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Abstract
Heterotrimeric G protein–coupled receptors (GPCRs) are found
on the surface of all cells of multicellular organisms and are major
mediators of intercellular communication. More than 800 distinct
GPCRs are present in the human genome, and individual recep-
tor subtypes respond to hormones, neurotransmitters, chemokines,
odorants, or tastants. GPCRs represent the most widely targeted
pharmacological protein class. Because drugs that target GPCRs
often engage receptor regulatory mechanisms that limit drug effec-
tiveness, particularly in chronic treatment, there is great interest in
understanding how GPCRs are regulated, as a basis for designing
therapeutic drugs that evade this regulation. The major GPCR reg-
ulatory pathway involves phosphorylation of activated receptors by
G protein–coupled receptor kinases (GRKs), followed by binding
of arrestin proteins, which prevent receptors from activating down-
stream heterotrimeric G protein pathways while allowing activa-
tion of arrestin-dependent signaling pathways. Although the general
mechanisms of GRK-arrestin regulation have been well explored in
model cell systems and with purified proteins, much less is known
about the role of GRK-arrestin regulation of receptors in physiologi-
cal and pathophysiological settings. This review focuses on the phys-
iological functions and potential pathophysiological roles of GRKs
and arrestins in human disorders as well as on recent studies using
knockout and transgenic mice to explore the role of GRK-arrestin
regulation of GPCRs in vivo.
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G protein–coupled
receptors
(GPCRs): a family
of seven-
transmembrane
proteins that
transduce
extracellular signals
from agonist binding
into intracellular
signaling pathways

G proteins
(guanine
nucleotide–binding
proteins): a family
of proteins that use
the binding of
guanosine
triphosphate (GTP)
and its hydrolysis to
guanosine
diphosphate (GDP)
as a molecular switch
to transmit biological
signals from cell
surface receptors to
effector enzymes
inside the cell

Arrestins: adaptor
proteins that bind to
GRK-
phosphorylated
GPCRs to block G
protein activation,
initiate receptor
endocytosis and
trafficking, and
promote G
protein–independent
signaling through
associated signaling
molecules

G protein–coupled
receptor kinases
(GRKs): protein
kinases that
recognize and
phosphorylate
activated GPCRs to
promote arrestin
binding

MECHANISMS OF GPCR
SIGNALING AND
DESENSITIZATION

G protein–coupled receptors (GPCRs) are the
largest superfamily of cell surface receptor
proteins (1). When the appropriate agonist
ligand binds to a receptor on the cell sur-
face, the intracellular domain of the recep-
tor changes conformation in ways that are still
poorly understood and results in a conforma-
tion that acts as a guanine nucleotide exchange
factor for heterotrimeric guanine nucleotide–
binding proteins (G proteins). Activated re-
ceptors facilitate GDP release from inactive
G protein heterotrimers as well as GTP bind-
ing to activate the G protein. The receptors
derive their name from this common mech-
anism. Nevertheless, it has become clear in
recent years that these receptors do not signal
exclusively via heterotrimeric G proteins, al-
though that is a major part of their function.
GPCRs are also called seven-transmembrane-
span (7TM) or heptahelical receptors, refer-
ring to the overall structural motif shared by
all three mammalian families of these recep-
tors. Receptors within each of these three fam-
ilies share extensive primary sequence similar-
ity, although the families are very distinct from
each other.

GPCRs regulate some part of nearly all
physiological functions. There are more than
800 known GPCRs in the human genome.
Ligands for these receptors include large
glycoprotein hormones, a multitude of pep-
tides, bioactive lipids, amino acids and amino
acid metabolites such as dopamine and nore-
pinephrine, small molecules such as acetyl-
choline and sucrose, calcium ions, and even
photons. Despite this great diversity of lig-
and types, receptor function is generally very
modular: Receptors couple to a subset of the
16 heterotrimeric G protein subtypes, which
are functionally grouped into four broad
classes: Gs, Gi, Gq, and G12. These G proteins
in turn regulate a relatively small number of
intracellular G protein effectors. Within this
system, some receptors couple primarily to

one G protein subtype and one effector (Gs

activation of adenylyl cyclase, for instance),
whereas others promiscuously activate mem-
bers of all four G protein subtypes and couple
to correspondingly more intracellular signal-
ing pathways. GPCRs also perform isotype-
specific functions through unique interaction
partners and can activate signaling pathways
independent of (or parallel to) those mediated
by heterotrimeric G proteins. Understanding
these unique functions has been of great in-
terest in recent years and has been reviewed
extensively (2, 3).

All GPCR systems exhibit context-
dependent activity (4): That is, receptor sen-
sitivity changes depending on the amount of
signaling that a particular receptor has stim-
ulated on a given cell, so that in general re-
ceptors adjust their sensitivity to the range of
agonist concentrations to which they are ex-
posed. Receptors desensitize to prolonged or
repeated exposure to high agonist concentra-
tion and resensitize when not exposed to ago-
nist for some time. One important mechanism
for regulating GPCR responsiveness is the
G protein–coupled receptor kinase (GRK)-
arrestin pathway (Figure 1) (5–9). Just as G
proteins recognize activated receptors, the
GRKs also recognize activated GPCRs, which
leads to catalytic activation of the protein ki-
nase and results in receptor phosphorylation
at specific sites on the intracellular loops and
carboxyl-terminal tail. Because of this recog-
nition, GRKs strongly prefer the activated
receptor as substrate. Once phosphorylated,
receptors become substrates for binding of
arrestin proteins, which prevent the receptor
from activating additional G proteins. GRK
phosphorylation and arrestin binding result
in a cessation of G protein signaling, even de-
spite the continued presence of the receptor-
activating agonist. The GRK-arrestin path-
way also performs other functions, such
as facilitating receptor internalization from
the cell surface through clathrin-coated pits.
By binding to additional signaling pro-
teins, GRKs and arrestins also function as
switches, converting receptor activation from
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Figure 1
In the absence of an activating agonist ligand (A), the 7TM G protein–coupled receptor (GPCR) on the
cell surface is in an inactive conformation and does not activate downstream G proteins or other
signaling pathways. When an appropriate agonist binds to the extracellular face of its receptor, the
receptor undergoes a conformational change to expose surfaces that act as a guanine nucleotide exchange
factor for heterotrimeric G proteins. The activated receptor facilitates release of tightly bound GDP
from an inactive G protein bound to the receptor; the receptor then facilitates binding of GTP to the G
protein. The GTP-bound G protein undergoes a conformational change that causes its release from the
receptor and dissociation into activated α- and βγ-subunits, which each go on to activate downstream
effectors (not shown). As long as the agonist remains bound to the receptor, this activated receptor can
continue to activate G proteins. A G protein–coupled receptor kinase (GRK), which is catalytically
activated by this interaction, also recognizes the activated conformation of the receptor. Activated GRKs
phosphorylate (P) intracellular domains of the receptor and are then released. The agonist-activated,
GRK-phosphorylated receptor binds tightly to an arrestin protein, which interdicts (desensitizes) further
G protein activation and couples the receptor to the clathrin-coated-pit internalization pathway and to
arrestin-scaffolded (and G protein–independent) signaling pathways.

heterotrimeric G protein signaling pathways
to G protein–independent pathways. These
pathways have been reviewed extensively
(2, 3, 10).

