurons. Work in neurons and neuron-derived
immortalized cell lines emphasizes the relevance of PtdIns(4,5)P,
for the proper function of neurons by assessing chronic deple-
tion or addition of PtdIns(4,5)P, (Hackelberg and Oliver, 2018;
Raghu et al., 2019; Rohdcs et al., 2005; Willars et al., 1998; Winks
et al., 2005). In our work, we focused on the rate of resynthesis
after short-term depletion by G-protein coupled receptor (GPCR)
activation.

Previously, we showed that sympathetic neurons, peripheral
neurons, resynthesize PtdIns(4,5)P, faster than tsA201 cells that
are derived from the human embryonic kidney immortalized

cell line. The underlying mechanism in peripheral neurons was
suggested to be an increase in PI4K activity following PtdIns(4,5)P,
depletion, but, interestingly, the relative amount of phosphati-
dylinositol (PtdIns), phosphatidylinositol 4-phosphate (PtdIns(4)P),
and PtdIns(4,5)P, in sympathetic neurons were the same as in
tsA201 cells (Kruse et al., 2016). Now, we wanted to test whether
the fast recovery of PtdIns(4,5)P, observed in peripheral neurons
is conserved in neurons from the central nervous system and
in glial cells. We are also interested in understanding how dif-
ferences in phosphoinositide metabolism contribute to func-
tional differences between cell types. Differences in dynamics of
PtdIns(4,5)P, resynthesis in different cell types, especially be-
tween neurons and glia, would introduce a new perspective on
the roles of PtdIns(4,5)P, in the brain.

PtdIns(4,5)P, comprises only 2% of total phosphoinositides
(Traynor-Kaplan et al., 2017; Willars et al., 1998; Xu and Loew,
2003) and localizes mainly at the plasma membrane (PM) where
it interacts with ion channels and other signaling proteins. Its
synthesis involves sequential phosphorylation of PtdIns and
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PtdIns(4)P on the inositol headgroup in positions 4 and 5. Syn-
thesis of PtdIns(4,5)P, from other sources such as the phos-
phorylation of PtdIns(5)P or dephosphorylation of PtdIns(3,4,5)Ps
is relatively minor. Some mathematical models of this metab-
olism depict the reaction steps in two dimensions, occurring
only at the PM (Falkenburger et al., 2010; Olivenca et al., 2018).
However, PtdIns and PtdIns(4)P are abundant in other internal
membranes such as the endoplasmic reticulum and Golgi
(Hammond et al., 2014; Pemberton et al., 2020; Varnai et al.,
2017; Zewe et al., 2020); hence, understanding the abundance
and distribution of all phosphoinositide species in internal
membranes is an essential step to model PtdIns(4,5)P, metabo-
lism. The development of biosensors for PtdIns(4)P and PtdIns
has brought us closer to this goal.

The phosphorylation steps are counterbalanced by dephos-
phorylation reactions mediated by lipid phosphatases that re-
move phosphate groups in the 5 and 4 positions of the inositol
ring. The rate of PtdIns(4,5)P, synthesis is then controlled by the
balance of phosphorylation and dephosphorylation and the
concentration of substrates.

Two techniques are ideal to follow changes in PtdIns(4,5)P,
levels, labeling with sensors and mass spectrometry. Genetically
encoded sensors exploit PtdIns(4,5)P,-binding domains tagged
with fluorescent proteins. The most important characteristic of
this tool is its ability to follow changes in real time. Two commonly
used sensors are PHprcs; and Tubby (R322H; Quinn et al., 2008;
Stauffer et al., 1998; Szentpetery et al., 2009; Varnai and Balla,
1998). We have previously shown that both sensors report the
same dynamics of PtdIns(4,5)P; in the kidney-derived tsA201 cell
line and in neurons (Kruse et al., 2016). On the other hand, mass
spectrometry allows quantitative comparison of the abundance of
PtdIns(4,5)P, relative to PtdIns and PtdIns(4)P (Traynor-Kaplan
et al., 2017) across cell types or treatment conditions.

In this work, we determined the rate of PtdIns(4,5)P, syn-
thesis using PHpcs;, assessed the levels of phosphoinositides
using mass spectrometry, and combined the data with a math-
ematical model to understand the mechanism that allows hippo-
campal neurons to resynthesize PtdIns(4,5)P, quickly—sustaining
high levels of the precursor PtdIns(4)P.

Materials and methods

Reagents

L-glutamate, oxotremorine methiodide (oxo-M), GSK-Al, sodi-
um formate, HCl, and trimethylsilyl-diazomethane (2.0 M in
diethyl ether or hexanes) were from Sigma-Aldrich. Mass
spectrometry-grade methanol, chloroform, dichloromethane,
and acetonitrile were from Thermo Fisher Scientific.

Cells

Human embryonic kidney cell line

The tsA201 cell line (RRID: CVCL_2737; Sigma-Aldrich), derived
from human embryonic kidney cells, was cultured in DMEM
(Gibco) supplemented with 10% FBS (Sigma-Aldrich) and 2%
penicillin/streptomycin in 5% CO, at 37°C. Cells were transfected
at ~75% confluency with Lipofectamine 3000 and plated on
poly-L-lysine-coated glass chips (Thomas Scientific).
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Hippocampal neurons and cortical astrocytes

Animals were handled according to guidelines of the University
of Washington Institutional Animal Care and Use Committee.
Hippocampal neurons and cortical astrocytes were isolated from
neonatal mice (Pratt et al., 2011) and rats (Brewer et al., 1993) of
both sexes and incubated in 5% CO, at 37°C. Hippocampal
neurons were cultured under two different medium conditions:
(1) MEM supplemented with GlutaMAX (1%), B27, sodium py-
ruvate, horse serum (10%), 25 mM HEPES, and 20 mM glucose
or (2) Neurobasal medium supplemented with GlutaMAX (1%)
and B27. Astrocytes were cultured in MEM supplemented with
GlutaMAX (1% V/V), 5% FCS, and 20 mM glucose. Penicillin/
streptomycin (0.1%) was added to the culture medium. We note
that we are unaware of the effects of the different media com-
positions on the lipid content of the cell types evaluated. Nota-
bly, neurons cultured in both medium conditions gave similar
results. Hippocampal neurons were transfected after 12-15 d
with Lipofectamine 2000 using Opti-MEM and used for ex-
periments 24-48 h after transfection. Transfection efficiency
was 5-10%. Astrocytes were transfected after 7 d with Lipo-
fectamine 2000 using Opti-MEM and used for experiments
24 h after transfection. Transfection efficiency was ~40%. Fast
PtdIns(4,5)P, metabolism was observed in both mouse and rat
hippocampal neurons without significant differences. Hippo-
campal neurons from mice were used for FAPP1 and BcPI-PLC
(ANH) expression while other experiments were developed in
hippocampal neurons from rats.

Plasmids

Human pleckstrin homology (PH) domain probes PHp; cs5,-ECFP
and PH PHp;cs;-EYFP plasmids were provided by Kees Jalink,
the Netherlands Cancer Institute (Amsterdam, Netherlands);
P4M-YFP and BcPI-PLC(ANH)-GFP from Tamas Balla, Na-
tional Institutes of Health (Bethesda, MD); mCherry-P4M and
FAPPI1-GFP from Gerald Hammond, University of Pittsburgh
(Pittsburgh, PA); and untagged M, receptor (M,;R) from Neil
M. Nathanson, University of Washington.

