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SUMMARY

Extracellular agonists linked to inositol-1,4,5-trisphosphate (IP3) formation elicit
cytosolic Ca?* oscillations in many cell types, but despite a common signaling
pathway, distinct agonist-specific Ca®* spike patterns are observed. Using
qPCR, we show that rat hepatocytes express multiple purinergic P2Y and P2X re-
ceptors (R). ADP acting through P2Y1R elicits narrow Ca?* oscillations, whereas
UTP acting through P2Y2R elicits broad Ca®* oscillations, with composite patterns
observed for ATP. P2XRs do not play a role at physiological agonist levels. The
discrete Ca%* signatures reflect differential effects of protein kinase C (PKC),
which selectively modifies the falling phase of the Ca?* spikes. Negative feedback
by PKC limits the duration of P2Y1R-induced Ca?* spikes in a manner that requires
extracellular Ca®*. By contrast, P2Y2R is resistant to PKC negative feedback. Thus,
the PKC leg of the bifurcated IP; signaling pathway shapes unique Ca?* oscillation
patterns that allows for distinct cellular responses to different agonists.

INTRODUCTION

Cytosolic Ca®* ([Ca*],) oscillations are key regulators of cellular signaling and tissue physiology in a variety
of cell types (Berridge et al., 2003; Clapham, 2007). In hepatocytes, oscillatory [Ca?*]. transients play a key
role in bile secretion (Schlosser et al., 1996), regulation of mitochondrial oxidative phosphorylation (Haj-
noczky et al., 1995), glucose metabolism (Exton, 1987; Gaspers et al.,, 2019), and tissue regeneration and
gene expression (Lagoudakis et al., 2010). Hepatocytes comprise about 80% of the liver volume, but
Ca®* signaling is also important in other liver cell types, including biliary epithelial cells (cholangiocytes),
stellate cells, Kupffer cells (hepatic macrophages) and liver sinusoidal endothelial cells (Trefts et al.,
2017). In both isolated hepatocytes and hepatocytes of the intact liver, oscillatory increases in [Ca®"]. eli-
cited by hormones such as vasopressin and the catecholamines epinephrine and norepinephrine are well
described (Woods et al., 1986; Rooney et al., 1989; Sanchez-Bueno and Cobbold, 1993; Robb-Gaspers and
Thomas, 1995; Gaspers and Thomas, 2005). These agonists act through Gag-linked G-protein-coupled re-
ceptors (GPCRs) to activate phosphoinositide-specific phospholipase C (PLC), resulting in the hydrolysis of
phosphatidylinositol 4,5-bisphosphate (PIP,) into inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG).
IP; mobilizes Ca®* from the ER via IP; receptors (IP3R), and DAG recruits and activates protein kinase C
(PKC) to initiate specific protein phosphorylation cascades (Patel et al., 1999; Zeng et al., 2012). PKC iso-
forms can be divided into three subfamilies based on their primary structure and biochemical characteris-
tics. Classical or conventional PKC isoforms (PKCa, BI, Bll and ) are activated by phosphatidylserine, Ca*t,
and DAG or phorbol esters, whereas novel nPKCs (PKC3, €, 6 and n) are activated by phosphatidylserine,
DAG or phorbol esters but not by Ca®*. Atypical aPKCs (PKC, % in mouse and t in human) require neither
Ca’* nor DAG for activation (Steinberg, 2008). Modulation of PKC, by activation or inhibition of its isoforms,
can modify hormone-induced [Ca®*]. oscillation frequency and duration (Bartlett et al., 2015; Berrie and
Cobbold, 1995; Sanchez-Bueno et al., 1990).

In hepatocytes, Ca®* spike frequency is controlled by the agonist concentration, which encodes stimulus
strength and determines the magnitude of downstream responses, whereas Ca®" spike amplitude and ki-
netics are independent of the agonist dose (Woods et al., 1986; Rooney et al., 1989; Thomas et al., 1991;
Gaspers and Thomas, 2005; Bartlett et al., 2014). The [Ca®"]. oscillation rising phase is driven by positive
feedback of Ca" on the IP3R and PLC-B (Bartlett et al., 2020; Gaspers et al., 2014; Politi et al., 2006) and
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is also relatively constant irrespective of the GPCR activated. However, there is agonist-specific diversity in
the falling phase of the Ca®* spikes, which gives rise to receptor-specific spike profiles that are remarkably
distinguishable for each individual biological trigger (Dixon et al., 1990; Gaspers et al., 2014; Rooney et al.,
1989). This Ca®* spike decay phase sets the duration of the [Ca®*]. transient, an important parameter that
has been demonstrated to regulate activation of gene-specific transcription factors (Vilborg et al., 2016).
Therefore, elucidation of the signaling machinery that regulates Ca®* spike kinetics in an agonist-specific
manner is key to understanding how physiological information is encoded by [Ca®*]. oscillations.
Extracellular nucleotides are key signaling molecules, recognized by hepatocytes and other liver cell types,
affecting important hepatic processes (Burnstock et al., 2014). ATP binds to purinergic P2 receptors, a fam-
ily of cell-surface receptors which have been divided into two classes based on their structures and modes
of signal transduction: ligand-gated ion channels termed P2X receptors and GPCRs termed P2Y receptors.
P2X receptors are ATP-gated ion channels permeable to Na*, K*, and Ca?* cations (Ralevic and Burnstock,
1998). Seven subunits of these receptors (P2X1-7) expressed by different cell types are grouped eitherin a
homomeric or heteromeric mode (Barrera et al., 2005). P2Y receptors are metabotropic and activated by
purines and pyrimidines, including ATP, ADP, UTP, UDP, or UDP-glucose, and they are subclassified into
P2Y1, 2, 4, 6, 11, 12, 13, and 14 subtypes (Abbracchio et al., 2006) (P2Y11 receptor has been described
only in humans (Kennedy, 2017)). P2Y1, 2,4, 6, and 11 receptors are coupled to Gag/11 G-proteins, leading
to activation of the PLC - IP5 pathway and subsequent Ca®* release from ER. P2Y12, 13 and 14 subtypes are
coupled to G, and G, inhibiting adenylate cyclase and leading to decreased activity of cAMP-dependent
protein kinase. Activation of these receptors does not result in a direct change in [Ca®*]. (Erb and Weisman,
2012). Alterations in purinergic signaling mediated by distinct receptor types have been described in
models of vascular injury, inflammation, insulin resistance, hepatic fibrosis, cirrhosis, diabetes, hepatitis,
liver regeneration following injury or transplantation, and cancer (Vaughn et al., 2014). For example,
P2Y2 receptor signaling is specifically required for hepatocyte proliferation, and knockout of the P2Y2 re-
ceptor impairs this process after partial hepatectomy (Tackett et al., 2014). However, little is known about
the physiological role of extracellular nucleotides in the healthy liver, and how distinct purinergic receptors,
potentially responding to different nucleotides, give rise to different downstream responses.

The first reports of the characterization of extracellular nucleotide-induced [Ca®*]. oscillations in hepato-
cytes were performed in primary rat cells microinjected with the Ca®* indicator aequorin (Dixon et al.,
1990, 1993, 1995, 2000, 2003, 2004). These studies characterized the pharmacology of hepatic purinergic
receptors involved in Ca®* signaling and investigated downstream effects on metabolism. In the present
study, we have used fura-2 Ca?* imaging to study [Ca®*]. oscillations, similar to those described previously
(Dixon et al., 1990, 1993, 1995; Green et al., 1994; Rooney et al., 1989; Thomas et al., 1991). Submaximal
doses of endogenous purinergic agonists elicited discretely distinguishable [Ca®*]. spike patterns for ag-
onists known to act on different purinergic receptor subtypes. We found that the predominant P2Y recep-
tors in rat hepatocytes were P2Y1, which is activated by ADP and yields short duration [Ca?*]. spikes, and
P2Y2, which is activated by UTP to give longer duration more complex [Ca?*]. spike patterns. ATP activates
these two P2Y receptor subtypes and generates complex composite [Ca®*]. oscillation patterns. An impor-
tant question is what receptor-specific mechanisms give rise to the distinct stereotypic shape and duration
of the individual [Ca®*]. spikes? Previous studies have shown that rat hepatocytes also have functional P2X
receptors that could contribute to the [Ca®*].
ever, we found that the P2X receptors were not activated at the physiological doses of ATP that give rise to
[Ca?*]. oscillations in hepatocytes. Instead, our studies demonstrate that P2Y1 receptor activation with
ADP elicits narrow [Ca®*]. transients due to robust negative feedback by PKC and that this effect of PKC
is largely driven by Ca®" influx at the plasma membrane. By contrast, the P2Y2 receptors activated by
UTP generate broad [Ca®*]. transients, which are less sensitive to PKC-dependent negative regulation
and independent of Ca?" influx. Thus, distinct receptor-specific feedbacks by PKC underlie the unique ste-
reotypic [Ca?*]. oscillation patterns elicited by different PLC-linked GPCRs.