There are seven GRKs in humans, named
GRK1 through GRK7, and four arrestin
proteins, named arrestins 1 through 4. The
GRKs are functionally divided into three
classes: GRK1-like, GRK2-like, and GRK4-
like. GRK1 (rhodopsin kinase) and the re-
lated GRK7 (iodopsin kinase) are primarily
found in the retina and regulate the light re-
ceptors, the opsins. GRK2 and the related
GRK3 are widely expressed, although GRK2
is present at higher levels in tissues, and
share a carboxyl-terminal pleckstrin homol-
ogy domain that mediates PIP2 and G protein
βγ-subunit-mediated translocation of these
kinases to the inner leaflet of the plasma
membrane near activated receptor substrates.

PIP2: phosphatidyl
inositol bisphosphate

GRK4, GRK5, and GRK6 lack this G pro-
tein βγ-subunit binding domain but use di-
rect PIP2 binding and/or covalent lipid mod-
ification with palmitate to reside primarily
at the plasma membrane. GRK4 has a lim-
ited tissue distribution—it is mainly found in
testis—whereas GRK5 and GRK6 are widely
expressed (11). Thus, most receptors in the
body are potentially regulated by only four of
these kinases: GRKs 2, 3, 5, or 6. Arrestins
also have visual-specific isoforms, arrestin-1
and arrestin-4, as well as widely expressed so-
matic isoforms, arrestin-2 (β-arrestin1) and
arrestin-3 (β-arrestin2). Likewise, most re-
ceptors in the body are subject to regulation
only by β-arrestin1 or -2.

Most of what has been learned about re-
ceptor regulation and signaling via GRK-
arrestin pathways has been determined us-
ing model cell systems (2, 3, 5–8). Although
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Table 1 Major phenotypes in mice deficient in nonvisual GRKs and arrestins

GRK or arrestin Knockout phenotype
GRK2 [β-adrenergic
receptor kinase (βARK),
βARK1]

Embryonic lethal, thin myocardium syndrome in embryos (19); enhanced basal and adrenergic
responses in cardiac function in adult heterozygotes (18); altered progression of experimental
autoimmune encephalomyelitis (48)

GRK3 (βARK2) Lack of olfactory receptor desensitization (82); altered M2 muscarinic airway regulation (20);
blunted kappa-opioid receptor–mediated tolerance in spinal analgesia test (90, 91); disrupted
tolerance to the antinociceptive effects of fentanyl but not morphine (89).

GRK4 (IT11) Normal fertility and sperm function (R.T. Premont, unpublished data). No obvious phenotype.
GRK5 Altered central (96) and lung (51) M2 muscarinic receptor regulation, with normal heart M2

receptor regulation (51).
GRK6 Altered central dopamine receptor regulation (99, 102); deficient lymphocyte chemotaxis (44);

increased acute inflammation and neutrophil chemotaxis (45, 46).
β-arrestin1 (arrestin-2) Altered cardiac responses to beta-adrenergic stimulation (21).
β-arrestin2 (arrestin-3) Enhanced morphine antinociception (115, 118), reward (125), disrupted morphine tolerance (116),

and reduced constipation and respiratory suppression (120); reduced locomotor activity and
disrupted dopamine-mediated behaviors (127); deficient lymphocyte chemotaxis (44); altered
susceptibility to endotoxic shock and expression of proinflammatory cytokines (49); altered
CXCR2-mediated neutrophil chemotaxis (50); altered asthmatic response to allergens (52);
decreased bone mass and altered bone architecture (56, 57).

shRNA: short
hairpin RNA

the pathways appear very interesting, it is of-
ten unclear whether they actually function
in any specific organ in a living organism or
have detectable physiological consequences.
Studies using knockout and transgenic mice,
studies using viral-mediated overexpression
or short hairpin RNA (shRNA) knockdown,
and genetic studies in human patients recently
have begun to probe the physiological roles
of GRKs and arrestins. These studies confirm
that GRKs and arrestins do regulate GPCR
pathways in humans and other animals with a
specificity that is only dimly understood and
that altering these regulatory pathways can
have profound influences on physiological re-
sponses and pathophysiology. Owing to the
nature of GRK function, involving the reg-
ulation of activated receptors, mice lacking
GRKs or arrestins often look completely nor-
mal until stressed by exposure to a receptor
activator. Likewise, because the GRK-arrestin
system can have dual roles, those of both sup-
pressing G protein signaling and promoting
non–G protein signaling, loss of this regula-
tion can have two opposing effects on physio-
logical systems: (a) allowing enhanced or un-

regulated receptor signaling through loss of
desensitization or (b) decreasing signaling by
preventing the switch from G protein to non–
G protein pathways.

This chapter reviews the role of nonvi-
sual GRKs and arrestins in a few physiologi-
cal systems to outline what has been learned
so far and how much remains to be explored.
Table 1 summarizes the characterized pheno-
types of GRK and β-arrestin knockout mice.
Because the large literature on rhodopsin
regulation by GRK1/rhodopsin kinase and
arrestin regulation in the visual system has
been reviewed recently (12–14), we do not dis-
cuss this here.

GRKs AND ARRESTINS IN THE
CARDIOVASCULAR SYSTEM

GPCRs and their agonists play important
roles throughout the cardiovascular system.
Blood pressure is controlled by altering heart
rate, vascular resistance, and fluid/electrolyte
balance, each of which is regulated to a
large degree by GPCRs. Heart rate is regu-
lated by adrenergic and muscarinic receptor
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activation by norepinephrine and acetyl-
choline, respectively. Vascular tone is regu-
lated by angiotensin II and bradykinin re-
ceptor activation, and kidney water and salt
reabsorption (fluid balance) is regulated by
angiotensin II, vasopressin, and dopamine re-
ceptor activation. Because GPCRs play such
diverse and fundamental roles in regulating
multiple aspects of cardiovascular function,
GRKs and arrestins are important in con-
trolling the sensitivity and responses of these
organs.

Researchers have studied in detail the
GRK regulation of direct cardiac function, us-
ing cardiomyocyte overexpression of GRKs
and GRK fragments (i.e., GRK2 carboxy ter-
minus as a G protein βγ-subunit scavenger).
As this area has been reviewed extensively
in recent years (15–17), we do not discuss
these transgenic overexpression studies fur-
ther here. Overall, there is good evidence
that GRK2 is important for regulating several
cardiac receptor responses and that GRK3
and GRK5 are involved in some receptor re-
sponses but not others. Studies in knockout
animals also support the important role of
GRKs and β-arrestins in cardiac responses.
Genetic deletion of GRK2 in mice results in
embryonic lethality owing to hypoplasia of
the ventricular myocardium, directly demon-
strating a critical role of this kinase in cardiac
development, whereas GRK2-heterozygous
mice exhibit altered cardiac function (18, 19).
GRK3 knockout mice also showed altered car-
diovascular responses to cholinergic stimu-
lation (20). Deletion of β-arrestin1 in mice
does not change resting cardiovascular param-
eters but results in altered cardiac responses to
β-adrenergic stimulation (21).

