
Biochem Biophys. 282.275 (1 990), L. G. Meszaros, 
I Mnarovc A. Zahradnkova FEBS Lett. 380, 49 
(1996); D. Stoyanovsky. T. Murphy. P. R. Anno, Y. M. 
Km,  G. Salama, Cell Calcium 21, 19 (1997). 

9. T Aok~. T. Oba, K. Hotta, Can. J. Physiol. Pharma- 
col. 63, 1070 (1985) T. Oba, M Yamaguch~, S. 
Wang J. D. Johnson. Biophys. J 63.1416 (1992): T. 
Oba and K. Hotta Pilueg. Arch. Eur. J Physiol. 405, 
354 (1985). J J. Abramson and G. Salama. ii/lol. 
Cell. Biochem. 82, 81 (1988). 

10. S Lpton et a/. , Nature 364, 626 (1 993); V M. Boo-  
h a ,  S. Najlb J. J. Palacno, P. J. Pagano, R. A 
Cohen, ibid. 368, 850 (1 994). 

11 Can~ne cardlac SR ves~cle fract~ons enriched In CRC 
actlv~t~es were prepared n the presence of protease 
nhb~tors [L. Xu, G. Mann, G. Messner, Circ. Res. 79, 
11 00 (1 996)l. The CHAPS 13-[(3-cholam~dopropyl)d~- 
methylammon~o]-1 -propanesulfonate]-solub~l~zed ca- 
nine heart 30 S CRC complex was Isolated by rate- 
dens~ty centr~fugat~on. Gradlent fract~ons were e~ther 
concentrated by Centrcon 30 (Amcon, Danvers MA) 
centrifugaton (to determne endogenous SNO eves) or 
reconst~tuted Into proteoliposomes by removal of 
CHAPS by dalyss as descrbed [H. B. Lee. L. Xu G 
Me~ssner, J Biol. Chem. 269, 13305 (1 994)], except 
that the 20-hour dalyss buffer contaned 10 mM potas- 
slum P~pes (pH 7.4), 0 25 M KCI, 10 pM EGTA. 20 FM 
Ca2-, and 0.1 mM phenylmethylsulfonyl fluor~de, and 
DTT was excluded from the buffers In some experl- 
ments. Proten concentrat~ons were determned by us- 
n g  Amdo Black [R. A. Kapan and P L Pederson,Anal 
Biochem. 150, 97 (1 985)]. 

12 S-N~tiosylat~on of the cardac CRC was determned 
by a chem~lum~nescence assay as descrbed In (13). 
Proteol~posomes contaln~ng the purlfled cardlac 
CRC (0.03 to 0.1 mg of proten per m ' l ~ t e r )  were 
assayed ether drecty or after treatment for -5 m n  
at 24°C w,th varlous concentrat~ons of GSNO. 
CysNO. or SIN-I In 0 11 m of buffer A [0 25 M KCI, 
10 mM potassium P~pes (pH 7 4), and 10 p.M free 
CaL' (1 0 p.M EGTA and 20 p.M Ca2-')I. NO donors 
were then removed by centrfugaton through Seph- 
adex G-25 spn  columns equbrated ~41 th  buffer A. 
Mercury-dspaceabe SNO content was obtaned by 
drecty njectng one porton of the (flow-through) 
sample Into the chem~lum~nescence Instrument Re- 
versal of S-ntrosyaton w th  DTT (1 0 mM DTTfor 10 
to 13 m n  at 24°C) was quantf~ed by measurng the 
SNO content of the CRC after passage through 
Sephadex G-25 columns. 

13. J. S Stamler and M Feesch, In i~/lethods in Nitric 
Oxide Research, M. Feesch and J. S Stamer. Eds. 
(Wley, London, 1996). pp 521-540. 

14. S nge channel measuremenrs were performed at 2370 
25'C by fusng proteol~posomes cor tarng the purlfled 
cardac muscle CRC w~th Mueer-Rudn-type bayers 
contan~ng phosphat~dyethanolam~ne, phosphat~dyl- 
serlne, and phosphat~dylchol~ne n a 5 3.2 rato (25 mg 
of total phosphop~d per m~ll~l~ter of n-decane) [L. Xu G 
Mann, G Me~ssner Circ. Res. 79, 11 00 (1 996)l The 
sde of the blayer to whch the proteol~posomes were 
added was defned as the c s  s~de. Sngechannes were 
recorded In a symmetr~c KC buffer souton [O 25 M KC1 
and 20 mM potassfurn Hepes (pH 7 4)] contanng 0 56 
mM CIS (SR cytosol~c) EGTA and 0.50 mM c ~ o s o l ~ c  
Ca2- (2 pM free Ca2+) and the addlt~ons descr~bed n 
the text. Electr~cal sgnas wereftered at 2 kHz, dg~t~zed 
at 10 kHz. and aralyzed as descrbed [L Xu. G Mann, 
G. Messner, Circ. Res. 79 1 100 ( I  996)] 

15. G. Messner. Annu. Rev. Phvsiol. 56. 485 (1994) 
16. L Xu, A H Cohn. G ~ e s s n e r ,  Caroiovasc. Res 27, 

181 5 (1 993). 
17 R Rad~, J S Beckman. K M Bush, B A. Free- 

man, J 6/01, Chem. 266. 4244 (I 991). W. A Pryor 
and G L Squadr~to Am. J. Physiol. 268, L699 
(1995): D. R. Arnele and J S. Stamer, Arch. Bio- 
chem. Biopiiys. 318, 279 (1995); M. Feesch and 
J. S. Stamer, n Methods in Nitric Oxide Research, 
M Feelsch and J. S. Stamer Eds (Wley, London, 
1996), pp. 71-115; S. Mohr, J S. Stamler, B .  
Brune FEBS Lett. 348. 223 (1 994). 

' 8 The free t h ~ o  contenr of the purlfed CRC reconsttuted 
Into p d  blayer vesces was determned by monobro- 
mobmane fluorescence [N. S Kosower and E M. Ko- 
sower, lvlethods Enzymol. 143 76 (1 987)] Control ex- 

per~ments showed no major nteract~ons between 
monobromob~mane (Calb~ochem) and SNOs or the 
buffer. Background fluorescence of the proteopo- 
somes (and spec~f~city of the bmane) was determned 
by der~vat~z~ng the react~ve th~ols w~th  14 pM HgCIL 
(N-ethylmale~m~de derlvat~zat~on gave comparable 
results) after wh~ch the mlxture was passed through 
Sephadex G-25 spln columns and reacted w ~ t h  
monobromobmane. Reactons were carred out w th  
(1 00 pl) portions of proteol~posomes conta~ning pu- 
r f e d  cardac CRC (0 045 to 0.132 mg/ml] Incubated 
w~ th  50 p M  monobromobmane protected from light 
for more than 1 hour at room temperature. Samples 
were then du ted  to final volumes of 3 m in quartz 
cuvettes and fluorescence ntenstes were measured 
at 482 nm with an exctaton wavelength of 382 nm 
(Perk~n-Elmer um~nescence spectrophotometer 
LSSOB). Standard curves were generated w~ th  
known concentrat~ons of monobromob~mane-la- 
beed gutathione m~xed w th  the proteol~posomes 

