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f3-Arrestins are proteins that bind phosphorylated heterotrimeric GTP-binding protein (G 
protein)-coupled receptors (GPCRs) and contribute to the desensitization of GPCRs by 
uncoupling the signal transduction process. Resensitization of GPCR responsiveness 
involves agonist-mediated receptor sequestration. Overexpression of p-arrestins in hu- 
man embryonic kidney cells rescued the sequestration of f3,-adrenergic receptor (f3,AR) 
mutants defective in their ability to sequester, an effect enhanced by simultaneous 
overexpression of p-adrenergic receptor kinase 1. Wild-type P,AR sequestration was 
inhibited by the overexpression of two p-arrestin mutants. These findings suggest that 
p-arrestins play an integral role in GPCR internalization and thus serve a dual role in the 
regulation of GPCR function. 

p-arrestin proteins contribute to the regu- 
latioil of GPCR respoilsiveness by binding 
G protein-coupled receptor kinase-phos- 
phorylated (for example, P-adrenergic re- 
ceptor kinase 1, PARK1) receptors and un- 
coupling the receptors from their heterotri- 
meric G proteins (1-4). This process, called 
desensitizatioil (5), is agonist-dependent 
and renders GPCRs less responsive to addi- 
tional stimulation. Therefore, c o n t i n ~ ~ e d  cell 
signaling through GPCRs requires their re- 
activation. Agonist-promoted sequestration 
(internalization) of GPCRs is thought to 
contribute to the fuilctio~lal resensitization 
of their responsiveness, likely as a result of 
their dephosphorylation in endosonles (6).  
T h e  lnolecular intermediates directing this 
process are not well characterized, but 
PARKl-mediated phosphorylatioil facili- 
tates both PzAR and m2 lnuscariilic acetyl- 
choline receptor sequestration (7, 8). Be- 
cause PARK pl~os~horyla t ion prornotes the 
interaction of arrestin proteins with GPCRs 
in vitro ( 2 , 9 ) ,  we tested whether @-arrestins 
rnight participate in the  GPCR sequestra- 
tion process. Our results establish that p-ar- 
restin proteins do indeed play a role in the 
seq~1estratio1-1 of the PzAR and suggest that 
they might act as adaptor-like molecules in 
this process. Because GPCRs mediate the 
activity of a variety of signaling processes, 
such as ne~~rotransmissioi~, hormonal re- 
sponse, olfaction, and light transduction 
(10-13), these filldings suggest that p-ar- 
restins may play a Inore dyna~nic  role in the 
reeulation of bioloeical functions. " u 

Initial experilnents examined the  role of 
p-arrestin proteiils in GPCR sequestration 

by testing their ability to  rescue the  seques- 
tration phenotype of PzAR mutants defec- 
tive in their sequestration. Under control 
conditions, agonist stimulation resulted in 
the  ir~terr~alizatior~ of 30 i- 3.1% of trans- 
fected wild-type P,ARs (Fig. 1A) .  Trunca- 
tion of the  COOH-terminal tail of the  
P,AR at cysteine residue 141 to  remove 
putative PARK phosphorylation sites 
(T341) (14) or mutation of putative sites for 
PARK- and PKA-mediated P,AR phos- 
phorylation (Phos-) (3) impaired agonist- 
promoted P,AR sequestration by 50% (Fig. 
1A) .  Overexpressioil of either p-arrestin-1 
or -2 subtvne rescued the  seiruestratioil , L 
phenotype of the  truncated and phospho- 
rylatioil site-deficient PzAR mutants, 
whereas BARKl overexnression did not res- 
cue thei; sequestration i ~ i g .  1A) .  

Mutation of tyrosine residue 326 to an  
alanine results in a PzAR rnutant (P,AR- 
Y126A) that is both deficient in its agonist- 
prolnoted sequestration and PARK-mediat- 
ed phosphorylation, and overexpression of 
PARK1 reverses both the  sequestration and 
phosphorylatioil deficits (7). Similar to 
PARK1, overexpression of either p-arrestin 
subtype rescued the  sequestration of the  
PzAR-Y326A mutant (Fig. IB) .  However, 
unlike BARKl, overexnression of either 
p-arrestin-1 or -2 rescued the sequestration 
deficits of both the  truncated and phos- 
phorylation site-deficient pzAR-Y326A 
mutants (Fig. 1B). Thus, when overex- 
pressed to high levels, p-arrestins interacted 
with the  recentor mutants in the  absence of 
phosphorylation. Data from in vitro exper- 
iments sueeest that R-arrestins can b i d  -- 
with lower affinity to agonist-activated 
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Fig. 1. Effect of pARK1, p-arrestin-1, and p-ar- 
restin-2 overexpression (18) on the agonist-pro- 
moted sequestration (19) of wild-type (W),  