Confocal microscopy

Hippocampal neurons, astrocytes, and tsA201 cells were imaged
in Ringer’s solution 24 h after transfection. Ringer’s solution
contained 150 mM Nacl, 2.5 mM KCl, 2 mM CaCl,, 1 mM MgCl,,
10 mM HEPES, and 8 mM glucose, adjusted with NaOH to pH
7.4. All agonists were applied for 20-50 s. Agonists were dis-
solved in Ringer’s solution to obtain a final concentration of
10 uM oxo-M or 1 mM L-Glutamic acid (L-Glu). The bath per-
fusion system was controlled to 1-2 ml/min. Fluorophores were
excited with an argon laser for CFP and YFP (458 and 514 nm)
and a helium/neon laser for mCherry (594 nm), and emission
was monitored using a Plan-Apochromat 40x/1.40 oil DIC M27
objective (confocal, LSM 710; Zeiss). Confocal images for Figs.
3,EandL; 4, A, C,and E; and 7, B, F, and G were obtained with
a high-resolution AiryScan system (Zeiss LSM 880) run by
ZEN black v2.3. A Plan-Apochromat 63x/1.40 NA oil immer-
sion objective was used. Fluorescent proteins were excited
with a 405 nm diode, 458-514 nm argon, and 561 nm laser.
Emission light was detected using an Airyscan 32 GaAsP

Journal of General Physiology
https://doi.org/10.1085/jgp.202113001

20f17


https://doi.org/10.1085/jgp.202113001

detector and appropriate emission filter sets. The point spread
functions were calculated using ZEN black software using 0.1
pm fluorescent microspheres. After deconvolution, the point
spread functions were 124 nm in x-y and 216 nm in z (488 nm
excitation) and 168 nm in x-y and 212 nm in z (594 nm exci-
tation). The temperature inside the microscope housing was
27-30°C. Time series were taken with an interval of 2-10 s.

Lipid extraction and mass spectrometry

The mass spectrometry method was modified from Traynor-
Kaplan et al. (2017). Each lipid determination for mass spec-
trometry was conducted from a 35 mm ~70% confluent dish of
tsA201 cells or from both sides of the hippocampal area from
newborn (P1) male rats. tsA201 cells were washed twice with
Ringer’s solution and resuspended with a scraper in ice-cold
methanol/1 N HCI solution. Hippocampi were minced in ice to
prevent PtdIns(4,5)P, depletion during the extraction, as pre-
viously shown (Hille et al., 2015; Kruse et al., 2016). Tissue was
pelleted by centrifugation at 20,000 g for 3 min at 4°C. Pellets
were resuspended in ice-cold water. Then, 10 ul of 6 N HCI,
100 pl of N-butanol, and internal standards (150 ng of 37:4
PtdIns and 20 ng of 37:4 PtdIns(4)P and 37:4 PtdIns(4,5)P;
Avanti Polar Lipids) were added to each sample. Samples were
vortexed vigorously for 1 min and allowed to sit on ice for
10 min. After that, samples were centrifuged at 20,000 g for
3 min at 4°C. The N-butanol phase was transferred to a new tube
and a second N-butanol extraction step was conducted. Then,
three chloroform extractions followed the addition of 100 pl of
chloroform to each sample. Samples were vigorously vortexed
and centrifuged at 20,000 g for 3 min at 4°C. The chloroform
phases were combined with the N-butanol extraction. Finally,
the butanol/chloroform extract was centrifuged and the water
phase was discarded.

The butanol/chloroform-extracted lipid samples were dried
under N, (Biotage TM evaporator) and resuspended in 90 ul of
methanol/CH,Cl,. 20 pl of 2 M trimethylsilyl-diazomethane was
added to each sample, and the samples were incubated for 1 h
before the measurement. Quantification was performed on an
ultraperformance liquid chromatography (UPLC) coupled Xevo
TQ-S triple quadrupole mass spectrometer (Waters Corp). Peak
areas of individual lipid species were quantified using QuanLynx
TM software, and peak areas were normalized to the internal
standards.

On an important note, we are comparing the phosphoinosi-
tide content in P1 hippocampi measured by mass spectrometry
with the imaging from neurons obtained at P1 and cultured for
up to 15 d (DIV 15). We have assumed that PtdIns(4,5)P, me-
tabolism is identical in hippocampal neurons at P1 and DIV15.
Whether PtdIns(4,5)P, metabolism differs as cells are cultured
or during development will need further testing. Additionally,
lipids extracted from the hippocampus reflect the lipids in dif-
ferent cell types including, but not limited to, neurons and
astrocytes.

Mathematical modeling
Mathematical modeling was performed using the programming
language R version 3.6.3 (R Project for Statistical Computing,
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RRID: SCR_001905). Differential equations were solved in R
using the library “deSolve” version 1.28.0 and graphical analysis
was performed by generating plots with the library “ggplot2”
version 3.3. Initial estimates for parameters were based on a
previously published model for phosphoinositide metabolism in
tsA201 cells (Falkenburger et al., 2010).

Experimental design and statistical analyses

Confocal images were analyzed with Fiji (Schindelin et al., 2012).
Photobleaching was corrected in some time series, using the
analysis tool “Bleach correction” with an exponential fit. We
measured the changes in the fluorescence intensity from a re-
gion of interest drawn in the cytosol, excluding the PM and the
nucleus. For both PHpycs; and P4M, the cytosolic intensity val-
ues were normalized to the first point and the y axis was in-
verted. Here, we assumed that the kinetics of the fluorescence
changes in the cytosol mirror the kinetics in the PM, but in-
verted (Fig. S1). We fitted a single exponential during washout
and interpreted it as the rate of PtdIns(4,5)P, resynthesis. Be-
cause the PtdIns(4,5)P, resynthesis showed a significant delay in
astrocytes, we also determinate the half-time recovery.

For data analysis, IGOR Pro and GraphPad Prism version 8.0
(GraphPad Software) were used. We estimated the number of
cells required for each experimental series to determine an ef-
fect size of 50% relative to the control group, with an 80% sta-
tistical power and a 95% confidence level. The number of cells
was collected from at least two independent experiments. Cal-
culations accounted for each technique’s variability, and this
variability was measured from previously reported experiments
from our laboratory. Statistics in text and error bars in figures
are given as mean + SEM. Student’s t test (two tails, indepen-
dent) was used to test for statistical significance. Exact P values
are reported in figures and text.

Online supplemental material

Fig. S1 shows the kinetics of PHprcs; translocation measured in
the cytosol mirror kinetics in the PM. Table S1 provides details of
the parameters used in the new model for hippocampal neurons.

Results

Resynthesis of Ptdins(4,5)P; in hippocampal neurons is rapid
Previously, we showed that peripheral sympathetic neurons
recover rapidly from receptor-induced depletion of PtdIns(4,5)P..
We want to test whether this property is also encountered in
central neurons. We studied the rate of PtdIns(4,5)P, resynthesis
in hippocampal neurons. Fig. 1 A illustrates the experimental
approach: the fluorescence of a PtdIns(4,5)P, biosensor (PHprcs:)
is used as a readout of PtdIns(4,5)P, levels. Before any stimula-
tion, the localization of the biosensor is biased toward the PM.
During the stimulation, the biosensor moves to the cytosol, as the
inositol ring of PtdIns(4,5)P; is cleaved off, producing Ins(1,4,5)Ps
and diacylglycerol. Once the agonist is removed, the biosensor
gradually returns to the PM. This recovery phase corresponds to
the resynthesis of PtdIns(4,5)P,. Using this protocol, we followed
the biosensor relocalization rate during washout and interpreted
it as the rate of PtdIns(4,5)P, resynthesis.
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Figure 1. Resynthesis of PtdIns(4,5)P, in hippocampal neurons is rapid. (A) Schematic representation of the experimental approach. PHp(cs1 sensors bind

to Ptdins(4,5)P; at the PM. The sensor translocates to the cytosol after Ptdins(4,5)P, depletion. Resynthesis of PtdIns(4,5)P, after washout returns PHpy cs1
sensors at the PM. (B) Representative confocal images of PHpcs; fluorescence (inverted contrast) before and during receptor stimulation of an isolated
hippocampal neuron and a tsA201 cell overexpressing M;R. Enlarged inserts are shown in the upper part of each image. (C) PHp cs; fold change in cytosol
during stimulation. (D) Representative time course of inverted normalized cytosolic intensity of PHp cs; in a tsA201 cell before, during, and after 10 uM oxo-M.
(E) Comparison of the exponential time constant of recovery as a proxy for PtdIns(4,5)P, resynthesis in hippocampal neurons (n = 12) and tsA201 cells (n = 16).