oscillations in response to ATP (Gonzales et al., 2007). How-

RESULTS

[Ca®*]. oscillation characteristics and types of responses elicited by purinergic agonists

Activation of purinergic receptors has been shown to generate a diverse pattern of [Ca®*]. oscillations

(Dixon et al., 1990, 2000, 2004, 2005; Schofl et al., 1999), although the specific contribution of each of the
P2X and P2Y receptor types has not been fully described. In order to distinguish the Ca®* responses elicited
by different types of purinergic receptors, [Ca®*]. oscillation responses to ATP, ADP, UTP, and UDP were
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Figure 1. [Ca®*]. oscillation profiles elicited by purine nucleotides in hepatocytes

(A-D) Representative traces of typical ATP (A), ADP (B), UTP (C), and UDP-induced (D) [Ca?*]. responses in hepatocytes
loaded with fura-2. The duration of exposure and concentration of each nucleotide is indicated in the bars above each
trace.

(E) The indicated agonist was present continuously from the first addition arrow, followed by a maximal dose of ATP
(100 uM) at the second arrow. At low agonist doses (1-2 pM), different strengths of Ca%* response from No response
(blue), Single spike (cyan), Discontinuous oscillations (green), Continuous Oscillations (orange), Sustained & oscillations
(red) through to Sustained (dark red) can be elicited by each extracellular nucleotide.

(F) Ordinal plot of the Ca®* response strength in hepatocytes challenged with ATP, ADP, UTP, or UDP. (Data are

from >50 cells in each of four independent experiments).

analyzed in freshly isolated rat hepatocytes. At low physiological doses (1-5 uM), the spike kinetics of
[Ca*]. oscillations were different, with distinguishable falling phases, indicating that the duration of the
individual Ca®* spikes is characteristic of the purinergic receptor being activated (Figure 1). Similar recep-
tor-specific Ca* spike shapes have been reported for other G.q-coupled receptors, including Vq-vasso-
pressin and a4-adrenergic receptors (Rooney et al., 1989; Bartlett et al., 2014; Sanchez-Bueno and Cob-
bold, 1993).

ATP, an agonist for all ionotropic P2X and metabotropic P2Y receptors, elicited complex [Ca®*].
oscillations with two main patterns: broad Ca®" spikes with small secondary oscillations resulting in a
biphasic decay phase, and narrow Ca®* spikes with a fast decay phase. Although both patterns can be
observed in the same cell, broad Ca®* spikes of relatively long duration were observed in the majority of
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Figure 2. Purinergic P2 receptor gene expression in primary rat hepatocytes

(A and B) RT-gPCR determination of mRNA expression levels of P2X and P2Y receptors from freshly isolated (A) and
overnight (B) cultured hepatocytes. Purinergic receptor gene expression was normalized to RplO expression. Data are
mean + S.E.M from 3 to 4 hepatocyte preparations in each case. See Table S1 for primer details.

ATP-stimulated hepatocytes (Figure 1A). Spike width (measured as full width at half maximum; FWHM) of
baseline-separated ATP-evoked [Ca®*]. oscillations were 35.6 + 3.5 s for the more complex broad Ca®*
spikes and 18.6 + 2.1 s for the short duration Ca®* spikes. ADP, an agonist of Ga,-coupled P2Y1 and
Gi-coupled P2Y12 and P2Y13 receptors, generated homogeneous short duration [Ca®*]. oscillations
(15.9 4+ 0.9 s FWHM) with narrow peaks and a rapid declining phase, similar to the sporadic narrow Ca®*
spikes induced by ATP (Figure 1B). UTP, an agonist of P2Y2 and P2Y4 receptors, elicited predominantly
longer duration Ca?* spikes (40.4 + 3.5s), similar to the broad long duration ATP responses (Figure 2C).
UDP, a P2Y6 receptor-selective nucleotide, was the only purinergic agonist tested that failed to elicit a
[Ca®*]. response in rat hepatocytes (Figure 1D).

As noted in the Introduction, the signal strength for Ca?*-dependent hormones such as vasopressin and
norepinephrine in hepatocytes is not a function of [Ca*]. oscillation amplitude, which is relatively constant,
butis encoded in the frequency, duration and robustness (maintenance) of the [Ca?*]. oscillations (Rooney
et al., 1989; Woods et al., 1986; Gaspers et al., 2014). These [CaZJ']C responses can be classified using an
ordinal scale ranging from no response, through single spikes, then oscillations and up to a sustained
[Ca?*].increase. Stimulation of different receptors by each extracellular nucleotide evoked not only distinct
Ca’* spike profiles but also a different range in the magnitude of [Ca®*]. response (Figures 1E and 1F). ATP
was able to elicit all types of [Ca?*]. responses, from single spikes to a fully sustained increase (Figure 1E,
left panel) and was the only nucleotide able to evoke an increase in [Ca®"].in all analyzed cells (Figure 1F).
P2Y2/P2Y4 receptor activation by UTP generated mostly large initial [Ca®*]. peaks followed by a sustained
plateau and repetitive broad Ca?* spikes (Figures 1E, right panel and 1F). Activation of P2Y1 receptors by
ADP evoked only a range of single, irregular or repetitive narrow [Ca®*]. oscillations without any sustained
[Ca®*]. signals (Figures 1E, middle panel and 1F).

mRNA expression of P2 receptors in primary rat hepatocytes

cDNAs generated from five independent rat hepatocyte preparations were probed by RTgPCR using
primers specific for P2X and P2Y receptors (Figure 2). Low mRNA expression levels of P2X receptors
P2x1, P2x2, P2x3, P2x5, and P2x6 were detected, whereas P2x4 and P2x7 transcripts were abundantly ex-
pressed in both freshly isolated and overnight-cultured hepatocytes. For the G, q-coupled P2Y receptors,
P2y1, P2y2, and P2y4 subtypes were abundantly observed, with very low transcript detection of P2yé. After
overnight culture, a considerable decrease in P2y4 expression was observed (Figure 2B), resulting in
expression of predominantly P2y1 and P2y2 G,q-coupled receptors. The Gi-coupled P2y12, P2y13, and
P2y 14 receptors were detected, albeit at a low expression levels at both time points analyzed. Thus, ac-
cording to the expression profile, mRNA transcripts mainly from P2x4, P2x7, P2y1, P2y2, and P2y4 were de-
tected in rat hepatocytes, consistent with relevant physiological roles for these receptors.

2
"l

P2X receptors do not contribute to [Ca oscillations in rat hepatocytes

The similarity of the oscillatory [Ca?*]. responses induced by ATP and UTP to those elicited by other Gog-
coupled receptors (Rooney et al., 1989; Woods et al., 1986) suggests that these purinergic Ca®* signals
arise predominantly from IPs-dependent mobilization of intracellular Ca®* stores through activation of
P2Y receptors. However, since abundant mRNA expression of the P2X4 and P2X7 receptors was observed,
we designed experiments to determine whether P2X receptors contribute to the observed [Ca®*]. signals.
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Figure 3. P2X receptor activity does not contribute to [Ca®*]. oscillations in hepatocytes

Hepatocytes loaded with fura-2 were exposed to the indicated concentrations of ATP (in uM). The Ga,q protein inhibitor
YM-254890 (1 pM) was present during the period indicated by the gray shading.

(A) ATP (5 uM) induced a large [Ca®*]. spike that was terminated by addition of YM-254890. Subsequent additions of
increasing concentrations of ATP (10 and 100 uM) had no effect on [Ca®*]., whereas a high ATP dose (300 uM) caused a
slow monophasic [Ca®*].
(B) Effect of increasing ATP concentrations in the presence of YM-254890, followed by addition of the P2X agonist BZATP
(10 uM).

