
Restoration of T @ell Development in RAG-2- Mice that lack mature B and T cells 
have been created by targeted disruption of 

Deficient Mice by Functional TCR Transgenes either the recombination activation gene-1 
(RAG-1) or RAG-2 gene (10, 11). The 
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Frederick W. Alt* rangement. To determine the effect of pro- 
ductively rearranged TCR genes on T cell 

lntroduction of TCRatransgene, TCRp transgene, or both into RAG-2-/- mice differentially development in RAG-2-/- mice, we intro- 
rescues T cell development. RAG-2-/- mice have small numbers of TCR-CD4-CD8- duced TCRa, TCRP, or both TCR trans- 
(double negative, DN) thymocytes that express CD3ySe and & proteins intracellularly. genes into the RAG-2-/- background (12). 
lntroduction of a TCRP transgene, but not a TCRa transgene, into the RAG-2-I- back- The TCRa and TCRP transgenes encode, 
ground restored normal numbers of thymocytes. These cells were CD4+CD8+ (double when expressed together, a chicken ovalbu- 
positive, DP) and expressed small amounts of surface TCRP chain dimers in association min-specific, MHC class II(1-Ad)-restricted 
with CD3ySe but not &. RAG-2-1- mice that expressed a and P TCR transgenes developed TCR (13). Thymuses of RAG-2-/- mice 
both DP and single positive thymocytes. Thus, the TCRP subunit, possibly in association contained, on average, 3.3 x lo6 thymo- 
with a novel CD3 complex, participates in the DN to the DP transition. cytes, all of which were DN in phenotype 

and lacked detectable surface CD3 expres- 
sion (1 1) (Fig. 1). In TCRa transgenic, 
RAG-2-/- mice (TCRa+ ,RAG-2-I-), the 

Genes  that encode the variable regions of TCRP locus while leading to TCRa chain thymus was essentially indistinguishable 
immunoglobulin (Ig) and T cell receptor gene assembly or expression (or both) (8). from that of the RAG-2-/- mice (Fig. 1). 
(TCR) molecules are assembled during the Furthermore, introduction of a functionally These mice yielded an average of 7 x lo6 
early stages of T and B cell development by rearranged TCRP transgene into the severe thymocytes. In contrast, introduction of a 
a site-specific recombination process re- combined immunodeficient (scid) back- productive TCRP transgene into the RAG- 
ferred to as V(D)J (V, variable; D, diversi- ground partially rescues T cell development 2-/- background (TCRP+,RAG-2-/-) re- 
ty; J ,  joining) recombination (1). The com- from the DN to the DP stage (9). Thus, the stored the thymocyte number (4.5 x 10') 
plete antigen receptor complex comprises p chain may be important at early stages of T to that of normal wild type or RAG-2-'+ 
either Ig (on B cells) or TCR (on T cells) cell development, independent of its recog- heterozygotes (3.2 x 10'). More than 95% 
chains that bind antigen in association with nition of ligand when it is associated with of these thyrnocytes were DP (Fig. 1) and 
additional subunits that have been impli- TCRa chains in the mature receptor. weakly, but clearly, expressed TCRP and 
cated in signal transduction (2, 3). For the 
a p  TCR, this complex consists of a disul- 
fide-linked a P  heterodimer that is nonco- RAG& TCR~+,RAG-TI- TCRp+,RAG-2-I- 
valently associated with invariant CD3 
chains (y, 6, E, and c, with or without 7) .  
Expression of TCRaP heterodimers on the 
cell surface requires the associated CD3 
components (4). 