(F) Average time course of inverted normalized cytosolic intensity of PHpcs; in isolated hippocampal neurons before, during, and after 1 mM L-Glu.

Isolated hippocampal neurons exhibited clear localization of
PHpcs; probes at the PM before stimulation. As expected,
stimulation with glutamate induced biosensor translocation to
the cytosol and a clear reduction of this sensor in the PM (Fig. 1
B). Not all PHp;cs; translocated into the cytoplasm upon gluta-
mate receptor activation, as much of the PHp; 5, was retained at
the PM in hippocampal neurons (Fig. 1, B and C), and the
translocation to the cytosol was only 40% of that in tsA201 cells
(fold change in neurons was 7.5 + 1.1, n = 17; in tsA201 it was 3.1 +
1.9,n =12, P = 0.004, Fig. 1 C). Recall that although we measured
the PHpy cs; biosensor fluorescence in the cytosol, our plots show
traces that were normalized and inverted. The kinetics of the
signal change measured at the PM or the cytosol are comple-
mentary and only differ in the direction (Fig. S1). Changes in the
time course of the fluorescence intensity indicated PtdIns(4,5)P,
hydrolysis during stimulation followed by recovery corre-
sponding to the phase of PtdIns(4,5)P, resynthesis for tsA201
cells and hippocampal neurons (Fig. 1, D and F). The phase of
resynthesis was fitted with a single exponential function with an
average time constant of 109 + 14 s (n = 16) in tsA201 cells (Fig. 1,
DandE) and 36.7 + 7.8 s (n = 12) in hippocampal neurons (Fig. 1, E
and F). Thus, the rate of PtdIns(4,5)P, resynthesis in hippo-
campal neurons was three times faster.

de la Cruz et al.
Fast PtdIns(4,5)P, metabolism in central neurons

Fast resynthesis does not depend on the stimulated receptor

A caveat to this comparison is that in tsA201 cells we activated
overexpressed muscarinic acetylcholine receptor 1 (M;R) rather
than endogenous metabotropic glutamate receptors. Previously,
we also activated endogenous M;R to study the rate of
PtdIns(4,5)P, resynthesis in sympathetic neurons (Kruse et al.,
2016). Is it possible that the fast rate of PtdIns(4,5)P, resynthesis
in hippocampal neurons is observed only after glutamate stim-
ulation? While M, receptors are members of the Class A family of
GPCRs, metabotropic glutamate receptors belong to the Class C
family, having quite different structures (Kruse et al., 2014;
Rosenbaum et al., 2009). These different structures might lead to
differences in how the PLC signaling pathway is activated and
terminated. Hippocampal neurons express glutamate and mus-
carinic receptors, and both receptors couple to G,q proteins and
activate PLC, causing PtdIns(4,5)P, depletion. We therefore
compared the rate of PtdIns(4,5)P, resynthesis after stimulation
of both glutamate and muscarinic receptors in the same neuron.
In this set of experiments, hippocampal neurons expressing
PHpycs; were stimulated first with glutamate and then, after
10 min of washout, with a muscarinic agonist, oxo-M. The time
course of PHp;cs; fluorescence intensity was similar for gluta-
mate (Fig. 2, A and B) and oxo-M (Fig. 2, C and D). In these

Journal of General Physiology
https://doi.org/10.1085/jgp.202113001

4 0f 17


https://doi.org/10.1085/jgp.202113001

experiments, the time constant of PHprcs: recovery was 20.3
3.5 s after glutamate and 25.6 + 6.4 after oxo-M stimulation
(Fig. 2 E, n = 6). The magnitude of PHp; cs, translocation was not
different between agonists (F/Fo_r. g = 1.7 + 0.2, F/Fo_oxom = 1.8 £
0.1, P value = 0.5). Hence, the fast resynthesis of PtdIns(4,5)P, in
hippocampal neurons does not depend on the specific G,q pro-
teincoupled receptor used to deplete PtdIns(4,5)P,.

Additionally, we compared the kinetics of PtdIns(4,5)P, re-
covery upon oxo-M stimulation using a different sensor:
TubbycR332H. The main difference between PHpics and
TubbyR332H is that TubbyR332H cannot bind to inositol (1,4,5)-
trisphosphate. The rate of recovery using TubbyR*32H was similar
to that using PHp;cs; (Fig. 2 F) with a time constant of 23.2 + 4.2 s
(Fig. 2 G, n = 5). These results support the idea that the fast re-
synthesis of PtdIns(4,5)P, in hippocampal neurons is independent
of the sensor used and that the translocation of the biosensor is
not caused by production of inositol (1,4,5)-trisphosphate, but by
hydrolysis of PtdIns(4,5)P,.

PtdIns(4)P is relatively more abundant in hippocampal
neurons than tsA201 cells and it is resistant to depletion

Next, we asked how hippocampal neurons were able to sustain
such high rates of resynthesizing PtdIns(4,5)P,. An important
clue came when we measured the relative abundance of PtdIns,
PtdInsP, and PtdInsP, in the hippocampus and tsA201 cells by
mass spectrometry. Of the total phosphoinositides, the percen-
tages of these three lipids were 93.0 + 0.5%, 2.8 + 0.2%, and 4.2 +
0.4%, respectively, in tsA201 cells (Fig. 3 A). Lipids from the
hippocampal formation were extracted from P1 pups. In these
hippocampal extracts, the percentages were 82.8 + 5.6%, 15.8 +
5.8%, and 1.3 + 0.3% for PtdIns, PtdInsP, and PtdInsP,, respec-
tively (Fig. 3 B). Relative PtdInsP levels were five times higher in
the hippocampus than in tsA201 cells (P value is 0.03, n = 5
samples for each cell type), while percentages of PtdIns and
PtdIns(4,5)P, were not significantly different between cell types
(P value for PtdIns is 0.1; P value for PtdIns(4,5)P, is 0.9). Sta-
tistical analyses used a one-way ANOVA with multiple com-
parisons for each phosphoinositide species between tsA201 cells
and hippocampus extracts.

There are important considerations regarding this experi-
ment. The proportion of phosphoinositides in the hippocampus
is a combination of the lipids in neurons and other cell types,
including astrocytes. Furthermore, these results were compared to
those obtained using live-cell imaging of neurons in culture for
15 d. Hence, we have implicitly assumed that relative phospho-
inositide abundance in hippocampal neurons at P1 is not signifi-
cantly different from DIV15. Moreover, mass spectrometry does
not distinguish the positions of phosphorylation on the inositol
ring. Therefore, we were not able to distinguish regioisomers
(i.e., PtdIns(4)P versus PtdIns(3)P or PtdIns(5)P). However,
among the monophosphorylated regioisomers, PtdIns(4)P is the
most abundant, being present in the PM, Golgi, and endosomes.
Similarly, PtdIns(4,5)P, is the most abundant bisphosphorylated
regioisomer (Wenk et al., 2003). Finally, significant PtdIns(4)P in
our lipid extracts may be located in subcellular membranes.

