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G protein-coupled receptors (GPCRs), the largest family of signaling
receptors expressed in the CNS, mediate the neuropsychiatric effects
of a diverse range of clinically relevant drugs. It is increasingly clear
that GPCRs can activate distinct G protein-dependent and -indepen-
dent transduction pathway(s), and that certain drugs differ in the
ability to regulate distinct signaling mechanisms linked to the same
receptors.A fundamentalquestion inneuropharmacology iswhether
such “biasedagonism”occurs inphysiologically relevantneurons and
with endogenous receptors. Herewe show that propranolol and car-
vedilol, two β-blocker drugs that inhibit β-adrenergic signaling via
heterotrimeric G proteins, function in hippocampal pyramidal neu-
rons aspotent and selective activators of analternate receptor-linked
calcium signaling pathwaymediated by β-arrestin-2 and ERK1/2. Our
results support the emerging view of β-arrestin–biased agonism as
a significantmechanismof drug action and do so in CNS-derived neu-
rons expressing only native receptors.

functional selectivity | total internal reflection microscopy |
non-canonical signaling

Norepinephrine signaling through β-adrenergic receptors me-
diates endogenous regulation of complex CNS processes,

including attention, arousal, learning, and memory (1). The mul-
tiple therapeutic actions of β-blocker drugs, classified according to
their shared ability to function as antagonists or inverse agonists of
norepinephrine-induced signaling by these receptors, highlights the
importance of β-adrenergic signaling in the brain (2). β-Blockers
can alleviate performance anxiety and akathisia,managemigraines,
and possibly prevent posttraumatic stress disorder by reducing the
consolidation of emotional memories (3, 4). However, administra-
tion of β-blockers can also produce unwanted neuropsychiatric ef-
fects, including depression, sedation, fatigue, and, occasionally,
psychosis (2). Structurally distinct β-blockers differ markedly in
their tendency to produce particular neuropsychiatric effects (2, 4,
5), but at the cellular level, the only known mechanism underlying
the CNS actions of all of these drugs is norepinephrine antagonism.
β-Adrenergic receptors are members of the largest family of

seven-transmembrane signaling receptors, often calledG protein–
coupled receptors (GPCRs)because theymediate ligand-dependent
activation of the heterotrimeric G proteins Gs andGolf (6). These G
proteins stimulate adenylyl cyclase and subsequently the cAMP-
dependentproteinkinase (PKA), thereby controllinga largenumber
of downstream effectors. Some β-blocker drugs, instead of acting as
antagonists (or inverse agonists) of canonical G protein–dependent
signaling, have been shown to function as agonists of β-arrestin–
dependent signaling (7–14). These observations emerged from
studies of the effects of heterologous receptor expression and
were recently found to apply to endogenous receptors inHEK-293
cells as well (12).Might such β-arrestin–biased agonism contribute
to the effects of β-blocker drugs on normal CNS neurons? Here
we describe a pathway of neural calcium signaling selectively eli-
cited by a subset of β-blocker drugs. This signaling ismediated via a
noncanonical β-arrestin–dependent mechanism linked to endog-
enous β-adrenergic receptors. These results, by providing the first

demonstration of β-arrestin–biased agonism in native CNS neu-
rons, have fundamental implications for neuropharmacology and
provide a rational basis for understanding the diverse behavioral
effects of β-blocker drugs.

Results
To analyze β-adrenergic regulation of intracellular calcium near
the plasma membrane, we used the calcium indicator Fluo-4 and
total internal reflection fluorescence microscopy (TIRFM). By
selectively illuminating a shallow region extending ∼100 nm from
the plasma membrane (15), TIRFM provides information on lo-
cal fluorescence with an increased signal-to-noise ratio and re-
duced photodamage compared with standard imaging techniques
(16–18). Dissociated hippocampal neurons (DIV12–21) were
loaded with Fluo-4, and standard epifluorescence microscopy was
used to identify individual cells with soma and proximal dendrites
located within the TIRFM illumination field (Fig. S1). Sequential
frames (10 Hz) were then acquired by TIRFM at 37 °C. Average
fluorescence within a defined area enclosing the soma and prox-
imal dendrites was measured and plotted versus time (Fig. S1A).
As a first step in investigating the regulation of surface-localized