19. K Otsu et a/. , J. Biol Chem. 265. 13472 (1 990); J. 
Naka et a/. , FEBS Lett. 271 , 169 (1 990). 

20. E. Lam et a1 , J. Biol. Chem. 270. 2651 1 (1 995). 
21 6. Aghadas~, M. B Re~d,  S. H. Hamton.  ib id 

272. 25462 (1 997). 
22. P. C. Jocelyn, ivlethods Enzymol. 143 246 (1987); 

W. S. A s o n  Accounts Chem Res. 9, 293 (1976). 
23. H F. G~lbert, Adv. Enzymol 63, 69 (;990); J. P. Rup- 

persberg e ta l .  Nature 352. 71 1 (1991); R. J. Duhe et 
a/., J. Biol. Chem. 269, 7290 (1994): R. Gopaakrshna, 
Z H. Chen, U Gundimeda, ibid. 268, 27180 (1993), 
F S. Sheu C. W. Mahonev. K. Seke. K-P. Huana, /bid 
271. 22407 (1996): K. A. 'Hutchnson et a / ,  ib id 266, 
10505 (1 991) Y. Dou etal. , ibid. 269, 20410 (1 994). 

24. J. A Thomas, B. Poland, R. Honzatko, Arch. Biochem. 
Biophys. 319, 1 (1995); A. Hausladen, C. Pr~valle. J. 
DeAngeo, J. S. Stamer, Cell 86. 71 9 (1996). 

25. D. Smon. M. Mulns .  H. Xu, D. Sngel. J. S. Stamer, 
Proc. Natl. Acad. Sci. U.S.A. 93, 4736 (1996) 

26. P-F. Merit, S. M. Lohman, U. Walter R. F~schme~s- 
ter, ibid. 88, 1197 (1991). 

27. J S. Stamer et a / ,  Science 276, 2034 (1997). 
28. Supported by grants from the Nat~onal nst~tutes of 

Health to G.M. (HL 27430) and J S S. (HL52529 and 
HL59130). We thank D. A. Pasek for pur~fyng the 
ryanodne receptor. 

7 August 1997: accepted 24 November 1997 

Functional Expression of a 
Mammalian odorant Receptor 

Haiqing Zhao, Lidija Ivic, Joji M. Otaki, Mitsuhiro Hashimoto, 
Katsuhiro Mikoshiba, Stuart Firestein* 

Candidate mammalian odorant receptors were first cloned some 6 years ago. The 
physiological function of these receptors in initiating transduction in olfactory receptor 
neurons remains to be established. Here, a recombinant adenovirus was used to drive 
expression of a particular receptor gene in an increased number of sensory neurons in 
the rat olfactory epithelium. Electrophysiological recording showed that increased ex- 
pression of a single gene led to greater sensitivity to a small subset of odorants. 

Olfactory transduction heg~ns with the  
binding df an  odorant ligan: to a proteln 
receptor o n  the olfactory neuron cell surface, 
initiating a cascade of eilzy~natic reactions 
that results in the uroduction of a second 
messenger and the eventual depolarization of 
the  cell ~nernbrane ( 1 ) .  This relatively 
straightforward and coinlnon signaling motif 
is complicated by the  existence of several 
thousand odorants, mostly low-molecular- 
weight organic molecules, and nearly a thou- 
sand different putative receptors (2 ,  3). T h e  
receptors are believed to he ~ n e ~ n b e r s  of the 
superfainily of G proteitl-coupled receptors 
(GPCRs) that recognize diverse ligands, in- 
cluding the biogenic amitle neurotransinit- 
ters. Although the putative odorant recep- 
tors constitute the largest subfainily of 
GPCRs, in  soine ways they remain the most 
e~lieinatic, because no  uarticular marntnaliail 

receptor has been definitively paired with 
any ligand. Functional expression of cloned 
odorant receptors would allow the character- 
izatlon of the chernlcal receptive fields that 
prov~de the basis for coding and organization 
in the  olfactory system. 

A fi~nctional expressio~l system for odor- 
ant receptors requires both that the recep- 
tors are properly targeted to the  plasma 
membrane, and that they couple efficiently 
with a second messenger system that pro- 
iluces a measurable response to  ligand stiin- 
ulation. On the siinple assumption that ol- 
factory neuroils theinselves would be the  
inost capable cells for expressing, targeting, 
and coupling odorant receptors, we have 
endeavored to use the  rat nasal epithelium 
as a n  expression system, driving the expres- 
sion of a particular receptor by including ~t 
in  a recoinbinant adenovirus and i~ l fec t i~ le  - 
rat nasal epithelia in vivo. Here, we relied 
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lularly as a transepithelial potential result- 
ing from the summed activity of many ol- 
factory neurons, a measurement known as 
the EOG or electro-olfactogram (5). The 
amplitude of this voltage is determined by 
both the size of the response in individual 
cells and the number of cells responding. 

Adenovirus vectors have been devel- 
oped as a tool for efficient gene transfer in 
mammalian cells and have shown promise 
in a variety of experimental and clinical 
applications ( 6 ) .  We generated an adenovi- 
rus vector, AdexCAG-17-IRES-GFP (Ad- 
17) (Fig. 1A) (7), that contained an expres- 
sion unit for a particular odorant receptor, 
rat I7 (2). This adenovirus vector is missing 

the El and E3 early genes,' rendering it 
replication-incompetent and thereby pre- 
venting a lytic infection in treated olfactory 
epithelia (8). To aid in EOG electrode 
placement, we included the gene for the 
physiological marker green fluorescent pro- 
tein (GFP) in the expression cassette, using 
an internal ribosomal entry site (IRES) in- 
sert to produce a bicistronic transcript that 
would result in the expression of odorant 
receptor and GFP as separate proteins in 
the same cells (9). 

Animals were killed 3 to 8 days after 
infection (10) and the nasal cavity was 
opened, exposing the medial surface of the 
nasal turbinates (Fig. 1B). Under fluores- 

Fig. 1. (A) c;onmct of E 
the recombinant adeno- 

cent illumination, the GFP clearly marked 
the pattern of viral infection and protein 
expression (Fig. 1, C and D). Expression 
was heterogeneous; in some regions of the 
epithelia as many as 20% of the cells were 
infected. whereas in others there was virtu- 
ally no sign of infection. Overall, about 1 to 
2% of the sensory neurons were infected 
and expressed the GFP gene product. There 
was significant variability between animals, 
with the highest infection rates often found 
in the second and third turbinates, usually 
near the edges (Fig. ID). The reasons for 
these patterns of infectivity are not known, 
but the most likely explanation is simply 
access of the virus to tissue within the rath- 
er complex structures of the nasal cavity. 