From this result, we hypothesized that hippocampal neurons
have a larger pool of PtdIns(4)P. To test this hypothesis, we
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quantified PtdIns(4)P in the PM and Golgi using P4M and FAPPI
probes, respectively. tsA201 cells showed a dim labeling of P4M
intensity in the PM while the intensity of P4M in the PM of
hippocampal neurons was significantly stronger (Fig. 3 C). The
ratio (PM/cytosol) was 1.1 + 0.7 for tsA201 cells and 1.6 + 0.1 for
hippocampal neurons (Fig. 3 D, n = 6, P = 0.0003). FAPP], a
sensor of PtdIns(4)P in Golgi, showed differential distribution in
both cell types. While FAPPI fluorescence was concentrated in a
focal region in tsA201 cells, FAPPI fluorescence was distributed
in many intracellular bodies in hippocampal neurons (Fig. 3 E).
Although the integrated fluorescence of FAPP1 was significantly
lower in hippocampal neurons than for tsA201 cells (Fig. 3 F),
the number of FAPPI particles is significantly greater in hip-
pocampal neurons (Fig. 3 G). We suggest that the difference in
the distribution of the FAPPI sensor between cell types limits
our ability to discern whether the abundance of the PtdIns(4)P
pool in Golgi is different. Together, the data suggest that hip-
pocampal neurons have a larger pool of PtdIns(4)P, presumably
at the level of the PM, leading to a faster resynthesis of
PtdIns(4,5)P,.

Stimulation of GqPCRs to activate PLC hydrolyzes both
PtdIns(4,5)P, and PtdIns(4)P. PtdIns(4)P decreases by direct
hydrolysis by PLC and by its use to replenish PtdIns(4,5)P,
(Myeong et al., 2020; Traynor-Kaplan et al., 2017). We predicted
that a larger pool of PtdIns(4)P in the PM may reduce or even
prevent a significant depletion of PtdIns(4)P during gluta-
matergic or muscarinic stimulation. We tested this hypothesis by
measuring the time course of P4M fluorescence intensity in the
cytosol during the activation of receptors. Oxo-M induced a
marked translocation of the P4AM probe into the cytosol in tsA201
kidney cells (Fig. 3, H and I, n = 6), while L-Glu did not induce
translocation of P4M in any of the hippocampal neurons tested
(Fig. 3, J and K, n = 5). This result is in agreement with a large
pool of PtdIns(4)P in the hippocampal neurons.

It has been proposed that PtdIns, the precursor of PtdIns(4)P,
is poorly localized in the PM in mammalian cell lines
(Pemberton et al., 2020; Zewe et al., 2020); however, its lo-
calization in neurons is unknown. Could hippocampal neurons
have a large PtdIns pool in the PM that contributes to main-
taining a large PtdIns(4)P pool? We explored and compared the
localization of PtdIns pools in hippocampal neurons and tsA201
cells using the BcPI-PLC(ANH) probe. We did not observe
measurable labeling of the BcPI-PLC(ANH) probe in the PM of
either tsA201 cells or hippocampal neurons (Fig. 3 L). The lo-
calization of the BcPI-PLC(ANH) probe was observed in intra-
cellular membranes, and the ratio of the signal relative to the
cytosol (background signal) showed no difference between cell
types (Fig. 3 M, n = 14, P = 0.16), ruling out the possibility of a
bigger PtdIns pool in hippocampal neurons.

Large PtdIns(4)P pool supports fast resynthesis of
Ptdins(4,5)P, in the presence of a PI4Kllla inhibitor and in cells
overexpressing M;R

We tested the hypothesis of a large pool of PtdIns(4)P in hip-
pocampal neurons by blocking PtdIns(4)P synthesis and study-
ing PtdIns(4,5)P, resynthesis after oxo-M stimulation. Is
PtdIns(4,5)P, resynthesized in hippocampal neurons without de
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Figure 2. Resynthesis of PtdIns(4,5)P, shows the same recovery kinetic after glutamatergic or muscarinic stimulation in hippocampal neurons. This
figure compares glutamate with muscarinic stimulation in the same cells; glutamate and muscarinic receptors are endogenously expressed. (A and C) Rep-
resentative confocal images of PHp cs; fluorescence (inverted contrast) from an isolated hippocampal neuron stimulated with 1 mM L-Glu (A) and then with 10
UM oxo-M (C). Muscarinic stimulation was carried out 10 min after the glutamatergic stimulation. (B and D) Average time courses of inverted normalized
cytosolic intensity of PHp cs; from isolated hippocampal neurons stimulated with L-Glu (B) or oxo (D). (E) Comparison of the exponential time constant of
recovery as a proxy for Ptdins(4,5)P, resynthesis following glutamate or muscarinic stimulation in the same hippocampal neurons (n = 6). (F) Average time
courses of inverted normalized cytosolic intensity of TubbycR332" from isolated hippocampal neurons stimulated with oxo-M. (G) Time constant of recovery

following 10 uM oxo-M using TubbycR332H as Ptdins(4,5)P, sensor (n = 5).

novo PtdIns(4)P synthesis at the PM? As PI4KIlla has been
shown to be the enzyme responsible for PtdIns(4,5)P, synthesis
in yeast and mammalian cells (Baird et al., 2008; Balla et al.,
2008; Nakatsu et al., 2012; Stefan et al., 2011) and it has also
been shown to be important for PtdIns(4)P synthesis at the PM in
Schwann cells (Alvarez-Prats et al., 2018) and photoreceptors
(Balakrishnan et al., 2018; Liu et al., 2018), it is likely that
this enzyme is also responsible for PtdIns(4)P synthesis, and
PtdIns(4,5)P, replenishment, in neurons.

To block PI4KIlla, we treated the cells with GSK-Al
(Bojjireddy et al., 2014). We first measured changes in P4AM
fluorescence upon application of GSK-Al and found that by

delaCruzetal.
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10 min, the signal ratio between the PM and the cytosol had
decreased to about 0.25 (Fig. 4, A and B, n = 5). Next, we mea-
sured the time course of PHp;qs; translocation before and after
bathing the cells in GSK-A1 for 10 min. In tsA201 cells, the re-
covery of PtdIns(4,5)P, after oxo-M was blocked after GSK-Al
treatment (Fig. 4, C and D). In the case of hippocampal neurons,
the recovery of PtdIns(4,5)P, was unaffected by GSK-Al (Fig. 4, E
and F). The lack of the GSK-Al effect opened an alternative
hypothesis suggesting that PtdIns(4,5)P, replenishment in hip-
pocampal neurons depends on a GSK-Al-insensitive isoform of
PI4K. To verify whether GSK-Al does influence PtdIns(4,5)P,
resynthesis, we tested the effect of 50-min incubation in 100 nM
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Figure 3. PtdIns(4)P is relatively more abundant in hippocampal neurons than tsA201 cells and it is resistant to depletion. (A and B) Histograms show
the relative amounts of total Ptdlns, PtdInsP, and PtdinsP, pools as percentages of total phosphoinositides for tsA201 cells (n = 3 dishes; A) and hippocampal
neurons (n = 5 animals; B) determined by mass spectrometry. Blue line in B marks the percentage of PtdinsP in tsA201 cells for comparison. Note the log-
arithmic scale of phosphoinositide levels. (C) Representative confocal images of P4M fluorescence (inverted contrast) from a tsA201 cell and an isolated
hippocampal neuron. (D) Ratio of mean fluorescence (PM/cytosol) of P4M in tsA201 cells and hippocampal neurons (n = 6 in each group). (E) Representative
confocal images of FAPP1 fluorescence (inverted contrast) from a tsA201 cell and an isolated hippocampal neuron. Images show z-projections. Blue line
delineates the PM. (F) Comparison of the integrated density of FAPP1-positive particles in tsA201 cells (n = 10) and hippocampal neurons (n = 7).
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(G) Comparison of the number of FAPP1-positive particles in both cell types. (H) Representative images of P4M fluorescence (inverted contrast) from a tsA201
cell overexpressing M;R stimulated with 10 pM oxo-M. (I) Average time course of inverted normalized cytosolic intensity of P4M from tsA201 cells as in H (n =
6). (J) Representative confocal images of P4M fluorescence (inverted contrast) from a hippocampal neuron stimulated with 1 mM L-Glu. (K) Average time
course of inverted normalized cytosolic intensity of P4M from hippocampal neurons as in | (n = 5). Error bars are smaller than the data symbols. (L) Rep-
resentative confocal images of BcPI-PLC(ANH) fluorescence (inverted contrast) from a tsA201 cell and an isolated hippocampal neuron. (M) Ratio of mean
fluorescence (signal/cytosol) of BcPI-PLC(ANH) in tsA201 cells (n = 14) and hippocampal neurons (n = 10).