cytoplasmic free calcium by β-adrenergic receptors, we examined
the effect of bath application of the β-adrenergic agonist isopro-
terenol (10 μM). To avoid any network activity in our cultures,
we made all measurements in the presence of the sodium channel
blocker TTX (1 μM). Isoproterenol, a specific β-adrenergic ago-
nist, induced a rapid decrease in the fluorescence signal (Fig. 1 A
and E) that desensitized to a new steady-state level in the con-
tinuous presence of isoproterenol (Fig. 1B). Unlike isoproterenol,
application of propranolol, a nonselective β-adrenergic blocker,
induced an opposite increase in fluorescence that did not de-
sensitize to any detectable degree during the course of our exper-
iments (60 s) (Fig. 1 C and E).
We repeated the foregoing experiments in the presence of

alprenolol, a potent and specific β-blocker drug that by itself did
not produce any detectable change in local cytoplasmic calcium
concentration (Fig. S1B). In the continuous presence of alpre-
nolol, application of isoproterenol, propranolol, or norepineph-
rine did not significantly alter calcium indicator fluorescence,
indicating that the observed calcium-signaling effects depend on
the activation of β-adrenergic receptors (Fig. 1 D and E). This is
consistent with previous evidence indicating that pyramidal neu-
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rons in the hippocampus express primarily β2-adrenergic recep-
tors,whereasα1-adrenergic receptors are restricted to interneurons
(19). To determine whether these distinct effects weremediated by
the same β-adrenergic receptor subtype (like both β1- and β2-ad-
renergic receptors are expressed in the hippocampus), we pre-
incubated neurons with the selective β1 antagonist CGP 20712 (20)
and tested the ability of subsequent addition of norepinephrine,
isoproterenol, or propranolol to rapidly change indicator fluores-
cence (Fig. 1F). Preincubation of neurons with 50 μM CGP, a rel-
atively high concentration that blocks both β1- and β2-adrenergic
receptors, prevented the calcium-signaling effects produced by
norepinephrine, isoproterenol, and propranolol. In contrast, pre-
incubationwith 50 nMCGP, which selectively blocks β1-adrenergic
receptors (20), did not.We also verified that the opposite effects of
isoproterenol and propranolol both exhibited a dose–response
relationship consistent with direct action on β-adrenergic receptors
(Fig. 1 G and H). Taken together, these results indicate that the
divergent calcium-signaling effects observed were indeed elicited

by binding of the respective ligands to β-adrenergic receptors,
primarily by the β2-adrenergic receptor subtype.
To verify that isoproterenol-induced changes in neuronal cal-

cium levels occur via regulation of plasma membrane calcium
channels, we preincubated neurons with the nonselective calcium
channel blocker cadmium (100 μM). The isoproterenol-induced
decrease in local cytoplasmic calcium also eliminated the selective
L-type channel blocker nifedipine (5 μM) (Fig. S1 C and D). Re-
markably, the samemanipulations also prevented the propranolol-
induced increase in cytoplasmic calcium (Fig. S1E). Taken to-
gether, these results suggest that isoproterenol and propranolol
regulate local cytoplasmic calcium through the same β-adrenergic
receptors and produce opposite signaling effects via the same type
of calcium channel.
We hypothesized that the isoproterenol-induced decrease of

local cytoplasmic calcium was mediated by receptor-dependent
activation of the canonical Gs–PKA signaling pathway, and that
the propranolol-induced increase likely resulted from inhibition
of the same pathway. The latter hypothesis is based on pre-

