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Mice Deficient in Golf Are Anosmic

membrane potential in the olfactory cilia? In vertebrates,Leonardo Belluscio,* Geoffrey H. Gold,†
many odors elicit an increase in the intracellular secondAdrianna Nemes,* and Richard Axel*‡

messenger cAMP, presumably as a consequence of the*Department of Biochemistry and Molecular
interaction of odorous ligands with putative seven trans-Biophysics
membrane domain receptors that reside on the ciliaryand Howard Hughes Medical Institute
membranes (Pace et al., 1985; Sklar et al., 1986; BreerCollege of Physicians and Surgeons
et al., 1990). In rodents, these receptors are encodedColumbia University
by a family of z1000 distinct receptor genes (Buck andNew York, New York 10032
Axel, 1991; Levy et al., 1991; Parmentier et al., 1992;†Monell Chemical Senses Center
Ben-Arie et al., 1994), such that a given neuron ex-Philadelphia, Pennsylvania 19104
presses only one receptor (Buck, 1992; Chess et al.,
1994; C. Dulac, R.A., unpublished data). Receptor occu-
pancy is thought to activate a Gas homolog, Golf, ex-Summary
pressed at high levels in olfactory cilia (Jones and Reed,
1989). Activated Golf is thought to stimulate the mem-We have used gene targeting to examine the role of
brane-bound adenylate cyclase type III (Bakalyar andthe Ga subunit, Golf, in olfactory signal transduction.
Reed, 1990). Elevations in cAMP then locally activate aMice homozygous for a null mutation in Golf show a
cyclic nucleotide–gated (CNG) cation channel presentstriking reduction in the electrophysiological response
in ciliary membranes, providing a mechanism for rapidof primary olfactory sensory neurons to a wide variety
electrical signaling (Nakamura and Gold, 1987; Kura-of odors. Despite this profound diminution in response
hashi, 1989; Firestein et al., 1991; Frings and Lindemann,to odors, the topographic map of primary sensory pro-
1991; Lowe and Gold, 1993a). In this manner, exposurejections to the olfactory bulb remains unaltered in Golf
of sensory neurons to odors results in the generationmutants. Greater than 75% of the Golf mutant mice are
of transient depolarizing currents that are then transmit-unable to nurse and die within 2 days after birth. Rare
ted to the brain. Recent gene targeting experimentssurviving homozygotes mate and are fertile, but mu-
reveal an obligate requirement for the CNG channel (Bru-tant females exhibit inadequate maternal behaviors.
net et al., 1996), but the role of Golf in olfactory signalSurviving homozygous mutant mice also exhibit hy-
transduction has not been experimentally examined. Ol-peractive behaviors. These behavioral phenotypes,
factory sensory neurons express at least two Gas homo-taken together with the patterns of Golf expression,
logs, Gs and Golf, each capable of activating adenylatesuggest that Golf is required for olfactory signal trans-
cyclase (Jonesand Reed,1987, 1989). Although Golf is farductionand may also function as anessential signaling
more abundant than Gs in the adult olfactory epithelium,molecule more centrally in the brain.
either molecule could contribute to odor-evoked signal-
ing (Jones et al., 1990).Introduction

Discrimination among odors then requires that the
brain determine which of the numerous receptors have

Sensory neurons respond to environmental stimuli and
been activated by a given olfactory stimulus. Since indi-

transmit these signals to the brain, where they are pro-
vidual olfactory neurons express only one of the 1000

cessed to allow for the discrimination of complex sen-
receptor genes, the problem of determining which recep-

sory information. The delineation of the peripheral mech-
tors have been activated can be reduced to a problem

anisms by which environmental stimuli are transduced of distinguishing which neurons have been activated.
into neural information can provide insight into the logic

Recent molecular and genetic experiments indicate that
of sensory processing. Olfaction is the primary sensory

neurons expressing a given receptor, and therefore re-
modality by which many organisms communicate with