More recent work has expanded into other
aspects of cardiovascular regulation by focus-
ing on overexpression of GRK2 and GRK5
in vascular smooth muscle cells. Hyperten-
sion has been associated with altered GRK ex-
pression and function. Human patients with
hypertension have increased GRK2 expres-
sion in lymphocytes (22, 23), and hyperten-
sive rats have increased vascular smooth mus-

cle cell expression of GRK2 (24). Eckhart and
colleagues (25) found that mice overexpress-
ing GRK2 from the smooth muscle–specific
SM22α promoter had elevated resting blood
pressure. These mice also exhibited reduced
sensitivity to vascular muscle relaxation by
the β-adrenergic agonist isoproterenol and
to increased mean arterial blood pressure in
response to the vasoconstrictive peptide an-
giotensin II. SM22α-GRK2-overexpressing
mice had a greatly increased smooth muscle
cell layer thickness in the aortic medial layer,
suggested to result from prolonged exposure
to elevated blood pressure. Increased cardiac
hypertrophy was also evident, despite normal
GRK2 expression in the cardiomyocytes (25).
In contrast, although SM22α-GRK5 mice
were also hypertensive, they did not exhibit ei-
ther aortic or cardiac hypertrophy (26). Inter-
estingly, male and female mice overexpressing
GRK5 displayed distinctly different mean lev-
els of hypertension; male mice had the high-
est mean blood pressure. Systemic treatment
of the mice with pertussis toxin to inacti-
vate the heterotrimeric Gi proteins normal-
ized the blood pressure, suggesting that Gi-
linked receptor pathways are affected by the
extra GRK5 (26). Both β-adrenergic and an-
giotensin pathways are altered, but to differ-
ing extents in male and female mice. In to-
tal, these studies validate the role of GRKs
in regulating vascular tone and responsiveness
through the regulation of smooth muscle cell
GPCRs. Defining the specificity of vascular
receptor–GRK coupling and identifying the
precise pathways that are altered to lead to
hypertrophy and/or increased blood pressure
will require further studies.

Dopamine D1 receptors in the kidney
increase sodium (and water) excretion in
response to an increased sodium load (27). Es-
sential hypertension in humans has been asso-
ciated with decreased coupling of dopamine
stimulation to sodium excretion (28). Poly-
morphisms in the human GRK4 gene appear
to account for some of this variation. Stud-
ies with kidney tubule cells isolated from hy-
pertensive and normotensive humans suggest
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eNOS: endothelial
nitric oxide synthase

that constitutive activity of some polymorphic
variants of the GRK4 protein leads to chron-
ically phosphorylated, inactive D1 receptors
(29). This model finds support in (a) stud-
ies in model cells in which transfected GRK4
variants display marked constitutive kinase ac-
tivity toward the D1 dopamine receptor (30)
as well as in (b) a study, in rats, in which
GRK4 antisense treatment of kidney tubules
in hypertensive rats normalized sodium excre-
tion, urine volume, and blood pressure (31).
Various recent studies of hypertensive hu-
man populations find a positive correlation
between certain GRK4 polymorphisms, or
haplotypes, and hypertensive disease (32–34).
Thus, hypertension-associated polymorphic
variants of GRK4 appear hyperactive, leading
to continuous kidney dopamine receptor de-
sensitization and loss of dopamine-stimulated
salt and fluid excretion.

GRK2 has a quite unexpected role in
the liver, where it is an important regula-
tor of portal blood pressure. Mice with only
one active copy of the GRK2 gene are rel-
atively resistant to liver injury–induced por-
tal hypertension (35). Using rats injured with
bile duct ligation, Liu et al. (35) found that
GRK2 levels increased in injured liver en-
dothelial cells. Previous work had shown that
endothelin receptors stimulate the Akt pro-
tein kinase to phosphorylate endothelial ni-
tric oxide synthase (eNOS) through a G
protein βγ-subunit-activated, phosphatidyli-
nositol 3-kinase–dependent mechanism, in-
creasing nitric oxide production (36). In such
a pathway, GRK2 would normally be expected
to act to phosphorylate and desensitize the en-
dothelin receptors, leading to reduced signal-
ing to downstream Akt and eNOS and thus to
reduced nitric oxide production. However, in
endothelial cells from rats injured by bile duct
ligation, concomitant with the increased level
of GRK2 protein is an increased direct asso-
ciation of GRK2 with Akt (35). GRK2 bound
to Akt inhibits the kinase activity of Akt, lead-
ing to reduced eNOS phosphorylation and
reduced nitric oxide release (35). Adenoviral
overexpression of GRK2 leads to increased

portal pressure in otherwise normal rats, and
the injury-induced deficit in Akt activation can
be circumvented by expressing activated Akt
in the liver portal system after infection with
a recombinant adenovirus (35). Thus, GRK2
acts in an apparently noncatalytic manner to
reduce the signaling of Akt. Undoubtedly, this
GRK2-mediated inhibition of Akt plays im-
portant roles in other tissues as well, and the
prevalence of GRK2 expression level changes
under pathophysiological conditions indicates
that GRK2-mediated inhibition of Akt may be
prominent in a variety of disease states.

GRKs AND ARRESTINS IN THE
IMMUNE SYSTEM

GPCRs have myriad roles within the im-
mune system. The CC and CXC chemokine
peptides (SDF-1, RANTES, and many oth-
ers) and most arachidonic acid metabolites
(prostaglandins, eicosinoids, leukotrienes) ac-
tivate GPCRs, as do complement (C3a, C5a)
and bacterial-derived products (fMLP). As
such, G protein pathways are critical to im-
mune cell chemotaxis, homing, activation, and
target tissue recruitment of immune cells.

Cells of the immune system have partic-
ularly high expression of GRK2 and GRK6
(37, 38). Furthermore, altered expression of
GRK2 and GRK6 occurs in immune cells
isolated from human patients with a variety
of immunological and other diseases as well
as in animal models of disease. For example,
lymphocytes from humans with rheumatoid
arthritis have decreased GRK2 and GRK6
expression, and treating normal lymphocytes
with the proinflammatory interferon-γ or in-
terleukin 6 leads to decreases in GRK2 ex-
pression (39). Cultured human T lympho-
cytes exposed to oxidative stress with H2O2

or by coculture with activated neutrophils
have reduced GRK2 expression (40). Induc-
tion of acute adjuvant arthritis in rats re-
sults in a reduction in lymphocyte GRK2
and GRK6 levels (41), as does induction
of allergic encephalomyelitis (42). Humans
with hypertension have increased GRK2
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expression in lymphocytes (22, 23). Hyper-
tensive rats have increased lymphocyte GRK2
expression (24). Chronic injection of rats with
the β-adrenergic receptor agonist isopro-
terenol leads to increased expression of GRK2
and GRK5 mRNA in lymphocytes (43). Thus,
leukocyte GRK levels are subject to regulation
by a wide variety of factors and disease states.

Studies using mice lacking GRK6 or β-
arrestin2 have revealed altered regulation of
immune cells. In lymphocytes, ablation of
GRK6 or β-arrestin2 leads to augmented sig-
naling by SDF-1 (CXCL12) acting through
the CXCR4 receptor (44). This increased sig-
naling is associated with a reduced ability of
T lymphocytes to chemotax through a fil-
ter or through an endothelial cell barrier to-
ward SDF-1 (44). This decreased chemotaxis
may be due to either overactive (undesensi-
tized) traditional G protein signaling path-
ways or decreased β-arrestin-mediated sig-
naling events.