Immature T lineage cells progress from a - - 
CD4-CD8- double negative (DN) stage to 8 
a CD4+CD8+ double positive (DP) stage - . . .  . 
and, subsequently, to the mature CD4+ or E CD8+ single positive (SP) stage (5). Expres- o 

a 
sion of com~lete a B  TCR and its recoeni- = I I 

tion of self kajor hiitocompatibility comilex 
(MHC) molecules is involved in the later 
&ages of T cell development, in particular 
for mediating the transition from the DP to - 
the SP stage through positive or negative 
selection in a ligand-dependent manner (6, 
7). Assembly and expression of TCRP chain 
gene generally occurs first and' may be in- 
volved in effecting allelic exclusion at the 
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CD8 (log relative fluorescence) 

Fig. 1. Rescue of the T cell development In RAG-2-I- mice by functionally rearranged TCRap chain 
genes. Thymocytes obtained from RAG-2-I- and RAG-2-I+ mice, and RAG-2-I- mice reconstitut- 
ed with functionally rearranged TCRa (TCRa+,RAG-2-I-), TCRp (TCRp+,RAG-2-I-), or TCRa plus 
TCRp (TCRapf ,RAG-2-I-) genes were immediately examined for CD4 and CD8 expression using 
fluorescein-coupled MAb 53-6 (anti-CD8a) (22) and phycoerythrin (PE)-coupled MAb GK1.5 
(anti-CD4) (23). Dead cells were excluded by staining with propidium iodide. All analyses were 
carried out using FACScan (Becton Dickinson, Mountain View, California). The TCRap+,RAG-I- 
shown were I-Ab/d. 
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CD3c chains on their surface (as compared 
to RAG-2- + thymocytes, Fig. 2, A to C). 
These reactivities, as defined by hamster 
monoclonal antibodies (MAbs) H57 (anti- 
Cp) and i00A2 (anti-CD3c), respectively, 
are specific because the staining was brighter 
than that obtained using 3A10, a hamster 
MAb to mouse CS. TCRP and C D ~ E  ex- 
pression were one order of magnitude less 
than on thc DP TCR'"" subset of normal 
mice as judged by quantitative immunofluo- 
rescence. In addition. there were no detect- 

) - ~ o n t r o ~  TCRP / 

Relative log fluorescence 

Fig. 2. Surface expresslon of TCRp cha~n and 
CD3c on TCRp transgenlc RAG-2 - rnlce 
Thyrnocytes from RAG-2 + mlce and TCRp 
transgenlc RAG-2 - mlce (TCRpt,RAG-2- - )  
were exarnlned for (A) TCRp chaln (B) CD3e 
and (C) TCRii cha~n expresslon on thelr cell 
surface The cells were stalned wlth blotlny- 
lated MAbs to TCRCp (H57) (24) CD3e 
(500A2) (25) and TCRCG (3A10) (26) followed 
by PE-streptav~dln The control In (A) repre- 
sents the fluorescence lntenslty of the 
TCRpt RAG-2 - thymocytes w~thout blotlny- 
lated antlbody stalnlng The 3A10 stalnlng In 
(C) was lndlstlngulshable from the control staln- 
1ng In (A) 

able SP thyrnocytes (Fig. 1) or peripheral DP 
T cells in the TCRP+,RAG-2-I- mice. 

Reconstitution of RAG-2-I- mice with 
both the TCRa and P transgenes led to 
essentially complete rescue of all stages of T 
cell development; both the DP population 
and a significant population of CD4 SP cells 
were detectable in the thymus (Fig. 1). 
Because the transgene-encoded receptor is 
restricted to I-Ad (13), CD4 SP but not 
CD8 SP mature thymocytes were positively 
selected in the presence of that MHC ele- 
ment (Fig. 1). We also detected CD4 SP T 
cells in spleen from the TCRaP transgenic 
RAG-2-I- mice; however, no B cells were 
detected in any of the TCR transgenic, 
RAG-2-/- mice analyzed. As expected, 
the RAG-2-I+ heterozygous animals had a 
normal thymic phenotype in terms of DP 
and SP subpopulations (Fig. 1). 