sponsive to a given odor, project with precision to only
their environment. The initial events in the detection of two of 1800 glomeruli in the mouse olfactory bulb (Re-
odors result from the association of odorous ligands ssler et al., 1994a; Vassar et al., 1994; Mombaerts et al.,
with specific receptors on the cilia of olfactory neurons. 1996). Since the positions of individual glomeruli are
The cilia are not only the site of odor binding but are topographically fixed in all individuals in a species, the
also the site of signal transduction, such that odor rec- bulb maintains a two-dimensional map of receptor acti-
ognition is translated into alterations in the membrane vation such that the quality of an olfactory stimulus is
potential of olfactory sensory neurons. In vertebrates, encoded by the spatially defined patterns of glomerular
odor binding results in an inwardly depolarizing current activity in the olfactory bulb (Stewart et al., 1979; Lancet
that ultimately triggers action potentials that travel along et al., 1982; Kauer et al., 1987; Imamura et al., 1992; Mori
the sensory axon to the olfactory bulb (Kurahashi, 1989; et al., 1992; Katoh et al., 1993; Friedrich and Korsching,
Firestein and Werblin, 1989; Lowe and Gold, 1991). In 1997; Joerges et al., 1997).
this manner, odor binding in the periphery is translated In this study, we have used gene targeting to examine
into neural information in the brain. the role of the Ga subunit Golf in olfactory sensory trans-

How is odor binding translated into alterations in duction. Mice homozygous for a null mutation in Golf

show a striking reduction in the electrophysiological re-
sponse of the primary olfactory sensory neurons to a‡To whom correspondence should be addressed.
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Figure 1. Targeted Disruption of the Golf Gene

(A) Schematic representation of the Golf tar-
geting strategy. Homologous recombination
between the wild-type Golf gene (top) and the
targeting vector (bottom) results in the re-
placement of a 1.65 kb region of the Golf gene
containing the first four exons with a 1.7 kb
pgk-neo cassette. The proposed translational
start site is marked by ATG. The exon struc-
ture is based on sequence homology with the
rat and mouse Golf genes. Coding exons are
shown as white boxes and the proposed 59-
nontranslated region is shown in black. The
arrows define transcriptional orientation. H,
HindIII; N, NcoI; D, NdeI; P, PacI; S, SacI.
(B) Southern blot analysis.
(Left) Wild-type (1/1) ES-cell DNA and DNA
from a homologous recombinant (1/2) di-
gested with HindIII and hybridized with Probe
1. The new 10 kb band in 1/2 cells reflects
integration of the neor gene at the Golf locus.
(Center) Tail DNA from littermates from a
cross between F1 Golf heterozygotes was
digested with HindIII and hybridized with
Probe 1.
(Right) Tail DNA from an F1 cross-digested
with NcoI and hybridized with Probe 2.

wide variety of odors. Moreover, mutant mice fail to feed, Golf homozygotes fail to thrive. At birth, the offspring
from crosses between F1 heterozygotes were grosslyand most die shortly after birth. Despite the profound

diminution in theelectrophysiological response toodors, indistinguishable. However, 2 days after birth, .75% of
the Golf homozygotes died without milk in their stom-the topographic map of sensory projections is unaltered

in Golf mutant animals. We also note that rare surviving achs, presumably as a consequence of the inability to
suckle. About 1%–5% of the homozygous mutant micehomozygous mutants exhibit hyperactive locomotor be-

havior. These data demonstrate that Golf is not only re- ultimately begin to feed, but by 1 week these homozy-
gotes show a 30% reduction in body weight and remainquired in olfactory sensory transduction but may func-

tion in neurons in the central nervous system (CNS). at a competitive disadvantage for feeding when com-
pared with their heterozygous and wild-type littermates.
Trimming the litter enhances the survival of homozygousResults
mutant animals (see Experimental Procedures). At 3
weeks, when wild-type and heterozygous animals weanThe Phenotype of Golf-Deficient Mice

The mouse Golf gene shares 80% amino acid identity from the mother, homozygous mutants continue to
nurse. If nursing persists, z5% of the homozygous mu-with the mouse gene encoding Gs. Gs is encoded by 12

exons, and mutational analysis has demonstrated that tant animals will survive to sexual maturity. Preliminary
studies reveal that surviving male and female homozy-the first four exons play a critical role in coordinating

nucleotide binding, GTPase activity, and the interaction gotes mate and are fertile. However, all pups born to
homozygous Golf mutant females die due to inadequatewith effector enzymes (Masters et al., 1986, 1990; Miller

et al., 1988; Conklin et al., 1996). Deletion of the region maternal behavior. Mutant mothers fail to nest or crouch
over their pups in a typical nursing manner and neitherof the Golf gene containing thesefour exons should there-

fore result in a null allele. Homologous recombination collect nor retrieve them when they are scattered. This
behavior has been observed for four litters from threewas therefore performed with a targeting vector in which

the first four exons of the Golf gene are replaced with different mothers. As a consequence of these defects
in maternal behavior, all pups die without milk in theirthe neomycin-resistance gene (neor) such that the neor