truncated (T34i), or PKA- and PARK phos- 
phorylation site-deficient (Phos-) p,AR (A) and 
similarly mutated p,AR-Y326A (B) transfected 
trans~ently (20) nto HEK 293 cells. Receptors 
were expressed with a pcDNAl -Amp expression 
vector together with 5 k g  of each of the following: 
empty pcMV5 vector (control), pcDNAl bovine 
PARK1 , pcMV5 rat p-arrestin-1 , or pcMV5 rat 
p-arrestin-2. Receptor expression (fmol/mg 
whole-cell protein) was as follows: W-p,AR, 687 
i 77; p,AR-T34', 264 i 22; p,AR-Phos-, 161 + 
25; W-(3,AR-Y326A, 307 I 45; p,AR-Y326A- 
T34i, 97 i 8;  and p,AR-Y326A-Phos-, 440 I 47 
(21). The data represent the mean I SEM of four 
to six dfferent experiments. *P < 0.05 compared 
with control values. 

rylated receptor with which eildogenous 
p-arrestins could interact, t hen  one  might 
expect that  p-arrestins could rescue the  
sequestration of the  mutant  receptor more 
effectively in  the  presence of low levels of 
PARK1 overexpression. Thus,  we exam- 
ined the  effect of 0, 0.1, and 0.25 p g  of 
PARK1 co~np le~nen ta ry  D N A  ( c D N A )  
cotransfected with increasing amounts of 
P-arrestin-2 c D N A  o n  the  rescue of 
PzAR-Y326A mutant  sequestration. Co-  
transfection of HEK 291 cells with 0 .1  and 
0.25 p g  of PARK1 c D N A  shifted the  
dose-response curve for P-arrestin-2-me- 
diated rescue of P,AR-Y126A mutant  se- 
cluestratioil bv 3.9- and 10-fold to  the  left. 
respectively. 111 the  absence of cotrans- 
fected p-arrestin, increased PARK1 levels 
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resulted in a progressive rescue of agonist- 
promoted P2AR-Y326A mutant sequestra- 
tion, presumably as a result of enhanced 
interaction of phosphorylated mutant recep- 
tor with endogenous P-arrestins. The shift 
in the half-maximal effective concentration 
(EC,,) (Fig. 2) for p-arrestin-mediated res- 
cue of P2AR-Y326A mutant sequestration 
in the presence of PARK1 overexpression 
indicated that the role played by PARK 
phosphorylation in facilitating P2AR se- 
questration was to promote the interaction 
of the receptor with p-arrestin proteins. 

In addition to p-arrestin-1 and p-arres- 
tin-2, two p-arrestin mutants (p-arrestin- 
1-V53D and P-arrestin-2-V54D) (1 5) 
were expressed and tested for their ability to 
influence sequestration (Fig. 3). The valine 
residue substituted for an aspartic acid in 
both p-arrestin-1 and p-arrestin-2 is found 
at the beginning of an amino acid sequence 
conserved among all the members of the 
arrestin family and is analogous to a muta- 
tion described in mutagenesis studies of 
Drosophila arrestins, arrestin-2-V52D ( 1 1 ). 
Expression of this mutant arrestin could not 
be detected in the Drosophila system (1 1 ), 
but both the P-arrestin-1-V53D and the 

P-Arrestin-2 (pg DNA) 