To examine the structure of the surface 
TCR complex on thymocytes of RAG-2-/- 
mice, TCRP transgenic mice and TCRP + ,- 
RAG-2-/- mice were labeled with [35S]me- 
thionine and (3iS]cysteine. Cells were lysed 
with digitonin to preserve any weak associ- 
ations between TCR and CD3 subunits, 
and TCR complexes were immunoprecipi- 
tated with MAbs 3A10, H57, 2Cl l  (anti- 
C D ~ E ) ,  or a mixture of 1 (3A1 (anti-CD30 
and lq4F2 (anti-CD3q) (designated as an- 
ti-CD3(/q). Proteins were analyzed by two- 
dimensional nonreducing and reducing 
SDS-polyacrylamide gel electrophoresis 
(SDS-PAGE) (Fig. 3). As expected, nei- 
ther anti-CS (Fig. 3, panel a) nor anti-Cp 
(Fig. 3A, panel b) precipitated TCR het- 
erodimers from RAG-2-'- thymocytes; 
however, anti-CD3c (Fig. 3A, panel c) and 
anti-CD3ilq (Fig. 3A, panel d) MAbs 
identified intracellular CD3 proteins. Anti- 
CD3c immunoprecipitates contained three 
prominent spots with molecular weights of 
21, 25, and 26 kD. The 25-kD protein, 
which migrated more slowly in reducing 
conditions than in nonreducing conditions 
because of intramolecular disulfide bonds, 
represents CD3c. The positions of 21-kD 
and 26-kD proteins are consistent with the 
known mobilities of CD3y and CD36, re- 
spectively. We also observed several off- 
diagonal spots that represent partial com- 
plexes formed between these subunits. For 
example, the off-diagonal spot of 21 kD in 
the second dimension and the -40-kD spot 
in the first dimension likely represent a 
previously reported CD3y dimer (3). Anti- 
CD3GIq precipitated a CD36 homodimer 
that migrates off-diagonal and has a molec- 
ular size of 16 kD (Fig. 3A, panel d). These 
results indicate that CD3 subunits are ex- 
pressed in thymocytes in the absence of 
rearranged TCRa, P, y, or S genes and that 
CD3y, 6, and E form partial complexes 
unassociated with CD3ilq. 

From TCRP transgenic mouse thy- 

mocytes, anti-CD3c immunoprecipitated 
TCRcvP heterodimers and CD3 y Sc and 
CD3c homodimers (Fig. 3B, panel c). Anti- 
C p  and anti-CD3il~ also immunoprecipi- 
tated these components (Fig. 3B, panels b 
and d). Identical results were obtained with 
thymocytes from nontransgenic normal mice 
indicating that, as expected, TCRaP het- 
erodimers are associated with CD3ySe and 
CD3t homodimers in the TCR complex. 

Immunoprecipitated products from thy- 
mocytes of TCRP2,RAG-2-/  mice were 
quite different from those of TCRP trans- 
genic and normal mice. From these cells, 
anti-Cp immunoprecipitated an off-diago- 
nal spot of -40 kD (Fig. 3C, panel b). 
Given its off-diagonal position and the fact 
that the H57 MAb used recognizes a frame- 
work determinant on the constant region of 
the TCRP subunit, this spot likely repre- 
sents a TCR& homodimer. Alternatively, 
TCRP could dimerize with an unknown 
protein of similar molecular weight. Note 
that CD3c (and CD3y and CD36) but not 
CD3c is readily detected in H57 immuno- 
precipitates (Fig. 3C, panel b). Anti-CD3c 
immunoprecipitated the same off-diagonal 
protein of 40 kD as anti-Cp, as well as 
CD3ySc (Fig. 3C, panel c), indicating that 
the putative TCRPz dimers associate with 
the CD3y6~.  In contrast, CD3t is not pre- 
cipitated by anti-CD3c. The absence of 
CD3t in the complex is not due to the lack 
of expression of the CD3t because the spe- 
cific anti-jlq MAbs immunoprecipitated the 
CD36, dimer (Fig. 3, panel d) . These results 
indicate that CD3t is not detectably associ- 
ated with the TCRP-CD3ySe complex. 

