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Enhanced Morphine Analgesia in 
Mice Lacking P-Arrestin 2 
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The ability of morphine t o  alleviate pain is mediated through a heterotrimeric 
guanine nucleotide binding protein (G protein)-coupled heptahelical receptor 
(GPCR), the p. opioid receptor (FOR). The efficiency o f  GPCR signaling is tightly 
regulated and ultimately l imited by the coordinated phosphorylation of the 
receptors by specific &CR kinases and the subsequent interaction of the 
phosphorylated receptors wi th  6-arrestin 1 and p-arrestin 2. Functional dele- 
t ion o f  the p-arrestin 2 gene in  mice resulted in  remarkable potentiation and 
prolongation o f  the analgesic effect o f  morphine, suggesting tha t  FOR 
desensitization was impaired. These results provide evidence in  vivo for the 
physiological importance o f  p-arrestin 2 in  regulating the function o f  a 
specific GPCR, the FOR. Moreover, they suggest that  inhibition o f  p-arrestin 
2 function might lead t o  enhanced analgesic effectiveness o f  morphine and 
provide potential new avenues for the study and treatment o f  pain, narcotic 
tolerance, and dependence. 

GPCRs have important roles in mediating fun- 
damental physiological processes such as vi- 
sion, olfaction, car&ovascular function, and 
pain perception. Cellular communication 
through GPCRs requires the coordination of 
processes governing receptor activation, desen- 
sitization, and resensitization. However, the rel- 
ative contribution of desensitization mecha- 
nisms to the overall homeostatic process still 
remains largely unexplored in vivo. GPCR ki- 
nases (GRKs) act to phosphorylate activated 
receptors and promote their interaction with 
p-arrestins. This, in turn, prevents further cou- 
pling with G proteins and disrupts normal acti- 
vation of the second messenger signaling cas- 
cade. By this mechanism, GRKs and p-ar- 
restins can act to dampen GPCR signaling, 
thereby leading to desensitization of the recep- 
tor (1). At least six GRKs (GRK1 to GRK6) 
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and four arrestins (visual and cone arrestin, 
6-arrestins 1 and 2) have been discovered; 
however, the functional importance of such re- 
dundancy is unclear. Overexpression (2) or in- 
activation (3) of certain GRKs leads to modu- 
lation of receptor responsiveness. In addition, 
mice that are deficient in p-arrestin 1 display 
increased cardiac contractility in response to P 
adrenergic receptor agonists (4). Therefore, the 
use of animal models in which the genes for 
GRKs and p-arrestins are functionally inacti- 
vated should help to elucidate the contribution 
of the desensitization mechanisms to the phys- 
iological responses. 

Because GPCRs, such as the substance P 
receptor and the opioid receptors, participate 
in processing the sensation of pain, we char- 
acterized analgesic responses through the p. 
opioid receptor (FOR) in mice lacking 6-ar- 
restin 2. In the clinical setting, morphine is 
currently the most effective drug for alleviat- 
ing intense and chronic pain. The antinoci- 
ceptive (blocking of pain perception) actions 
of morphine are mediated through stimula- 
tion of the LOR, as demonstrated by the lack . , 
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phine remain poorly understood. Moreover, 
the contribution of GPCR desensitization to 
the onset and duration of analgesia has been 
unclear. 

We generated p-arrestin 2 knockout (parr2- 
KO) mice by inactivation of the gene by ho- 
mologous recombination (7). Mice lacking 
6-arrestin 2 were identified by Southern (DNA) 
blot analysis (Fig. lA), and the absence of 
p-arrestin 2 was confirmed by protein immu- 
noblotting of extracts from brainstem, periaq- 
ueductal gray (PAG) tissue, spleen, lung, and 
skin (Fig. 1B) (8). Because wild-type, heterozy- 
gous (parr2+/-), and homozygous mutant mice 
had similar amounts of p-arrestin 1 in the brain 
regions examined (Fig. 1B), compensatory up- 
regulation of p-arrestin 1 in the absence of 
6-arrestin 2 seems unlikely. The parr2-KO 
mice were viable and had no gross phenotypic 
abnormalities. However, after administration of 
morphine, obvious differences became appar- 
ent between the genotypes. 