In neutrophils, ablation of GRK6 leads
to augmented signaling by leukotriene B4
(LTB4) acting through the BLT1 receptor;
however, these receptors do continue to de-
sensitize following repeated LTB4 adminis-
tration (45). Neutrophils isolated from GRK6
knockout mice chemotax more robustly to-
ward LTB4 and display a higher basal migra-
tion activity (45). Arachidonic acid applied to
the ear is converted to LTB4 and other active
metabolites and stimulates a rapid inflamma-
tory response with both neutrophil influx and
edema. GRK6 knockout and -heterozygous
mice exhibit an enhanced response charac-
terized by greater tissue swelling and by in-
creased neutrophil infiltration into the tissue,
consistent with increased chemotaxis toward
LTB4 (45).

Neutrophils also respond to SDF-1 acting
through CXCR4 receptors on those cells; this
pathway is important in facilitating neutrophil
retention in the bone marrow. Neutrophils
mobilize to the blood in response to granu-
locyte colony–stimulating factor (G-CSF), in
part by overcoming CXCR4-mediated reten-
tion signals. Mice lacking the GRK6 gene are

Arrestin-mediated
signaling: the use of
arrestin proteins as
adaptors carrying
signaling molecules
to phosphorylated
receptors to initiate
receptor-dependent,
G protein–
independent
signals

LTB4: leukotriene
B4

G-CSF: granulocyte
colony–stimulating
factor

less able to mobilize neutrophils from bone
marrow into the blood in response to G-CSF
(46). This reduced mobilization appears to re-
sult from an inability of G-CSF to overcome
SDF-1/CXCR4-mediated retention signals,
as neutrophils from GRK6 knockout mice
chemotax more robustly to SDF-1 than do
wild-type cells, either before or after G-CSF
treatment of the mice (46). Calcium influx
signaling downstream of CXCR4 fails to de-
sensitize in neutrophils from GRK6 knockout
mice, in contrast to what occurs in wild-type
cells (46).

Studies using GRK2 knockout mice have
also shown that GRK2 is important in im-
mune cells. Because the full two-allele knock-
out of GRK2 is embryonic lethal (19), in
vivo studies have instead focused on heterozy-
gous mice bearing only one active GRK2
gene. In GRK2-heterozygous mice, T lym-
phocytes display increased chemotaxis to-
ward the CCR5 receptor ligands CCL4 and
CCL5 and toward the CCR1 ligand CCL3
(47). The CCR5 receptor exhibits reduced
phosphorylation in lymphocytes with reduced
GRK2, but enhanced signaling, consistent
with a decrease in receptor desensitization
(47). GRK2-heterozygous mice also display
a marked sensitivity to experimental autoim-
mune encephalomyelitis, a model for multi-
ple sclerosis, displaying a more rapid onset
of lymphoctye infiltration into the brain (48).
Despite the more rapid onset, the GRK2-
heterozygous mice, unlike wild-type mice, fail
to undergo relapse. Thus, decreased GRK2
can have both deleterious and protective ef-
fects in this disease model. More complete
investigation of the role of GRK2 awaits
the availability of mice bearing a conditional
GRK2 allele.

Recently, an essential role of β-arrestin2
as a negative regulator of innate immune ac-
tivation via Toll-like receptor–interleukin 1
receptor signaling was indicated by demon-
stration of higher expression of proinflam-
matory cytokines and increased susceptibility
to endotoxic shock of β-arrestin2 knockout
mice (49). Furthermore, an altered neutrophil
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GPCR
desensitization: the
loss of cellular
responsiveness to
repeated or
prolonged receptor
stimulation;
tachyphylaxis

CNS: central
nervous system

CXCR2 signaling in vivo (50) and defective
lymphocyte chemotaxis were also described
in mice lacking β-arrestin2 (44).

GRKs AND ARRESTINS IN THE
RESPIRATORY SYSTEM

Contraction and relaxation of airway smooth
muscles are controlled, at least in part, by
multiple GPCRs, and dysfunctional GPCR-
mediated signaling has been implicated in
asthma. Researchers have investigated the
role of GRKs and β-arrestins in airway
smooth muscle physiology. Mice lacking
GRK3, but not GRK2-heterozygous mice,
demonstrate a significant enhancement in the
airway response and enhanced sensitivity of
the airway smooth muscle response to cholin-
ergic agonist methacholine, indicating that
GRK3 may be involved in modulating the
cholinergic response of airway smooth mus-
cle (20). GRK5 is also involved in muscarinic
regulation of airway responses (51). Although
the airway contractile response to a mus-
carinic receptor agonist was not altered in
GRK5-deficient mice, the relaxation compo-
nent of bilateral vagal stimulation and the air-
way smooth muscle relaxation resulting from
adrenergic stimulation were diminished in
GRK5 mutants. Intriguing recent observa-
tions also indicate that β-arrestin2 may be in-
volved in the development of allergic asthma
(52). Allergen-sensitized mutant mice lacking
β-arrestin2 do not accumulate T lymphocytes
in their airways and do not demonstrate physi-
ological and inflammatory features of asthma,
suggesting that targeting processes controlled
by this regulatory protein will provide novel
insights in the treatment of asthma.

GRKs AND ARRESTINS IN THE
SKELETAL SYSTEM

GRK2 and β-arrestin1 are expressed in os-
teoblastic cells (53). Transgenic mice ex-
pressing the GRK2 carboxyl-terminal in-
hibitor in mature osteoblasts demonstrated
age-dependent enhancement in bone remod-

eling, as evidenced by an increase in bone den-
sity and trabecular bone volume (54, 55). In
contrast, mice lacking β-arrestin2 showed de-
creased bone mass and altered bone architec-
ture (56), revealing an important role of this
protein in parathyroid hormone–dependent
bone mass acquisition and remodeling (57).

GRKs AND ARRESTINS IN THE
NERVOUS SYSTEM

More than 90% of known GPCRs are ex-
pressed in the brain (58) and are involved in
virtually all vital functions controlled by the
nervous system. It is not surprising, therefore,
that most of the research on the physiologi-
cal relevance of GPCR desensitization mech-
anisms has been performed in analyzing neu-
ronal functions (9). Although sensory GPCRs
of the olfactory and gustatory systems poten-
tially are subject to regulation by GRKs and
arrestins, only a few such studies have been
published to date (58a, 82). As the most exten-
sive evidence for wide variety of physiological
functions and distinct tissue distributions of
GRKs and arrestins comes from studies of the
central nervous system (CNS), here we give a
detailed overview of these observations in a
more systematic manner by highlighting spe-
cific roles of individual neuronal GRKs and
arrestins.

Neuronal GRK2

The GRK2 kinase has widespread expres-
sion in the brain (59). GRK2 mRNA is dis-
tributed in a nearly uniform manner through
all cortical layers, the islands of Calleja, several
hypothalamic and thalamic nuclei, the hip-
pocampus, the substantia nigra compacta, the
ventral tegmental area, the locus coeruleus,
and other regions. A lower level of expres-
sion was detected in caudate-putamen (60).
The expression of GRK2 is developmentally
regulated, with a marked increase during the
second postpartum week (61).

