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The G-protein-coupled receptor (GPCR)
superfamily of seven transmembrane do-
main proteins modulates a broad array of
vital physiological responses ranging from
sensory perception to immunity, chemo-
taxis, and neurotransmission. After stim-
ulation, these receptors activate their
respective heterotrimeric G-proteins, ini-
tiating cascades of intracellular signaling
events. Subsequently, stimulation results
in the phosphorylation of receptors by
GPCR kinases (GRKs), leading to the re-
cruitment of members of a family of scaf-
folding proteins termed arrestins. Two
members of the arrestin family are specif-
ically expressed in photoreceptors,
whereas two others, �-arrestin-1 and
�-arrestin-2, are expressed in all other cell
types. Interaction of arrestins with GPCRs
(Fig. 1A) results in an uncoupling of
G-protein signaling from receptors (re-
ceptor desensitization), a recruitment of
the endocytic machinery leading to recep-
tor internalization, and, in some cases, the
formation of arrestin-dependent signal-
ing complexes by which GPCRs can me-
diate signaling without an active partici-
pation of G-proteins (Gainetdinov et al.,
2004; Beaulieu et al., 2005).

GPCR regulation by arrestins and
GRKs has been studied extensively in het-

erologous cellular systems, mostly using
human embryonic kidney 293 (HEK293)
cells. Although this approach has allowed
functional characterization of arrestins,
GRKs, and other associated proteins, di-
rect extrapolation of results obtained in
these model systems to physiological
GPCR responses in the CNS has remained
problematic. For instance, stimulation of
�-opioid receptors (MORs) by morphine
in HEK293 cells does not trigger rapid re-
ceptor phosphorylation and internaliza-
tion (Whistler et al., 1999). In contrast,
nonrewarding opiates such as D-Ala 2-N-
Me-Phe 4-Glycol 5-enkephalin (DAMGO)
and methadone provoke rapid internal-
ization of MORs, suggesting that the
abuse potential of morphine and develop-
ment of drug tolerance may come in part
from a lack of receptor internalization
(Whistler et al., 1999). These in vitro ob-
servations suggest that GRKs and ar-
restins should play a small role in regulat-
ing the effects of morphine in the CNS.
Paradoxically, mice lacking the arrestin
family protein �-arrestin-2 (�Arr2
knock-out) display enhanced behavioral
responses and G-protein-mediated sig-
naling in response to morphine (Bohn et
al., 1999). Moreover, these mice fail to de-
velop tolerance to this drug (Bohn et al.,
2000), indicating that �-arrestin-2 does
indeed regulate morphine responsiveness
in vivo.

An article in The Journal of Neuro-
science (Haberstock-Debic et al., 2005)
provides a set of interesting observations
that could help to solve this imbroglio. In

a previous article, these authors showed
that systemic morphine administration
triggers a redistribution of MORs remi-
niscent of receptor internalization in the
nucleus accumbens of rats (Haberstock-
Debic et al., 2003). However, it was not
clearly demonstrated at the time that
MOR redistribution resulted from inter-
nalization, and the possible contribution
of endogenous opiates to this phenome-
non was also impossible to rule out.
Haberstock-Debic et al. now substantiate
these findings using cultured rat striatal
neurons.

The authors showed that both
DAMGO and morphine cause a redistri-
bution of endogenous MORs in cultured
striatal neurons [Haberstock-Debic et al.
(2005), their Fig. 1 (http://www.jneurosci.
org/cgi/content/full/25/34/7847/FIG1)].
In what can be considered the key experi-
ment of the paper, Haberstock-Debic et
al. then established the role of endocytosis
in MOR redistribution. To achieve this,
striatal neurons were transfected with an
extracellular FLAG epitope-tagged MOR
that was detected with a calcium-depen-
dent anti-FLAG M1 antibody. Labeling of
tagged receptors before drug treatment al-
lowed the authors to follow the redistribu-
tion of surface-expressed receptors after
stimulation. Like endogenous receptors,
tagged MORs were redistributed in re-
sponse to morphine or DAMGO [Haber-
stock-Debic et al. (2005), their Fig. 2A
(http://www.jneurosci.org/cgi/content/
full/25/34/7847/FIG2)]. Furthermore, ap-
plication of DAMGO or morphine pre-
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vented striping of M1 antibodies from
tagged MORs after their redistribution
from the cell surface to transferrin-con-
taining intracellular endosomes [Haber-
stock-Debic et al. (2005), their Fig. 2B–
D]. The authors then confirmed this
observation using differential labeling of
internalized and cell surface-expressed re-
ceptors under different transfection con-
ditions [Haberstock-Debic et al. (2005),
their Fig. 4 (http://www.jneurosci.org/
cgi/content/full/25/34/7847/FIG4)]. Fi-
nally, internalization of receptors was ef-
ficiently blocked by pretreating neurons
with a MOR antagonist but not by pre-
venting neuronal depolarization using te-
trodotoxin, indicating that MOR endocy-
tosis occurs in direct response to morphine
[Haberstock-Debic et al. (2005), their Fig. 3
(http://www.jneurosci.org/cgi/content/
full/25/34/7847/FIG3)].