Morphine-induced antinociception was 
evaluated by measuring response latencies in 
the hot-plate test. We used a dose of mor- 
phine (10 mglkg body weight) and route of 
administration (subcutaneous) that are known 
to induce analgesia in many strains of mice 
(9). The analgesic effect of morphine was 
significantly potentiated and prolonged in the 
knockout mice relative to their wild-type lit- 
termates (Fig. 2). Such robust responses to 
morphine were absent not only in the wild- 
type littermates (Fig. 2) but also in the paren- 
tal mouse strains (C57BLl6 and 129SvJ) used 
to generate this knockout (10). Four hours 
after the morphine injection, parr2-KO mice 
still exhibited significant analgesia [percent 
maximum possible effect (MPE) = 31 2 
0.4%], whereas in their wild-type littermates, 
the analgesic effects of the same dose of 
momhine waned after about 90 min. 
p a r r 2 + /  mice were nearly as responsive to 
morphine as the parr2-KO mice; however, 
this may reflect the imposed limit of the 
hot-plate assay (30 s), which is designed to 
prevent prolonged exposure of the mice to 
pain. Basal responses to the hot plate did not 
differ between genotypes (wild type, 6.2 ? 
0.3 s, n = 25; parr2-KO, 6.1 -C 0.4 s, n = 

27). The differences in morphine-induced an- 
algesia between the genotypes are unlikely to 
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be due to pharmacokinetic differences in 2, in which the same amount of morphine was 
morphine metabolism, because the concen- administered in a single injection. At every 
trations of morphine in blood, as determined dose, the Farr2-KO animals experienced 
by mass spectroscopy analysis, did not differ greater antinociception after morphine treat- 
between wild-type and Farr2-KO mice 2 ment than did their wild-type littermates. 
h o w  after morphine injection (11). 

Lower doses of morphine were also tested 
in these assays. Even at doses of morphine 
that were subanalgesic in wild-type mice [l 
mgkg subcutaneously (sc)], Farr2-KO ani- 
mals displayed a significant increase in their 
nociceptive thresholds (Fig. 3). At 30-min 
intervals, immediately after the antinocicep- 
tion test, mice were given repeated cumula- 
tive doses of morphine resulting in final con- 
centrations of 5 and 10 mglkg (6). At the 

To test whether the analgesic effects of mor- 
phine were mediated by actions at the FOR, we 
treated mice with various antagonists (12). Nal- 
oxone, a well-established OR antagonist, was 
administered to the same mice immediately 
after measuring the antinociceptive effects of 
morphine (10 mgkg). Naloxone (2.5 mgkg sc) 
completely reversed the effects of morphine in 
both the wild-type and Farr2-KO animals with- 
in 10 min. However, the 6 and K OR-selective 
antagonists naltrindole (2.5 mgkg sc) and nor- 

highest cumulative dose, mice reached levels binaltorphimine (5 mgkg sc) did not inhibit 
of antinociception similar to that seen in Fig. analgesia in either the wild-type or Farr2-KO 

Fig. 1. Characteristics of the A B~,,, Hi diswnon B Brainstem PAG 
targeted disruption of the 

+I+ +I- 4- 
+I+ +I- J- +I+ +I- J-  

mouse p-arrestin 2 (Prr2) 
gene. (A) Southern blot analysis 
of garmic DNA fmn wild-type : : : j F b  FkO 
(W),  heterozygous (+I-), and 
homozygous (-I-) mice. Tail 
DNA was digested with Bam HI and analyzed by Southern blotting with the 5' probe. A 3.5-kb fragment is 
indicative of the Prr2-KO allele, and a 3-16, fragment is indicative of the wild-type allele. (B) Protein 
immunoblot analysis of Prr2 m i o n  in WT, @rr2+'-, and Prr2-KO make. Membranes were blotted for 
parrl (top) and Prr2 (bottom) protein expresion Each lane was loaded with 25 pg of protein derived from 
the same Lysates of the indicated brain regions. 

Fig. 2. Enhanced and prolonged mor- 
phine-induced antinociception in parr2- 
KO mice. Antinociceptive responses 
were measured as hot-plate response 
latency (56°C) after morphine treat- 
ment (10 mglkg sc) (8). The "response" 
was defined by the animal either licking 
the fore- or hindpaws or flicking the 
hindpaws. In these studies, the most 
prominent response was forepaw lick- 
ing. To avoid'tissue damage; we ex- 20 
posed the animals to  the plate for a 
maximum of 30 s. Data are reported as 
percentages of this maximum response I I I 

time, as determined from each individ- 

h 
0  1 5 3 0 4 5 ~ 7 5 9 0  120 150 

ual mouse's basal response, the re- Time (min) 
sponse after drug treatment, and the 
imposed maximum cutoff time with the following calculation (9): 100% X [(drug response 
time-basal response time)/(30 s-basal response time) = % maximum possible effect (% MPE). 
WT (n = 6), heterozygous (+I-, n = 5), and KO (n = 9 1 mice were analyzed together in the same 
experiment. The % MPE curves of the parr2-KO and parr2+/- mice were significantly greater than 
the WT response curve (P < 0.001), as determined by two-way analysis of variance (ANOVA). 