Alterations in GRK2 expression have
been described in several disorders and/or
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following pharmacological treatments. In pa-
tients with major depression, there is an up-
regulation of GRK2-like immunoreactivity in
the prefrontal cortex, whereas long-term an-
tidepressant treatment downregulates GRK2
(62). One interesting hypothesis suggests that
the neuronal calcium sensor-1 (NCS-1) con-
tributes to the desensitization of D2 dopamine
receptors via interaction with GRK2, thereby
attributing abnormalities in NCS-1 expres-
sion described in schizophrenia and bipolar
disorder to the NCS-1-dependent GRK2 reg-
ulation of dopamine receptor signaling (63,
64). Furthermore, GRK2 is increased in cau-
dal caudate and internal globus pallidus in
monkeys with experimental parkinsonism, in-
dicating a potential role of this kinase in reg-
ulation of dopamine receptors (65). Mice het-
erozygous for GRK2 deletion were tested for
their locomotor responses to the dopamine
transporter blocker cocaine or the direct
dopamine receptor agonist apomorphine. Co-
caine treatment with certain doses resulted
in slightly enhanced locomotor responses,
whereas no such alterations were found with
other doses of cocaine or with climbing re-
sponses to the nonselective dopamine agonist
apomorphine, suggesting that the impact of
partial loss of GRK2 on dopamine receptor–
mediated responses is limited (9). Neverthe-
less, a more pronounced level of GRK2 de-
ficiency may unmask the involvement of this
kinase in dopamine receptor regulation. Fur-
ther studies involving region-selective knock-
out mice may provide an effective approach
with which to examine this possibility.

Several lines of evidence suggest a role
for GRK2 in μ-opioid (μOR) regulation.
GRK2 levels were increased in the lo-
cus coeruleus and cortex of rats chronically
treated with morphine (66–68). Similarly,
membrane-associated GRK2 levels were in-
creased in brains of human opioid addicts
(67). In another investigation, chronic treat-
ment with the opioid antagonist naltrexone
resulted in significant upregulation of GRK2
(69). Recent evidence indicates that chronic
treatment with etorphine, but not morphine,

NCS-1: neuronal
calcium sensor 1
protein

GABA: γ-amino
butyric acid

μOR: μ-opioid
receptor

produces a significant increase in GRK2 pro-
tein levels in membranes of the mouse spinal
cord (70). In addition, GRK2 is highly ex-
pressed in nucleus raphe magnus GABAergic
neurons projecting to the spinal cord, where
it appears to mediate desensitization of μOR
(71). These and other (72, 73) findings suggest
that GRK2 contributes to the cellular pro-
cesses underlying in vivo μOR desensitization
and may play an important role in the devel-
opment of opioid tolerance and dependence.
A preliminary investigation, however, found
no significant alteration in morphine-induced
analgesia in GRK2-heterozygous mice (74).
Further studies are necessary to explore in
more detail the role of GRK2-mediated pro-
cesses in μOR regulation and responses to
opiates.

The α and β isoforms of synucleins,
proteins highly expressed in the brain and
linked to the development of Parkinson’s
and Alzheimer’s diseases, can be potently
phosphorylated by GRK2 and GRK5 (75).
Abnormalities in GRK2/5-like immunore-
activity associated with beta-amyloid accu-
mulation were observed at prodromal and
early stages of Alzheimer’s disease (76).
In neonatal rat, hypoxia/ischemia reduced
GRK2 expression in several brain regions,
suggesting a role of this kinase in hypoxia-
induced brain damage (77). GRK2 is involved
in both phosphorylation-dependent and
-independent regulation of M1 muscarinic
acetylcholine receptors in cultured hippocam-
pal neurons (78). Additionally, GRK2 may
have a role in the regulation of corticotropin-
releasing factor receptor type 1 in the anterior
pituitary gland (79).

Neuronal GRK3

GRK3 is expressed widely in the periphery
and the CNS, albeit at lower levels than is
GRK2 (59). In the periphery, GRK3 is found
in olfactory neurons and dorsal root ganglion
neurons, where it may play an important role
in the desensitization of odorant receptors and
α2-adrenergic receptors, respectively (80–82).
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5HT: 5-
hydroxytryptamine,
or serotonin

GRK3 is ubiquitously expressed in the brain
in a pattern similar to GRK2 (59, 60).

Substantial in vitro evidence suggests that
GRK3 has a role in dopamine receptor regu-
lation (9). Interestingly, the region of chro-
mosome 22q12 containing the GRK3 gene
has been identified as a susceptibility lo-
cus for bipolar disorder (83). Furthermore,
GRK3 expression in the rat frontal cor-
tex can be induced by the dopamine re-
leaser amphetamine (83). Additionally, trans-
mission disequilibrium analyses indicate that
two 5′-UTR/promoter polymorphisms may
be associated with bipolar disorder (83).
These findings were interpreted to suggest
that a dysregulation in GRK3 expression al-
ters dopamine receptor desensitization and
thereby predisposes affected individuals for
this disorder (83, 84). Recent assessment of
GRK3 mRNA levels in lymphocytes from
bipolar patients, however, did not reveal a ma-
jor difference between patients and controls
(85). Similarly, mutation screening and asso-
ciation study of GRK3 in schizophrenia fam-
ilies provided no evidence for an association
between schizophrenia and alleles at polymor-
phisms in the GRK3 promoter region (86).

In mice, GRK3 deficiency does not affect
basal locomotor activity, but GRK3 knockout
mice demonstrate significantly reduced loco-
motor or climbing responses to either cocaine
or apomorphine (9). Thus, it is unlikely that
this kinase is directly involved in the desensiti-
zation of dopamine receptors responsible for
locomotion. Nevertheless, it is possible that
GRK3 is “positively” involved in dopamine
receptor signaling leading to locomotor re-
sponses or “negatively” regulates other pop-
ulations of GPCRs, such as, for example, re-
ceptors for 5HT (serotonin), that can inhibit
dopamine-related behaviors (87). According
to another interesting hypothesis, this kinase
may be involved in the desensitization of D3
dopamine autoreceptors, thereby affecting
processes governing dopamine release (88).

A role for GRK3 in μOR regulation
also has been suggested on the basis of al-
tered expression of this kinase following the

administration of opiate agonists and an-
tagonists (68, 69). Other researchers, how-
ever, failed to observe such changes follow-
ing chronic morphine (66). In GRK3 knock-
out mice, morphine-induced analgesia was
not changed in a hot-plate analgesia test
(74). At the same time, GRK3 deletion in-
fluenced opioid analgesic tolerance to a high-
efficacy opioid agonist, fentanyl, but did not
affect acute antinociceptive responses to ei-
ther fentanyl or morphine (89). Furthermore,
there is evidence suggesting that GRK3 is in-
volved in kappa-opioid receptor regulation.
Neuropathic pain–induced activation of the
kappa-opioid system in mouse spinal cord and
kappa-opioid receptor–dependent tolerance
are disrupted in GRK3 knockout mice (90,
91).

Neuronal GRK4

Expression of GRK4 in the brain is limited to
cerebellar Purkinje cells (92). GRK4 may reg-
ulate the cerebellar metabotropic glutamate 1
receptor and GABA-B receptor (93, 94), sug-
gesting a role of GRK4 in motor coordination
and learning. However, mice lacking GRK4
demonstrate no differences in basal level of
locomotor activity or motor coordination in
a rotorod test (R.T. Premont, unpublished
data). GRK4-deficient and control mice also
have similar locomotor responses to cocaine
(9). Furthermore, no alterations in morphine-
induced analgesia have been found in these
mutants (74).

Neuronal GRK5

GRK5 is expressed widely in the brain. GRK5
mRNA has been found at high levels in various
regions, such as the septum, the cingulate cor-
tex, the septohippocampal nucleus, the ante-
rior thalamic nuclei, the medial habenula, and
the locus coeruleus (60). GRK5 expression in-
creases twofold during neural differentiation
(95).