(C) Dose response to BzATP in the presence of YM-254890.

(D) Response to BzATP (10 uM) in the absence of YM-254890.

increase.

We used YM-254890, a specific inhibitor for Gag (Uemura et al., 2006) to block P2Y receptor coupling to this
G-protein in freshly isolated hepatocytes. Addition of 1 pM YM-254890 reversed the [Ca®*]. response eli-
cited by 5 uM ATP (Figure 3A), and blocked all [Ca?*]. responses to ATP concentrations of 1-100 uM (Fig-
ures 3A and 3B). At higher ATP concentrations (300-400 uM), a slow [Ca?*].increase to a plateau level was
observed (Figures 3B and 3C), suggesting that P2X receptor activation and Ca®* influx through the asso-
ciated plasma membrane channels only occurs at very high ATP concentrations. ATP never elicited
[Ca*]. oscillations in the presence of YM-254890. Consistent with a role for P2X receptors at high ATP con-
centrations, the P2X4/P2X7 receptor agonist BzZATP (10-20 uM) also caused a monophasic [Ca®"].increase
in the presence of YM-254890 (Figures 3B and 3C), and similar to ATP, BzZATP did not cause [Ca®*]. oscil-
lations under these conditions. Even when added in the absence of YM-254890, 10 uM BzATP caused a
sustained [Ca®"]. increase without oscillations (Figure 3D). At lower concentrations of BZATP, [Ca®*]. oscil-
lations were sometimes observed in the absence of YM-254890, consistent with the partial agonist activity
of BzATP against P2Y1 receptors (Gonzales et al., 2007; Ohtomo et al., 2011).

P2Y1 and P2Y2 receptors evoke distinct stereotypic [Ca2*]. spike patterns in rat hepatocytes

Based on the data described above, it appears that activation of specific P2Y purinergic receptors subtypes
determines the kinetics of the periodic Ca?* transients (primarily in the Ca®* spike falling phase), and hence
gives rise to the distinct [Ca®*]. oscillation pattern generated by different agonists. Rat P2Y2 and P2Y4 re-
ceptors can be activated equipotently by ATP and UTP (Bogdanov et al., 1998; Webb et al., 1998), and P2Y1,
P2Y12, and P2Y13 can be activated by ADP (Abbracchio et al., 2006). The absence of any response to ATP in

iScience 24, 103139, October 22, 2021 5
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Figure 4. Role of P2Y1 and P2Y2 purinergic receptors

(A and B) Normalized and color-mapped view of traces from 60 rat hepatocytes loaded with fura-2. Cells were challenged
as indicated with 15 pM MRS-2500, an antagonist of P2Y1 receptor (A), and 15 uM AR-C 118925XX, an antagonist of P2Y2
receptor (B). The indicated concentration of each nucleotide was added at the arrows and remained present for the
remainder of the experiment. A maximal dose of ATP (100 uM) was added at the end of the experiment.

(C and D) Representative traces of treatment with MRS-2500 and AR-C 118925XX, as indicated by the shaded areas, and
treatment with ADP and UTP (C) or UTP and ADP (D).

(E and F) Representative traces for pretreatment with MRS-2500 (E) and AR-C 118925XX (F) followed by ATP
stimulation.

the presence of YM-254890 (Figure 3), suggests that the relatively low expressed Gi-coupled P2Y12, P2Y13,
and P2Y14 receptor subtypes do not underlie the [Ca?*]. oscillations. This leaves P2Y1, P2Y2, and P2Y4 re-
ceptors. P2Y1 and P2Y2 receptors have previously been described as active in hepatocytes and shown to be
sensitive to the nonspecific antagonists suramin and pyridoxal phosphate-6-azo(benzene-2,4-disulfonic
acid) (PPADS) (Dixon et al., 2000; Thevananther et al., 2004). To distinguish the receptors activated by
ADP and UTP in rat hepatocytes, we used antagonists specifically targeted to P2Y1 and P2Y2 receptors,
respectively.

The effects of MRS-2500, a selective antagonist for P2Y1 receptor, and AR-C 118925XX, a selective and
competitive antagonist for P2Y2 receptor, are shown in Figures 4A and 4B, respectively. Ca®" imaging
traces from 60 hepatocytes in a single imaging field were normalized and plotted side by side in 3-D
space with a color gradient. Narrow ADP-induced [Ca®*]. oscillations were blocked by MRS-2500

6 iScience 24, 103139, October 22, 2021
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(Figures 4A and 4C). In the continuing presence of MRS-2500, further additions of ADP (3-5 uM) did not
induce a resumption of the [Ca®*]. oscillations, although higher ADP doses (10 uM) elicited a weak Ca®*
increase in some cells. Consistent with the known agonist sensitivity of the P2Y1 receptor, these data
demonstrate that the narrow [Ca®*]. oscillations induced by ADP in rat hepatocytes are driven by P2Y1
receptors. After P2Y1 inhibition, subsequent stimulation with UTP generated a robust [Ca*]. response
(Figure 4A), with broad Ca?* spikes (Figure 4C). In separate experiments, UTP receptor specificity was
assessed with AR-C 118925XX, which completely blocked the broad UTP-induced [Ca®"]. oscillations
(Figures 4B and 4D). Stepping up the concentration of UTP (3—10 uM) in the continuing presence of
AR-C 118925XX, did not elicit a [Ca®"]. increase (Figures 4B and 4D). The absence of a [Ca?']. response
to UTP after P2Y2 receptor blockage indicates that this nucleotide acts specifically through P2Y2 recep-
tors, and P2Y4 receptors are not involved in the generation of [Ca®*]. oscillations in rat hepatocytes.
Importantly, in the presence of AR-C 118925XX, subsequent stimulation of P2Y1 receptors with ADP

evoked the typical narrow [Ca?*]. oscillations (Figure 4D).

In support of the concept that the complex [Ca®*]. oscillations elicited by ATP represent a composite
response to P2Y1 and P2Y2 receptor activation, the [Ca®*]. oscillations elicited by ATP in the presence
of the selective antagonists took on the unique characteristics of the unblocked receptor. Thus, blockage
of P2Y1 receptors with MRS-2500 followed by ATP stimulation led to broad [Ca®*]. oscillations (spike
FWHM of 41.5 + 5.3 s), consistent with the response to UTP mediated by P2Y2 receptors (Figure 4E). By
contrast, ATP stimulation after blockage of P2Y2 receptors with AR-C 118925XX resulted in narrow
[Ca®*]. oscillations (spike FWHM of 22.3 + 2.8 s) (Figure 4F).

To exclude the possibility that the differences in [Ca®'].
reflect the generation of other components by ectonucleotidases, we evaluated the [Ca®*]. responses
evoked by both agonists in the presence of ARL 67156, an inhibitor of nucleoside triphosphate diphospho-
hydrolase-1(CD39) and ecto-5"-nucleotidase (CD73) (Schakel et al., 2020). Preincubation for 5 min with ARL
67156 (100 uM), did not change the spike with of the typical narrow ADP-induced [Ca®*]. oscillations
(22.8 + 1.3svs 21.3 + 1.0s; ADP and ARL 67156 + ADP, respectively). Similarly, the broad UTP-induced
[Ca®*]. oscillations were unaffected by the ectonucleotidase inhibitor (48.3 + 1.6 svs 458 + 1.5s; UTP
and ARL 67156 + UTP, respectively) (Figure S1). Taken together, these data demonstrate that activation
of P2Y1 receptor by ADP and P2Y2 receptor by UTP generate distinct stereotypic [Ca®*]. oscillation pat-
terns in rat hepatocytes.

oscillation patterns seen with ADP and UTP might

2+]_ oscillation

Downregulation of PKC increases the Ca®* spike width and reduces [Ca
frequency for purinergic agonists