Table 1. [3H]Naloxone binding in brain regions of WT and KO mice. Saturation binding assays were 
performed on membranes (72) from different brain regions (50 to 100 pg per tube) with increasing 
concentrations of [3H]naloxone (0 to 12 nM, 52.5 Ci/mmol; Amersham). Nonspecific binding was 
determined in the presence of 10 pM naloxone. Membranes were incubated at 25°C for 1 hour. Binding 
parameters were determined by Scatchard analysis of specific binding. Data are means + SEM of three 
or four experiments performed in duplicate. B , ,  maximum binding capacity; K, dissociation constant. 

WT parr2-KO 

Brain region 
Bm, KD (nM) Bmax 

(fmovmg) (fmoumg) KD b") 

PAC 1322 9 4.0 + 0.1 144 + 13 4.5 + 0.8 
Brainstem 49f 7 1.5 + 0.2 542 9 3.0 + 0.8 
Hypothalamus 103 + 18 6.2 + 1.6 892  8 3.8 + 0.2 

mice (10). The morphine dose dependency of 
the antinociceptive response and the reversal of 
the effects with naloxone suggest that the po- 
tentiated and prolonged effects in mice that lack 
F-arrestin 2 result from stimulation of the FOR. 

Wild-type and Farr2-KO mice were also 
evaluated for changes in body temperature 
(13). No significant differences in basal body 
temperature were found between genotypes; 
however, the pan-2-KO mice experienced a 
greater drop in body temperature after mor- 
phine treatment than did the wild-type mice 
(Fig. 4). This decrease in temperature also 
persisted longer than that in their wild-type 
littermates. 

To investigate whether the pOR population 
was altered in the KO mice, we performed 
radioligand binding analysis on membranes 
(14) prepared fiom different brain regions (Ta- 
ble 1). Saturation binding studies with [3H]nal- 
oxone, at concentrations that preferentially la- 
bel the FOR, revealed a single high-a%ty 
binding site, which represents the pOR (15). 
Hypothalamus, brainstem, and PAG regions 
were chosen because they contain pORs and 
are implicated in the regulation of pain and 
body temperature (16). The number and affin- 
ity of pORs did not significantly differ between 
the two genotypes in any of the brain regions 
examined. 

Fig. 3. Greater dose-dependent antinociceptive 
responses to morphine in parr2-KO mice. The 
degree of antinociception was determined by 
measuring the latency of hot-plate responses (Fig. 

80- 

w 60- s 
$40- 

20- 

2). ~ithckawal latencies were measGed 30 mh 
after a first dose of momhine I1 m& sck at this - - ,- 
time point, animals weie inj&ed with morphine 
(4 mg/kg x) for a cumulative dose of 5 mglkg. 

o W T  
m parr2-KO 

1 
t. 

0-- - 

~nt ik icept ion  was again assessed after 30 min, 
and mice were again injected with morphine (5 
mg/kg sc) to yield a final cumulative dose of 10 
mg/kg. Withdrawal latencies were again mea- 
sured after 30 min, and the mice were then 
injected with naloxone (2.5 mg/kg sc). After 10 
min, antinodception was assessed once more. 
W (n = 7) and parr2-KO (n = 6) mice were 
significantly different at each dose (*P < 0.01, 
**P < 0.001; Student's t test). Means + SEM are 
shown. In an additional experiment, morphine (25 
mg/kg sc) induced the maximum imposed re- 
sponse (100%) in both genotypes (70). Thus, an 
approximate twofold difference in apparent ED, 
was observed between genotypes w, 9.77 (8.08 
to 11.81) mglkg; KO, 5.98 (5.10 to 6.94) mg/kg 
(95% confidence intervals)]. 