Chronic treatment with cocaine resulted
in upregulation of GRK5 mRNA in the
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septum, suggesting a role of this kinase in ab-
normal plasticity induced by this drug (60).
Similarly, an acute administration of mor-
phine, as well as spontaneous and naloxone-
induced morphine withdrawal, caused up-
regulation of GRK5 mRNA in some brain
regions (72). GRK5 deficit may play a role
in prodromal and early stages of Alzheimer’s
disease (76).

Mice lacking GRK5 have an overtly nor-
mal phenotype and show only a slight decrease
in body temperature (96). Mutant mice were
challenged with a number of agonists to iden-
tify the specific GPCRs affected by GRK5 de-
ficiency (9, 96). We observed no differences in
cocaine-induced stimulation of locomotion or
climbing responses following administration
of the direct dopamine agonist apomorphine
(9, 96). Similarly, morphine-induced analge-
sia was not altered in a hot-plate test in mutant
mice. Furthermore, hypothermic responses
induced by serotonin 5-HT1A receptor ag-
onist 8-OH-DPAT did not differ between the
genotypes. These observations indicate that
responsiveness of dopamine receptors, and
of the μOR and 5-HT1A subtype of sero-
tonin receptors relevant for these behavioral
and physiological processes, was not affected
by deletion of GRK5. However, challenging
these mice with the nonselective muscarinic
agonist oxotremorine revealed significantly
enhanced, centrally mediated muscarinic
responses such as hypothermia, tremor, sali-
vation, locomotor suppression, and antinoci-
ception (96). Because M2 muscarinic recep-
tors mediate most of these behaviors (97),
GRK5 likely regulates M2 muscarinic recep-
tors in vivo. Furthermore, recent studies re-
vealed that M2 receptors in airway are also
affected by GRK5 deficiency, whereas reg-
ulation of M2 receptors in the heart occurs
normally (51). These observations demon-
strate that the same GRK can regulate the
same GPCR differently in different tissues.
Moreover, the hypersalivation response to ox-
otremorine displayed by the GRK5 mutants
suggests that GRK5 also regulates salivary
gland M3 receptors in vivo (97). Supersen-

sitivity of central muscarinic receptors may
contribute to several brain disorders, includ-
ing depression, posttraumatic stress disorder,
and multiple chemical sensitivities. It would
be interesting to explore if abnormalities in
GRK5-mediated muscarinic receptor desen-
sitization contribute to these disorders (96).

Neuronal GRK6

GRK6 is ubiquitously expressed in most brain
areas studied (98). Interestingly, GRK6 seems
to be the most prominent GRK in the caudate
putamen, and GRK6 mRNA is also expressed
in dopaminergic cell body areas, such as the
substantia nigra (60). In striatum, immunohis-
tochemical investigations revealed a high ex-
pression of GRK6 protein in the dopamine-
receptive striatal GABAergic medium spiny
neurons as well as in cholinergic interneurons
(99).

Unlike all other GRK-deficient mice,
GRK6 knockout mice show significant lo-
comotor supersensitivity to cocaine, am-
phetamine, and morphine (99). Similar ef-
fects were observed with endogenous “trace
amine” β-phenylethylamine, which induces
psychomotor activation at least partially via
indirect activation of the dopamine sys-
tem (100, 101). Furthermore, researchers
observed in mutants (a) that an enhanced
coupling of striatal D2-like dopamine re-
ceptors to G proteins increased the affin-
ity of D2 but not D1 dopamine agonists
and (b) an enhanced locomotor response to
direct dopamine agonists (99, 102). Alto-
gether, these observations indicate that post-
synaptic D2-like dopamine receptors in the
striatum are physiological targets for GRK6-
mediated regulation, suggesting that a phar-
macological strategy aimed at modulation
of GRK6 expression or activity is beneficial
when dopamine signaling is altered, such as
in Parkinson’s disorder. In fact, GRK6 expres-
sion is significantly elevated in several brain
regions, including the striatum, in the MPTP-
lesioned monkey model of Parkinson’s dis-
ease (65). Moreover, because dopamine
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receptor supersensitivity is present in other
brain disorders, such as addiction, schizophre-
nia, and Tourette’s syndrome, a potential role
of GRK6 in these conditions should be inves-
tigated (99).

GRK6 levels were changed in rat brain
after chronic treatment with μOR agonists
and antagonists (68, 69). Furthermore, de-
creased immunodensities of GRK6, GRK2,
and β-arrestin2 were observed in postmortem
brains of opiate addicts (103). Nonetheless,
mice lacking GRK6 were indistinguishable
from control littermates in the hot-plate mor-
phine analgesia test (74).

Neuronal β-Arrestin1

β-Arrestin1 is expressed ubiquitously in the
brain (9, 61, 95, 104–106). Levels of β-
arrestin1 mRNA in the brain are estimated
to be two- to threefold higher than those of
β-arrestin2 mRNA, whereas the ratio of β-
arrestin1 to β-arrestin2 protein levels is 10–
20-fold (106). Strong immunoreactivity for β-
arrestin1 also has been found at postsynaptic
densities in the spinal cord (107). β-Arrestin1
greatly increases with neural development,
suggesting a specific role for β-arrestin1 in
neural differentiation (95).

Chronic systemic morphine treatment re-
sulted in an increase in β-arrestin1/2-like im-
munoreactivity in rat locus coeruleus (66).
Changes in β-arrestin1 mRNA in several
brain areas also were detected following acute
and systemic treatment with morphine (108).
However, direct testing of acute morphine-
induced antinociception in mice lacking β-
arrestin1 has not revealed significant changes
(74).

β-Arrestin1 levels were reduced in leuko-
cytes of patients with depression and elevated
by chronic antidepressants imipramine, de-
sipramine, and fluvoxamine in rat cortex and
hippocampus. The reduction in β-arrestin1
levels in the lymphocytes of major depression
patients was significantly correlated with the
severity of depressive symptoms (109). In ad-
dition, cerebral hypoxia/ischemia in rat pups

increased β-arrestin1 protein expression as
well as mRNA levels in the brain (77).

β-Arrestin1 knockout mice are overtly
normal, but locomotor-stimulating effects of
cocaine and apomorphine-induced climbing
are somewhat reduced (9). These observations
suggest that, although β-arrestin1 is not likely
involved directly in dopamine receptor de-
sensitization, β-arrestin1 may be involved in
either G protein–independent dopamine re-
ceptor signaling or desensitization/signaling
of other GPCRs in neuronal pathways con-
tributing to the locomotor behaviors.

Neuronal β-Arrestin2

β-Arrestin2, much like β-arrestin1, is ex-
pressed in virtually all brain regions and in
the spinal cord (9, 95, 104, 106, 107). In many
brain tissues there is a significant overlap in
the expression pattern of β-arrestin2 and β-
arrestin1, but each β-arrestin also has a unique
distribution in certain brain areas. In partic-
ular, β-arrestin2 has relatively higher expres-
sion in the medial habenula, in most hypotha-
lamic nuclei, and in the extended amygdala
(106).