Expression of the bicistronic mRNA for 
the I7 receptor and GFP was verified by 
Northern blot of the infected epithelia 
(1 1 ). Using a probe that covered the entire 
coding sequence of the I7 gene, we detected 
a single band of about 2.8 kb in infected but 
not in uninfected epithelia, where native I7 
expression is presumably below the level of 
detection (Fig. 1E). Although this does not 
provide a quantitative measure of the ex- 
tent of ~ R N A  expression in single cells, it 
does provide clear evidence that expression 
of the I7 receptor transcript is much higher 
in infected versus uninfected tissue. The 
high-gain signal amplification in olfactory 
neurons assures that even the activation of 
a few receptors by ligand will produce at 
least some sensory current in individual 
cells (1 2). In the absence of antibodies spe- 
cific for the I7 odorant receptor, we used 

virus AdexCAG-17-IRES- 5 w c  
GFP (Ad-17). The replica- S o p  
tion-defective adenovi- kb 
rus expression vector 4.4- 
Adex consists of the hu- 
man adenovirus type 5 2.4- 
(Ad5) genome lacking 
the Ela, E l  b, and E3 re- 
gions. Ad-17 has a bicis- 
tronic expression unit in- I;!% 
cluding the CAG promoter (CAG), odorant receptor 17 (OR-17) coding sequence, intemal ribosomal entry 
site (IRES), the S65T mutant of green fluorescent protein (GFP), and rabbit p-globin polyadenylation 
signal (GpA). The CAG promoter drives transcliptiin of the bidstronic transcript 17-IRES-GFP, produc- 
ing 17 odorant receptor and GFP as separate proteins. (B) Side view of the medial surface of the rat nasal 
turbinates. The turbinates are labeled with Roman numerals. Dorsal is up, anterior to the left. This animal 
was infected with Ad-17 virus. (C) Fluorescent micrograph qf the same tissue as in (B) showing the 
heterogeneous expression of GFP, which marked the location and the degree of virus infection. @) 
Closer view of the Ad-17 virus-lnfected endoturbinate 11' in (C). In regions of high fluorescence, we 
estimate that infection rates were near 10% of neurons. (E) Northern blot hybridization of total RNA from 

uninfected olfactory epithelia (Ctrl OE), Ad-17 virusinfected olfactory epithelia (17 OE), and rat brain with 
an 17 probe. A band of about 2.8 W, was detected in infected OE. This is near the expected size with the 
insert of 2.35 kb (17-IRES-GFP) and 0.47 kb of untranslated sequence from the CAG promoter, and the 
P-globin polyadenylation signal sequence. Lanes were loaded with 20 p,g of total RNA frwn each tissue. 
Lamination of 2 8 .  and 185 ribosomal RNA confirmed the integrity ofthe RNA. (F) Cryosection (1 5 pm) 
of Ad-17 virusinfected olfactory epithelium reacted with an antibody to GFP, showing stained olfactory 
neurons with characteristic morphology Including soma (arrowhead) and single dendrite (arrow)] and 
position within the olfactory epithelium. ML, mucous layer; OE, dfactory epithelium; BL, basal lamina. 
Scale bars, 3 mm [(B) and (C)], 1 mm (D), 50 pm (F). 

GFP antibodies (13) to further verify that 

Fig. 2. Representative EOG recordings from an 
uninfected animal (A) and an Ad-17 virus-infected 
animal (B). All EOGs are responses to odorants at 
a solution concentration of 1 0-3 M and are nor- 
malized to the reference odorant, amyl acetate, 
which is given the value of 1 . (C) Subtraction of (A) 
from (B), which brings out the much-increased 
response to octyl aldehyde in the Ad-17 virus- 
infected animal. The slight positive direction of 
some of the subtracted traces is primarily the re- 
sult of differences in the time course of the re- 
sponses in the different animals. 
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more than 80% of the infected cells were 
olfactory neurons (Fig. IF). Thus, areas of 
high GFP fluorescence signal the positive 
infection of sensory neurons. 

One difficulty in determining the ligand 
specificity of odorant receptors is the enor- 
mous stimulus repertoire to be tested. We 
developed a panel of 74 odorants, including 
aromatic and short-chain aliphatic com- 
pounds with various functional groups (14). 
Odorants were prepared by standard meth- 
ods (1 5) and applied to the epithelium in the 
vapor phase by injecting a pressurized pulse 
of odor vapor into a continuous stream of 
humidified clean air. All odors were tested at 
a solution concentration of 1C3 to 1C2 M. 
Concentrations of stimulus at the olfactory 
epithelium could not be known, but the 
system reliably delivered the same amount of 

stimulus on each trial, as there was little high numbers of fluorescent (infected) 
cells in Ad-I7 virus-infected turbinates; 
EOGs were also recorded in a similar lo- 
cation from uninfected animals. All in- 
fected animals were able to respond to all 
of the 74 odorants in the test panel, al- 
though responses to all odors in virally 
infected animals were on average 30% 
smaller in amplitude. Nonetheless, the 
amplitudes of the responses relative to the 
amyl acetate standard were unchanged. 
This was the only nonspecific effect at- 
tributable to the virus that we observed, 
and the same nonspecific reduction in 
response amplitude was also seen in ani- 
mals infected with viruses containing only 
the lac2 or GFP genes. 

Responses to eight representative odor- 
ants from the panel of 74 are shown for an 

variability between responses to successive 
pulses of the same odorant. The absolute 
odorant concentration at the tissue was not 
critical because it was the relative chanee in " 
responsiveness between treated and untreat- 
ed animals that was measured. 

EOG recordings were obtained with a 
glass capillary electrode placed on the surface 
of the epithelium and connected to a differ- 
ential amplifier (1 6 ) .  The EOG response is a 
negative-going spike of potential that is 
typically 0.5 to 15 mV in amplitude and 
1.5 to 5 s in duration. To  account for 
between-animal variability, we used a 
standard odorant, amyl acetate, to which 
all other odorant responses were normal- 
ized (17). EOGs were recorded from the . - ,  

region of olfactory epithelium that showed 

Fig. 3. (A) Comparison of 
average EOG amplitudes 
in Ad-17 virus-infected 
and uninfected animals 
to 14 odorants at a solu- 
tion concentration of 
1 0-3 M (n = number of 
recordings, N = number 
of animals; error bars 
represent SD). All re- 
sponses were normal- 
ized to the reference 
odorant, amyl acetate. 
Responses in uninfected 
animals are given the val- 
ue of 1, and responses in 
infected animals are 
scaled accordingly. As a 
further control, the re- 
sponse to octyi aldehyde 
was compared with that 
in animals infected with 
an adenovirus carrying 
only GFP. Statistical sig- 
nificance of the data was 
evaluated with the t test 
(""P < 0.001). (B) 17 virus- 
infected animals have in- 
creased odorant re- 
sponses to heptalde- 
hyde (C,), octyl aldehyde 
(CJ, nonyl aldehyde (CJ, 
and decyl aldehyde 
(CIJ, but not to hexalde- 
hyde (CJ or undecylic al- 
dehyde (C,,). The bars 
are the result of a sub- 