Fig. 1. Bidirectional regulation of cytoplasmic free calcium concentration near the neuronal plasma membrane by β-adrenergic receptors. (A) Dissociated rat
hippocampal neurons (DIV12–21) were loaded with Fluo-4 and imaged sequentially every 100 ms by TIRFM. Fluorescence intensity is displayed in pseudocolor
(scale palette on the left) before (5 s) and after (15 s) bath application of 10 μM isoproterenol (added at t = 10 s relative to the time stamp in the lower right
corner). (B) Time course of the calcium indicator fluorescence intensity measured in the cell body of 10 neurons and plotted versus time. The black line
indicates mean intensity, and gray shading represents SEM. The red line represents the presence of isoproterenol during the indicated times. (C) Average
fluorescence intensity measured before and after the addition of 10 μM propranolol. The blue line indicates the presence of propranolol (n = 7). (D) The
presence of 10 μM alprenolol, a specific β-blocker, prevented the effect of isoproterenol (red line) on calcium indicator fluorescence (n = 6). (E) Analysis across
independent experiments of the effect of norepinephrine (NE; 10 μM) and isoproterenol (Isop; 10 μM) on calcium indicator fluorescence measured at 5 s after
bath application. Preincubation of neurons (1 min) with 10 μM alprenolol blocked the norepinephrine-, isoproterenol-, and propranolol-induced changes in
calcium indicator fluorescence. (F) Preincubation with 50 μM CGP-20712, a concentration that effectively blocks β1- and β2-adrenergic receptors, also pre-
vented the calcium-signaling effects of norepinephrine, isoproterenol, and propranolol. Preincubation with 50 nM CGP-20712 (a concentration that selec-
tively blocks β1-adrenergic receptors) did not prevent isoproterenol- or propranolol-induced changes in calcium indicator fluorescence. (G) Dose–response
curve of the isoproterenol-induced decrease in calcium indicator fluorescence measured at 5 s after bath application, normalized to the maximum response.
(H) Dose–response curve of the propranolol-induced increase in calcium indicator fluorescence normalized to the maximum response.
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vious studies of nonneural cell types in which β-blockers, such
as propranolol, were shown to function as inverse agonists of
β-adrenergic receptors by reducing receptor constitutive activity
(20, 21). To test these hypotheses, we repeated calcium imaging
experiments in the presence of the PKA inhibitor KT-5720. KT-
5720 prevented the isoproterenol-induced decrease in cytoplas-
mic free calcium concentration (Fig. 2 A and C), confirming
that this effect was mediated by the canonical Gs–PKA signal-
ing pathway. H-89, a structurally different PKA inhibitor, also

blocked the response (Fig. 2C). Surprisingly, KT-5720 and H-89
did not prevent the converse increase in local calcium elicited by
propranolol (Fig. 2 B and C). These data, although verifying
isoproterenol-induced regulation of neuronal calcium via Gs–

PKA signaling, suggest that the functionally opposite regula-
tion elicited by propranolol is mediated by a distinct, PKA-
independent mechanism (Fig. 2C).
There is extensive evidence showing that in heterologous sys-

tems, β-adrenergic receptors can elicit PKA-independent signaling

Fig. 2. β-Adrenergic receptor–medi-
ated calcium-signaling effects are
distinguishable by their dependence
on PKA or the MEK/ERK cascade. (A)
Average calcium indicator fluores-
cence intensity was measured in py-
ramidal neurons preincubated with
the specific PKA inhibitor KT-5720 (1
μM; black line) before and after bath
application of isoproterenol (10 μM;
red line). (B) Fluorescence intensity
measured similarly in response to 10
μM propranolol (blue line). (C) Anal-
ysis across multiple experiments of
fluorescence intensities measured at
5 s after the addition of the indicated
adrenergic ligand, verifying that the
isoproterenol-induced decrease in
calcium fluorescence (Isop) was pre-
vented by KT-5720 (Isop + KT), as well
as by the chemically distinct PKA inhibitor H89 (Isop + H89) (n = 6 and n = 7, respectively). The propranolol-induced increase in calcium indicator fluorescence
(Prop) was not significantly different in the presence of either KT-5720 (Prop + KT) or H89 (Prop + H89). Each bar represents the mean ± SEM of average
fluorescence changes (relative to basal levels) across between six and eight experiments. (D and E) Effect of the MEK/ERK inhibitor mixture on the ability of
isoproterenol (D) and propranolol (E) to change calcium indicator fluorescence, using the same experimental design as in A and B. (F) Analysis across multiple
experiments of calcium indicator fluorescence measured at 5 s after adrenergic ligand addition, verifying that the MEK/ERK inhibitor mixture (Isop + MEK)
and the selective MEK inhibitor U0126 (Isop + U0126) did not affect the isoproterenol-induced decrease of calcium indicator fluorescence, but did inhibit the
propranolol-induced increase (n = 6–8 experiments for each condition).