gene is transcribed in an orientation opposite that of stomachs by postnatal day 2 (P2). Nursing and moth-
ering behavior is mediated, at least in part, by the mainGolf (Figure 1A). Southern blot analysis identified only one

homologous recombinant in 300 neor colonies obtained olfactory system, suggesting that olfaction is impaired
in Golf mutant mice (Teicher et al., 1980; Levy et al., 1991;with the Golf targeting vector. A single targeted ES colony

was expanded and used to generate several chimeric Calamandrei et al., 1992; Mayer and Rosenblatt, 1993;
Coppola et al., 1994; Romeyer et al., 1994; Griffith andmice, which transmitted the mutation through the germ-

line, permitting the generation of mice with a homozy- Williams, 1996; Brunet at al., 1996). At z5 weeks of
age, surviving homozygous mutant mice begin toexhibitgous deficiency in the Golf gene (Figure 1B).
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Figure 2. Patterns of Gene Expression in
Wild-Type and Golf Mutant Mice

(A) Expression of RNAencoding olfactory sig-
nal transduction components in wild-type
and Golf mutant mice. In situ hybridization was
performed on 15 mm coronal sections of
mouse olfactory epithelium from 5-day-old
mice using digoxigenin–labeled anti-sense
RNA probes. All panels used alkaline phos-
phatase–conjugated anti-digoxigenin anti-
body to visualize positive signals shown in
dark purple.
(a–e) Adjacent sections derived from wild-
type mice.
(f–j) Ajacent sections derived from Golf mutant
animals. Probes used: ([a] and [f]) OMP; ([b]
and [g]) Golf; ([c] and [d]) Gs; ([d] and [i]) CNG,
a-subunit of olfactory cyclic nucleotide–
gated channel; and ([e] and [j]) adenylate cy-
clase type III. Scale bar, 100 mm.
(B) Immunolocalization of Golf and adenylate
cyclase III in wild-type and Golf mutant mice.
Specific primary antibody was applied to 15
mm coronal head sections through the main
olfactory epithelium olfactory bulb and upper
jaw. The signal was visualized using Cy2-con-
jugated secondary antibody.
(a and e) Antibody to Golf/Gs applied to olfac-
tory epithelium.
(b and f) Antibody to adenylate cyclase
applied to olfactory epithelium.
(c and g) Antibody to Golf/Gs applied to olfac-
tory bulb.
(d and h) Antibody to Golf/Gs applied to jaw
shows a developing tooth.
Arrows denote olfactory cilia; arrowheads

denote glomeruli; asterisk denotes axon bundles in the olfactory epithelium and the outer nerve layer of the bulb; X denotes odontoblast layer
of the developing tooth. Scale bar, 50 mm for (a), (b), (d), (e), (f), and (h); 150 mm for (c) and (g).

hyperactive locomotor behaviors (see below and Figure and 2Af) and the Golf homolog Gs (Figures 2Ac and 2Ah)
are indistinguishable in wild-type and Golf mutants.7). These behavioral phenotypes suggest that Golf may

be an essential signal transduction component not only Immunocytochemistry with antibodies reactive against
both Golf and Gs reveals intense staining in the cilia alongin olfactory sensory neurons but more centrally in the

brain as well. the axon tracts as well as in the glomeruli in the olfactory
bulb of wild-type animals (Figures 2Ba and 2Bc). A sig-
nificant reduction in Golf/Gs staining is observed in GolfExpression of Olfactory Components

in Wild-Type and Mutant Mice mutant animals, consistent with the observation that Golf

is the predominant Gas subtype in olfactory sensoryIn initial experiments, we characterized the molecular
anatomy and electrophysiology of the olfactory sensory neurons (Jones, 1990; Figures 2Be and 2Bg). Control

immunohistochemistry with an antibody specific for ad-epithelium. We have used in situ hybridization to Golf

RNA along with immunocytochemistry to document the enylate cyclase type III (Figures 2Bb and 2Bf) reveals
identical patterns of expression in both the cell bodyabsence of Golf in mutant animals (Figure 2). In wild-type

animals, in situ hybridization with digoxigenin-labeled and cilia of wild-type and mutant animals. Finally, the
gross and microscopic anatomy of the olfactory epithe-Golf probes reveals high levels of expression in olfactory

sensory neurons (Figure 2Ab). In contrast, no hybridiza- lium appears normal in Golf mutant animals (data not
shown).tion is observed in mutant animals homozygous for the