17-Infected 10 10 11 12 " Uninfected 7 7 8 8 
GFP-infected 
17-infected 6 6 6 6 

N Uninfected 4 4 4 4 
GFP-infected 

traction that shows the 
" - 

Aldehyde 
Fig. 4. (A) Freshly dissociated rat olfactory neu- 
rons (arrows) can be easily identified by their mor- 
phology. (B) In the same field under fluorescence 
illumination, an olfactory neuron infected by Ad-17 
virus can be identified by expression of GFP. Scale 
bar, 20 p,m. (C) Sample whole-cell recordings 
from a GFP-positive cell. Top traces are respons- 
es to 5 x 1 0-4 M (larger) and 5 x 1 0-5 M (smaller) 
octanal; lower trace shows the response to a 6-s 
step of octanal at M. Holding potential was 
-60 mV. 

relative increase of the 17.infected ;Z  ;27 ;3 ;4 42 D 
average responses to 
these odorants in infect- Uninfected i0 i: :24 L3 L3 63 

ed versus uninfected an- 
imals (n = number of recordings, N = number of animals). Statistical significance of the data was 
evaluated with the t test Y P  < 0.001, *P < 0.01). (C) Comparison of responses (EOG amplitude) in an 
infected and uninfected animal to increasing concentrations of amyl acetate (AA, triangles) and octyl 
aldehyde (OA, squares). Heavy lines and solid symbols are from the infected animal; light lines and open 
symbols are from the uninfected control animal. Thex axis is the logarithm of the molar concentration of 
odorant solutions. (D) The chemical structure of octyl aldehyde, CH,(CH,),CHO, variously described as 
having a light citrus, soapy, or fatty odor quality. 
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uniniected control aliillial and an  a n ~ m a l  
intecteii with the .qii-17 i-irits (Flg. 2). For 
sew11 of the eight oiioral~ts sholvl~ (ylits the 
allivl acetate stanilard), a\ for 6 1  of the 65 
other oili~ral~ts 111 the 17ai1el. there was no  

tloiis mask the full effect of the 1- rally 111- 

cli~ceil odora i~ t  receptor expression hecailse 
of i~oi~l inear i t les  associated a ~ t h  hlgh con-  

\vhicl~ g i iw  a strol~g response. Interestil~gly, 
to liumans, hexanal l ~ a s  a grassy odor, where- 
a> the C; to CIL? al~lehyiles slwre a prlmarlly 
fatty oilor anii the higher aliiehydes have a 
stronger fritlty or cltrus iluality. T h e  chemi- 
cal receptive fleld tor this single oiior recep- 
tor is simi1,rr to the response patterns recent- 

centration respoilsea. As  can he seen in  
the  close-response relations (Fig. 3 C ) ,  
comliariaoi~ of the  act\-l alilel~yiie response 
t c  the  amvl acetate rehponse a t  varioita 

appreciable change 111 1-espons~veness he- 
tiveen the il~fected anLl u l~ i i~ fec te~ l  animal. 
Ho\vever, for one oilsr,li1t-octyl aliiel~yde 
(octanal), a11 eight-carbon, strrlight-chain, 
aatilrateil aliphatic alilehyiie-the response 
was si11~staiiti;llly greater, hot11 m amplitude 
anLi time course, 111 the infecteil animal. T h e  
large increase in a~liplititde a n ~ l  time coitrse 
iniiicated that more incii\-iilital ol6,lctorv 
neurons were respoi1sii.e to octvl ali lel~v~le in 

col~cei~tr , l t ions  rei-ealeii LIP to  as"eenf01~l 
illfference in  respon\e rnagni t i~~le  in  the  
ii1tecteLl i.ersus the  uninfected ep~thel i i lm.  
For es,lmple, a t  a11 oi iora l~t  col~centra t ion 
of 5 x l?' 1 1  ill solution, the  response 
ratio of octalial t o  amyl acetate In the  
ii~fecteil anim,rl 11-aa 4.C:O.b m\;-a ratio 
of aboitt 7. A t  the  same concentrati i)n 111 

1\- measi~red in hingle olfactory neurons and 
in llliti-a1 cells of the olfactorv billb i?i2). O n e  

\ ,  

~Iifference was that for lllitral cells the carboi~ 
chaiii le i~gth  appeare~l to be somer~~hat  more 
critical than f i tnct~oi~al  group ill iletermining 
stimulus efficaci-, n-hereas our results indi- 
cate that both are cr~tical iletermlnants. 111 

an  earller report of oiior receptor expression, 
the rat OR5 receptor, expressed by the lxc- 
itlovir~ts svsteni in inbect sf9 cell>, sliowed a 

the  infecteii versus uliiilfectecl tissue. 
The  ai-erage respoi~he ampliti t~~es tor 14 of 

the c)dc)rants selected from the p n e l  ot 74, at 
a soliltion coi~celitration of hl, r e r e  

the  11or111al ailillial, the  r eponses  \yere 
nearly equal anil the ratio n.as 1 .  Similar 

surprisingly wide-ranging sensitivity to odors 
trom at least f i i~e  separate chemical classes, 
all ,lt lou- conce~~tra t ions  (21 ). This resillt is 
somenliat at oilds with the iiata from mitral 

m a x i m ~ ~ m  ii~cre,lses, with respjnse ratlos 
ranging horn 4 to 7,  xe re  measureii ill toiti- 

comliareil for both i~nintecte~l  anLi ALl-17- 
~nfec te~ l  alii~lials (Fig. 3A). Octyl ali lel~y~le 
responses of infecteJ animals were, on aver- 
age. 1.7 times those of ul~ii~fecteii  animals, 
n~hereas all other odorants nere near coi~trol 
lei-els. T h e  responses to octvl alLiehviie were 

infected animals. 
Beca~tse the infected cells e s ~ ~ r e s s e ~ l  CFP, 

it n.as possible to iilent~fv iniiiviLlital positive 
ne~ i ro l~s  after il~ssociatiol~ of the e ~ ~ i t h e l i ~ i m ,  

cell recorL1ings anil n.lt11 our h a ,  1~ut  ~t may 
be relateil to the ex~~ression system or the 

a l l i j ~ i l ~ g  resyoi~ses to he testeil in single cells 
(Fig. 4) .  In whole-cell patch clal-ilp record- 
ings of slngle infecteil neurons, we recoriieil 
responses to octanal 111 each of seven GFP- 

methoLl of a p p l y i l ~ ~  oilor stirni~li. Amolig 
i ~ o i ~ m a m m a l ~ , l ~  oilor receptors, the nema- 
tode receptor ( O D R l 2 )  displa\-eil a lyarro\v 
ligand specif~city (221, nrhereas three fish 

;11s0 compareLl \rs~th a col~trol  111 u.111~11 anl- 
l n a l  \Yere infecteil \r.ith a rirus containing 
only the CFP gene. Espression of GFP in 
these an~mals  \vas comparable to that seen in 
,inimals lnfectecl \\-it11 Ad-17, but the re- 
sponse to octyl ,~l~le l~yi le  \va, not different 
f ro~n  ltnilifectecl animals. Thils, n e ~ t h e r  \-Ira1 

~-'imtive cells (13).  In ~lninfecteil cells we 
recorded a response to octanal in onl>- 2 of 26 
cells. T h e  responses ~l~spla\-eil latencies ( 152 
to 252 ms) anii amplituiles (92 to 5c?O pL%) 
within the normal range (1 2 ) ,  anLl both the 

receptors responsir.e to a colll~llercial fish 
tooil lllixtltre 1~ar.e not been p,lireii wit11 
specif~c llganiis (23) .  