Fig. 3. Carvedilol produces a biphasic calcium-signaling effect mediated by β-adrenergic receptors and the MEK/ERK cascade. (A) Calcium indicator fluo-
rescence intensity, depicted as pseudocolor images before (5 s) and after (15 s) the addition of 10 μM carvedilol to the culture medium. Carvedilol was added
at t = 10 s relative to the time stamp in the lower right corner of each image. (B) Time course showing average fluorescence changes measured by live TIRFM
imaging on application of carvedilol to the incubation media. Sequential images were recorded from isolated neurons during a 1-min image series, with
carvedilol added at t = 10 s (n = 7). (C) Alprenolol did not alter calcium indicator fluorescence and effectively blocked both the early (measured 5 s after
carvedilol addition) and late (measured 50 s after carvedilol addition) effects (n = 7). (D and E) Analysis across independent experiments (n = 7) indicating that
both early (D) and late (E) phases of carvedilol’s calcium signaling effect were inhibited in the presence of the MEK/ERK inhibitor mixture (Carv + MEK) or the
specific MEK inhibitor U0126 (Carv + U0126). (F and G) Dose–response curves of the carvedilol-induced increase in calcium indicator fluorescence were plotted
for the early (5 s) and late (50 s) phases, normalized to the maximum response measured in each time interval.
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via activation of MAP kinase modules (8). Of particular interest,
inverse agonists, such as propranolol, have been shown to activate
ERK1/2 in heterologous cells (8, 12). Thus, we considered the
possibility that such alternate signaling might contribute to the
observed PKA-independent regulation of local cytoplasmic cal-
cium. To test this, we preincubated hippocampal neurons with
a MEK/ERK inhibitor mixture (1 μM each of PD 98059, SL 327,
and U0126). As expected, these inhibitors did not detectably af-
fect the isoproterenol-induced decrease in local cytoplasmic cal-
cium measured by TIRFM (Fig. 2D). In marked contrast, the
presence of MEK/ERK inhibitors blocked the propranolol-in-
duced increase in local cytoplasmic calcium (Fig. 2E). Analysis
across multiple experiments verified that the presence of MEK/
ERK inhibitor mixture, as well as the specific MEK inhibitor
U0126 by itself, prevented the propranolol-induced increase in
calcium fluorescence without blocking the converse decrease in
local cytoplasmic calcium produced by isoproterenol (Fig. 2F).
These observations verify the ability of propranolol to activate
a PKA-independent calcium-signaling mechanism and further
indicate that this alternate signaling mechanism requires activa-
tion of the MEK-ERK MAP kinase cascade.
To further probe the effects of β-blockers on neural calcium sig-

naling, and to examine the possibility of still more diversity among
individual β-blocker drugs, we investigated the actions of carvedi-
lol. Carvedilol is an inverse agonist of the Gs–PKA signaling
pathway and has been observed to activate ERK1/2 with greater
efficacy than propranolol in heterologous cell models (9, 10). Ap-
plication of carvedilol to neurons led to a large but transient in-
crease in the local Fluo-4 signal that exceeded the increase
produced by propranolol, followed by a prolonged elevation of
local free calcium comparable in magnitude to that produced by
propranolol (Fig. 3A andB).Despite themarkedly different kinetic
profile of neuronal calcium signaling elicited by these distinct
β-blocker drugs, both the early phase (measured at 5 s after car-
vedilol addition) and the late phase (measured at 50 s after car-
vedilol addition) of the response were dependent on β-adrenergic
receptors, as indicated by the blockade by alprenolol (Fig. 3C).
Furthermore, chemical inhibition of the MAPK pathway with ei-
ther theMEK/ERK inhibitormixture or the specificMEK inhibitor
U0126 blocked both kinetic components of the carvedilol effect
(Fig. 3 D and E). The dose–response properties of the later (pro-
longed) effect were consistent with typical β-adrenergic signaling.
The dose–response curve of the early (transient) phase was right-
shifted, possibly reflecting kinetic effect(s) of carvedilol binding
to β-adrenergic receptors (Fig. 3 F and G).
Through what mechanisms do these distinct β-blockers mediate