GSK-Al on the rate of PtdIns(4,5)P, recovery and observed that
this long treatment slowed down the recovery by 1.5-fold, from
17 + 2 s to 25 + 3 s (Fig. 4 G), suggesting that this enzyme does
participate in the synthesis of PtdIns(4)P and PtdIns(4,5)P, in
neurons. These results support the idea of a preexisting large
pool of PtdIns(4)P capable of sustaining the fast PtdIns(4,5)P,
resynthesis after receptor stimulation.

So far, we only considered as a primary explanation for the
faster recovery of PtdIns(4,5)P,, a large pool of PtdIns(4)P and
have not tested alternative hypotheses. It has been shown that
stimulating endogenous receptors activates PLC slightly enough to
produce robust calcium signals without noticeable PtdIns(4,5)P,
hydrolysis. On the other hand, overexpression increases the
abundance of the same receptor 100-fold and completely de-
pletes PtdIns(4,5)P, (Dickson et al., 2013). However, it has not
been tested how the activation of a lower receptor density can
influence the speed of PtdIns(4,5)P, resynthesis. Hence, we
overexpressed M;R in hippocampal neurons and measured the
time course of PtdIns(4,5)P, during receptor stimulation. Over-
expression of MR induced a robust decrease in PtdIns(4,5)P,
levels as detected by the translocation of PHpcs, (Fig. 4 H).
Despite robust PtdIns(4,5)P, depletion, neurons overexpressing
MR exhibited the same fast kinetics of recovery (27 + 7s,n = 5,
Fig. 4 H), arguing against the idea that the fast PtdIns(4,5)P,
recovery in hippocampal neurons is due to a lower PLC
activation.

Since our working hypothesis was that there was a large
PtdIns(4)P pool at the PM sustaining a fast PtdIns(4,5)P, re-
synthesis, we reasoned that depleting this pool by a stronger
activation of PLC could unmask a different resynthesis ki-
netics. The overexpression of M;R served this purpose. A sec-
ond stimulation of overexpressed M;R 5 min later depleted
PtdIns(4,5)P, and led to a threefold slower recovery (150 + 30 s,
n =5, Fig. 4 H), suggesting that, in hippocampal neurons, having
a large PtdIns(4)P pool buffers the effect of PLC activation and
allows faster PtdIns(4,5)P, recovery. This buffer is removed by a
subsequent strong stimulation.

Computational model suggests altered enzymatic activity in
hippocampal neurons to sustain a large Ptdins(4)P pool

For over a decade, the Hille lab has been developing a compu-
tational model to describe steady-state phosphoinositide me-
tabolism, transient hydrolysis, and resynthesis of PtdIns(4)P and
PtdIns(4,5)P,. This model describes the signaling kinetics of
phosphoinositide metabolism assuming that all reactions take
place in the PM and follow nonsaturating linear kinetics. The
activity of lipid kinases and phosphatases is assigned as a bulk
activity rather than a molecular-specific activity, as we do not
know the number or density of molecules. The model also
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reports the translocation of a PtdIns(4,5)P, sensor (e.g., PHpics)
using a dissociation constant (Hirose et al., 1999; Lemmon et al.,
1995; Winks et al., 2005; Xu et al., 2003). PtdIns(4,5)P, hydrol-
ysis was modeled as described by Falkenburger et al. (2010) to
reproduce an oxo-M concentration-response curve and time
course (Jensen et al., 2009). The parameters of this model have
been measured for both sympathetic neurons and tsA201 cells.
We turned to this model to ask which parameters had to be
modified to reproduce the percentages of phosphoinositides
measured by mass spectrometry and the fast time constant of
PtdIns(4,5)P, resynthesis measured with live imaging of the
PtdIns(4,5)P, biosensor in hippocampal neurons. The model has
multiple parameters that can be modified. Based on the exper-
imental evidence presented in this work, we decided to first fit
the parameters of pool size of each component, leaving intact the
rate constants for PI4-K and PI4P-5K and the density of the re-
ceptors, PLC, and biosensors.

Our first modifications adjusted the densities of PtdIns,
PtdIns(4)P, and PtdIns(4,5)P, to reproduce the percentages ob-
tained by mass spectrometry. In the previous model, the
PtdIns(4)P density was 4,000 molecules/um?, and the densities
of PtdIns and PtdIns(4,5)P, were 140,000 and 5,000 molecules/
pm?, respectively (Falkenburger et al., 2010; Horowitz et al.,
2005; Suh et al., 2004; Winks et al., 2005). Based on our
measurements, we increased the density of PtdIns(4)P to 26,000
molecules/um? and reduced the density of free PtdIns(4,5)P,
to 2,400 molecules/um? while keeping PtdIns constant, result-
ing in the following percentages for PtdIns, PtdIns(4)P, and
PtdIns(4,5)P,: 83.1%, 15.5%, and 1.4%, respectively (Fig. 5 A). In
the model, these new phosphoinositide densities were unstable,
with the PtdIns(4)P density decreasing and PtdIns(4,5)P, density
increasing (Fig. 5, B and C). We achieved a stable steady state
(Fig. 5, D and E) by increasing the rate of PtdIns(4)P synthesis
while reducing the rate of its conversion to PtdIns(4,5)P,. The
equilibrium constant for the reaction to synthesize PtdIns(4)P
increased by 44%, while the equilibrium constant for the reac-
tion to synthesize PtdIns(4,5)P, decreased by 93%. Details of the
parameters for every reaction can be found in Table S1.