The [Ca®*]. oscillations elicited by activation of P2Y1 and P2Y2 receptors have characteristically distinct
Ca?* spike shapes that are likely to result in diverse physiological roles in the liver. The molecular mech-
anisms that contribute to distinct P2Y receptor-induced [Ca®*]. oscillation patterns remain to be
resolved. It has been shown previously that PKC activation or inhibition can have multiple effects on
hormone-induced Ca?" oscillation kinetics and frequency in hepatocytes (Bartlett et al., 2015; Berrie
and Cobbold, 1995; Sanchez-Bueno et al., 1990). We examined the effect of downregulation of conven-
tional and novel PKC isoforms by overnight treatment (16-24 h) with 1 uM phorbol 12-myristate 13-ac-
etate (PMA), referred to as PKC-DR cells, or the inactive analog 4a-PMA, referred to as CTR cells. In
these overnight cultured hepatocytes, the distinctive [Ca®*]. oscillation patterns for ADP and UTP
were still observed in the CTR cells (Figures 5A vs 5F). In both ADP- and UTP-stimulated PKC-DR cells,
the [Ca®*]. oscillation frequency was reduced and the spike width (FWHM) was prolonged when
compared with the control cells (Figure 5). Although PKC-DR showed similar effects for both purinergic
receptor agonists, the magnitude of the effect was not the same. PKC-DR cells stimulated with ADP
showed a 1.8-fold increase in Ca’* spike duration (17.5 + 0.5 s to 31.1 £ 0.9 s; CTR and PKC-DR,
respectively; p < 0.0001) (Figure 5C), whereas UTP stimulation of PKC-DR cells resulted in a more
modest 1.3-fold increase in Ca®" spike width (27.7 + 0.5 s to 35.5 + 0.7 s; CTR and PKC-DR, respec-
tively; p < 0.001) (Figure 5H). Notably, the basal Ca’* spike width for ADP in control (CTR) cells is about
10 s shorter than for UTP (p < 0.0001), but the spike widths and overall [Ca?*]. oscillation shapes
became more similar after PKC-DR (Figure 5). PKC-DR also had a differential effect on the magnitude
of the [Ca®"]. response elicited by P2Y1 and P2Y2 receptors in hepatocytes. Specifically, PKC-DR re-
sulted in a more robust ADP response profile, with a shift to fewer unresponsive cells and an increase
in oscillatory and sustained [Ca®"]. responses (Figure 5E). By contrast, there was no shift in the pattern
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Figure 5. Downregulation of PKC prolongs ADP- and UTP-induced Ca®* spike duration in isolated rat hepatocytes
Isolated hepatocytes were cultured overnight with PMA (1 uM) to downregulate conventional and novel PKC isoforms
(PKC-DR), or with the inactive analog a-PMA (1 uM, CTR). The cells were loaded with fura-2 and then stimulated with ADP
or UTP as indicated.

(A, B, F and G) Representative traces for ADP- and UTP-induced [Ca?*]. oscillations are shown for control (A and F) and
PKC-DR hepatocytes (B and G).

(C, D, H and |) Summary data show the effects of PKC-DR on Ca®" spike width measured as full width at half maximum
(FWHM) and oscillation frequency for ADP- (C and D) and UTP- (H and I) induced [Ca?*]. oscillations.

(E and J) The distribution of Ca?" response patterns are also shown for ADP (E) and UTP (J). Blue and green symbols
represent data from ADP- and UTP-induced [Ca®*]. responses, respectively. Data are mean + S.E.M. from >50 cells from
at least three independent experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****p < 0.0001; Student's t test.

of [Ca®*]. response signatures in PKC-DR cells after UTP challenge (Figure 5J). The differential suscep-
tibility of P2Y receptor-dependent [Ca®*]. oscillations to PKC downregulation suggests that P2Y1 re-

ceptors are more sensitive to negative feedback inhibition by PKC than P2Y2 receptors (see
Discussion).
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Figure 6. Absence of extracellular Ca®* differentially affects P2Y1 and P2Y2 receptor-dependent [Ca®*].
oscillations

Isolated hepatocytes cultured overnight were loaded with fura-2 and then stimulated with ADP and UTP (1-10 puM) in the
presence (1.3 mM Ca®*) or absence (Ca®* free) of extracellular Ca®*.

(A, B, D and E) Representative traces of typical ADP- (A and B) and UTP- (D and E) evoked [Ca®*]. oscillations are shown.
(C and F) Summary data of the effect of extracellular Ca”* removal on Ca®* spike width (FWHM) for ADP (C) and UTP (F).
Blue and green symbols represent data from ADP- and UTP-induced Ca®* spikes, respectively. Data are mean + S.E.M.
from >50 cells from at least three independent experiments. ***, p < 0.001; Student's t test.

Extracellular Ca?* is required for the PKC modulation of [Ca®*]. oscillations elicited by P2Y1
receptor activation

To determine the impact of plasma membrane Ca’* influx on P2Y-evoked [Ca®*]. oscillations, we
compared Ca?* spike kinetics in the presence and absence of extracellular Ca2*. Purinergic agonist-
induced [Ca®*]. oscillations were monitored in overnight cultured hepatocytes incubated in medium
containing the normal physiological 1.3 mM CaCl, or switched to Ca®* free buffer just prior to
data acquisition (representative traces are shown in Figures 6A, 6B, 6D, and 6E). In the absence of
extracellular Ca®", the individual ADP-induced Ca®* spike widths were longer (35.64 £+ 1.16 s) than
those observed in the presence of extracellular Ca’* (18.84 + 1.09 s) at the same agonist dose
(Figures 6A-6C). In UTP-stimulated cells, no difference was observed in Ca?* spike width in the pres-
ence (29.25 + 0.79 s) or absence of extracellular Ca?* (30.79 + 1.41 s) (Figure 6F). Although P2Y2 re-
ceptor activation with UTP in Ca?*-free conditions did not result in a change of the Ca®* spike width,
the shape of the falling phase was qualitatively different. The characteristic UTP-induced Ca®* spikes
with a biphasic decay phase containing secondary small Ca®* spikes (Figure 6D) (see also Figure 1C)

were not observed in the absence of extracellular Ca®*, resulting in a less complex falling phase
(Figure 6E).
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Figure 7. Extracellular Ca®* has no effect on [Ca®*]. oscillation spike width following PKC downregulation
Isolated hepatocytes were cultured overnight with PMA (1 uM) to downregulate conventional and novel PKC isoforms
(PKC-DR).

(A, B, D and E) The cells were then loaded with fura-2 and stimulated with ADP or UTP (10-15 uM) in the presence (1.3 mM
Ca®*) or absence (Ca®* free) of extracellular Ca?". Representative traces for ADP (A and B) and UTP (D and E) are shown
under both experimental conditions.

(C and F) Summary data of the effect of extracellular Ca?* removal on Ca®* spike width (FWHM) in PKC-DR hepatocytes is
shown for ADP (C) and UTP (F). Blue and green symbols represent data from ADP- and UTP-induced [Ca®*]. oscillations,
respectively. Data are mean + S.E.M. from >50 cells from at least three independent experiments; Student's t test.

The data described above suggest that plasma membrane Ca®* entry is required for negative feedback
inhibition of P2Y1-dependent [Ca®*]. oscillations elicited by ADP but not for the P2Y2-dependent
[Ca2+]C oscillations elicited by UTP. Thus, for P2Y1 receptors, ADP stimulation after PKC-DR or in the
absence of extracellular Ca?* resulted in longer duration [Ca®*]. spikes, whereas P2Y2 receptor-dependent
responses were affected to a lesser extent following PKC-DR and were unaffected by removal of extracel-
lular Ca?*. One possible explanation for the selective effect of extracellular Ca?* on the P2Y1 responses is
that plasma membrane Ca?* entry could be required for negative feedback inhibition of P2Y1 receptors by
PKC. To determine whether the absence of extracellular Ca?* disrupts PKC-dependent regulation of Ca®*
spike kinetics elicited by the different P2Y receptor subtypes, we investigated whether PKC-DR affects
ADP- and UTP-induced [Ca?*]. responses in the presence or absence of extracellular Ca®* (representative
traces are shown in Figures 7A, 7B, 7D, and 7E). In PKC-DR cells, Ca®* spikes elicited by P2Y1 or P2Y2 re-
ceptor activation were found to have the same duration with or without extracellular Ca®* (Figures 7C and
7F). These data showing that extracellular Ca?" does not affect Ca®" spike width when PKC activity is
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downregulated suggest that Ca®* entry at the plasma membrane is important for the PKC-dependent
regulation of oscillatory [Ca®*]. signals.