Genes of the oiloral~t receptor sitbfam~ly 
1la1.e a l~yper~.ariable reglon correspol~d~l~g 
to the secon~i through f ~ f t h  tran\membrane 
iic-imains (2) ,  the presumed ligancl-l?incling 
site in GPCRs (24). However, in some cases 
odorant receLTtor> of the same s i t b h m i l ~  d ~ f -  

infect1011 nor GFP was suft~clent to generate 
the ii~crease in resnonsii.itv to octvl ,~lLie- 

kinet~cs anc1 amplitltde were concentration- 
derlenilent. Resrionses to mailntaineii odor 

hvcle. Finall;; the response increase was lo- 
catic~n-sensitive. If the EC)G electrode was 

stimuli ~llsplayeii a character~stic sag in the 
responhe, on.ing to ailaptat~on ( F I ~ .  4C) .  By 

nor-ed to a11 area a.ith no  CFP expression, 
the illcreased resrwnse to octai~al \vas re- 

fer from each other I.;- o11ly a few residues in 
this region (25).  Thebe receptors can now be 
testeci to llleasilre the effects of naturally 
occi~rring sequence rariations o n  ligaiid sen- 
sitlvlty. Such a progra~n, coltpled n-it11 lntro- 
Lluced mutations, could lead to a iietaileil, 

these measures, the responses to octal~al 111 

virallv transiluced cells follon-eLi the Liattem 
L l ~ ~ c e ~ l  to colitrol ler.elh. 

\Ye w~sheil to determii~e if other, relateil 
normal oilor responses 111 ~ tn t rea te~ l  cells, 

~n~l icat in t .  that the eiiiiozeilous secon~l mes- 
oiloralits might also be recogn1:eii bv the 17 
receptor. Flrst. rwvinLr the car l~on chain 

senger system w s  most likely respoi~sible for 
generating the response 111 the ~nfected cells. 

Thits, a member of the mititigene h m ~ l y  
flrst iiieiltlfleil aa enco~linu ~lil t ,~tive odorant 

lc l~gth,  we tested satitrateLl ~liiehycles from 
C; to C i , .  In acidition to octyl alilehyiie ((2,) 

experimentally testable itnderstanding of the 
relation l3eta~een gene sequence, proteii~ 
str~lctitre, ai1c1 llvand-hindinq speclflcity 111 

membrane-boullii receptors. 

- L 

receptors (2 )  does inileeii coJe for a p ro ten  
that is capable of s i~ec i f~c  oiior biniiing lead- 
111g to A phys101oyical response. O n  the hasis 
of the contn~la,  we 1-elleve that the llicreaseii 

there xvere signif~cantly increa>e~l responses 
to heptyl (C;),  nonyl (C,)), and Jecyl (CjJ )  
aldehydes, but no  illcreases \\:ere iietecteil for 
aldehyde> \\-it11 less than 7 or Inore t h a i ~  lc? 
carbons (Fig. 3 6 ) .  Other C, allp11,ltic corn- 
poitlids \vltli differei~t fitnctlonal groups also 
fa~lcii to elicit responses larger than in nor- 
mal animals, and at least one C, ~uls,l t~~i-ated 
allpl~atic aldehyde, trnns-2-octenal, also 
tailed to elicit a response. A group of fix-e 
arom,ltlc aldehyJcs also hiled to glve re- 
s p o ~ ~ x s .  Thus, the response prof'ile o t  the I7 
receptor, at least n.ithin the sco1.e of' the 
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A t  the comparatively high concentra- 
tions useii in these experiments, the response 
to octyl alilellyde in ~ntected animals \\,as o n  
average 1.7 tlliles the response 111 control 
animals. Hoivever, these high conccntra- 