Computational model recapitulates calcium dependence,
degree of PLC activation, inability to deplete PtdIns(4)P, and
effect of GSK-A1 in hippocampal neurons

Before assessing whether the changes in the proportions of
lipids were enough to reproduce the observed faster kinetics, we
modified the model further to include a reported calcium de-
pendence of PLC. In tsA201 cells, PtdIns(4,5)P, is hydrolyzed
even in the absence of external calcium (de la Cruz et al., 2020;
Horowitz et al., 2005), although it is clear that calcium release
from the stores and calcium entry through store-operated
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Figure 4. Large Ptdins(4)P pool supports fast resynthesis of Ptdins(4,5)P, in the presence of a Pl4Killa inhibitor and in cells overexpressing M;R.
(A) Representative images of P4M fluorescence (inverted contrast) from tsA201 cells 10 min apart in the absence or presence of 100 nM GSK-AL. (B) Average
P4M PM to total fluorescence ratio during GSK-A1 treatment. The black dashed line shows time at 50% decrease while the red line shows the decrease after
10 min treatment. (C and E) Representative images of PHp cs; fluorescence (inverted contrast) from a tsA201 cell overexpressing MR (C) or a hippocampal
neuron (E) stimulated with 10 uM oxo-M before and after 100 nM of GSK-A1 treatment (10 min). (D and F) Average time course of inverted normalized
cytosolic intensity of PHp cs1 from tsA201 cells (D) and hippocampal neurons (F) stimulated with oxo-M before and after GSK-Al treatment. (G) Tau recovery
after oxo-M stimulation in the absence of GSK-A1 or after 10 and 50 min GSK-A1 treatment. (H) Average time course of inverted normalized cytosolic intensity
of PHp(cs1 from hippocampal neurons overexpressing the M;R receptor. Neurons were treated two independent times with 5 min between applications. The
average tau recovery for each stimulus is below each time course.
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Figure 5. Computational model suggests altered enzymatic activity in hippocampal neurons to sustain a large PtdIns(4)P pool. (A) Comparison of
in silico percentages of PtdIns, Ptdins(4)P, and Ptdins(4,5)P, in tsA201 cells and hippocampal neurons. (B and C) Simulated evolution of Ptdins(4)P (B) and
PtdIns(4,5)P, (C) densities from starting conditions of 26,000 molecules/um? (Ptdins(4)P) and 2,400 molecules/um? (Ptdins(4,5)P,) by using rate constants of
the Falkenburger mathematical model of phosphosinositide metabolism in tsA201 cells. (D and E) Simulated evolution of Ptdins(4)P (D) and Ptdins(4,5)P, (E)
densities in hippocampal neurons after adjustment of rate constants: increase of k_4K and decrease of k_5P (see details in Table S1).

calcium channels enhance PLC activity. In hippocampal neurons,
the calcium dependence of PLC activity is more critical, as
PtdIns(4,5)P, is not hydrolyzed in the absence of extracellular
calcium (Kim et al., 2015; Kim et al., 1999). We experimentally
confirmed that result by comparing glutamate-induced translo-
cation of PHprcs; in the presence or absence of calcium. We
observed that repeating the stimulus 4 min later again elicited
the translocation of PHpycs. Although the amount of transloca-
tion was reduced by 40%, it suggested that PLC was still acti-
vated. In contrast, the response was blunted when the second
stimulus was applied in the absence of calcium (Fig. 6 A). In fact,
every tested neuron showed a significant reduction of PHprcs;
translocation during the second application of glutamate in the
absence of calcium (Fig. 6 B). Hence, calcium dependence was
introduced in the model. The red line in Fig. 6 C shows the
modeled time course of PtdIns(4,5)P, in the absence of extra-
cellular calcium ions. Of consideration, we did not explore fur-
ther whether PLC activation was due to calcium influx through
ionotropic glutamate receptors or voltage-gated calcium chan-
nels nor did we perform a reversed experiment applying gluta-
mate first in the absence of calcium and then in the presence of
calcium.

We did not modify the model any further. We maintained the
ability of PLC to hydrolyze PtdIns(4,5)P, and PtdIns(4)P, the
density of PLC molecules as observed in sympathetic neurons,
and the affinity constants of the sensors. Remarkably, the model
reproduced a threefold faster resynthesis of PtdIns(4,5)P, in

delaCruzetal.
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hippocampal neurons. The time constant of PtdIns(4,5)P, re-
synthesis obtained with the new model was 38.5 s (Fig. 6 D), in
good agreement with the experimental value of 36.7 s (Fig. 1 D).
Furthermore, the new model reproduced additional experi-
mental observations without further modifications to the pa-
rameters. Our model reproduced the small change in PHprcs;
translocation, indicating that not all PtdIns(4,5)P, had been
hydrolyzed (Fig. 6 C), and predicted that PLC depletes
PtdIns(4,5)P, by only 10% upon receptor activation. The simu-
lation of receptor activation also showed no significant translo-
cation of the PtdIns(4)P reporter PAM from the PM (Fig. 6 E).
However, magnification of the time of agonist application shows
a small change in the reporter (Fig. 6 E, inset), suggesting that
PLC is still capable of hydrolyzing PtdIns(4)P in the model for
hippocampal neurons.

Following the experiment using GSK-Al, we modeled the
inhibition of PI4KIIla by GSK-Al and assessed whether this in-
hibition would change the recovery kinetics in the model. First,
we simulated different levels of PI4K inhibition in the tsA201 cell
model and found that 90% of inhibition decreased the density of
PtdIns(4)P at the PM to 20% (Fig. 6 F), similar to what was ob-
served after 10 min of GSK-Al application (Fig. 4 B). Surpris-
ingly, the new model showed that this amount of PI4K inhibition
did not change the kinetics of PtdIns(4,5)P, recovery in neurons
(Fig. 6 G), similar to what was observed experimentally
(Fig. 4 F). In summary, the mathematical model can explain the
fast recovery of PtdIns(4,5)P, after receptor stimulation and
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Figure 6. Computational model recapitulates calcium dependence, degree of PLC activation, inability to deplete Ptdins(4)P, and effect of GSK-Al in
hippocampal neurons. (A) Representative time courses of normalized cytosolic intensity of PHp cs; in hippocampal neurons with two oxo-M stimulus in the
presence (black) or absence (red) of extracellular calcium during the second oxo-M stimulation. (B) Comparison of the normalized peak of cytosolic PHp(cs1
intensity by L-Glu before and after the removal of extracellular calcium (n = 6). (C) Simulated density of PtdIns(4,5)P; lipid at the PM in response to 1 mM L-Glu.
The black line indicates simulation in the virtual presence of 2 mM extracellular calcium and the red line indicates simulation in the absence of extracellular
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calcium. The gray bar indicates the time of simulated application of 1 mM L-Glu. (D) Simulated density of the PHp cs; probe at the PM in response to 1 mM
L-Glu. (E) Same simulation as described in D but showing density of the Ptdins(4)P sensor P4M at the PM. The inset shows an enlargement. (F) Simulated
density of Ptdins(4)P in response to the inhibition of PI4Kllla by GSK-A1 by 25% (black circles), 50% (blue circles), 75% (green circles), and 90% (red circles) over
time. (G) Simulated normalized intensity of PHpcs1 at the PM of hippocampal neurons in response to PLC activation with (red trace) or without inhibition of
PI4Kllla by GSK-A1 (black trace). (H) Comparison of simulated density of Ptdins(4,5)P; in tsA201 cells with a varying density from 1 to 40 PLC molecules/pm2.
(1) Tau of simulated recovery of PtdIns(4,5)P, after PLC activation for different densities of PLC in hippocampal neurons (red squares) and tsA201 cells (black
squares). (J) Same simulation as in H but showing density of Ptdins(4)P. (K) Average time course of KCNQ2/3 current upon application of 0.1, 1, and 10 pM of
oxo-M. Inset compares the recovery phase. (L) Percentage of KCNQ2/3 current inhibition by 0.1, 1, and 10 pM of oxo-M. (M) Tau of recovery of KCNQ2/3

current from oxo-M inhibition.

recapitulates multiple additional experimental observations by
only adjusting the levels of PtdIns(4)P.