Expression of transgenic TCRP chains, 
but not TCRa chains, in RAG-2-'- mice 
permits the DN thymocytes to transit to the 
DP stage and restores normal thymic cellu- 
larity. This finding concurs with the obser- 
vation that introduction of a TCRP trans- 
gene into SCID mice leads to the genera- 
tion of some DP cells (9). However, unlike 
TCRP+, RAG-2-deficient mice, the num- 
ber of thymocytes in TCRP transgenic 
SCID mice remained low (about 2 x lo6) 
and a substantial proportion of these thy- 
mocytes remained DN (6). The scid defect 
allows initiation of V(D)J recombination 
but impairs coding join formation and may, 
thereby, predispose developing lympho- 
cytes to a high frequency of lethal double- 
strand breaks (14). In addition, the scid 
defect also affects double-strand DNA break 
repair in both lymphoid and nonlymphoid 
cells (15). Thus, the apparently inefficient 
maturation of TCR transgenic SCID thy- 
mocytes may result from stimulation of 
endogenous V(D) J recombination events 
leading to cell death or by unknown pleio- 
tropic effects of the scid mutation. In agree- 
ment with the conclusion that the inability 
to initiate V(D)J rearrangement in devel- 
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oping lymphocytes is the only defect in 
RAG-Z-deficient mice, both early and later 
stages of T cell development can be totally 
rescued by the introduction of rearranged 
TCR transgenes into this background. 

CD3 subunits are present in the thymo- 
cytes of RAG-2-I- mice. Thus, it is likely 
that CD3 subunits are expressed intracellu- 
larly in early thymocyte development be- 
fore V(D)J recombination and are trans- 
ported to the cell surface after assembly and 
expression of functional TCR chains. We 
detect a TCRP-CD3ySc complex on the 
surface of TCRP+ ,RAG-2-I- thymocytes. 

Because we also detect CD35 chains in 
these cells, its absence from their surface 
TCRP complex cannot be attributed to the 
relative instability of this CD3 component 
(1 6). Therefore, ability to express the sur- 
face TCRP complex may be related to lack 
of association of CD35. TCRPz dimers 
without CD35 are present on immature 
SCID thymocyte cell lines reconstituted 
with a rearranged TCRP chain gene (1 7), 
but were not detected on mature T cells or 
T cell lines that do not have a TCRa 
chain. In addition, expression of surface 
TCRP chains was not detected in DP thy- 

mocytes that accumulate in mice homozy- 
gous for a mutation that blocks assembly of 
functional TCRa chains (1 8). It is conceiv- 
able that endogenous TCRP chains may 
have been expressed on the surface of these 
cells but at levels lower than those of our 
TCRP transgenes and which were not 
readily detectable. However, these mole- 
cules need to be detected on the surface of 
normal thymocytes. 

We do not yet know why the TCRP 
complex was not expressed on the surface of 
thymocytes that are more mature. One 
possibility is that additional cellular compo- 

B TCRP 

Fig. 3. Biochemical analysis of the TCR complex in TCRp transgenic 
RAG-2-I- thymocytes. Thymocytes from (A) RAG-2-/- (4 x lo6). 
(B) TCRP transgenic (1 x lo7), and (C) TCRp+,RAG-2-I- (1 x lo7) 
mtce were labeled w~th tran~-~~S-label for 4 hours and then incu- 
bated for 1 hour with unlabeled amino acids (27). Cells were lysed 
in digitonin lysis buffer solution and postnuclear supernatants were 
prepared. Cell lysates were aliquoted to four tubes and immuno- 
prectpitation was performed w~th (a) 3A10 (anti-CG). (b) H57 (anti- 
Cp). (c) 2C11 (anti-CD3e) (28), and (d) 113A and 1q4F2 (anti-CD3rJ 
q) (29). Proteins were resolved by two-dimensional (nonreducing- 
reducing) SDS-PAGE (12% polyacrylamide in both dimension) and 
visualized by fluorography. Prestained molecular weight markers 
were electrophoresed with the samples. Squares on the diagonal 
show the migration positions of molecular weight markers. Under 
these conditions of labeling, no CD3q was detected. 
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nents present only in immature thymocytes 
play a role in transportation of the TCRP- 
C D 3 y 6 ~  cornplex to the cell surface. A n  
alternative is that such partial complexes 
were degraded more rapidly in mature T 
cells. Our results also sueeest that the "~, 
T C R a  subunit is important for the associa- 
tion of CD32; subunits with a TCR. In T 
cell hybridomas lacking CD35/?, a small 
amount of TCRaP-CD3yGe surface expres- 
sion has been observed (1 9). Transfection 
of CD35, v ,  or both up-regulated surface 
exuression of the TCR in these mutants. 
dekonstrating the importance of CD~</ ;  
subunits in transportation of the TCR com- 
plex (20). 