Various in vivo studies indicate that β-
arrestin2 is involved in μOR regulation and
effects of opiates. Several groups have shown
that acute or chronic treatment with μOR lig-
ands, including morphine, causes significant
alterations in the expression of β-arrestin2 in
the cortex and striatum (68, 69, 108). The
involvement of β-arrestin2 in the modula-
tion of spinal antinociception also is supported
by studies in which intrathecal pretreatment
with β-arrestin2 antibody potentiated the
antinociception induced by μOR agonists in
the mouse (110).

Interestingly, earlier in vitro investiga-
tions in heterologous cellular systems found
that the interaction of μOR with β-arrestin2
depends on agonist efficacy and that the
partial agonist morphine produces arrestin-
dependent receptor desensitization at a rather
slow rate, suggesting that morphine acti-
vates μORs without promoting their rapid
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endocytosis (111–113). However, recent stud-
ies convincingly demonstrated that, in striatal
and nucleus accumbens neurons, morphine
promotes rapid, arrestin-dependent endocy-
tosis of μORs (114). In dissociated primary
cultures of rat striatal neurons, morphine pro-
moted a rapid redistribution of both endoge-
nous and recombinant μORs (114). These
results strongly support previous in vivo re-
sults from β-arrestin2 knockout mice (74,
115, 116) and indicate that morphine is in-
deed capable of driving rapid endocytosis of
μORs in vivo and that β-arrestin2 plays an
important role in these effects (117).

β-Arrestin2 knockout mice were instru-
mental to demonstrating the role of β-
arrestin2 in the regulation of μORs and ef-
fects of morphine. Mutant mice challenged
with morphine showed remarkably enhanced
antinociception in hot-plate tests, which is
correlated with potentiated μOR–G protein
coupling (115, 118). Furthermore, tolerance
to morphine’s antinociceptive effects in this
test was significantly attenuated in β-arrestin2
knockout mice (116). At the same time,
manifestations of naloxone-precipitated with-
drawal were not altered by β-arrestin2 dele-
tion, suggesting that despite disrupted tol-
erance mutant mice still can become phys-
ically dependent on morphine (116). When
morphine effects on spinal cord–mediated
antinociception were assessed in the tail-
immersion test, the β-arrestin2 knockout
mice also showed higher basal nociceptive
thresholds as well as significantly enhanced
responses to morphine. However, mutants de-
veloped tolerance to chronic morphine in this
test, albeit with a delayed onset, suggesting
the additional involvement of protein kinase
C (PKC)-dependent regulatory system in this
effect (118). A subsequent study in these mu-
tants documented that relative opiate efficacy
is determined by the ability to recruit ele-
ments of the GPCR desensitization machin-
ery (119). Opiate agonists that induced ro-
bust β-arrestin2 translocation in HEK cells
produced similar analgesia in normal and β-
arrestin2 knockout mice, whereas morphine

IPSC: inhibitory
postsynaptic current

and heroin, which did not promote robust
β-arrestin2 recruitment under these specific
conditions, produced enhanced analgesia in
mutant mice. Additionally, well-known side
effects of morphine, such as constipation and
respiratory suppression, were strikingly re-
duced in β-arrestin2 knockout mice (120),
suggesting a novel approach of modulat-
ing GPCR regulatory mechanisms to over-
come unwanted effects of the gold-standard
analgesic, morphine. A recent study employ-
ing rats with overexpression of β-arrestin2
at periaqueductal gray (PAG) further sup-
ported a role of this regulatory molecule in
μOR regulation and morphine antinocicep-
tion (121). The demonstration that local β-
arrestin2 overexpression by adenovirus results
in disruption of the antinociceptive effects of
morphine clearly identified PAG as a key area
for this regulation.

Recently, a role of β-arrestin2 in delta-
opioid receptor function was suggested by the
observation that delta-opioid receptor ago-
nists had no effect on miniature inhibitory
postsynaptic currents (IPSCs) in β-arrestin2
knockout mice after chronic morphine. Thus,
induction of delta-opioid receptor–mediated
actions in PAG by chronic morphine may
require prolonged μOR stimulation and in-
duction of β-arrestin2 expression (122). Fur-
thermore, when the effects of morphine and
fentanyl were analyzed in slices of the locus
coeruleus and PAG from β-arrestin2 knock-
out mice, presynaptic inhibition of evoked
IPSCs was enhanced. β-Arrestin2 therefore
may attenuate presynaptic inhibition by opi-
oids, thereby revealing a novel mechanism of
involvement of β-arrestin2 in opioid effects
(123).

Finally, β-arrestin2 knockout mice show
significant alterations in locomotor and re-
warding properties of morphine. The activa-
tion of both μOR and dopamine receptors is
required for the locomotor and reinforcing
effects of morphine (124, 125). Morphine-
induced stimulation of dopamine systems is
indirect, originating from a disinhibition of
GABAergic cells in dopaminergic cell body
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regions, leading to increased neuronal firing
and increased dopamine release from termi-
nals. In β-arrestin2-deficient mice, morphine,
but not cocaine, produces a more pronounced
increase in dopamine release and reward in
the conditioned place preference test. How-
ever, acute morphine induces less locomotor
activation in β-arrestin2-mutant mice (125).
This paradoxical observation may indicate ei-
ther (a) an important impact of this mutation
on neurotransmitter systems other than that
of dopamine, perhaps serotonin, that are also
involved in morphine effects and exert an in-
hibitory action on dopamine-dependent hy-
peractivity (87, 126) or (b) a novel positive role
of β-arrestin2 in dopaminergic signaling.

In fact, β-arrestin2-deficient mice exhib-
ited somewhat reduced locomotor activation
following cocaine administration (125) as well
as disrupted climbing response to the di-
rect dopamine agonist apomorphine (9, 127).
These in vivo observations are not consis-
tent with an expected role of β-arrestin2 as
a controller of desensitization of dopamine
receptors but rather indicate that without
this regulatory element dopaminergic signal-
ing may be impaired. Recent functional bio-
chemical studies directly demonstrated an im-
portant role of β-arrestin2 in D2 dopamine
receptor–mediated signaling in vivo (127).
D2 dopamine receptor–mediated Akt reg-
ulation involves the formation of signaling
complexes containing β-arrestin2, protein
phosphatase 2A, and Akt. Mice lacking β-
arrestin2 show a reduction of amphetamine-
and apomorphine-induced behaviors, loss of
Akt regulation by dopamine, and disruption
of the dopamine-dependent interaction of
Akt with PP2A. Furthermore, deletion of β-
arrestin2 results in a reduced level of spon-
taneous locomotor activity in normal as well
as hyperdopaminergic dopamine transporter
knockout mice (128), directly demonstrating
the importance of this regulatory molecule
in functional dopaminergic signaling (127).
These results for the first time demonstrated
in vivo the physiological significance of the
dual role of β-arrestin2 in GPCR regulation:

In addition to its classical “negative” function
in receptor desensitization, β-arrestin2 also
acts as a “positive” signaling intermediate as
a kinase/phosphatase scaffold. Most impor-
tantly, these data indicate that this role of β-
arrestin2 is functionally important for the ex-
pression of dopamine-mediated behaviors and
that the molecular mechanisms involved in
the β-arrestin2-dependent Akt/GSK3 (glyco-
gen synthase kinase type 3) signaling cascade
may provide novel potential pharmacologi-
cal targets with which to manage dopamine-
related neurological and psychiatric disorders
(127, 129).