Fig. 2. Effect of PARK1 on the rescue of PAR- 
Y326A sequestration by p-arrestin-2. The PAR- 
Y326A mutant was cotransfected with increasing 
amounts of pcMV5 p-arrestin-2 cDNA (0 to 10 
pg) in the absence (a) or presence of either 0.1 (.) 
or 0.25 (4 pg pcDNAl PARK1 cDNA. The data 
represent the mean + SEM of three different ex- 
periments. PAR and PAR-Y326A expression 
levels were 1269 + 500 and 977 + 370 fmol/mg 
whole-cell protein, respectively, and wild-type 
PAR sequestration was 26 2 1 %. PARK1 was 
overexpressed 2.5- and 7-fold above endoge- 
nous expression levels with 0.1 and 0.25 pg of 
PARK1 cDNA, respectively. p-Arrestin-2 was 
overexpressed from 4- to 100-fold above endog- 
enous levels of p-arrestin-1 and -2 expression as 
assessed by densitometric analysis of immuno- 
blots (7, 12, 13). The curves were ffi and analyzed 
with GraphPad prism. The EC, values for p-ar- 
restin-2 expression-dependent promotion of 
pAR-Y326A sequestration were 0.22 + 0.07, 
0.06 + 0.02, and 0.02 2 0.01 pg of pcMV5 p-ar- 
restin-2 cDNA in the absence or presence of ei- 
ther 0.1 or 0.25 pg of cotransfected pcDNAl 
PARK1 cDNA, respectively. 

P-arrestin-2-V54D proteins could be over- 
expressed in HEK 293 cells (Fig. 3A). P-ar- 
restin-1-V53D inhibited wild-type P2AR 
sequestration in an expression-dependent 
manner by as much as 75 ? 9% but did not 
rescue the sequestration of the P2AR- 
Y326A mutant (Fig. 3B). A similar result 
was obtained for P-arrestin-2-V54D (Fig. 
3C). The kinetics of P2AR sequestration 
were examined in the absence or Dresence 
of 5 pg of cotransfected p-arrestin-1 or 
S-arrestin-1-V53D to test whether the ef- 
fect of the mutant p-arrestin was to de- 
crease either the rate or the extent of P2AR 
intemalization (Fig. 3D). Whereas p-arres- 
tin-1 had no effect, P-arrestin-1-V53D re- 
duced the rate of P2AR intemalization, as 
measured by the slope of the curve at t = 0 
by 50 to 70%, suggesting that the mutant 
protein competes with endogenous P-ar- 
restins, thus acting as a "dominant-nega- 
tive" with respect to sequestration (1 6). 

Because the rescue of sequestration by 
PARK has been associated with rescued 
phosphorylation of the P2AR-Y326A mu- 
tant (7), we sought to eliminate the possi- 
bility that the inhibitory effect of p-arres- 
tin-1-V53D was caused bv its interference 
with receptor phosphorylation. Under con- 
trol conditions. the B,AR-Y326A mutant 

m L 

did not serve as an effective substrate for 
phosphorylation, because it was phospho- 
rylated to 30 2 7% of the level achieved 
with the wild-type P2AR (Fig. 4A) (7). 
P2AR-Y326A mutant phosphorylation was 
rescued by overexpression of PARK1, even 
in the presence of P-arrestin-1-V53D, but 

was unaffected by either p-arrestin-1 or 
P-arrestin-1-V53D alone (Fig. 4A). Phos- 
phorylation of the wild-type P2AR re- 
mained unchanged after transfection with 
p-arrestin-1, whereas transfection with 
PARK1, P-arrestin-1-V53D, or PARK1 
with P-arrestin-1-V53D resulted in in- 
creased levels of wild-type P2AR phospho- 
rylation (Fig. 4A). The increased level of 
wild-type P2AR phosphorylation observed 
after cotransfection with p-arrestin-l- 
V53D was likely due to reduced receptor 
sequestration that, if involved in receptor 
dephosphorylation (17), would be expected 
to result in an increase in the apparent 
number of phosphorylated receptors. 

Because overexpression of PARK1 res- 
cued P2AR-Y326A mutant phosphoryla- 
tion in the presence of overexpressed P-ar- 
restin-1-V53D, the ability of PARK1 to 
rescue P2AR-Y326A mutant sequestration 
under similar conditions was tested. 
PARK1 coexpressed with p-arrestin-l- 
V53D could not rescue the sequestration of 
the P2AR-Y326A mutant, whereas it was 
able to rescue P2AR-Y326A sequestration 
when overexpressed in the absence of mu- 
tant p-arrestin (Fig. 4B). Wild-type P2AR 
sequestration was inhibited by p-arrestin- 
1-V53D even in the presence of overex- 
pressed PARK1 (Fig. 4B). Thus, PARK 
phosphorylation alone would not be suffi- 
cient to rescue the sequestration of the 
P2AR-Y326A mutant in the absence of en- 
dogenously expressed p-arrestin proteins. 