ERK-dependent signaling? Extensive studies of heterologous cell
models have shown that β-adrenergic receptors, along with cou-
pling to Gs, can activate MAP kinase modules via the distinct
trimeric G protein Gi or by G protein–independent coupling to
β-arrestins (8, 9, 12, 22). Overnight incubation of neuronal cul-
tures with pertussis toxin did not detectably inhibit the increase
in local calcium produced by β-blockers, arguing against Gi cou-
pling as the mechanism of alternate neuronal calcium signaling.
To examine whether β-arrestins mediate the observed increase
in cytoplasmic free calcium, we used small interfering RNA
(siRNA) technology to specifically deplete the endogenous pro-
teins. Hippocampal neurons were transfected with fluorescently
labeled siRNA oligonucleotides (Fig. 4A), and effective knock-
down was verified by immunoblot analysis of culture extracts (Fig.
4B). Quantification across multiple experiments indicated an
∼70% depletion of β-arrestin-2/arrestin-3 (Fig. 4). The carvedilol-
induced increase in local cytoplasmic calcium was significantly
reduced by this knockdown (Fig. 4C). In contrast, we found no
detectable inhibition by the siRNA duplex targeting β-arrestin-1/
arrestin-2 or by a control (scrambled) RNA duplex (Fig. 4D).
These results suggest that the alternate PKA-independent path-

way of neuronal calcium signaling elicited by β-blockers is medi-
ated by β-arrestin-2–dependent activation of ERK.
Activation of the β2-adrenergic receptor by classical agonists

promotes redistribution of β-arrestins from the cytoplasm to the
plasma membrane (14). We visualized this process by TIRFM in
HEK-293 cells expressing β2-adrenergic receptors at moderate
levels (∼1 pmol/mg), using β-arrestin-2–GFP and taking advan-
tage of the shallow field of illumination to selectively detect
changes in labeled protein concentration near the cell surface. The
addition of isoproterenol to the incubationmedia induced a robust
increase in local β-arrestin-2–GFP fluorescence and resulted in
visible concentration of the tagged arrestin in discrete puncta (Fig.
5A and B), shown previously by this method to represent clathrin-
coated pits in the plasma membrane (23). Carvedilol induced
a more rapid and transient increase in surface recruitment of
β-arrestin-2–GFP (Fig. 5 C and D). Unlike isoproterenol, carve-
dilol did not cause visible concentration of β-arrestin-2–GFP in
coated pits, but instead induced recruitment of β-arrestin-2–GFP
to a largely diffuse membrane distribution. These results confirm
that certain β-blockers induce β-arrestin translocation to the cell
surface and establish that these β-blockers produce a different
spatiotemporal pattern of β-arrestin recruitment compared with
a classical agonist.
We next asked whether the alternate calcium-signaling mech-

anism elicited by β-blocker drugs is sufficient to mediate a func-
tionally relevant calcium-dependent response. To investigate this,
we examined a known effector of neuronal calcium signaling and
compared the absolute magnitude of effector regulation pro-
duced by β-blocker drugs to that elicited by isoproterenol. We
focused on hippocalcin, a calcium-binding protein implicated in