Using the model, we again explored the alternative expla-
nation that low PLC activation leads to fast PtdIns(4,5)P, syn-
thesis, while strong PLC activation leads to slow PtdIns(4,5)P,
recovery. We explored if the influence of varying PLC densities
would impact the recovery kinetics of PtdIns(4)P and PtdIns(4,5)P,
and evaluated if the activation of low PLC density makes a faster
PtdIns(4,5)P, recovery in the tsA201 cell model. To test this
possibility, we ran simulations with PLC densities ranging from
1 to 40 molecules/um?. A previous model used a value of 10
molecules/pm? when modelling the metabolism in tsA201 cells
(Falkenburger et al., 2010) and we used 3 molecules/pum? in the
SCG model (Kruse et al., 2016). We simulated a 20 s application of
10 uM oxo-M and did not change the receptor density, so the
only variable was the PLC density. Fig. 6 H shows a family of
time courses of PtdIns(4,5)P, at varying PLC densities. The
amount of depletion decreased slightly and the time at which
maximal depletion was reached was longer as PLC density de-
creased, but the recovery kinetics were similar (Fig. 6 I). We
repeated this in silico experiment using the new model for
hippocampal neurons. Varying the PLC density from 0.5 to 10
molecules/pum? did not alter the recovery kinetics either (Fig. 6
I). Interestingly, altering the levels of PLC from 40 to 1 mole-
cules/pm? in the tsA201 model did not affect the amount of
PtdIns(4)P reduction (Fig. 6 J), reinforcing the idea that a de-
crease in PLC density is not enough to explain the lack of
PtdIns(4)P depletion observed in hippocampal neurons (Fig. 3 K).
To further test the possibility that a small activation of PLC slows
down the phase of PtdIns(4,5)P, recovery, we used lower con-
centrations of the agonist in tsA201 cells and measured KCNQ2/3
current as a proxy for PtdIns(4,5)P,. Fig. 6 K shows time courses
of KCNQ2/3 currents from cells treated with 10, 1, or 0.1 pM oxo-
M. The agonist was applied for 120 s until the current reached a
new steady state. Reducing the concentration of the agonist de-
creased the percentage of current inhibition (Fig. 6 L) but did not
change the time constant of recovery (Fig. 6 M), suggesting that
the magnitude of PLC activation does not affect the phase of
PtdIns(4,5)P, resynthesis.

The resynthesis of PtdIns(4,5)P, is slower in astrocytes than
hippocampal neurons

Astrocytes express muscarinic acetylcholine receptors coupled
to Gaq (Araque et al., 2002; Shelton and McCarthy, 2000). We
tested if the fast resynthesis of PtdIns(4,5)P, in hippocampal
neurons was shared with astrocytes (Fig. 7 A). Application of
0xo-M in astrocytes induced reversible translocation of the
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PHprcs; sensor (Fig. 7 B). After washout of oxo-M, the sensor
returned to the PM with a time constant of 71.0 + 12.4 s (Fig. 7, C
and D, n = 8). Astrocytes showed a delay before PtdIns(4,5)P,
recovery and the mean of half-time recovery was 110 + 20 s
(Fig. 7 E, n = 8), suggesting an even longer time to resynthesize
PtdIns(4,5)P, after agonist washout. PtdIns(4)P was observed in
intracellular membranes without any labeling of the PM using
FAPPI1 and/or P4M sensors (Fig. 7, F and G). Thus, astrocytes
seemingly resynthesize PtdIns(4,5)P, slower than hippocampal
neurons. These results suggest that phosphoinositide metabo-
lism may differ between cell types in the nervous system.

Discussion

At the beginning of this work, we were interested in testing the
hypothesis that PtdIns(4,5)P, metabolism is cell-type specific
and faster in neurons than in other cells. This required a parallel
comparison between cell types using the same experimental
strategy and setup. We have now compared the resynthesis of
PtdIns(4,5)P, of hippocampal neurons to astrocytes and tsA201
cells. We found that hippocampal neurons can resynthesize
PtdIns(4,5)P, quickly, two to three times faster than in as-
trocytes and tsA201 cells. These findings support our hypothesis.

What could be the physiological benefits of a fast PtdIns(4,5)P,
synthesis for hippocampal neurons? We make a functional
speculation. Both hippocampal neurons and astrocytes express
metabotropic cholinergic receptors such as M;R. Activation of
cholinergic fibers innervating the hippocampus will activate
neuronal and astrocytic M;R, leading to PtdIns(4,5)P, depletion
in all cells participating in synaptic communication (Fig. 7 A). We
first describe the known functional effects of PtdIns(4,5)P, for
each cell.

In neurons, PtdIns(4,5)P, regulates action potential firing
patterns through controlling the activity of PtdIns(4,5)P,-
dependent ion channels, in particular KNCQ2/3 channels (Suh
and Hille, 2002; Zhang et al., 2003). In hippocampal neurons,
KCNQ2/3 channels control the threshold of action potential fir-
ing, oppose after depolarization, and consequently decrease en-
dogenous burst firing and prevent repetitive firing (Brown and
Passmore, 2009; Hu et al., 2007; Rasmussen et al., 2007; Shah
et al., 2008). Net depletion of PtdIns(4,5)P, would therefore lead
to hyperexcitability, increased action potential firing, and neu-
rotransmitter release.

In addition, neurotransmitter release from presynaptic ter-
minals is sustained by PtdIns(4,5)P, (Wenk et al., 2001), which is
highly concentrated in microclusters (van den Bogaart et al.,
2011). This dependence on PtdIns(4,5)P, is twofold. On the one
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Figure 7. The resynthesis of PtdIns(4,5)P, is slower in astrocytes than hippocampal neurons. (A) Schematic showing that cholinergic stimulation is
expected to promote PtdIns(4,5)P, depletion in both astrocytes and neurons. (B) Representative confocal images of PHp cs; fluorescence (inverted contrast)
from astrocytes stimulated with 10 uM oxo-M. (C) Representative time course of inverted normalized cytosolic intensity of PHp cs; from the astrocyte shown
in B. (D) Comparison of the exponential time constant of recovery as a proxy for Ptdins(4,5)P, resynthesis in astrocytes (n = 12) and hippocampal neurons (n =
12, data from Fig. 1 E). (E) Halftime recovery of PHp cs; in astrocytes. (F) Representative confocal images of P4M fluorescence (inverted contrast) in an
astrocyte. (G) Representative confocal images of FAPP1 fluorescence (inverted contrast) in an astrocyte.

hand, several synaptic proteins depend on PtdIns(4,5)P; to target
the release site (Martin, 2012). For example, synaptotagmin-1
helps target neurotransmitter-containing vesicles to the release
site through the interaction of the C2 domain with PtdIns(4,5)P,.
PtdIns(4,5)P, also interacts with the adaptor protein 2 (AP2),
regulating the process of endocytosis (Antonescu et al., 2011).
Hence, PtdIns(4,5)P, couples exocytosis and endocytosis (Koch
and Holt, 2012). This role of PtdIns(4,5)P, in both exocytosis and
endocytosis justifies why PtdIns(4,5)P, seems to control the re-
leasable vesicle pool size (Milosevic et al., 2005). On the other
hand, presynaptic calcium channels require PtdIns(4,5)P, to
open (Suh et al., 2010). Action potentials arriving at axon
terminals lead to calcium channel opening, calcium influx,
and Ca®*-triggered exocytosis. Therefore, GgPCR-dependent
PtdIns(4,5)P, hydrolysis in axon terminals is predicted to
abolish neurotransmitter release.
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In postsynaptic neurons, a few reports suggest that
PtdIns(4,5)P, have an important role supporting synaptic plas-
ticity. PLC activation and PtdIns(4,5)P, depletion is required for
dendritic spine plasticity, long-term depression (Horne and
Dell’Acqua, 2007), and long-term potentiation (Trovo et al.,
2013).