The ability of the P-arrestin-1-V53D 
and P-arrestin-2-V54D mutants to inhibit 

Fig. 3. Inhibition of wild- A 
type PAR sequestration 

B 
I BzAR 

by p-arrestin-1 and 
p-arrestin-2 mutants. 
(A) lmmunoblot demon- 

V53D strating the overexpres- 35- = *  a 9 
sion of p-arrestin-l- 
V53D and p-arrestin-2- 
V54D mutant proteins 35- 
with increasing amount rn 

4 
of transfected cDNA as 5 10 
detected with an anti- D p-Arrestin-I-V53D (pg DNA) 
body cross-reactive for 
both p-arrestin-1 and -2 30 
(7, 13). In (B) and (C), ,$C 
HEK 293 cells were 2 20 
transfected transiently 
with pcDNAl -Amp en- $ i o 
coding the cDNA for ei- 
ther the wild-type PAR 0 
or PAR-Y326A mutant 

8-Arrestin-2-V54D (pg DNA) together with 0, 1, 5, or Time (min) 
10 pg of pcDNAl -Amp 
encoding the cDNA for either (B) p-arrestin-1-V53D or (C) p-arrestin-2-V54D and tested for agonist- 
promoted sequestration. The data represent the mean + SEM of four different experiments. *P < 0.05 
compared with control values. (D) The time course for PAR sequestration in the absence (a) or presence 
of either 5 pg of pcMV5 p-arrestin-1 (0) or 5 pg of pcDNAl -Amp p-arrestin-1 -V53D 0. Each data point 
represents the mean from four different experiments. The kinetic curves were fit with GraphPad Prism. In 
(B) and (C), PAR and pdR-Y326A expression levels were 1120 2 80 and 131 0 + 146 fmol/mg 
whole-cell protein, and in (D), PAR expression was 1244 + 229 fmol/mg whole-cell protein. 
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wild-type P2AR sequestration in a compet- 
i t i ve  fashion argues for the i r  function as 
"dominant-negative" p-arrestins w i t h  re- 
spect to sequestration. Several mechanisms 
might explain this phenotype. T h e  mu tan t  
P-arrestins might act as pro te in  "sinks," 

Fig. 4. Rescue of P$R-Y326A phosphorylation 
by PARK in the presence of P-arrestin-l-V53D, 
without the rescue of sequestration. (A) Repre- 
sentative autoradiographs for the whole-cell (HEK 
293) phosphorylation (22) of P,AR and P,AR- 
Y326A after transient transfection with empty 
pcDNAl -Amp vector (control), 5 p g  of pcDNAl 
PARKA, 5 p g  of pcMV5 p-arrestin-1, 10 pg of 
pcDNAl-Amp P-arrestin-l-V53D, or 5 p g  of 
pcDNAl PARK1 in tandem with 10 p g  of p-arres- 
tin-1-V53D (V53D + PARK1). Agonist-induced 
control P A R  phosphorylation of the major P$R 
species (a glycoprotein ranging from 56 to 85 kD) 
was increased 4.6 2 0.9-fold above basal. The 
mean + SD for the quantitative analysis of four 
different experiments is illustrated in the bar graph 
above. (B) Agonist-promoted sequestration of 
P2AR and PAR-Y326A receptor after transient 
transfection with empty pcDNAl -Amp vector 
(control), 5 p g  of pcDNA1 PARK1 (PARKA), or 5 
pg of pcDNAl PARK1 with 10 p g  of pcDNAl - 
Amp P-arrestin-l-V53D (V53D + PARK1). P2AR 
and P,AR-Y326A expression levels were 1775 + 
162 and 1570 + 181 frnol/mg whole-cell protein, 
respectively, for the whole-cell phosphorylation 
experiments and 1444 + 133 and 700 + 66 frnol/ 
mg  protein, respectively, for the sequestration ex- 
periments. *P < 0.05 compared with matched 
control. 