1. 
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R E P O R T S  

Additional evidence for increased sensitivity 
of the FOR in pm2-KO animals was obtained 
in biochemical experiments. We measured ago- 
nist-stimulated binding of [35S]guanosine 5'-0- 
(3'-thiotriphosphate) (GTP-y-S) to G proteins in 
isolated membranes, the most proximal mani- 
festation of GPCR activation (17). Because 
morphine acts in vitro to stimulate y ,  6, and K 

opioid receptors, the FOR-selective agonist [D- 
Ala2, MePhe4, Glys-ollenkephalin (DAMGO) 
was used to specifically activate G protein cou- 
pling to KO&. DAMGO stimulated more 
[35S]GTP-y-S binding in membranes derived 
from pm2-KO mice than in those derived from 
wild-type littermates (Fig. 5). Similar results 
were also obtained in brainstem membranes 
(10). Amounts of G a  protein ( G , J ,  as deter- 
mined by protein immunoblotting, did not vary 
between the genotypes (10). These observations 
suggest that enhanced coupling of yORs to G 
proteins took place in tissues derived from 
parr2-KO mice. Although the enhanced analge- 
sia induced by morphine may involve complex 
neurological signaling, this biochemical evi- 
dence supports the interpretation that the en- 
hanced physiological responsiveness in the 
knockout animals results from increased sensi- 
tivity of signaling by the FOR. 

In transfected cultured cells, the degree of 
p, adrenergic receptor signaling is dependent 
on the cellular complement of GRK2 and 
GRK3 (18) and p-arrestins (18, 19). These 
observations, along with those presented here, 
directly support the proposed role of p-arrestin 
2 in preventing further receptor4 protein cou- 

pling and mediating desensitization of the 
GPCR. Moreover, p-arrestins not only are in- 
volved in the dampening of GPCR responsive- 
ness after agonist stimulation, but also influence 
the sensitivity of the response. 

The simplest interpretation of these results 
is that yOR signaling is regulated by p-arrestin 
2. However, in transfected cells, morphine fails 
to induce the internalization of the yOR (20, 
2 4 ,  and a green fluorescent protein-tagged 
p-arrestin 2 fails to translocate to FOR overex- 
pressed in cell culture upon exposure to mor- 
phine (21). These in vitro studies were conduct- 
ed with the rat FOR or the mouse FOR 
(MORl), which are not particularly rich in po- 
tential phosphorylation sites. Several splice 
variants of the FOR are present in mouse brain 
that contain several potential phosphorylation 
sites (22). Some of these isoforms can contrib- 
ute to morphine-induced analgesia. The in- 
volvement of these receptors might explain the 
differences between the in vitro studies and 
those with the parr2-KO mice. 

The parr2-KO mice were similar in phe- 
notype to their wild-type littermates, and oth- 
er GPCR-directed drugs did not necessarily 
elicit different responses between the geno- 
types. For example, locomotor responses to 
dopamine receptor stimulation by cocaine 
and apomorphine were not enhanced (23). 
These observations suggest that various 
GPCRs are differentially affected by the loss 
of p-arrestin 2. Other regulatory elements, 
such as GRKs or p-arrestin 1, could compen- 
sate for the lack of p-arrestin 2, or the recep- 

Fig. 4. Increased hypothermic responses 0 
t o  morphine in parr2-KO mice. Rectal g 
body temperatures were measured with -1 
a digital thermometer (73). Basal body $, 
temperatures did not vary significantly n$ -2 
between genotypes (WT, 36.4 + O.l°C; 
KO, 36.8 2 0.I0C). WT (n = 5) and KO + 
(n = 5) animals were analyzed in par- gg -3 
allel during the same experiment. The an 
curves are significantly different (P < -4 
0.001) as determined by two-way 
ANOVA. Means + SEM are shown. -5 

0 15 30 45 60 75 90105120  150 

Time (minutes) 

Fig. 5. Binding of [35S]CTP-y-S t o  PAC membranes from 60 - 
WT and parr2-KO mice. [35S]CTP-y-S binding t o  isolated o W 
PAC membranes (72) was determined after 2 hours of Barr2-K0 
stimulation (at 30°C) with 50 t o  10,000 nM DAMCO. 
PAC membranes ( I 0  k g  of protein per assay tube) were 

40 incubated in the presence of 10 k M  CDP and 50 pM 2 m 
- 

[ 3 5 ~ ] ~ ~ ~ - y - ~  (1250 Cilmmol; NEN, Boston). [ 3 5 ~ ] ~ T P - y -  3 W 
S binding was measured as described (75). [35S]CTP-y-S .g % 30- 

binding is expressed as percent increase in [35S]CTP-y-S 5 5 
binding relative t o  binding in unstimulated samples. Data a'$? 20- 
were analyzed by nonlinear regression using CraphPad @ 

Prism software and are presented as means + SEM of at 10- 
least three experiments performed in triplicate wherein 
WT and parr2-KO brain regions were assayed simulta- 0 ,  
neously. In the absence of agonist stimulation, basal -7 -6 -5 
[35S]CTP-y-S binding was 440 2 83 cpm for WT mice Log [DAMGO], M 
and 527 2 99 cpm for parr2-KO mice. 

tors could vary in their requirement for p-ar- 
restin interaction for their regulation. 