Acute effect of PKC activation and inhibition on ADP- and UTP-induced [Ca?*]. oscillations

To further investigate the role of PKC in the regulation of hepatic purinergic receptor Ca?* signaling, we
examined the effect of acute activation and inhibition of PKC on ADP- and UTP-induced [Ca®*]. oscillations.
Freshly isolated hepatocytes were stimulated with low doses of ADP or UTP (1-5 uM), to elicit [Ca?"]. os-
cillations and then the effect of PKC modulators was determined in the same cells (representative traces are
shown in Figures 8A, 8B, 8G, and 8H). [Ca®"]. oscillation frequency and spike width (FWHM) were calculated
in cells that displayed continuous [Ca®*]. oscillations for at least 5 min before and after application of the
PKC modulators. For P2Y1 receptors stimulated with ADP, activation of PKC by PMA decreased [Ca®*].
oscillation frequency (Figure 8C), with no change in the spike width (Figure 8D). By contrast, for P2Y2 recep-
tors stimulated with UTP, PKC activation with PMA did not change the [Ca®*]. oscillation frequency (Fig-
ure 8l) but caused a decrease in spike width (Figure 8J). Acute inhibition of PKC with bisindolylmaleimide
(BIM) had no effect on ADP- or UTP-induced [Ca®*]. oscillation frequency (Figures 8E and 8L). However, BIM
elicited opposite effects on the width of the Ca®" spikes evoked by ADP and UTP. The spike width for ADP-
induced [Ca®*]. oscillations increased from 16.33 + 1.05 s to 32.88 + 1.55 s (p < 0.0001) (Figure 8F),
whereas spike width for UTP-induced [Ca®"]. oscillation decreased from 36.36 + 0.65 s to 20.45 +
0.29 s (p < 0.0001) (Figure 8M). A similar effect on Ca’* spike duration was observed with staurosporine,
a nonselective inhibitor of protein kinases, including protein kinase C (Dlugosz and Yuspa, 1991). Treat-
ment with 500 nM staurosporine caused a small increase in the ADP-induced Ca®" spike width (from
15.12 + 0.94 s to 17.95 + 0.77 s, p < 0.001), and a more pronounced decrease in Ca®* spike width with
UTP (from 56.24 + 2.98 s to 22.21 + 0.66 s, p < 0.0001) (Figure S2). Thus, although off-target effects of
BIM and staurosporine are possible, the broadening of ADP-induced Ca?* spikes and narrowing of UTP-
induced Ca®* spikes with both of these PKC inhibitors are consistent. Taken together, the data with acute
and chronic manipulation of PKC demonstrate that this is an important feedback pathway that plays a key
role in shaping the [Ca®*]. oscillations elicited by purinergic agonists, and most importantly, it does so in a
receptor-specific manner.

DISCUSSION

The physiological actions of extracellular nucleotides in the liver include regulation of bile secretion,
glucose homeostasis and cell regeneration. At the cellular level, ATP can be released by hepatocytes
into basolateral, sinusoidal, or apical extracellular compartments, acting as potent autocrine and paracrine
signals to regulate liver physiology (Burnstock et al., 2014; Beldi et al., 2008). Extracellular ATP release from
hepatocytes can occur through ATP permeable ion channels and via exocytosis (Fitz, 2007; Gonzales et al.,
2010; Schlosser et al., 1996; Tatsushima et al., 2021). ATP accumulated into VLDL-containing vesicles in
hepatocytes is co-secreted with VLDL, and this released ATP has been shown to play a role in the physio-
logical regulation of postprandial triglycerides metabolism (Tatsushima et al., 2021). In isolated rat hepa-

2*].increase in the stimulated cell and

tocytes, ATP release evoked by mechanical stimulation elicits a [Ca
also in non-adjacent neighboring cells (Schlosser et al., 1996). After hepatectomy, ATP exocytosis from
hepatocytes and Kupffer cells plays an important role in liver regeneration (Gonzales et al., 2010). ATP is
also released as a cotransmitter with norepinephrine from sympathetic nerves innervating the liver, and
serves to stimulate glycogenolysis and gluconeogenesis through a Ca?*-dependent signaling pathway
(Burnstock et al., 2014). Thus, autocrine and paracrine purinergic signaling by extracellular nucleotides
play multiple roles in the regulation of normal liver physiology. Moreover, under pathophysiological con-
ditions, local release of nucleotides and/or elevated circulating levels of ATP play important roles in
response to liver injury, and can also disturb the normal balance of purinergic signaling in the liver (Vaughn
et al., 2012). In the present study we defined the P2X and P2Y receptors expressed in rat hepatocytes and
analyzed [Ca®*]. oscillations evoked by the predominant P2Y1 and P2Y2 receptors. The physiological sig-
nals encoded by these complex [Ca®*]. dynamics were shown to be regulated by distinct PKC feedback
mechanisms on the P2Y receptors, without any contribution of P2X receptors.

As demonstrated here and by others (Emmett et al., 2008; Gonzales et al., 2007), P2X4 and P2X7 are the
most abundantly expressed P2X receptor isoforms in rat hepatocytes. Immunohistochemistry of rat liver
sections showed P2X4 receptor localized in both the basolateral and apical canalicular domains of the
hepatocyte (Emmett et al., 2008), consistent with the reported role of P2X4 receptors in biliary secretion
(Doctor et al., 2005). Previous studies have used BzATP, an agonist of P2X4 and P2X7 receptors, to show
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Figure 8. Effects of acute activation and inhibition of PKC on ADP- and UTP-induced [Ca®*]. oscillations
The effects of PMA (1 nM) and BIM (5 uM) on ADP- and UTP-induced [Ca?*]. oscillations were analyzed in rat hepatocytes
loaded with fura-2. After stimulation with the purinergic agonists, cells were treated with PMA or BIM as indicated by the

shaded areas on the Ca®* traces.
(A, B, G, and H) Representative [Ca®*]. oscillation responses are shown for ADP (A and B) and UTP (G and H).

(C-L) The frequency and width of the Ca®* spikes induced by ADP and UTP were calculated from 5-min periods in the
absence or presence of the PKC modulators. Summary data are shown for oscillation frequency and spike width (FWHM)
for ADP (C-F) and UTP (I-L). See Figure S1 for the effect of staurosporine on the spike width of ADP- and UTP-induced
[Ca®*]. oscillations. Blue and green symbols represent data from ADP- and UTP-induced [Ca®"]. oscillations, respectively.
Data are mean + S.E.M. from >50 cells from at least three independent experiments. ****, p < 0.0001; Student’s t test.
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that these receptors are functional in hepatocytes, including the activation of a Na*-dependent inward cur-
rent and Ca®" influx in a rat hepatoma cell line (Emmett et al., 2008; Gonzales et al., 2007), and increased
[Ca®*]. and enhanced small molecule permeability in isolated rat hepatocytes (Emmett et al., 2008; Gon-
zales et al., 2007). In addition, the P2X4 receptor allosteric activator ivermectin also increases [Ca®*lcin hep-
atoma cells (Emmett et al., 2008; Gonzales et al., 2007).

In primary rat hepatocytes, low doses of ATP (1-10 uM), the agonist for all P2 receptors, elicits [Ca®"]. oscilla-
tions (Cobbold et al.,, 1991; Dixon et al., 1990, 2000). In the present study, we demonstrated that [Ca®*]. re-
sponses elicited by physiological concentrations of extracellular ATP are blocked by a Ga, inhibitor, whereas
the sustained monophasic [Ca®"].
bition. It seems likely that P2X7 receptor activity accounts for the latter monophasic [Ca“"]. responses, since
activation of this receptor has been shown to require higher ATP (ECsg > 100 uM) compared with other P2X
receptors (Bianchi et al., 1999; Surprenant and North, 2009). In fact, Gonzalez and colleagues demonstrated
previously that treatment with high ATP (1 mM) or BzZATP (100-300 uM) induced membrane pore formation
and blebbing in rat hepatocytes, and these events were inhibited by oxidized ATP, an antagonist of P2X7 re-
ceptors (Gonzales et al., 2007). However, since BzATP activates both P2X4 and P2X7 receptors (North, 2002), the
pharmacological approach used here and in the previous study cannot distinguish unequivocally between the
individual roles of these receptors in the sustained [Ca®*]. increase in rat hepatocytes at high levels of ATP.

increases observed at high ATP concentrations are unaffected by Ga, inhi-
2+
I

Summarizing the findings with respect to P2X receptors, although P2X4 and/or P2X7 are functional and
able to increase [Ca®*]. in rat hepatocytes, these receptors do not appear to play a role in the generation
of [Ca?*]. oscillations and, therefore, in the physiological liver functions mediated by these Ca?* signals.
Nevertheless, their activation by high ATP levels suggests a potential role of P2X purinergic signaling under
pathophysiological conditions in liver. Indeed, a role of the P2X7 receptor in cytotoxicity and ATP-medi-
ated apoptosis has been described in the liver (Fausther and Sevigny, 2011; Gonzales et al., 2007). Impor-
tantly, perfusion of rat liver with ATP, within the dose range shown in this study to induce oscillatory [Ca®*].
responses (1-10 pM ATP), increases hepatic glucose output, indicating that P2Y receptors are responsible
for stimulating glycogenolysis (Buxton et al., 1986).