Idcn t~fy~ng  the molecular rcceptlve tielil 
of an  olt;lctor~- senson- neuroll 1s a critical 
first step in ~inderstanding hoiv olhcton- per- 
ception 1s achie\,ed hy higher b r a n  centers. 
W ~ t l l i n  the lilllitcd set i) t  odors tested, the I i  
receptor is i1onethclcss striklilg in ~ t s  aliil~ty 
to iliscriminate the C,, hexan,ll, to lvllich it 
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7 Ttie adenoviral vector AdexCAC-7-IRES-C-FP [Ad- 
17) was constructed n the folowng manner. Adeno- 
vlruses lacking the E l  region of tt ie~r genome are 
repicaton-~ncompetent and are grown n the com- 
plementabl human embr:onc k~dney (HEK) 293 cell 
n e ,  whch provdes the E l  genes In trans. The entre 
codng sequence for the rat odorant receptor 17 (2) 
was ampllf~ed by the polymerase cha~n react~on 
IPCR) usng Pfu DNA polymerase (Stratagene) from 
:he 17 clone plasm~d w~ th  the upstream p r n e r  Y -  
CCCTCGAGTATGGAGCGAAGGAACCAC-3' and 
ttie downstream prlmer 5'-GCTCTAC-ACTMC- 
CAATTTTGCTGCCT-3'. The 0.6-kb IRES (9) frag- 
ment was cut with Eco R1 and Bam H from plasmd 
p i  162. Tlie fragments of 17. IRES. and ttie S65T 
mutant of GFP were frst conjugated n the multicon- 
n g  sites of the expresson vector pCA4 (ivlcrobix, 
Ontario. Canada) and tested bv Northern blot w8th 
a 7 probe for tra'nscrpton of ~ R N A  and by green 
fluorescence for IRES-dr~ven GFP expression n 
HEK 293 cells IATCC. CRL-1573). The 17-RES- 
C-FP sequence was then subcloned n t o  the Swa I 
s~ te  of the cosmd vector pAdexlpCAw 126) [Y. 
Kanegae etzl .  . i \ lucle~cAc~ds Res. 23, 381 6 (1 995)l 
to create the cosm~d vector pAdexl7-RES-GFP 
Ttie pAdexl pCAw cosmd was created from ttie 
human adenovrus type 5 genome from whch  the 
E la ,  E l  b ,  and E3 regons were deleted and re- 
placed with an expression un t  contanng ttie CAC- 
promoter, composed of the cytomegalov~rus en- 
tiancer plus ttie cticken p-actin promoter [H N~wa .  
K. Yamamura, J Myazak.  Gene 108. 193 (199111. 
a Swa 1 site, and ttie rabb~t p-glob~n polyadenyla- 
t o n  s~gnal The 7 sequence was con'rmed by se- 
auencno Nucleotde 10A n the 17 seauence from 
den~an;  laccesslon number ~ 6 4 3 8 6 )  IS unde- 
ined.  Thls nuceotide 1s deoxycytdne accord~ng to 
our sequence analyss. tiherefore, amino acid 35 n 
the deduced protein seouence is alanne. The cosmld 
vector pAdex7-IRES-GFP and rhe Eco T221-dgested 
DNA-termlnai proten complex (DNA-TPC) of Ad5-dX. 
wtilcti is a human type 5 adenovlr~~s lack~ng the E3 
regon were cotransfected n to  HEK293 cells by calci- 
um ptiosphate precpltation. Ttie recombnant adenov,- 
rus AdexCAG-17-RES-GFP was then generated by ho- 
mologous recombnaton In the HEK 293 cells The 
DNA-TPC mettiod tias been descrbed n detal 126) 
IS M~yake et a / .  Prcc h'ztl. Aczd. Sci. U S.A. 93, 
1320 (1996)l. Bam HI and Xba I d~gest~on of ttie 
genomlc DNAof Adex7-RES-GFP p rod~~ced  the ap- 
proprate band pattern, and postve PCR amp fca -  
t on  of 17 also verfied ttie construct. Because recom- 
b8nant viruses do not nclude the E l a  cenes. PCR 
amp fca ton  of the E l a  regon was performed w th  
the primers 5'-ATTACCGAAGAAATGGCCGC-3' 
and 5'-CCCATTTMCACACGCCATGCA-3'. as a 
control for contamnaton by wid-type adenovrus 
(Ads-dlX). Negative PCR ampl~f~cat~on of the E l a  
gene was observed In every stock 3: recombnant 
adenov~rus. Ttie recombinant adenovrus was prop- 
agated In HEK 292 cells and pur1:'ed by cesum gra- 
dient centr~fugat~on [Y. Kanegae, bl. Mak~mura I. 
Saito. Jplpn. J Med. SCI Biol. 47 157 (1 99413. The vlral 
t~ter was determined by plaque-formng assay on 
HEK 293 cells. 
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functlon as transcriptlona activators T, Shenk in 
helds Virology, B N. F e d s  et a/., Eds. :Llppncott- 
Raven. Phladelptila. 1996), v o .  2. pp 21 11-21 381. 
In an earler study usng an adenovrus vector con- 
t annc  the lac2 marker gene, we observed strong 
but heterogeneous v r a  nfectlon and proten ex- 
presson in rat nasal ep theum,  and no vrally n -  
duced cell loss out i o  21 davs arter n fec ton IH 
Zhao, J. M .  Otak S  r re stein, J, tVeilrobiol. 30. 
521 11996)], 

9, D. G. K'm. H, ivl. Kanc. S. K Janc. H. S Shn, Mol. 

Cell. Biol 12. 3636 (1 992). 
10, Rats (Sprague-Dawley) of varlous ages and botti 

sexes were used for these experiments Under an- 
esthesa (ketamne. 90 mg'kg, and xylazne.lO mg! 
kg, ntrapertonealy), 30 p of rat Rnger sol~l ton [ I  35 
mM NaCl, 5 mivl K C ,  1 mM CaCI,. 4 mivl ivlgC1, and 
10 mM Hepes (pH 7.4)] containng the vrus at a tter 
of 3 x l o9  pfu/m and 0 . 3 ? ~  fast green dye was 
slowly Injected througti the nostr~l Into the r~ght sde  
of the nasal cav~ty with a thn plastc tubng The 
souton was allowed to reman In the nasal cavity. 
After recovery the anmas were iiaintained at room 
temperature w ~ t h  no other treatment unt~l tliey were 
k~lled 

11. Northern blot for detecton of 17 mRNA was per- 
formed usng a standard p~.ocedure [J Sambrook, 
E. F Frtsch. T. Manlais. MoiecuiarCionrng.A Lab- 
orator:/ fvlanilal (Cold Spr~ng Harbor Laboratory 
Press. Coid Spring Harbor, NY. 1989)l. Total RNAs 
were extracted from tssues with T R z o  reagent 
(C-bco-BRL), 20 1p.g of total RNA was loaded on 
each lane of ttie gel. The 7 probe was syntheszed 
by PCR witti primers ttiat covered ttie entlre I7 
codng sequence and was abeled w ~ t h  dgox~gen~n  
( D I G  1dUTP.  Boelirnger Mannhem) accordng 
to ttie manufacturer's protocol. After hybridzaton. 
the probe was detected w ~ t h  the DIG N u c e c  Accl 
Detection Kit (Boehrnger Mannheim). 

12 G Lowe and C-. H. Gold, I\la:ure 366. 283 (1993), 
13 The olfactory turbinates were dissected out, f~xed 

witti A9.6 paraformaldehyde In phosphate-buffered 
saline (PBS, pH 7.A) for 2 hours, and cryoprotected 
In 20% sucrose. Cryostat sectons ( I 5  pm)  were 
cut and ncubated w t h  polyclonal antibody to C-FP 
(Contech). Spec fc  s tanng was then vsuazed  
with ttie Vectastan E t e  ABC k ~ t  (Vector Lab). 

14, A panel of 74 odors were screened. They Included 
odors from several classes and groups: 

Aromatics 
Alcotios C~nnamyl alcohol. eugenol. 

Aldehydes 

Esters 

Ethers 

Heterocycles 
Hydrocarbons 

Ketones 

Alcohols 

Aldehydes 

Alkanes 
Amines 
Esters 

Ethers 

Ketones 

Ottier 

gualacol 
,para-Anisaldehyde (-)-cawone, 

c~nnamalde~iyde. 
sacy  aldehyde, 1Ia' 

C~nnamy'formate, geranyl acetate, 
soamyl sal~cylate, l,naIyl 
formate 

Ansole, cneoe.  2-r~ethylan!soe. 
4-methylan~sole, ~soeugenol. 
mettiy eugenol 

2-lsobutyl-3-methoxypyraz~n 
2-Ethyltoluene. 3-ethyltoluene. 