Our studies demonstrate that the ab- 
sence of p-arrestin 2 can affect the efficacy 
of GPCR activation in an animal model, 
and that the enhancement of opiate analge- 
sia through selective alterations of GPCR 
signaling components may have therapeutic 
potential. 
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Induction of Nitric Oxide- 
Dependent Apoptosis in Motor 

Neurons by Zinc-Deficient 
Superoxide Dismutase 
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Mutations in copper, zinc superoxide dismutase (SOD) have been implicated in 
the selective death of motor neurons in  2 percent of amyotrophic lateral 
sclerosis (ALS) patients. The loss of zinc from either wild-type or ALS-mutant 
SODs was sufficient t o  induce apoptosis in  cultured motor neurons. Toxicity 
required that copper be bound t o  SOD and depended on endogenous production 
of nitric oxide. When replete wi th  zinc, neither ALS-mutant nor wild-type 
copper, zinc SODs were toxic, and both protected motor neurons from trophic 
factor withdrawal. Thus, zinc-deficient SOD may participate in both sporadic 
and familial ALS by an oxidative mechanism involving nitric oxide. 

Only 2% of ALS patients cany 1 of 60 different mouse experiments establish that ALS muta- 
dominant mutations in Cu,Zn SOD, raising tions increase a toxic gain-of-function of the 
questions about how SOD might be involved in protein that kills motor neurons (2) .  SOD is 
the majority of sporadic ALS patients express- the major defense against superoxide (0,'-), 
ing only wild-type (WT) SOD (I). Transgenic but WT SOD does not protect against the 

toxicity of ALS-SOD in mice or humans (1, 
3).  Curiouslv. ALS-SODS can scavenge su- , , 
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~acu l tad de Ciencias, Universidad de la RepQblica, zn affini& by 5: to 50-fold with 
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de lnvestieaciones Bioloeicas Clemente Estable. Mon- WT SOD (5, 6). Mutations such as A4V 
tevideo, f i b 0 0  urugua< (substitution of alanine at position 4 by va- 

*These authors contributed equally to this paper, line), which cause disease progression, 
?To whom correspondence should be addressed. E- yield SODS with the weakest affinity for Zn. 
mail: joe.beckman@ccc.uab.edu Because Zn deficiency diminishes superoxide 

scavenging and increases tyrosine nitration 
by SOD ( 6 ) ,  we examined how the altered 
redox properties of Zn-deficient SOD could 
be toxic to cultured motor neurons. 

Loss of Zn visibly changed SOD from a 
"green" to a "blue" protein by altering the 
coordination of Cu through a shared histidine 
ligand (Fig. 1A). Reduction of the Cu to Cut 
makes both forms of SOD colorless. The al- 
tered Cu coordination made Zn-deficient SOD 
a more efficient oxidant, able to oxidize ascor- 
bate 3000-fold faster than Cu,Zn SOD, irre- 
spective of whether the protein was WT or 
canied an ALS mutation (Fig. 1B). Other cel- 
lular reductants such as urate, glutathione, and 
cysteine could also reduce Zn-deficient SOD, 
but more slowly than ascorbate. Because such 
reduced SOD is slowly reoxidized by oxygen 
(7) ,  Zn-deficient SOD can generate superoxide 
at the expense of cellular antioxidants. Cells 
still contain high concentrations of Cu,Zn SOD 
(4, which will quickly recapture superoxide 
leaking from reduced Zn-deficient SOD. How- 
ever, nitric oxide (NO) can effectively compete 
with SOD for superoxide to produce the strong 
oxidant peroxynitrite (ONOO-) (9). Peroxyni- 
trite formation was assayed with the indicator 
dichlorodihydrofluorescein (DCDHF), which is 
oxidized by peroxynitrite but not by NO, super- 
oxide, or hydrogen peroxide (H202) (10). 
Ascorbate plus Zn-deficient SOD oxidized 
DCDHF only in the presence of NO and under 
aerobic conditions (Fig. 1C). Adding a 1.5-fold 
excess of Zn to Zn-deficient SOD prevented 
DCDHF oxidation, showing that the Zn-defi- 
cient SOD can rapidly bind Zn to behave like 
Cu,Zn SOD in vitro. Oxidation of DCDHF did 
not involve H20, because catalase had no ef- 
fect and addition of 20 p,M H202 to Zn-defi- 
cient SOD did not oxidize DCDHF. 

Importantly, WT Cu,Zn SOD did not pre- 
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