Several types of synapses are covered by astrocytic mem-
branes. Astrocytes participate in the synapse by regulating
synaptic transmission and plasticity through the release of
molecules such as ATP (Lalo et al., 2014; Pascual et al., 2005),
D-serine (Papouin et al., 2017), and glutamate. Release of these
molecules depends on the activation of the GPCR coupled to Gqg,
leading to calcium release from intracellular stores. Astrocytes
express some PtdIns(4,5)P,-dependent ion channels including
TRPV channels and ionotropic purinergic P2X channels (Ase
et al., 2010; Bernier et al., 2008; Verkhratsky and Nedergaard,
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2018). Interestingly, the activation of P2X channels mediates the
release of glial neurotransmitters (Duan and Neary, 2006;
Suadicani et al., 2006). Therefore, M;R-dependent PtdIns(4,5)P,
hydrolysis is expected to first induce astrocyte glutamate release
and then suppress astrocyte function by deactivating TRPV and
P2X channels.

In short, cholinergic stimulation would result in PtdIns(4,5)P,
depletion, which increases excitability of presynaptic neurons,
controls exocytosis, promotes synaptic plasticity, and induces
gliotransmitter release followed by suppression of astrocyte
function. When the cholinergic stimulation ends, PtdIns(4,5)P,
levels in neurons will recover quickly, returning circuit activity
to its basal level. In contrast, PtdIns(4,5)P, levels in astrocytes
require more time to return to their initial value. During this
time, the participation of astrocytes in synaptic function might
be reduced or absent. Therefore, the difference in kinetics of
PtdIns(4,5)P, resynthesis may create a time window in which
the synapse will not be influenced by astrocytes. As with cho-
linergic stimulation, agonists that activate other GPCRs cou-
pled to G,q in neurons or astrocytes are expected to lead to the
same regulation. These agonists may include ATP, norepi-
nephrine, and bradykinin. This scenario in the brain can be
extended to other synapses where different cell types are
involved, such as synapses between sympathetic neurons and
their target organs.

We now turn to the mechanisms that account for the in-
creased speed of PtdIns(4,5)P, synthesis observed in neurons
compared to other cell types. The two types of neurons we have
studied use different mechanisms to accelerate the synthesis of
PtdIns(4,5)P,. In the case of sympathetic neurons, the percent-
age of PtdIns(4)P is similar to that in previously studied cells,
including tsA201 cells (Kruse et al., 2016). Percentages of 94%
PtdIns, 3% PtdIns(4)P, and 3% PtdIns(4,5)P, have been reported
in NIE-115 and SH-SY5Y cells (Balakrishnan et al., 2018;
Lemmon, 2008; Willars et al., 1998; Xu et al., 2003). Therefore,
we proposed that in sympathetic neurons, fast synthesis of
PtdIns(4,5)P, is due to an increased lipid kinase activity upon
activation of the receptor. Unlike sympathetic neurons, hippo-
campal neurons have an increased reserve of PtdIns(4)P relative
to PtdIns(4,5)P, under resting conditions, and hence, PtdIns(4,5)P,
metabolism is different even between neurons. Interestingly, it
has been reported that neurons from the dentate gyrus have such
a rapid resynthesis of PtdIns(4,5)P, that cholinergic stimulation
leads to an increase rather than a depletion of PtdIns(4,5)P,
(Carver and Shapiro, 2019).

Interestingly, in both sympathetic and hippocampal neurons,
the mechanism underlying more rapid PtdIns(4,5)P, synthesis
compared to tsA201 cells involves acceleration of PtdIns(4)P
synthesis from PtdIns by PI4K, rather than an increase in the
activity of PIP5K. Using the mathematical model adjusted for the
kinetics of PtdIns(4,5)P, synthesis in sympathetic neurons, we
had predicted a threefold acceleration of PI4K synthesis com-
pared to tsA201 cells. The model for hippocampal neurons pre-
dicts a ninefold acceleration of PtdIns(4)P synthesis compared to
sympathetic neurons or 28-fold compared to tsA201 cells. This
increase, in combination with the available PtdIns(4)P pool,
is sufficient to synthesize PtdIns(4,5)P, quickly. Interestingly,
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PtdIns(4)P is depleted in sympathetic neurons when cholinergic
receptors are stimulated, causing a delay in PtdIns(4,5)P, re-
synthesis (Kruse et al., 2016). In hippocampal neurons, PtdIns(4)P
is not depleted significantly upon PLC activation. One might en-
vision several explanations for this result. A reduction in the re-
ceptor or PLC density could lead to less PtdIns(4,5)P, depletion and
an undetectable change in PtdIns(4)P. However, we did not need
to change any of these parameters in the model to account for the
observations. In fact, modeling an increase in the density of PLC
was not enough to deplete PtdIns(4)P or change the time course of
PtdIns(4,5)P, synthesis. Therefore, we concluded that the accel-
eration of the metabolic step representing the activation of PI4K
allows for stable higher levels of PtdIns(4)P under resting con-
ditions and suffices to reproduce the lack of PtdIns(4)P depletion
without further assumptions.

What are the potential mechanisms to explain a higher
PtdIns(4)P pool? In the model, the rate constant representing the
synthesis of Ptdins(4)P lumps diverse cellular processes, in-
cluding the abundance of PI4K and its enzymatic activity. In fact,
the rate constant groups all PI4K types contributing to PtdIns(4)P
synthesis. In multiple cells, the specific enzyme responsible for
synthesizing PtdIns(4)P at the PM is PI4Kllla (Alvarez-Prats
et al., 2018; Baird et al., 2008; Balakrishnan et al., 2018; Balla
et al., 2008; Liu et al., 2018; Nakatsu et al., 2012; Stefan et al.,
2011). By inhibiting this enzyme with GSK-Al (Bojjireddy et al.,
2014), we showed that PtdIns(4,5)P, can still be replenished, in
agreement with the idea of a larger pool of PtdIns(4)P at the
PM. Interestingly, long GSK-Al treatment (50 min) slows the
PtdIns(4,5)P, recovery after muscarinic activation, suggesting
that this enzyme does participate in the synthesis of PtdIns(4)P
and PtdIns(4,5)P, in neurons. However, we cannot discard the
possibility that, in addition to PI4KIlla, other types of PI4K
maintain the large pool of PtdIns(4)P at the PM. Our model does
not discriminate against other PtdIns(4)P sources such as the ve-
sicular transport of PtdIns(4)P from the Golgi to the PM or the
activity of lipid transfer proteins acting at membrane contact sites
between organelles. These lipid transfer proteins are, for example,
supplying PtdIns to the PM. Two recent papers have shown that
PtdIns is not abundant at the PM. Instead, it localized to internal
membranes (Pemberton et al., 2020; Zewe et al., 2020). Hence,
the supply of PtdIns to the PM to be used by PI4Ks essential for the
rate of PtdIns(4,5)P, synthesis. This reaction is balanced by the
dephosphorylation of PtdIns(4)P to synthesize PtdIns by PtdIns(4)P
phosphatase, Sacl. Then, we expect that Sacl activity in hippo-
campal neurons is relatively low. A future characterization of the
contributions of these individual processes will provide further
insight into the cellular mechanism governing a large PtdIns(4)P
pool in hippocampal neurons.

Data availability

The code for the newly generated model is available on GitHub
at the link https://github.com/Martin-Kruse/rat_hippocampus_
PI_metabolism.
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Figure S1. Kinetics of PHp cs; translocation measured in the cytosol is a mirror of kinetics in the PM. (A) Representative confocal images of PHp cs1
fluorescence from M;R-overexpressing tsA201 cells stimulated with 10 uM oxo-M. (B) Representative time course of cytosolic (blue circle) and PM (red square)

intensity of PHp cs1 from A. The right panel shows normalized signals for better comparison. (C) Tau recovery after muscarinic activation measured in cytosol
and PM.

Provided online is Table S1. Table S1 lists the comparison of rate constants and parameters for new hippocampal neuron and
previous tsA201 cell models.
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