Golf deficiency (Figure 2Ag). The RNA probe used in these We have also performed in situ hybridization with pu-
tative olfactory receptor genes to ask whether the pat-hybridization experiments includes the entire Golf coding

region, suggesting that the mutant allele expresses no tern of expression of olfactory receptors is altered in
mutant mice. Individual olfactory neurons are thoughtGolf RNA despite the fact that we have deleted only the

first four exons. Control in situ hybridizations with two to express only one of the 1000 receptor genes (Buck,
1992; Chess et al., 1994; C. Dulac, personal communica-other components of the presumed olfactory signal

transduction cascade, the CNG channel (Figures 2Ad tion). Each olfactory receptor is expressed in a small
subpopulation of neurons in one of four broad zones inand 2Ai), and adenylate cyclase type III (Figures 2Ae

and 2Aj), reveal identical patterns of expression in wild- the olfactory epithelium (Ressler et al., 1993; Vassar et
al., 1993). The receptor genes M50, P2, and M12 aretype and Golf mutants. Moreover, the patterns of expres-

sion of the olfactory marker protein (OMP) (Figures 2Aa expressed by neurons in zones I, III, and IV, respectively.



Neuron
72

Figure 3. Patterns of Olfactory Receptor Ex-
pression in Wild-Type and Golf Mutant Mice

In situ hybridization was performed on 15 mm
coronal sections from wild-type ([A], [C], and
[E]) and mutant ([B], [D], and [F]) mice z5
days old. Coronal sections (15 mm) were hy-
bridized with digoxigenin–labeled receptor
RNA probes. Alkaline phosphatase–conju-
gated anti-digoxigenin antibody was used to
visualize dark purple positive signals.
(A and B) M50 receptor in zone I.
(C and D) P2 receptor expressed in zone III.
(E and F) M12 receptor expressed in zone IV.
Wild-type and mutant animals reveal little dif-
ference in the zonal expression patterns of
these receptor genes. Since animals are not
littermates, their age may differ by as much
as 12 hr, accounting for the variability in num-
ber of positive cells. Scale bar, 500 mm.

In situ hybridization with RNA probes for these three 1997), the prolonged response kinetics suggest that the
small currents in the Golf mutant mice do not allow suffi-receptors reveals a zonal pattern of receptor expression

that is essentally indistinguishable in wild-type and Golf cient Ca21 entry to desensitize the channel.
The reduction in EOG response is even more pro-mutant animals (Figure 3). Taken together, these data

demonstrate that the organization of the olfactory sen- nounced in mutant animals that survive beyond 3 weeks
(Figure 4B). In these older animals, the amplitude of thesory epithelium and the expression of a set of olfactory-

specific genes thought to be involved in olfactory signal EOG is ,2.5% of that observed for wild-type mice. In
addition, the response latency in Golf-deficient mice rela-transduction are not likely to be perturbed in Golf mutant

animals. tive to wild-type littermates increases from 36 ms at P1
to 49 ms at P21 (Figure 4C). Similar differences in the
EOG response are independent of the position of theOdor-Evoked Response Is Deficient in Golf Mutants

We next characterized the electrophysiological response electrode. One odor, triethylamine, elicits a rapidly rising
positive potential that is observed in mutant mice. Ato odors in wild-type and Golf mutant mice. In order to

discern whether odor-evoked potentials are mediated similar response is apparent with this odor in mice defi-
cient in the CNG channel (Brunet et al., 1996). This posi-by Golf, we performed electro-olfactogram (EOG) re-

cordings that measure the extracellular field potential tive response is thought to reflect an odor-evoked secre-
tory mechanism in nonneuronal support cells, whichelicited by odors across a local area of sensory cells in

the olfactory epithelium (Figure 4). This field potential is is typically masked in wild-type EOGs by the negative
neuronal component (Okano and Takagi, 1974).generated by the extracellular current resulting from the

inward current across the ciliary membrane and the out- It is possible that the diminution in the amplitude of
the EOG in response to odors in mutant mice does notward current across the ciliary and somatic membranes