1.2-d~ettiybenzene, monen 
Acetophenone, 2-decalone 

Aliphatics 
n-Propyl alcohol. 17-buty alcohol. 

n-penty alcohol. n-hexyl 
alcotio. n-heptyl alcohol, 
n-octy alcohol, n-nonyl alcohol, 
n-decy alcohol. 2-ethylfenchol, 
geranol, p-c~tronellol, l~nalool 

Prop,on aldehyde. 
sobutyraldehyde, 
n-vaeradetiyde. 
n-hexadetiyde. 
n-heptaldehyde, n-octyl 
aldehyde, n-nonyl adetiyde, 
n-decy aldehyde, undecyic 
aldehyde, dodecy aldehyde. 
:rails-2-octenal. 2-ocAynal. 
:rans-2-trdecana, c t ra .  lyral 

Proponc acd,  n-vaerc acd.  
n-octanolc ac~d .  n-nonanoc 
acld 

n-Octane. n-nonane. n-decane 
lsonentvlam!ne ntienethvlamine , , 
Amy acetate, ethyl butyiate. ethyl 

hexanoate, soamyl acetate, 
octyl butyrate, octyl sovalerate 

C~tral dethy acetal, c~tral d~lnethyl 
acetal 

2,3-B~ltanedone. I -fenclione 
2-nonanone 

Hepty cyanide, 
1 ,i ,3,3-tetra~nettiylbutyl 
isocyaniae 

1 5  Odorant solut~ons were prepared as 0.5 M stocks In 
d~methyl sulfoxide (DMSO) and were then d~luted 
w~ th  water to ttie concentration for EOC- recording, 
All odorants were prepared at a l ~ q u d  concentrat~on 
of lo-? M: those w th  low volat~l~t~es were additonally 
prepared at I@-: M. At 1 0-3 M the DMSO concen- 
tration n solut~on was 0.2% (v!v) Responses to 
DMSO alone were tihe sarne as to clean a1r (ttiat 1s. 
<0 3 mV) Al' odorant chei-icals were purchased 
frorn Aldricti except y ra  and l~lial, prov~ded by IFF 
and Harmon & Reimer n c .  A 3-ml sample of ttie 
odorant solution was placed n a 10 -m glass test 
tube and capped with a slicon stopper. The concen- 
tration of voat le odorant In the 7-cmGirspace was 
a lowed to equ ibrate for mo8.e than 1 hour. All solu- 
tons were used w~thin 8 hours Two 1 8-gauge nee- 
dles prov~ded the nput and o ~ i t p ~ ~ t  poris for the 
odorant-containing vapor above the s o l ~ ~ t ~ o n  For 
st~mulat~on. a 100-ms pulse of ttie odorant vapor at 9 
p s ~  was Injected n t o  ttie continuous stream of tiu- 
lnidified air Ttie pulse was controlled by a P~co-  
spr~tzer solenold-controlled valve (General Valve). 
The odorant s tmul~ ls  pathway was cleaned by alr 
between each st~mulus presentation The nilnlnium 
ntewal between two adjacent s t m u  was 1 m n ,  

16. Tlie anrnal was overdosed w ~ t h  anesttietcs (ket- 
arnne and xylazne) and decaptated. Ttie head was 
cut open sag tay  and the s e p t ~ ~ m  was removed to 
expose the med;al surface of the olfactory turbnates 
[S. C-. Sti~rley. E. H. Polak. D A. Edwards, ivl. A. 
Wood, C-. H Dodd Bioshen J. 245. 185 (1 98711 
The right half of ttie tiead was mounted n a wax ds t i  
filled w~t t i  rat Rnger souton. Tlie n e d a  surface of 
turbnates was face up and exposed to the a r  A 
contnuous stream of humidfied clean a r  was gently 
blown on the turbnates througti tubing to prevent 
tssue from dryng. The openng of the t ~ ~ b n g  was 8 
nim In dameter and was placed about 10 mm from 
the turblnate surface. Ttie EOG recordng electrode 
was an Ag-AgC1 wre In a capllary glass ppette f~lled 
with rat Rnger soluton containing 0.690 agarose. 
Thee ectrode resstance was 0.5 to 1 meoohm The 
recordng pipette was placed on the sui;ace of the 
olfactob~ eplthel~um alid connected to a dlfferentlal 
amplf~er (DP-301, Warner Instruments). Placel~ent 
of the electrode was determined by vls~lal~z~ng C-FP 
fluorescence w~ th  a modlfled stereomlcroscope 
(Kraime. Scentf~c).  Ttie EOG potental was obseved 
on a chari recorder, recorded w~rh a dg~ral  audo 
tape recorder, and iater transferred to computer. For 
most experiments, two electrodes and two ampl~fl- 
ers were used to record EOC-s from two d~fferent 
stes of epittielum s~multaneously All experments 
were performed at roorn temperature (22' to 25'C) 

17. Because of nteranma va rab ty  in the responses to 
ttie large number of odors used we adopted a nor- 
maizaton strategy to facitate comparsons. All re- 
sponses w ~ t h n  an ndvdual  anmal were normallzed 
to the response to a standard odor. amyl acetate 
The peak a m p l ~ t ~ ~ d e  of the amyl acetate response 
was always glven the value of 1, and a other re- 
sponses are represented as a percentage of the 
amyl acetate response. Amy acetate was chosen 
because t typcaly gves a large. robust and repeat- 
able response The amyl acetate responses varied 
from 2 to 15 mV over ttie entre sample slze The 
same procedures were used on data from unn-  
fected Ad-17-~nfected, and control-~nfected anl- 
~nals.  To accounr 'or the telnpora varab~lty over the 
course of a 2- to 3-tiour expe~.ment, the amyl ace- 
tate standard was del~vered on ever: s~xth tr1a and 
intervening responses were normalzed to the abler- 
ace of the preceding and follow~ng amy acetare re- 
sponses. Three tubes of amyl acetate at a soutlon 
concentrat~on of lo -?  ivl were used alternately in 
each exper~ment. 

' 8  Epithelia were dissoc~ated as descr~bed [D. Re- 
strepo, M ivl. Zvman. N E Rawson. In Ex,oer~~nentai 
Celi Bioiogy or Taste and Oiractlon. A I .  Sp;leman 
and J. G Brand, Eds. ICRC Press, Boca ?aton, FL. 
1995), pp. 387-3981, 'Nhole-cell recordngs were 
made w~ th  an Axopatcti 1 D amplif~er (Axon Instru- 
ments); data were acq~l red and analyzed w t l i  H E W  
Pulse software. Electrode ppettes had a resstance 
of 5 to 10 rnegohlns ana contained 135 mM CsC,  1 
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1nM CaCl,, 1 ~nivl MgCI,, 10 lnivl EGTA. 10 mM 
Yepes. 4 mM adenosre tr~phosphate. at-cl 0 3 mM 
guanosne trptiosphate (p'i 7 4) Cells were bathed 
t i  a SOU~IOI -  o; 138 lnivl NaCI, 5 mM KCI. 0.5 mivl 
CaCl,. 1 5 m M  MgCI,. 10 tnM Yepes, and '0 rnM 
gl~.cose ~p ' i  7.4) Odor s t i ~ r i ~ r l ~  were del~vered with 
tile SF77 Fast Perius~ol- system ('Narier I ist lu- 
melts),  a lowng precse coicentrations to ce ap- 
plied for steps of vario~.s duratois,  

19 Five anmas were i fec ted w~'ti vlrus contannc 01-y 
t l ie/zcZgeie I eacli anma  the EOG electrode was 
pos,t;otied n several areas over the epittheum Aier  
recordng, tthe ep t l i ea  vvere reacted w ~ t h  X-cal and 
' 8  electrode posltlons vvere determned to liave 
been vv~ t l i ~ i  a eas of l i~ql i  nfect~on Respoises to 

octana a; ;those pos1;Ions were not d~fferent from 
those of unn'ected armals. 