such that  they are unable to bind to the 
receptor but are instead const i tut ively 
bound  t o  a cellular component required for 
receptor internalization. Al ternat ively,  be- 
cause the actions o f  P-arrestin-l-V53D ap- 
pear t o  be  compet i t ive w i t h  respect t o  
P2AR sequestration, the mu tan t  p-arrestins 
might interact normal ly w i t h  the  receptors 
but fa i l  t o  mediate subsequent interactions 
w i t h  other proteins required for receptor 
sequestration and thus d imin ish the pool of 
receptors exh ib i t ing  the capacity t o  seques- 
ter. In either case, the data suggest that  
p-arrestins act as adaptor-like molecules, 
w h i c h  serve ei ther to recrui t  cellular Dro- 
teins that  participate in the  mobi l izat ion of 
receptors to endocytotic organelles o r  t o  
execute this mobi l izat ion themselves. Thus, 
p-arrestins might serve a more general func- 
t i o n  in receptor-mediated endocytotic 
pathways. Although the conclusions ob- 
tained f rom ~ ro te in -ove rex~ ress ion  studies 
in heterologous ce l l  systems should be in- 
terpreted w i t h  caution, the physiological 
relevance of the  observations presented 
here would  seem t o  be  substantiated by the 
documentat ion o f  b o t h  ga in  and  loss of 
funct ion w i t h  respect to the  same paradigm, 
agonist-promoted GPCR sequestration. 

Our results suggest that  b y  serving as 
molecular intermediates. B-arrestin a rote ins , , 
play a role in agonist-promoted P2AR in- 
ternalization. In addition, they demonstrate 
the  role of PARK phosphorylation in P2AR 
sequestration as faci l i tat ing the interact ion 
of p-arrestin proteins w i t h  the  receptor. 
T h e  suggestion that  p-arrestins serve as 
adaptor-like proteins indicates that  PARK 
phosphorylation and  p-arrestin binding t o  
PARK-phosphorylated receptor represent 
early steps in the sequestration process. Our 
studies indicate that  p-arrestins have dual 
functions in regulating P2AR activity: n o t  
only do they bind and  uncouple the recep- 
t o r  (2,4) ,  but they participate in mediat ing 
receptor sequestration and  consequently are 
l i ke ly  to play a role in b o t h  the desensitiza- 
t i o n  and the  subsequent resensitization of 
the responsiveness o f  P2AR and perhaps 
other GPCRs. 
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The Effect of Social Experience on Serotonergic 
Modulation of the Escape Circuit of Crayfish 

Shih-Rung Yeh, Russell A. Fricke,* Donald H. Edwards? 

The neuromodulator serotonin has widespread effects in the nervous systems of many 
animals, often influencing aggression and dominance status. In crayfish, the effect of 
serotonin on the neural circuit for tailflip escape behavior was found to depend on the 
animal's social experience. Serotonin reversibly enhanced the response to sensory stimuli 
of the lateral giant (LG) tailflip command neuron in socially dominant crayfish, reversibly 
inhibited it in subordinate animals, and persistently enhanced it in socially isolated cray- 
fish. Serotonin receptor agonists had opposing effects: A vertebrate serotonin type 1 
receptor agonist inhibited the LG neurons in dominant and subordinate crayfish and had 
no effect in isolates, whereas a vertebrate serotonin type 2 receptor agonist enhanced the 
LG neurons' responses in all three types of crayfish. The LG neurons appear to have at 
least two populations of serotonin receptors that differ in efficacy in dominant, subor- 
dinate, and socially isolate crayfish. 

Serotonin is a neuromodulator involved in 
the expression of dominance and aggression 
in many animals, including humans ( I  ). In 
lobsters and crayfish, serotonin injected 
into the circulatory system causes them to 
adopt an elevated, flexed ("dominant") 
posture (2). Serotonin-containing neurons 
function as postural gain-setting elements, 
biased toward flexion. that enhance the 
responsiveness of the motor circuitry to co- 
ordinated ~ostural commands (3 ). . . 