In the present study, P2Y1 and P2Y2 receptor mRNA were the most abundantly expressed among the Go-
coupled P2Y receptors, in agreement with previous mRNA expression analysis from rat hepatocytes (Dixon
et al., 2000). Although mRNA expression of P2Y6 receptors has been reported from non-quantitative PCR
analysis (Dixon et al., 2000), our quantitative PCR data revealed only a low expression level of P2Yé recep-
tors compared to other P2Y subtypes. At the functional level, UDP, which is the most potent P2Yé agonist
(Nicholas et al., 1996), failed to elicit a [Ca®*]. response, consistent with previous findings (Dixon et al.,
2000). All of the other endogenous purinergic nucleotide agonists, ATP, ADP, and UTP, were able to elicit
[Ca®*]. oscillations in rat hepatocytes. In our studies, ATP was the only agonist able to evoke a response in
100% of hepatocytes. The inability of ADP and UTP to elicit a [Ca?*]. response in all cells could be explained
by different expression levels of P2Y1 and P2Y2 receptors, which would relate to heterogeneous distribu-
tion of these receptors through the liver, particularly along the zonal axis of the hepatic lobule.

The oscillatory [Ca®*]. signaling induced by Ga,-coupled receptors is well established to regulate hepatic
metabolism (Exton, 1987; Gaspers et al., 2019; Hajnoczky et al., 1995). Furthermore, individual GPCRs elicit
[Ca?"]. oscillations with distinct Ca®* spike kinetics, most notably in the falling phase, allowing for differen-
tial regulation of downstream targets (Bartlett et al., 2014; Dixon et al., 2000; Rooney et al., 1989). Several
components of the Ca®* signaling pathway have been described that modulate [Ca®*].
profile of individual Ca®* spikes via positive and negative feedback mechanisms. Positive feedback of
[Ca?*]. on PLC and consequent cross-coupling of Ca®* and IP3 is an essential component in the generation
of[Ca?*]. oscillations in hepatocytes (Gaspers et al., 2014; Politi et al., 2006; Bartlett et al., 2020). In addition,
negative feedback by PKC on PLC-dependent IP3 formation may play a role in spike termination, and in
setting the frequency of hormone-induced [Ca?*]. oscillations (Bartlett et al., 2015). The remarkably distinct
Ca?* spike profiles evoked by P2Y1 and P2Y2 receptors suggests that differential regulation of the Ca®*
mobilization machinery gives rise to receptor-specific differences in the duration and kinetics of the
Ca’* spike falling phase. This is unexpected, since all of the Gag-linked receptors, including P2Y1 and

oscillations and the

P2Y2 receptors, engage the same signaling machinery utilizing IP3 to mobilize intracellular Ca®* stores.
The mechanism underlying distinct stereotypic Ca®* spike profiles with different agonists has not previ-
ously been resolved.
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The narrow Ca?* spikes associated with P2Y1 receptor activation and the broad Ca?* spikes associated with
P2Y2 receptor activation are both altered by PKC modulation but with clear differences that contribute to
the distinct Ca®* spike profiles. Inhibition of PKC activity by PKC-DR increased the spike width in all cases,
but this was much more pronounced for P2Y1 receptor. This PKC-DR approach has also been shown to
enhance the oscillatory [Ca?*]. responses to the a-adrenergic agonist phenylephrine in rat hepatocytes,
again with a prolongation of the Ca%* spike width (Bartlett et al., 2015). In those studies, we demonstrated
that agonist-stimulated PLC activity and IP3 production were enhanced due to the absence of negative
feedback by PKC on the GPCR-dependent stimulation of PLC (Bartlett et al., 2015). Thus, the broadening
of [Ca®"]. oscillations observed for activation of P2Y1 and P2Y2 receptors are also likely due to the suppres-
sion of PKC negative feedback on IP3 production, particularly during the falling phase of the individual Ca®*
spikes. We interpret this to suggest that under normal conditions there is a larger element of PKC negative
feedback onto the P2Y1 as opposed to the P2Y2 receptors, such that PKC-DR has a much more pronounced
effect to modulate the P2Y1 response to ADP. Consistent with this, PKC-DR shifted the [Ca®*]. signature
profile toward more oscillatory and sustained responses for ADP stimulation, but not for UTP stimulation
(Figures 5E vs 5F). This indicates that there is a selective effect of PKC to suppress the strength of the
[Ca?*]. signals elicited by P2Y1 receptor activation, which is relieved by elimination of this negative feed-
back after PKC-DR.

The differential PKC-dependent feedback mechanism of P2Y1 and P2Y2 receptors was also evidenced by
acute modulation of PKC. P2Y1 activation with ADP in the presence of the PKC inhibitor BIM led to broader
[Ca®"]. spike widths, consistent with the data obtained with PKC-DR. As discussed above, this can be ex-
plained by the elimination of PKC negative feedback on the P2Y1 receptor-stimulated PLC. By contrast,
acute PKC activation with PMA did not further decrease the already narrow Ca®* spikes with P2Y1 receptor
activation but did slightly decrease the [Ca®*].
strong endogenous negative feedback effect of PKC on P2Y1 receptors. As noted above, there was only
a small effect of PKC-DR on P2Y2-induced [Ca?*]. oscillations, suggesting that endogenous PKC-depen-
dent negative feedback plays a lesser role than for the P2Y1 responses. Nevertheless, acute PKC activation
with PMA caused a significant narrowing of UTP-induced [Ca?*]. oscillations, demonstrating that P2Y2 re-
ceptor-mediated PLC activation is susceptible to PKC negative feedback, but this is not full engaged by the
endogenous activation of PKC during UTP stimulation. The paradoxical finding that BIM also caused nar-
rowing of the Ca®* spike width in response to UTP stimulation could be explained by a discrete site of ac-
tion, perhaps through a different PKC isozyme that is not susceptible to PKC-DR. One potential target is the
IP3R, which we have shown previously is sensitized to IP3 by PKC activation but is unaffected by PKC-DR in
hepatocytes (Bartlett et al., 2015). Thus, with P2Y1 receptor activation the predominant effect of PKC may
be negative feedback on PLC-dependent IP; generation at the plasma membrane, whereas with P2Y2 re-
ceptor activation intracellular IP3R sensitization by PKC may predominate.

oscillation frequency. These data are consistent with a

Our findings with respect to the influence of extracellular Ca?* on the shape of the [Ca?*]. oscillations eli-

cited by P2Y1 and P2Y2 receptor activation sheds light on the differential effects of PKC. Bearing in mind
the importance of plasma membrane Ca®* entry in maintaining [Ca?*]. oscillations, the observation that the
Ca?* spikes elicited by ADP were substantially broader in the absence of extracellular Ca®* was unex-
pected. Moreover, this effect was specific to P2Y1 receptor activation by ADP, and was not observed
with UTP activation of P2Y2 receptors (Figure 6). The effect of extracellular Ca?* to broaden the [Ca®*].
spike width appears to be mediated by PKC, since there was no additional effect of Ca* removal in hepa-
tocytes after PKC-DR. In other cell types there is evidence that extracellular Ca®* is important for PKC acti-
vation, and Ca®* influx may play a direct role in the translocation and activation of plasma membrane-asso-
ciated conventional PKC isoforms (May et al., 2014; Rasmussen et al., 1995; Zhou et al., 2006). Our
observation in hepatocytes that plasma membrane Ca®* entry is required for negative PKC feedback
only on ADP-induced [Ca?*]. oscillations is consistent with the conclusion that PKC acts selectively on
P2Y1 receptor signaling to shape the narrow Ca®* spikes elicited by this receptor, whereas P2Y2 receptors
signaling is refractory to this feedback. It is also significant because it provides evidence that plasma mem-
brane Ca®* entry can have discrete effects on PKC activation, distinct from the concomitant changes in bulk
cytosolic Ca?*.