Fig. 4. The carvedilol-induced changes in cytoplasmic free calcium are
β-arrestin-2 dependent. Hippocampal neurons were transfected with siRNA
duplexes targeting β-arrestin-1 (arrestin 2), β-arrestin-2 (arrestin 3), or control
(nonsilencing) duplex at 48–72 h before analysis. (A) Cells were loaded with
Fluo-4 and identified for siRNA transfection by wide-field imaging using
standard epifluorescence illumination. (B) Whole-cell lysates from siRNA-
transfected primary hippocampal cultures were immunobloted for β-arrestin-
2. GAPDH immunoblot analysis was used to verify equivalent loading.
Quantification across multiple experiments (n = 4) by scanning densitometry
indicated that β-arrestin-2 siRNA effectively reduced the level of endogenous
protein to 29 ± 14% relative to mock transfection. (C) Effect of β-arrestin-2
siRNA (red curve) compared with control duplex (green curve) on carvedilol-
induced changes in calcium indicator fluorescence measured by TIRFM. Each
curve represents the mean from independent imaging of five neurons. (D)
Analysis across independent experiments of siRNA effects on the carvedilol
response measured within 5 s after bath application (carvedilol, 185 ± 45%
relative to basal levels, n = 5; β-arrestin-2 siRNA, 50.1 ± 24% relative to basal
levels,n=5; β-arrestin-1 siRNA, 193± 32%relative to basal levels,n=6; control
siRNA, 187 ± 39% relative to basal levels, n = 5).
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hippocampal long-term depression (24) and in the gating of po-
tassium conductance in pyramidal neurons (25, 26). In addition to
these specific neural-signaling functions, hippocalcin is repre-
sentative of a large family of neural calcium sensor proteins that
are expressed in various neurons and function as downstream
mediators or effectors by undergoing calcium-dependent recruit-
ment to the neural plasma membrane via a conserved myristoyl-
switch domain (27).
EGFP-tagged hippocalcin (hippocalcin-EGFP) was expressed

in hippocampal neurons by virus-mediated gene transfer, and
TIRFM imaging was used to detect the recruitment of hippocalcin-
EGFP to the neural plasmamembrane. As expected, isoproterenol
produced a rapid reduction in surface recruitment of hippocalcin-
EGFP (Fig. 6A) that paralleled the decrease in local cytoplas-
mic calcium measured in independent experiments using Fluo-4
(compare Fig. 6D and Fig. 1F), suggesting a tight relationship be-
tween the plasma membrane recruitment of this calcium-signaling
effector and calcium regulation elicited by a classical agonist. In
contrast, the addition of propranolol or carvedilol to the culture
medium produced an increase in the recruitment of hippocalcin-
EGFP to the plasma membrane, with different kinetic profiles
(Fig. 6B andC) resembling the respective effects of these drugs on
local calcium concentration. Furthermore, the absolutemagnitude
of increased surface recruitment of this calcium-signaling effector
elicited by the β-blocker drugs was similar to (with propranolol)
or greater than (with carvedilol) the decrease produced by iso-
proterenol when applied at saturating concentrations. Thus, the
β-arrestin-2–ERK mechanism, which is potently activated by cer-
tain β-blocker drugs, produces distinct regulation of neuronal
calcium signaling that is comparable (or greater) in degree relative
to the Gs–PKA mechanism activated by classical agonists.

Discussion
The present results identify a distinct signaling mechanism
through which β-blocker drugs rapidly modulate local cytoplasmic
free calcium, and establish the occurrence of β-arrestin–biased
agonism in CNS neurons expressing only endogenous receptors.
We have defined biochemically distinct pathways through which
β-blockers and classical β-adrenergic agonists mediate essentially
opposite regulation of local calcium, and demonstrated that the
absolute magnitude of this opposite effect on plasma membrane
recruitment of a representative calcium effector is similar (with
propranolol) or greater (with carvedilol) than that of a natural
catecholamine agonist or isoproterenol (Fig. 6). Thus, the present
results suggest that this alternate signaling mechanism is signifi-
cant to the neuropharmacologic actions of β-blockers.
Our findings confirm and extend the emerging view that certain