(Ottoson, 1956; Takagi et al., 1968; Lowe and Gold, reflect the direct involvement of Golf in an odor-evoked
signal transduction cascade. The absence of Golf, for1991). The EOG recordings from wild-type neonatal mice

demonstrate that each of seven structurally distinct example, may result in nonspecific alterations in the
electrophysiological properties of the membrane of sen-odors elicits a transient negative potential with maximal

responses of 4 mV (Figure 4A). In neonatal Golf mutants, sory neurons. Increases in the resting potential of mutant
neurons toward more positive potentials, for example,the magnitude of the EOG response observed with each

of the odors is reduced 70%–80% when compared with would diminish odor responsivity independent of whether
Golf was directly involved in the odor-evoked signalwild-type animals (Figure 4A). Moreover, the EOG re-

sponses in Golf mutants are markedly slowed and pro- transduction cascade. Cell-attached patch-clamp re-
cordings performed on individual olfactory neurons inlonged, suggesting an impairment in adaptation. The

wild-type and mutant responses reach peak amplitude tissue slices, however, reveal that the rate of spontane-
ous spike generation is similar in mutant and wild-typeto odors at about 0.7 and 1.5 s, respectively, after the

initiation of the response. Since adaptation in olfactory mice (Figure 4D). Since the threshold for a spike genera-
tion lies close to the resting membrane potential, wereceptor cells is mediated by Ca21 influx that results in

desensitization of the cyclic nucleotide–gated channel infer from these data that the resting potential of olfac-
tory sensory cells is similar in mutantand wild-type cells.(Kurahashi and Shibuya, 1990; Kurahashi and Menini,
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Figure 4. Electro-Olfactogram (EOG) Record-
ings from Olfactory Epithelium of Wild-Type
and Golf Mutant Mice

(A) EOG responses in a newborn wild-type
(1/1) and Golf mutant (2/2) littermates. The
traces of responses in mutant mice have been
plotted at twice the gain of the wild-type trace
to make the responses in mutants more
readily visible. 2-Hexylpyridine, isomenthone,
and citralva elevate cAMP levels (Sklar et al.,
1986; Breer and Boekhoff, 1991), whereas lil-
ial, triethylamine, isovaleric acid, and pyra-
zine elevate IP3 (Boekhoff at al., 1990; Breer
and Boekhoff, 1991).
(B) EOG responses in 3-week-old wild-type
and Golf mutant littermates. The traces of the
mutant have been plotted at four times the
gain of wild type to make the responses more
readily visible.
(C) Latency of responses in wild-type and Golf

mutant mice. Trace 1 is from a newborn wild
type, trace 2 is from a newborn mutant, and
trace 3 is from a 3-week-old mutant. Latency
was defined by fitting the intercept between
the baseline and a straight line fitted to the
initial slope of the responses. The odorant
was 2-hexylpyridine for all three traces.
(D) Comparison between the basal spike
rates in newborn wild-type (n 5 4) and mutant
(n 5 3) mice. The means were not significantly
different (P 5 0.4). Error bars, SEM.
(E) Responses of newborn wild-type and mu-
tant littermates to a train of odorant pulses
consisting of 0.2 s odorant followed by 0.3 s
odorant off. The trace in mutants is plotted
at four times the gain of the wild-type trace
to make the response more readily visible.
The spikes in the mutant trace are capacita-
tive artifacts that occur upon valve actuation.
The odorant was 2-hexylpyridine for both
traces.

Moreover, the time course of individual action potentials clean air) to generate an artificial sniff frequency of 2 Hz
(Figure 4E). Responses recorded in wild-type epitheliais the same in Golf mutant and wild-type littermates,

suggesting that the voltage-dependent properties of the reveal fluctuations in EOG of 0.28 mV at the 2 Hz sniff
frequency, which should result in a burst of spikes inmutant olfactory neuron membranes are not nonspecifi-

cally altered as a consequence of a deficiency in Golf. the sensory afferent. In contrast, in Golf mutant mice,
there was a slow rise in the EOG response with fluctua-Most Golf mutant mice fail to suckle, dying within 3

days of birth despite their having measurable EOG data tions of only 14 mV at the 2 Hzsniff frequency,a response
unlikely to elicit synchronous bursting of sensory neu-(Figure 4A). If the failure to suckle indeed reflects func-

tional anosmia, this could be a function of the 75% rons. If a burst of spikes is indeed important for the
perception of odors, then the slow response kineticsreduction in the peak amplitude of the EOG response

observed in newborn mutant animals or a consequence of Golf mutant mice may preclude bursting at the sniff
frequency, resulting in functional anosmia. Irrespectiveof the slow kinetics of the EOG response observed in

Golf mutants (Figure 4C). Recordings from either olfac- of mechanism, these results indicate that Golf plays an
essential role in the signaling cascade activated bytory bulb or pyriform cortex demonstrate a burst of

spikes synchronized with sniffing(Di and Freeman, 1985; odors on olfactory sensory neurons, and this deficiency
in Golf is likely to result in a functional anosmia.Bressler, 1988; Wellis and Scott, 1990; Vanderwolf, 1992).