From a broader perspective, these data indicate that multiple PKC isoforms with distinct Ca®* signaling

targets and different modes of activation are engaged to fine-tune agonist-induced [Ca®*]. oscillations
and to shape the Ca®* spike kinetics for a given GPCR. Indeed, in human platelets, distinct PKC isoforms
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have been shown to regulate P2Y1 and P2Y12 receptor function and trafficking. Overexpression of domi-
nant-negative PKC-a and PKC-3 isoforms revealed both novel and conventional PKC-mediate P2Y1 desen-
sitization, whereas only novel PKCs regulate P2Y12 receptors (Mundell et al., 2006). A differential suscep-
tibility to PKC was described in human astrocyte cell line, in which stimulation of both P2Y1 and P2Y2
receptors elicited Ca®* responses. However, high-frequency activation of P2Y1 receptors recruited a nega-
tive feedback mediated by PKC, which was not engaged by P2Y2 activation (Fam et al., 2003). The residue
Thrsse in the C terminus of the P2Y1 receptor seems to be necessary for its downregulation by PKC (Fam
et al., 2003).

Another possible PKC target in the control of IP3 formation and Ca?* mobilization is PLC. PKC-mediated
phosphorylation of PLC-B3 (but not PLC-B1) in response to P2Y2 and M3 muscarinic receptor activation
has been shown to decrease PLC association with Gag/11 and contribute to the termination of the
[Ca?*]. increases evoked by these receptors (Strassheim and Williams, 2000). This type of negative feed-
back on PLC activity could explain the effects of PKC on Ca®" spike duration observed in the present
work. PKC activity can also regulate the degradation of IP. In fibroblast cell lines, PKC phosphorylates
IP3 Kinase isoforms A and B, decreasing the Ca®*/calmodulin-stimulated activity (Woodring and Garrison,
1997), thereby slowing the removal of IP3. However, this would not explain our findings with P2Y1 receptors,
where PKC activity is associated with shorter duration Ca®* spikes. By contrast, in platelets PKC activates IP3
5-phosphatase, increasing the rate of IP3 degradation (Connolly et al., 1986), and inhibition with stauro-
sporine increases IP3 accumulation (King and Rittenhouse, 1989). Thus, the prolonged Ca®* spikes seen
with P2Y1 receptor activation after PKC-DR or acute PKC inhibition could be explained by lack of IP;
5-phosphatase activation, although it is more difficult to see how this would result in a differential effect
on P2Y1 vs P2Y2 receptors. Finally, the IP3R Ca®* channel itself appears to be a PKC target. We have shown
that the frequency of [Ca®*].
treatment, indicating that IPs-induced Ca®* release may also be directly enhanced by PKC (Bartlett et al.,
2015).

oscillations elicited by uncaging IP3 in hepatocytes is increased by acute PMA

Overall, these multiple actions of PKC, and perhaps others, contribute to regulate the frequency and indi-
vidual spike dynamics of agonist-induced [Ca?*]. oscillations. The present findings showing how these
feedback mechanisms mediated by PKC can give rise to distinct receptor-specific shaping of [Ca®*]. oscil-
lations, even within the P2Y Ga4-linked GPCR family, provides the first complete explanation of the remark-
able observations that different hormones give rise to characteristic [Ca®*]. oscillation shapes reported by
Cobbold and coworkers and our group more than 30 years ago (Woods et al., 1986; Rooney et al., 1989,
Sanchez-Bueno and Cobbold, 1993). In the context of liver function and hepatology, the ability to generate
distinct Ca®" signaling patterns allows different receptors to exert control over specific hepatocyte func-
tions. For example, brief Ca®* spikes can acutely activate cytosolic metabolism, including glycogenolysis,
whereas longer duration Ca®* spikes may be important for mitochondrial activation, lipid metabolism and
gene expression, and the complex patterns of response to ATP may underlie its broader range of actions
including in liver regeneration (Bartlett et al., 2014; Burnstock et al., 2014; Kimura et al., 2020).

In conclusion, our results show that P2Y1 and P2Y2 receptors are functional and display stereotypic [Ca®*].
oscillations that are tightly regulated by PKC feedback mechanisms in primary rat hepatocytes. P2Y1 recep-
tor-evoked [Ca®"]. oscillations are shaped by a strong negative feedback on PLC activation, with a key role
of plasma membrane Ca®* entry in this component of PKC action. The distinct [Ca®*]. oscillation pattern
seen with P2Y2 receptor activation appears to involve differential regulation by PKC, reflecting differences
in the sensitivity of IP3 generation and downstream components of IP; metabolism and action in the Ca®*
signaling cascade. The P2Y receptor-specific [Ca®*]. signatures established by PKC in the liver provide a
means to regulate the diverse targets, including both physiological and pathophysiological processes,
all encoded by the complex [Ca?*]. oscillation signals.

Limitations of the study

2
e

Hepatocytes were one of the first cell types to be shown to manifest [Ca“"]. oscillations in the continuing

presence of agonist, and they remain one of the best examples where the agonist controls the frequency,

2*]. oscillations are seen in

but not the amplitude, of baseline-separate periodic Ca®* spikes. Similar [Ca
many other primary cell types and tissues, especially in epithelial and secretory cells, where agonist-specific
Ca?* spike shapes are also observed. However, more chaotic [Ca?*]. oscillations are observed in other cell

types, especially cell lines maintained in long-term culture, and cell polarization may be a factor in these
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differences. As polarized epithelial cells, there may be a morphological component to the organization that
gives rise to stereotypic Ca®* spikes in hepatocytes, which would be difficult to resolve using currently avail-
able tools for studying IPs-related signaling components. We focused our studies on two closely related
purinergic P2Y receptors, which presents a good paradigm for studying the differential regulation of
GPCR-mediated [Ca®*]. oscillations because despite their similarities they yield remarkably different
Ca®" response patterns. Nevertheless, other GPCRs also show stereotypic Ca®* spikes in hepatocytes
and future work should investigate whether similar mechanisms are more broadly applicable. Finally,
although we show receptor-specific regulation by PKC feedback underlies the distinct [Ca?*]. oscillations
patterns, we do not have the tools to elucidate the precise sites of PKC action. While it could act directly on
the specific GPCRs involved, PKC could also act on other coupling proteins or auxiliary proteins associated
with the GPCR/PLC signaling cascade. Moreover, the differential actions of PKC might reflect the subcel-
lular localization or targeting of PKC to the relevant signaling complex rather than a receptor-specific
target in the polarized hepatocytes.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Chemicals, peptides, and recombinant proteins

TRIzol

DNAse |

SYBR Green PCR Master Mix

Collagen type | (rat tail protein)

William’s E Medium

Insulin

Glutamine

Penicillin/Streptomycin 10K/10K
Gentamycin

Fetal bovine serum

Sulfobromophthalein

Probenecid

Fura-2 AM

Adenosine 5'-triphosphate disodium salt (ATP)
Adenosine 5'-diphosphate sodium salt (ADP)
Uridine-5"-triphosphate trisodium salt (UTP)
Uridine 5’-diphosphate disodium salt (UDP)
Phorbol 12-myristate 13-acetate (PMA)
Bisindolylmaleimide | (BIM)

Staurosporine

MRS 2500 tetraammonium salt

AR-C 118925XX

ARL 67156 trisodium salt

Thermo Fisher Scientific
Qiagen

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Lonza

Sigma

Gemini Bio-Products
Fluka

TCI Chemicals

ION Biosciences

Tocris

Sigma

Alfa Aesar

Sigma

Cayman Chemical
Millipore

Alexis Biochemicals
Tocris

Tocris

Tocris

Cat#: 15596026
Cat#: 79254
Cat#: 4309155
Cat# : 354236
Cat# : 12551-032
Cat#: 12585-014
Cat#: 25030081
Cat#: 17-602E
Cat#: G1397
Cat#: 900-208
Cati#: 18360
Cat#: P1975
Cat#: 1051B
Cat#: 3245

Cat#: A2754
Cat#: J63427-MC
Cat#: 94330
Cat#: 10008014
Cat#: 203290
Cati#: 380-014-M001
Cati#: 2159