β-blocker drugs, including propranolol and carvedilol, can activate
MAP kinase modules via β-arrestin (8, 12). This view is consistent
with the general concept of biased agonism or functional selec-
tivity that has been proposed based on previous studies of various
GPCRs, including β-adrenergic receptors (7). Our results pro-
vide specific experimental support for this hypothesis in CNS neu-
rons expressing only native receptors, and establish a role of the
β-arrestin–ERK axis in neuronal calcium signaling. Our results
also contribute more broadly to elaborating the remarkable
breadth of cellular responses elicited by seven-transmembrane
receptors, as well as to identifying additional pathway-selective
effects of clinically relevant drugs (7, 28–31). The ability of certain
β-blocker drugs to mediate neuronal calcium signaling via a dis-
tinct mechanism and in an opposite direction relative to conven-
tional agonists emphasizes the remarkable selectivity that can be
achieved by such biased agonism in a native neuronal context.
β-Blockers have established utility in treating cardiovascular

disease and movement disorders and are being increasingly used

Fig. 5. Isoproterenol and carvedilol induce distinct spatiotemporal patterns
of β-arrestin recruitment to the plasma membrane. HEK 293 cells stably ex-
pressing flag-tagged β2-adrenergic receptors (∼1 pmol/mg) were transfected
with β-arrestin-2–GFP and imaged by TIRFM to visualize arrestin translocation
and surface distribution. (A) The addition of 10 μM isoproterenol to the in-
cubation media induced an increase in total average fluorescence and the
appearance of discrete puncta. (Lower) A kymograph from the same cell in-
dicating the appearance of arrestin-labeled puncta. (B) Analysis of the effect
of isoproterenol on mean intensity of β-arrestin-2–GFP fluorescence mea-
sured before and after bath application (n = 12 cells). (C) Application of 10 μM
carvedilol to the incubation media induced an increase in surface fluores-
cence, indicating translocation of β-arrestin-2–GFP to the plasma membrane.
Unlike isoproterenol, addition of carvedilol produced a largely diffuse surface
distribution, as also shown in the kymograph. (D) Analysis of the effect of
carvedilol on the mean intensity of β-arrestin-2–GFP fluorescence measured
before and after bath application (n = 20 cells).

Fig. 6. Distinct effects of β-blocker drugs on plasma membrane recruitment
of hippocalcin. Hippocampal neurons were infected with lentiviral vector
encoding hippocalcin-EGFP for 24–48 h before TIRFM imaging. (A) Applica-
tion of 10 μM norephinephrine decreased hippocalcin fluorescence levels to
89.1 ± 3% relative to basal levels within 5 s after drug addition (n = 6). (B)
Application of 10 μM propranolol increased surface hippocalcin fluorescence
to 106.5 ± 1.8% of basal levels within 5 s after drug addition (n = 6). (C)
Application of 10 μM carvedilol increased surface hippocalcin-EGFP fluores-
cence to a maximum of 183 ± 12.7% relative to basal levels within 5 s after
bath application, and therafter produced a sustained phase of recruitment
lasting ∼1 min (n = 6). (D) Bar graph analysis of surface hippocalcin-EGFP
fluorescence intensity effects measured across multiple neurons within 5 s
after bath application (isoproterenol, 89.1 ± 3%, n = 6; propranolol, 106.5 ±
1.8%, n = 6; carvedilol, 183 ± 12.7%, n = 6). All percentages represent mean
fluorescence determinations relative to basal levels.
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in neuropsychiatry (2, 3). Despite widespread application and
benefits, β-blockers can produce diverse and drug-selective ad-
verse effects on CNS function, the etiologies of which remain in-
completely understood (5). We have identified a biochemically
and functionally distinct mechanism of neuronal calcium signaling
that is elicited by a subset of β-blocker drugs. This discrete sig-
naling action might explain some of the diverse CNS effects of
β-blocker drugs in current use. It also might facilitate the future
development of therapies with fewer CNS side effects or with
enhanced utility for treating complex brain diseases.

Materials and Methods
Materials and Reagents. The MEK/ERK inhibitor mixture was purchased from
Tocris. Other drugs, kinase inhibitors, and general reagents were obtained
from Sigma-Aldrich unless specified otherwise.