Serotonin plays a similar gain-setting 
role in the neural circuit for tailflip escape 
in crayfish (4); however, we found that 
the modulatory effect of serotonin de- 
t ends on the social ex~erience of the an- 
imal. The LG neuron is a command neu- 
ron for tai lf l i~ that is excited bv mech- 
anosensory input from the abdomen (Fig. 
1) (5). It has been shown that serotonin 
applied through the arterial blood supply 
inhibits both the monosynaptic ( a )  and di- 
synaptic (P) components of the compound 
excitatory postsynaptic potential (EPSP) 
evoked in the LG neuron bv sensorv nerve 
stimulation (4,  6). ~ e r o t o n k  also depolar- 
ized the LG neuron bv 2 to 3 mV and caused 
a drop in the input resistance of the neuron's 
distal dendrites, suggesting that serotonin's 
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effects were mediated on the LG neuron 
itself. Serotonin-containing neurons and fi- 
bers with varicose terminals are present in 
each abdominal ganglion, but the relation 
between LG dendrites and the terminals of 
serotonergic neurons has not been described 
(7). Endogenous serotonin could affect the 
LG neuron's response through local gangli- 
onic release or through neurohumoral re- 
lease mechanisms. 

When placed together in a small aquari- 
um, a pair of previously isolated crayfish of 
similar size will interact agonistically to de- 
termine which animal is dominant and 
which is subordinate. The interactions usu- 
allv take less than 0.5 hour. after which the 
subordinate moves by retreating or tailflip- 
ping to avoid contact with the dominant 
animal. We used these easily recognizable 
behavior patterns to determine the domi- 
nance status of animals paired for periods of 
12 days or longer (8). We then determined 
the effect of bath-applied serotonin on the 
LG neuron's response to sensory nerve stim- 
ulation in sociallv isolated animals and in 
animals of known dominance status (9). In 
socially isolated animals, serotonin (50 and 
100 pM) enhanced the LG neuron's re- 
sponses to sensory nerve shock (Fig. 2A, 
left). The a and p EPSPs evoked in the LG 
neuron by all subthreshold levels of sensory 
nerve shock were increased, and the stimulus 
threshold was reduced (10). These effects 
were not readilv reversible and ~ersisted after 
5 hours of wash. In subordiAate crayfish, 
however, serotonin reversibly reduced the 
LG neuron's EPSPs (Fig. 2A, middle): a and 

B EPSPs evoked bv all subthreshold levels of 
sensory nerve shock were reduced in the 
presence of bath-applied serotonin, and the 
stimulus threshold of an LG spike was in- 
creased (10). A 1-hour wash with saline 
restored the LG EPSPs and in some instanc- 
es produced a rebound excitation. In domi- 
nant cravfish. serotonin reversiblv enhanced , , 

LG responses over the completi range of 
subthreshold stimuli (Fig. 2A, right), and 
reduced the LG neuron's stimulus threshold 
(1 0). We obtained similar results in 37 juve- 
nile (Fig. 3A) and 23 adult (10) crayfish. 
Serotonin had no obvious effect on the re- 
sDonses of other mechanosensorv interneu- 
r k s ,  some of which contribute' to the P 
EPSP in the LG neuron (Fig. 1) (I 1 ). We 
conclude that serotonin's modulatory effect 
on the LG neuron's response depends on the 
animal's social experience. 

To determine if the different effects of 
serotonin on the LG neuron in dominant, 
subordinate, and socially isolated crayfish 
were produced by different serotonin recep- 
tors, we repeated the experiments described 
above with a vertebrate serotonin type 1 
(5-HT,) or serotonin type 2 (5-HT2) recep- 
tor agonist substituted for serotonin. Al- 
though the vertebrate 5-HT, agonist 143- 
chlorophenyl)piperazine dihydrochloride 
(m-CPP Cl,) had no effect on the LG 
neuron's responses in the social isolates, it 
reduced the a and B LG EPSPs evoked bv 
the entire range of'subthreshold stimuli i; 
all dominant and subordinate crayfish (Fig. 
2B and Fig. 3B), and it raised the stimulus 

Primary afferents 

Fig. 1. Afferent portion of the LG tailflip circuit, 
showing monosynaptic (a) and disynaptic (p) af- 
ferent paths from abdominal hairs to the LG neu- 
ron (5). A single spike in the LG is sufficient to 
trigger tailflip escape movements. Afferent nerves 
from the sensory hairs were stimulated in the pres- 
ence of serotonin and 5-HT agonists; LG EPSPs 
were recorded from the proximal axon (9). 

366 SCIENCE VOL. 271 19 JANUARY 1996 