Catif: 4890

Cat#: 1283

Critical commercial assays

Superscript™ Il First-Strand Synthesis System

Thermo Fisher Scientific

Cat#: 18080051

Experimental models: Organisms/strains

Sprague-Dawley Male Rats

Taconic

NTac:SD Male

Oligonucleotides

P2x1:

Forward: 5'-CAGTTCCACGGACTGTAT-3’
Reverse: 5'-GAATCCCAAACACCGTGAA-3’
P2x2:

Forward: 5'-TGCCTCCTCAGGCTACAACT-3’
Reverse: 5'- AGTGGTGGTAGTGCCGTTT-3'
P2x3:

Forward: 5'- CTGCCTAACCTCACCGACAAG-3'
Reverse: 5'-AATACCCAGAACGCCACCC-3'
P2x4:

Forward: 5'-CTCATCCGCAGCCGTAAAGT-3'
Reverse: 5'-TTTTCCCACACGAACACCCA- 3’

This paper

This paper

This paper

This paper

N/A

N/A

N/A

N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

P2x5:
Forward:
Reverse:
P2xé:
Forward:
Reverse:
P2x7:
Forward:
Reverse:
P2y1:
Forward:
Reverse:
P2y2:
Forward
Reverse:
P2y4:
Forward:
Reverse:
P2yé:
Forward:
Reverse:
P2y12:
Forward:
Reverse:
P2y13:
Forward:
Reverse:
P2y14:
Forward:
Reverse:
Rpl0
Forward:

5'-GGATGCCAATGTTGAGGTTG-3'
5'-TCCTGACGAACCCTCTCCAG- 3’

5-CCCAGAGCATCCTTCTGTTCC-3'
5-GGCACCAGCTCCAGATCTCA- 3’

5-GGGAGGTGGTTCAGTGGGTAA-3’

5'- GGATGCTGTGATCCCAACAAA-3'

5-GTCAGTGTGCTGGTATGGCT-3'
5'-TTTTCCGAATCCCAGTGCCA-3"

: 5'-TCAAACCGGCTTATGGGACC-3’

5'-GGAAAGGCAGGAAGCAGAG-3'

5'-CGGCGACTGTATCGACCTTT-3'
5'- TTGTGCGGGTGATGTGGAA-3’

5-CAGGATGTCTGCTGGAACCT-3'
5'-CCCTCTCAGCCTCAAGCTAC-3'

5-AACGCCTGCCTTGATCCATT-3'
5-TACATTGGGGTCTCCTCGCT-3'

5'-CCGTGAAGAAATGTGCGTCC-3'
5'-TGAACTGGCATGTGTGACTGA-3'

5-GGTGGGTTTCGCCTCATGT-3'
5'-CCTCAGGTGACCGGCATCT-3'

5-CTCGCTTCCTAGAGGGTGTCCGC-3'
Reverse: 5'- CTCCACAGACAAAGCCAGGAC-3'

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Software

and algorithms

GraphPad Prism

MATLAB

software

GraphPad
MathWorks

https://www.graphpad.com/scientific-software/prism/

https://www.mathworks.com/products/matlab.html

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Andrew Thomas, New Jersey Medical School Rutgers, The State University of New Jersey
(andrew.thomas@rutgers.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

o All data produced or analyzed for this study are included in the published article and its supplementary
information files.
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® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Animal studies were approved by the Institutional Animal Care and Use Committee at Rutgers, New Jersey
Medical School. Male Sprague-Dawley rats (weighing 200-250 g; Taconic Biosciences, Rensselaer, NY,
USA) were housed in ventilated cages under a 12:12 h dark /light cycle. Rats were given ad libitum access
to rodent chow and water until the day of experiment. Rats were anaesthetized with an |.P. injection of
pentobarbital (60 mg/kg) diluted 1:1 with PBS and vital signs were monitored throughout the procedure.
The depth of anesthesia was assessed by relaxation of muscle tone and a loss of reflex responses to
external stimuli.

Primary cell culture

Hepatocytes were isolated by a two-step collagenase perfusion of livers as previously described (Rooney
et al., 1989; Thomas et al., 1991). Cell viability was determined by Trypan blue exclusion and typically
ranged between 85 and 95%. Hepatocytes (7 x 10%) were plated on collagen-coated (type | rat tail, Corning;
10 pg/cm?) glass coverslips in William's E Medium (Thermo Fisher Scientific) supplemented, 2 mM gluta-
mine, 10 units/ml penicillin (Lonza), 10 pg/ml streptomycin (Lonza) and 50 ng/ml gentamycin (Sigma). Over-
night cultured hepatocytes were supplemented with 5% (v/v) fetal bovine serum (Gemini Bio-Products),
140 nM insulin (Thermo Fisher Scientific) for 3 hours and cultured overnight in 14nM insulin. Cells were
maintained in a humidified atmosphere of 5% CO, and 95% air at 37°C.

METHOD DETAILS

RNA extraction and cDNA synthesis

Total RNA was isolated from hepatocytes using TRIzol reagent and followed by column purification
(Qiagen), according to the manufacturer protocol. DNAse | treatment (Ampgrade, 1U/pg of RNA, Thermo
Fisher Scientific) was performed for 15 min at room temperature to prevent residual DNA contamination.
RNA was quantified by spectrophotometry (NanoDrop, Thermo Fisher Scientific). Two micrograms of
DNAse-treated RNA of each sample were simultaneously reverse transcribed using Superscript™ Il
First-Strand Synthesis System (Thermo Fisher Scientific) according to the manufacturer protocol. After
cDNA synthesis, samples were submitted to a 20-minute digestion with RNAseH at 37° C.

Quantitative PCR

Quantitative transcript analyses were performed in a StepOnePlus™ Real-Time PCR System (Thermo Fisher
Scientific), as described previously (Glaser et al., 2014). Optimal conditions were obtained using a five-
point, two-fold ¢cDNA and primer dilution curve for each amplicom. Each gPCR reaction contained
12.5ng of reversely transcribed RNA, each specific primer at 200 nM (Table S1) and SYBR Green PCR Master
Mix (Thermo Fisher Scientific), following the manufacturer conditions. Samples with no DNA or with RNA
(no reverse transcription) were included as negative controls. A dissociation curve was acquired to confirm
product specificity and the absence of primer dimers. Relative transcript amount quantification was calcu-
lated from three technical replicates, as previously described (Chiavegatto et al., 2009; Vandesompele
etal., 2002). Purinergic receptor gene expression was normalized to Rpl0 expression, which did not change
under the used experimental conditions.

Cytosolic Ca®* measurements

Calcium imaging experiments were performed in HEPES-buffered physiological saline solution comprised
of 25 mM HEPES (pH 7.4), 121 mM NaCl, 5 mM NaHCO3, 10 mM glucose, 4.7 mM KCI, 1.2 mM KH,POy,
1.2 mM MgSQy, 1.3 mM CaCly, and 0.25%(w/v) fatty acid-free BSA and supplemented with the organic
anion transport inhibitors sulfobromophthalein (100 pM) or probenecid (200 uM) to increase retention of
fura-2. Hepatocytes were loaded with fura-2 by incubation with 5 pM fura-2/AM and Pluronic acid F-127
(0.02% v/v) for 20-40 min. Cells were transferred to a thermostatically regulated microscope chamber
(37° C). Fura-2 fluorescence images (excitation, 340 and 380 nm, emission 510 nm long pass) were acquired
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at 1to 3sintervals with a cooled charge-coupled device camera coupled to an epifluorescent microscope,
as described previously (Hajnoczky and Thomas, 1997).

QUANTIFICATION AND STATISTICAL ANALYSIS
Data analysis

Relative expression of purinergic receptors genes was calculated according to Chiavegatto et al. (2009).
Briefly, the arithmetic means of replicated cycling threshold (Cq) value of each gene was transformed to
a quantity taking into account the amplification efficiency of each gene. The raw quantities were subse-
quently normalized to the reference gene. For the imaging data, the frequency and spike width (full
width at half maximum, FWHM), were determined using algorithms (R.B. et al., unpublished data) written
in MATLAB (MathWorks, Natick, MA, USA). Graph plotting and data analysis were performed with Graph-
Pad Prism and MATLAB software. Statistical analysis was performed using two-tailed Student’s t test.
Standard p-value threshold of <0.05 was used to indicate statistical significance. p values were shown on
the figures as asterisks: *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
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