The bursting of postsynaptic cells in synchrony with
sniffing is likely to be a consequence of potential fluctua-
tions in the sensory afferents that also coincide with Sensory Axon Targeting in Golf Mutant Mice

Neurons expressing a given receptor, although ran-sniffing. If, however, the Golf mutant mice reveal slow
response kinetics, it may not be possible for sensory domly distributed within a given zone in the olfactory

epithelium, project their axons to a single medial and aneurons in mutant animals to exhibit fluctuations in the
membrane potential at the sniff frequency. To test this single lateral glomerulus within the olfactory bulb (Re-

ssler et al., 1994a; Vassar et al., 1994; Mombaerts ethypothesis, we recorded the EOG responses to a train
of odor pulses (200 ms of odor followed by 300 ms of al., 1996). Moreover, the position of these glomeruli is
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Figure 5. Convergence of P2 Axons in Wild-
Type and Golf Mutant Mice

(A and B) Whole-mount view of nasal cavity
and the medial aspect of the olfactory bulb in
newborn mice. P2–IRES–tau–lacZ (1/2) mice
either wild-type (A) or mutant (B) for Golf were
stained with X-Gal to reveal P2-expressing
olfactory neurons in the epithelium and the
convergence of P2 axons in the olfactory
bulb. Both wild-type and Golf mutant mice re-
veal convergence of P2 neurons in the bulb.
(C and D) Coronal sections (15 mm) of new-
born mice through the turbinates and olfac-
tory bulb. P2–IRES–tau–lacZ (1/2) mice ei-
ther wild-type (C) or mutant (D) for Golf stained
with X-Gal revealing P2 axons converging
upon a single glomerulus in wild-type and
mutant littermates.

topographically fixed in all mice examined. Recent ex- in diverse brain regions (Drinnan et al., 1991; Herve et
al., 1993). In accord with these studies, we observe highperiments suggest that the odorant receptors them-

selves play an instructive role in guiding axons to their levels of Golf RNA in the basal ganglia, including the
caudate, putamen, and nucleus accumbens (Herve etappropriate location within the olfactory bulb (Mom-

baerts et al., 1996; Wang et al., personal communica- al., 1993; Figure 6A) with lower levels in the globus pal-
lidus and substantia nigra (data not shown). Golf is alsotion). We therefore asked whether the function of the

odorant receptors in the guidance process is mediated highly expressed in the olfactory tubercle, the dentate
gyrus, the CA3 region of the hippocampus, and the Pur-by Golf. The presence of Golf in sensory axons as well

as in glomeruli suggests a possible role for Golf in the kinje cells of the cerebellum (Figure 6A). Although most
brain regions that express Golf also express even highertransduction of guidance information (Figure 2Bc). To

this end, we have examined the establishment of a topo- levels of the homolog Gas, in situ hybridization reveals
high levels of Golf expression in the striatum with littlegraphic map in homozygous Golf-deficient mice. In previ-

ous experiments, we developed a genetic approach to or no Gas detected (Figures 6Ba–6Bh). As expected, no
Golf RNA is detectable in the brain by in situ hybridizationvisualize axons from specific olfactory neurons as they

project to the bulb (Mombaerts et al., 1996). Briefly, in homozygous mutant mice (Figures 6Bi–6Bl). More-
over, the levels of Gs RNA are largely unaltered as awe have modified the P2 receptor gene by targeted

mutagenesis in the germline of mice. The P2 locus now consequence of the Golf deficiency (Figures 6Bm–6Bp).
In order to discern the function of Golf in these brainencodes a bicistronic mRNA by virtue of an internal

ribosome entry site (IRES) that allows the translation of regions, we have examined the consequences of Golf

mutation on locomotion by measuring the level of motorthe P2 receptor, along with tau–lacZ, a fusion of the
microtubule-associated protein tau with b-galactosi- activity in an open field test in both mutant and wild-

type mice. Measurements of mean path length traveleddase. In these strains of mice, olfactory neurons that
transcribe the P2 gene also express tau–lacZ in their during a 1 hr test session in the light phase demon-

strated significant hyperactivity in mutant mice. Theaxons, permitting the direct visualization of the pattern
of projections to the brain (Figure 5). In these genetically mean path length for Golf-deficient mice was over 5 times

greater than for wild-type mice (Figure 7). Moreover,altered mice, the dendrites, cell bodies, and axons of
P2 neurons exhibit a blue color after staining with X-Gal. whereas habituation is observed by 15 min in wild-type

mice, no habituation was observed over the 1 hr testThe blue axons are readily visualized as they emerge
from the epithelium and pass through the cribriform period in the mutants (data not shown). These data dem-

onstrate that mice with a homozygous deficiency in Golfplate to the olfactory bulb, where they converge on a
single glomerulus on both the medial and lateral aspect exhibit hyperactive behavior. Thus, the expression of