Neuronal Culture and Transfection. Hippocampi dissected from E18/E19 rats
were dissociated and cultured as describedpreviously (18). In brief, hippocampi
were dissociated by papain digestion, followed by brief mechanical tritura-
tion. Cells were plated on poly-D-lysine–treated (Sigma-Aldrich) 35-mm glass-
bottomed dishes (Matek) andmaintained in Neurobasal media supplemented
with B27, penicillin, streptomycin, and L-glutamine (all from Invitrogen).

Fluo-4 Loading. Hippocampal neurons were loaded with 5 μM Fluo-4 AM
(Invitrogen) in 0.02% (vol/vol) pluronic acid F-127 (Sigma-Aldrich) for 20min at
roomtemperature inextracellularmedia [125mMNaCl, 2mMKCl, 2mMCaCl2,
10 mM D-glucose, 25 mMHepes (pH 7.4); 305 mOsm]. After loading, cells were
thoroughly washed with fresh extracellular media (three times, with a 10-min
incubation) to remove any dye not specifically associated with the cells.

Live Cell Imaging and Analysis. Imagingwas performed using aNikon TE-2000E
inverted microscope with perfect focus using a 100 × 1.49 numerical aperture.
A 488-nm single-line argon ion laser (Melles Griot) was used as a light source
for both wide-field and TIRFM illumination modes. Neurons were imaged in
125 mM NaCl, 2.5 mM KCl, 2 mM CaCl2, 10 mM D-glucose, and 25 mM Hepes
(pH 7.4) in the presence of 1mMTTXand α-adrenergic receptor blockers unless
specified otherwise. Time-lapse sequences were acquired at a continuous rate
of 10 frames per second using a Cascade II EMCCD camera (Photometrics)
controlled by NIS-Elements Advanced Research software (Nikon). Image
analysis was performed using NIS-Elements (Nikon) and Metamorph software
(Molecular Devices). Regions of interest were defined to include the cell body

and proximal dendrites. Average pixel intensity was analyzed after back-
ground subtraction from raw data sequences. Statistical analysis and curves
were obtained using Prism 3.0 (Graph Pad Software). Values in all summary
graphs aremean± SEM. Statistical analysis of differences was performed using
the Student t test for single comparisons and one-way ANOVA for multiple
groups, calculated using Prism software. A P value < 0.05 was considered
statistically significant. Hippocampal pyramidal neurons were selected by
morphological criteria (in wide field) before imaging in the TIRFM mode (18).

Arrestin Translocation. A total of 293 cells stably expressing Flag-tagged β2-
adrenergic receptors were plated onto glass-bottomed dishes and trans-
fected with β-arrestin-2–GFP (a gift from Marc Caron, Duke University) using
Lipofectamine 2000 (Invitrogen), according to the manufacturer’s protocol.
Imaging was performed at 96 h after transfection.

siRNA Arrestin Labeling and Knockdown. Oligonucleotides targeting rat
β-arrestin-1 (NM_012910; Qiagen catalog no. SI00254072) and rat β-arrestin-2
(NM_012911; Qiagen catalog nos. SI00254093 and SI00254114) were trans-
fected 3–4 d before imaging. Neurons were transfected using Lipofectamine
RNAiMAX (Invitrogen) using 1–50 nmol siRNA for a 35-mm dish. siRNA la-
beling was performed following the protocol of the Ambion Silencer siRNA
Labeling Kit. Immunoblot analysis of neuronal extracts to verify knockdown
was performed using a commercially available antibody specifically recog-
nizing β-arrestin-2 (H-9; Santa Cruz Biotechnology). Quantification of en-
dogenous protein depletion was done by enzyme-linked chemiluminescence
(Amersham ECL Plus; GE Life Sciences) and scanning densitometry (Alpha
Innotech) in the linear range of detection.

Virus-Mediated Gene Transfer. Hippocalcin-EGFP was subcloned into a pSCA1
vector, and Semliki Forest viral particles were generated by transfecting
pSCA1-hippocalcin-EGFP and pHelper intoHEK293T cells (26). At 48–72 h after
transfection, supernatants were harvested, aliquoted, and stored at −80 °C.
Before infection, the viral particles were activated with chymotrypsin. For
infection, viral solutions were added to rat-dissociated neurons 24–48 h
before imaging.
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