SUMMARY

GRK and Arrestin Functions

Studies in several systems described above
demonstrate that GRKs and arrestins do reg-
ulate GPCRs in vivo and that the failure to
regulate GPCRs properly can have profound
physiological consequences. In the absence
of elements of the GRK-arrestin desensitiza-
tion machinery, GPCRs can remain abnor-
mally supersensitive to agonist stimulation.
This manifests as prolonged and exaggerated
responses to agonist challenges. In the clear-
est examples, a receptor subtype appears to
require only one particular GRK or arrestin
protein to be regulated properly. The D2-
like dopamine receptors in striatal medium
spiny neurons fail to desensitize in the ab-
sence of GRK6, whereas brain M2 muscarinic
receptors mediating several responses fail to
desensitize in the absence of GRK5. Similarly,
β-arrestin2 is required for μ-opioid receptor
desensitization, whereas β-arrestin1 appears
ineffective at regulating this receptor. Thus,
the role of GRKs and arrestins defined in
model cell systems and using purified proteins
can be validated in the physiological responses
of living animals.

In contrast, GRK and arrestin knockout
mice are grossly normal (with the one ex-
ception of the embryonically lethal GRK2
knockout), which is consistent with the role of
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the GRK-arrestin system to regulate primar-
ily agonist-activated receptors. In the absence
of the stress of a high level of receptor stim-
ulation, the relative inability of these animals
to dampen excessive signaling is not immedi-
ately evident.

Although GRKs and arrestins have been
shown to promote G protein–independent
signaling pathways through arrestin-
scaffolded signaling proteins in model
cell systems, evidence for such pathways
in vivo is scant at present. The identification
of β-arrestin2 scaffolding–dependent regu-
lation of Akt in the striatum is the clearest
example of such function to date. Increased
interest in this type of signaling in recent
years is sure to focus needed attention on
identifying physiological systems in which
this role of the GRK-arrestin system can be
clearly demonstrated.

GRK and Arrestin Specificity

Because there are several hundred GPCRs but
only four widely distributed GRKs and two
widely distributed β-arrestin proteins to reg-
ulate them, there remains the issue of defin-
ing the wiring diagram with which GRKs and
arrestins regulate any particular GPCR. Cur-
rent evidence suggests that this may be quite
complex indeed.

Some receptors appear to be regulated
by one particular GRK and/or arrestin pro-
tein, as with the D2-like receptors in stria-
tum by GRK6 or the μ-opioid receptor by
β-arrestin2. In contrast, other receptors do
not exhibit a dramatic alteration in signaling
with the loss of any one GRK or β-arrestin,
suggesting that many GRK subtypes or both
β-arrestins all contribute to regulation and
can compensate for the loss of any one of
their number. The only exception is mice
lacking GRK2 (19) or both β-arrestin1 and
β-arrestin2 (9); such phenotypes are embry-
onically lethal. The most curious and infor-
mative finding is that a single GPCR subtype
may be regulated by distinct GRKs when it
is present in different cell types. In the CNS

and lung, M2 muscarinic receptors appear
to be regulated primarily by GRK5. How-
ever, despite the prominent expression of both
M2 receptors and GRK5 in the heart, cardiac
M2 muscarinic receptors seem regulated quite
normally in GRK5 knockout mice. Thus, to
understand the regulation of a specific re-
ceptor, it is critical to examine that receptor
in its native context. Information garnered
from model cell systems, or even from ex-
amining other organs of an intact animal,
may not be informative for the same re-
ceptor subtype in a different environment.
Given the few receptors and physiological
responses examined in detail to date, it re-
mains unclear whether most receptors are reg-
ulated by exclusive GRK-arrestin pathways or
promiscuously by multiple GRKs and/or both
β-arrestins.

Receptors on distinct cell types can also re-
spond differently to loss of a particular GRK
or arrestin. The SDF-1-activated CXCR4 re-
ceptor appears to be regulated by GRK6 in
both T lymphocytes and neutrophils, but loss
of GRK6 has opposite effects on chemotaxis
in these two cell types: T cells lacking GRK6
chemotax less well toward SDF-1, whereas
neutrophils chemotax markedly better toward
SDF-1. The basis for this difference remains
obscure but may reflect differences in the reg-
ulation of downstream pathways leading to
chemotaxis in these different cells.

The physiological significance of GRK-
arrestin regulation of GPCRs that the stud-
ies described here have demonstrated strongly
suggests that future development of inhibitors
or modulators of these regulatory proteins
and their processes is an effective approach
by which to fine-tune physiological functions.
For example, the ability of some tastants to in-
duce lingering aftertaste may depend on their
ability to inhibit GRKs in taste cells that pu-
tatively regulate tastant receptors (58a). This
and other examples described herein demon-
strate the feasibility of pharmacological ap-
proaches of modulating GPCR regulation to
correct abnormal physiological function in
disease.
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The lessons learned so far from these
in vivo studies only highlight the many
further studies that remain to be under-
taken and the myriad details of which we
remain ignorant. Physiological regulation
of nearly all hormone and neurotransmit-
ter receptors by GRK-arrestin pathways re-
mains untested. The widespread regulation
of GRK expression levels in various phys-
iological and pathopysiological conditions
adds another level of complexity. These
GRK dynamics, coupled with examples of
substantial physiological changes in GRK6-

heterozygous knockout mice in several sys-
tems, suggest that GRK-arrestin regulation
of a GPCR can differ greatly even in a
single organ, depending on the conditions
that regulate GRK expression. Furthermore,
the finding that GRK4 polymorphisms in
humans can alter kidney dopamine recep-
tor responses under apparently basal condi-
tions adds the potential for yet more com-
plexity. Thus, we have a long way to go
to define in detail how particular recep-
tors are regulated by these GRK-arrestin
pathways.

SUMMARY POINTS

1. The failure to regulate GPCRs properly can have profound physiological conse-
quences.

2. In the absence of elements of the GRK-arrestin desensitization machinery, GPCRs
can exhibit prolonged and exaggerated responses to agonist challenge owing to dis-
rupted desensitization.

3. Deficiency in GRK-arrestin mechanisms may also cause a decrease in responses owing
to disrupted G protein–independent, arrestin-mediated signaling.

4. Some receptors appear to be regulated by one particular GRK and/or arrestin protein,
whereas other receptors appear to be regulated by many GRK subtypes or both β-
arrestins.

5. A single GPCR subtype may be regulated by distinct GRKs when it is present in
different cell types.

6. Receptors on distinct cell types can also respond differently to loss of a particular
GRK or arrestin.

7. The widespread regulation of GRK expression levels in various physiological and
pathophysiological conditions suggests that GRK-arrestin regulation of a GPCR can
differ greatly even in a single organ, depending on the conditions that regulate GRK
expression.

FUTURE ISSUES

1. The complex wiring diagram with which multiple GRKs and arrestins regulate any
particular GPCR in a specific cell group needs to be defined.

2. Physiological functions of individual GRKs and arrestins in specific responses in living
organisms should be identified.

3. The physiological role of processes governing GPCR desensitization in a specific
function requires further understanding.
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4. The recent discovery of G protein–independent, arrestin-mediated signaling of
GPCRs should spur efforts to identify physiological systems in which this role of
the GRK-arrestin system is predominant.

5. GPCR-desensitization-related versus G protein–independent signaling–related func-
tions of GPCR regulation by individual GRKs and arrestins, should be delineated.
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