20. T, Sato, J 'irono, ivl, Ton~oke. M. take bay as ti^, 
J i\leuropl~ysio/. 72. 2980 (1 994) K ivlor and Y 
Yoshhara. Frog i\leuiobro/ 45, 585 11 995) 

21. K Ramit-g e: a/.. tl!atilre 361. 353 (' 993). 
22 P Seng~,pta, J. P. Cthou. C I Barcmann. Cell 84, 

899 11996): Y, Ztial-g. J P. Cliou J, Bradley. C. I. 
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12'62 11997'1 
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Frameshift Mutants of P Amyloid 
Precursor Protein and U biquitin-B 
in Alzheimer's and Down Patients 

Fred W. van Leeuwen," Dominique P. V. de Kleijn, 
Helma H. van den Hurk, Andrea Neubauer, 

Marc A. F. Sonnemans, Jacqueline A. Sluijs, Soner Koycu, 
Ravindra D. J. Ramdjielal, Ahmad Salehi, Gerard J. M. Martens, 

Frank G. Grosveld, J. Peter H. Burbach, Elly M. Hol 

The cerebral cortex of Alzheimer's and Down syndrome patients is characterized by the 
presence of protein deposits in neurofibrillary tangles, neuritic plaques, and neuropil 
threads. These structures were shown to contain forms of p amyloid precursor protein 
and ubiquitin-B that are aberrant ( + I  proteins) in the carboxyl terminus. The + I  proteins 
were not found in young control patients, whereas the presence of ubiquitin-B" in 
elderly control patients may indicate early stages of neurodegeneration. The two species 
of + I  proteins displayed cellular colocalization, suggesting a common origin, operating 
at the transcriptional level or by posttranscriptional editing of RNA. This type of transcript 
mutation is likely an important factor in the widely occurring nonfamilial early- and 
late-onset forms of Alzheimer's disease. 

I n  Alzheimer's iiisease ( A D )  a n ~ l  Dc>\vn 
synilrome (DS)  patients, intraccllular anil 
extracellular Jeposits of proteins in tangles, 
neuropil threa~ls,  anil neuritic plaijrles are 
ci>rrelateil ~ v i t h  neuronal i lvsf~~nctinn lead- 
ing to dementia (1 ) .  In  particular, the  fa- 
milla1 types o t  AD have been investigate~l 
thornughly anil are ilue to mutations in  
genes located o n  chri>mi~si>me~ 1. 14, and 
21, anil the  apnlipal>rotein E genotype 
(cl~romi>some 19)  is a risk tactor (2 ) .  Ho\\-- 
ever, a t  least 6Cob i>t A D  patlents do not  
ha\-e a family history of the disease (3) .  For 

F W van Leeu3.den. D. P Lf, de Kle~jn, A Neubauer, 
M A F. Sonnemans J. A. SILIIJ~. S. Koycu, R. D. J. 
Ralndj~elal A. Saleh E M. 901. Graduate Sclioo for 
Neurosc~ences A~nsterdam, Netherlands lnst~tute ;or 

these frequently occurring, sporadic cases, a 
more general mechanism must exist, ulti- 
mately leading to neuronal ilegeneratii>n. 

A/lessenger R N A  editing is a means of 
pri>ducing phenotypic variability ( 4 ) .  More- 
over, \\,e ha\-e identified ani>ther type of 
mutation in 1-asopre;sin transcripts (5). Ho- 
mozygous Brattlehoro rats have a single base 
deletion in the \.asopressin gene, and neiv- 
horn rats ilo not  have a functional vasopres- 
sin lnRNA and protein. Surl~rislngly, f ~ ~ n c -  
tional R N A  anil protein are found in a 
small but increasillg propi>rtion of hypotha- 
lamic cells as the animals age (6) .  This 
apparent reversion is due to a ilinuclei>tiJe 
deletion (AG?i) ~ v ~ t h i n  GAGAG motifs 
of the  mutant  R N A  (5).  Thus,  genetic 
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AD.  T h e  genes cncoilillg P amyloid pre- 
cursor protell1 ( P A P P )  and ubiquitin-B 
(Vbi-B) protein ( I .  7) each con tam sev- 
eral GAGAG motifs. 

In  PAPP mRN.4, seven G A G A G  motlfs 
are present in  regions correspondl~~g ti> eu- 
ons 4, 6, 9, l C ,  and 14. Because three motifs 
arc chlstercd in cxons 9 and 10, this part of 
the transcript, encoding a putative gro~vtli- 
promoting di>rnain ( B ) ,  was selected for the 
iletection of a + 1 frameshift 1nutatio11 re- 
sulting 111 truncated PAPP (PAPPf  ') with 
a novel COOH-terminus (Fig. 1A) .  I n  two 
of the three repeats of Ubi-B mRN.4, a 
single GAGAG motif is present (Fig. 1'4). 
T h e  predicted + 1 frameshift results in a n  
aberrant COOH-terminus of Ubi-B of the  
first or second repeat (Ubi -Bt ' ) .  As a re- 
sult, the glycine moiety essential for mul- 
tiubiqultylatii>n (9 )  would be lacking. T o  
examine the  occurrence of the preiiicted 
+ 1 proteins, \\,e generated antibodies to the 
novel COOH-termini of PAPP-'  and Ubi- 
B-' anL] used then1 ti> evaluate the presence 
of the  abnormal proteins in tissue sections 
of cerebral cortex from A D ,  DS, and con- 
trol patients by immunocytocliemistry (1 0) 
and immunoblot analysis ( I  I ) and to assess 
reailing frame mutations by selecting c D N A  
clones expressing + 1 immunoreactivity 

Immuni>reacti\~ity for PAPP-'  and Ubi- 
R-' was nrominent in  early- and late-onset 
A D  cases and even more pri>minent in DS 
natients comnared with controls lnatched 
for age, sex, postmortem ilelay, and duration 
of fixation 11  2 )  (Fie. 2 and Table 1 ) .  W h e n  , , ,, 

the  three brain areas studied were taken 
together, PAPP-I immuni>reactive struc- 
tures were present in  7196 and Ubi-B-' 
immuni>reactive structures 111 10C?b of the  
A D  patients (12) .  In young contri>ls and 
one nondemented DS patient devold of 
neuro~-'"tl'"l"gv~roatllogy in the  frontal and temporal 
cortices and hippocampus, n o  Ubi-B" im- 
munoreacti\,lty was founJ (1 2 ) .  W h e n  Vbi- 
B" i~nm~~noreac t iv i ty  was to~ lnd  in  elderly. 
nondemented contri>ls 1 >72 years), their , , ,  

neuri>patholog~cal diagnosis revealed the  
presence of some plaques and tangles (12).  
Furthermore, no PAPP" and Ubl-B+' im- 
munoreactivities were found in the substan- 