The potential function of the TCRP 
chain surface complex in early T cell devel- 
opment remains to be determined. In pre- 
cursor B cells. it has been orovoseil that a . L 

surface complex that includes the Ig heavy 
chain in association with surrogate light " u 

chains participates in signaling the allelic 
exclusion of Ig heavy chain and onset of the 
assembly of Ig light chain V genes (2 1). It is 
possible that the TCRP-CD3yGe complex 
identified bv rhe immunot>recioitation stud- 

L .  

ies herein could function in signaling such 
regl~latory events. Finally, the ability of the 
TCRP transgene to promote the phenotyp- 
ic conversion of DN to DP cells and expand 
the pool of thymocytes in RAG-2-!- mice 
likely reflects an important normal physio- 
loeical function of this T C R  subunit that " 

should now be readily amenable to further 
analvsis. 
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p-Adrenergic Receptor Kinase-2 and p-Arrestin-2 
as Mediators of Odorant-Induced Desensitization 

Ted M. Dawson, Jeffrey L. Arrizalk Donna E. Jaworsky, 
Felice F. Borisy, Hgvard Attramadal, Robert J, befkswitn, 

Gabriele V. Ronnett? 
P-Adrenergic receptor kinase (PARK) and 0-arrestin function in the homologous or agonist- 
activated desensitization of G protein-coupled receptors. The isoforms PARK-2 and p a r -  
restin-2 are highly enriched in and localized to the dendritic knobs and cilia of the olfactory 
receptor neurons where the initial events of olfactory signal transduction occur. Odorants 
induce a rapid and transient elevation of adenosine 3',5'-monophosphate (CAMP), which 
activates a nonspecific cation channel and produces membrane depolarization. Preincu- 
bation of rat olfactory cilia with antibodies raised against PARK-2 and p-arrestin-2 in- 
creased the odorant-induced elevation of CAMP and attenuated desensitization. These 
results suggest that PARK-2 and p-arrestin-2 mediate agonist-dependent desensitization 
in olfaction. 

T h e  primary events of olfactory signal 
transduction occur in the cilia of olfactorv 
receptor neurons and lead to the generation 
of the intracellular second messengers 
CAMP and inositol 1,4,5-trisphosphate 
(IP,) (1-3). Isoforms of several components 
of these transduction pathways are highly 
enriched in olfactory neuronal cilia and 
include a type 111 adenylyl cyclase (4), a 
cyclic nucleotide-gated nonspecific cation 
channel ( 3 ,  and an a subunit of a stimu- 
latory G protein, Go,, (6). The membrane 
receptors presumed to transduce the odor- 
ant stimulus are members of a laree familv 
of G protein-linked receptors (7) and are 
localized in the olfactory neuron too (8). 
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As with other responses mediated by G 
protein-coupled receptors, odorant-stimu- 
lated signals attenuate rapidly even in the 
continual presence of stimulus, a phenom- 
enon termed desensitization. Althoueh the " 
initial events of olfactory signal transduc- 
tion have been extensively explored, the 
mechanisms of desensitization to odorants 
are not known. 

Desensitization of signal transduction 
may occur through a variety of processes, 
including receptor internalization or recep- 
tor uncoupling tnediated by receptor phos- 
phorylation (9). Homologous or agonist- 
induced desensitization of the P2-adrener- 
gic receptor occurs through agonist-activat- 
ed receptor phosphorylation that is cata- 
lyzed by a specific receptor kinase called 
P-adrenergic receptor kinase (PARK) (1 0, 
1 I ) .  Further quenching of signal transduc- 
tion requires the binding of the protein 
p-arrestin to phosphorylated receptors 
(1 2). Three receptor kinases-rhodopsin 
kinase (13), PARK-1 (12), and PARK-2 
(14)-have been identified and three ar- 
restlns are known-arrestin (1 5 ) ,  p-arres- 
tin-1 (1 2), and P-arrestill-2 (1 6 ) .  Localiza- 
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