Golf in olfactory sensory neurons as well as in discreteof the olfactory bulb. Moreover, the position of these
glomeruli are relatively constant in all mice examined. brain regions, taken together with the behavior of Golf

mutant mice, suggest that Golf may play a central roleA similar pattern of P2–IRES–tau–lacZ expression is ob-
served in the olfactory epithelium with convergence of not only in olfactory signaling events but in signal trans-

duction in the CNS as well.the blue fibers to a topographically fixed locus, when
the P2–IRES–tau–lacZ allele is crossed into strains bear-
ing the deficiency in Golf (Figure 5). Thus, Golf expression Discussion
does not appear to be essential for the generation of a
precise topographic map in the olfactory bulb. The initial event in the detection of odors is thought to

require the interaction of odor molecules with seven
transmembrane receptors on the cilia of olfactory sen-Golf Expression in the Brain

Previous studies have demonstrated that Golf is not re- sory neurons. Our data indicate that the efficient trans-
duction of odor binding into alterations in membranestricted to olfactory sensory neurons but is expressed
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Figure 6. Golf Expression in the Brain

(A) Golf RNA in basal ganglia and cerebellum. In situ hybridization was performed using 33P-UTP–labeled Golf RNA probes on 15 mm sections
from wild-type mice. Panels are photographed in dark field such that white silver grains depict positive signals.
(Left) Sagittal section of adult mouse brain reveals Golf expression in several brain regions, with highest levels in the striatum (S), nucleus
accumbens (NA), olfactory tubercle (OT), hippocampus (dentate gyrus and CA3 region), and cerebellum. High levels were also detected in
the thalamus, pontine nuclei, and frontal cortex.
(Right) High power view of the cerebellar region in the left panel shows Golf expression in Purkinje cells.
(B) Comparison of RNA expression pattern for Golf and Gs in the brain of wild-type and Golf mutant mice. In situ hybridization was performed
using 33P-UTP–labeled RNA probes on 15 mm sections from 4-week-old wild-type and Golf mutant mice. After hybridization, slides were exposed
to Hyperfilm (Amersham), producing dark grains in regions positive for Golf probe.
(a–d) Wild-type mouse brain sections hybridized with Golf probe.
(e–h) Wild-type brain sections hybridized with Gs probe.
(i–l) Golf mutant mice hybridized with Golf probe.
(m–p) Golf mutant mice hybridized with Gs probe.
(a and e) Isolated olfactory bulb.
(a, e, i, and m) Coronal section through anterior head reveals olfactory bulb.
(b, f, j, and n) Coronal section through striatum.
(c, g, k, and o) Lateral sagittal section through brain.
(d, h, l, and p) Medial sagittal section through brain. No hybridization to Golf RNA is detected in Golf mutant mice, whereas Gs expression is
largely unaltered.

potential requires the activation of Golf (Figure 4). Acti- al., 1989). Moreover, there is a strong correlation be-
tween the extent of cAMP elevation in response to avated Golf can then associate with adenylate cyclase,

elevating intracellular cAMP, which in turn opens a cyclic given odor and the magnitude of the observed EOG
response (Lowe et al., 1989). Finally, mice lacking eithernucleotide–gated cation channel. In support of this mech-

anism, most odors elicit elevations in cAMP (Lowe et Golf or the CNG cation channel exhibit dramatic reduc-
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suggest that if an elevation in IP3 indeed mediates odor-
evoked currents, these currents require both the activa-
tion of Golf and the CNG channel. Although cAMP-medi-
ated inward currents are readily observed in olfactory
cilia, an IP3-gated current has not yet been demon-
strated in mammalian olfactory membranes (Firestein et
al., 1991; Lowe and Gold, 1993a; Kleene et al., 1994;
Nakamura et al., 1996). Moreover, if one subset of odors
signals through an IP3-mediated second-messenger path-
way and a second subset elevates intracellular cAMP,
then Golf must couple to distinct effectors (adenylate
cyclase or phospholipase C) in response to different
odors.