Because their previous in vivo observa-
tions (Haberstock-Debic et al., 2003) sug-
gested that morphine-induced internal-
ization may be restricted to dendrites,
Haberstock-Debic et al. mapped the cellu-
lar distribution of internalized receptors
in cultured striatal neurons using coim-
munolocalization of MORs with the so-
matodendritic marker microtubule-
associated protein 2 as well as differential
labeling of internalized and surface-
expressed receptors. Interestingly, MOR
internalization in response to DAMGO
and morphine occurs in all neuronal
compartments with the notable exception
of proximal axons [Haberstock-Debic et
al. (2005), their Figs. 5 (http://www.
jneurosci.org/cgi/content/full/25/34/7847/
FIG5) and 6 (http://www.jneurosci.org/
cgi/content/full/25/34/7847/FIG6)].

Internalization of MORs in response
to DAMGO in HEK293 cells is dependent
on �-arrestins, whereas overexpression
of GRK2 has been shown to allow
morphine-induced MOR internalization
in these same cells. To address the func-
tion of arrestins on MOR internalization
in striatal neurons, Haberstock-Debic et
al. transfected a hemagglutinin (HA)-
tagged dominant-negative �-arrestin-2
C-terminal fragment (HA�Arr319 – 418)
known to interfere with receptor internal-
ization. As shown in the last figure of their
paper [Haberstock-Debic et al. (2005),
their Fig. 7 (http://www.jneurosci.org/
cgi/content/full/25/34/7847/FIG7)], ex-
pression of HA�Arr319 – 418 prevents
MOR internalization in response to both
morphine and DAMGO, thus confirming
the role of arrestins in this process. Fi-
nally, in an attempt to explain discrepan-
cies between striatal neurons and HEK293

cells, the authors compared the relative
expression levels of �-arrestins and GRK2
in both cell types [Haberstock-Debic et al.
(2005), their Fig. 7G,H]. Their results
showed higher GRK2 expression in stria-
tal neurons and the possible expression of
distinct �-arrestin isoforms by these dif-
ferent cells (Fig. 1B,C).

The results presented by Haberstock-
Debic et al. strongly demonstrate the in-
volvement of endocytosis in the redistri-
bution of MORs in response to morphine
in striatal neurons. A weak point of the
study is that the exact molecular mecha-
nism leading to differential morphine-
induced MOR internalization in HEK293
cells and striatal neurons is left essentially
uncharacterized. Measurements of ex-
pression levels for other GRKs or the use
of an RNA interference-based strategy to
explore the role of GRK2 in neuronal
MOR internalization would have nicely

complemented this work. Differences be-
tween the observations of Haberstock-
Debic et al. and previous observations
made in other neuronal populations
(Whistler et al., 1999), as well as the low
levels of endocytosis in proximal axons of
striatal neurons, also suggest that various
neuronal types or distinct compartments
of the same neuron may differ in the reg-
ulation of GPCR signaling. Overall, this
article addresses a major issue in the field
of opiate addiction and may explain the
discrepancies observed between previous
heterologous cell culture and animal stud-
ies. Biological systems are complex. The
work of Haberstock-Debic et al. under-
scores the need to explore cellular signal-
ing mechanisms in relevant cell types as
well as in vivo to avoid potentially errone-
ous conclusions from studies conducted
in heterologous cell systems.

Figure 1. Model of GPCR regulation by arrestins and GRKs. A, After receptor activation by a ligand, GPCRs activate G-protein-
mediated signaling and are phosphorylated at multiple sites by GRKs, resulting in the recruitment of arrestins. Interaction of
GPCRs with arrestins results in uncoupling of G-protein-mediated signaling from GPCRs, receptor endocytosis, and formation of
arrestin-dependent signaling complexes. B, C, Variations of gene expression between HEK cells, expressing low GRK2 levels along
with �-arrestin-1 (B), and striatal neurons, expressing high GRK2 levels along with �-arrestin-2 (C), may explain differences in
MOR endocytosis in response to morphine in these cells.
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