Figure 7. Basal Locomotor Activity in Golf Mutant and Wild-Type Evidence for two distinct pathways of signal transduc-
Mice

tion in two different chemosensory cells has emerged
An open field test was conducted on wild-type (white bar) and Golf from behavioral genetic experiments in the nematodemutant (black bar) mice. Values represent mean 6 SEM path length

C. elegans. The recognition of volatile chemoattractantstraveled (cm) in a 1 hr test session during the light phase. Wild-type
in C.elegans is accomplishedby twopairs of chemosen-mice, 8037.88 cm (SEM 5 1077.47); Golf mutant mice, 43687.66 cm

(SEM 5 9104.45). P value 5 0.0081. sory cells, AWA and AWC (Bargmann et al., 1993). A
single G protein, ODR-3, is thought to couple with the
seven transmembrane domain receptors and is required

tions in the electrophysiological response to all odors in olfactory neurons that signal through different cation
tested and reveal behavioralphenotypes consistentwith channels (Roayaie et al., 1998 [this issue of Neuron]).
the inability to smell (Brunet et al., 1996). Chemosensory responses in the AWC neurons require

Most Golf-deficient mice die from starvation within a a cyclic nucleotide–gated channel (TAX-2 and TAX-4),
few days after birth, due to an inability to suckle. EOG whereas chemoattraction mediated by AWA neurons
recordings in neonatal Golf mutants reveal a 75% reduc- requires a structurally distinct cation channel (OSM-9)
tion in the magnitude of the response to a wide variety (Coburn and Bargmann, 1996; Colbert et al., 1997). It is
of different odors when compared to heterozygous or not yet clear whether these two distinct channels are
wild-type littermates (Figure 4A). EOG recordings on rare activated by different second messengers, but a single
survivors at 3 weeks of age show even more profound G protein, ODR-3, is capable of regulating different ion
decreases in response to odors (Figure 4B). One expla- channels in different neurons, each eliciting a similar
nation for the increasing severity of this deficiency with behavioral response to odors (Roayaie et al., 1998).
age is suggested by the observation that olfactory sen-
sory neurons express both Gs and Golf (Jones et al.,
1988; Jones and Reed, 1989). These two proteins share The Establishment of the Topographic Map

The precise pattern of projections of olfactory sensoryextensive sequence homology, and activation of either
protein can elicit elevations in cAMP in cultured cells neurons in the olfactory bulb provides a topographic

map of receptor activation that defines the quality of a(Jones et al., 1990). During embryogenesis, the level of
Gs in olfactory neurons exceeds that of Golf (Menco et sensory stimulus. Recent genetic experiments, along

with in situ hybridization analysis of receptor mRNA inal., 1994). However, early in postnatal development, the
Golf level rises and greatly exceeds that of Gs (Jones, the bulb, demonstrate that neurons expressing a given

receptor, and therefore responsive to a given odor, proj-1990). It is therefore possible that in early postnatal
mutant mice, odorant receptors couple to Gs and elicit ect with precision to two of the 1800 glomeruli within

the mouse olfactory bulb (Ressler et al., 1994a; VassarEOG responses, albeit of reduced magnitude. At later
times, the level of Gs is dramatically reduced, such that et al., 1994; Mombaerts et al., 1996). Since the position

of individual glomeruli is topographically defined, the bulbin Golf mutants no odor-evoked EOG response can be
observed. provides a spatial map that identifies which of the nu-

merous receptors have been activated. Thus, the qualityBiochemical and genetic evidence indicate that odor-
evoked elevations in cAMP play a significant role in of an olfactory stimulus is encoded by different patterns

of spatial activity within the bulb (Stewart et al., 1979;olfactory signal transduction, whereas the role of odor-
elicited increases in inositol 1,4,5-trisphosphate (IP3) in Lancet et al., 1982; Kauer et al., 1987; Imamura et al.,

1992; Mori et al., 1992; Katoh et al., 1993; Friedrich andvertebrate olfactory processing is far less clear. The
observation that those odors that do not elevate cAMP Korsching, 1997; Joerges et al., 1997). These observa-

tions pose an interesting but complex problem in axonlevels in isolated cilia often result in increases in IP3 has
led to the suggestion that different classes of odors guidance.

How do neurons expressing a given receptor knowactivate distinct second-messenger systems in olfac-
tory sensory neurons (Anholt and Rivers, 1990; Breer, which target to project to in the bulb? In one model, the

odorant receptor itself could recognize a set of guidance1993; Ache and Zhainazarov, 1995; Restrepo et al.,
1996). Mice mutant for either Golf or the CNG channel cues expressed by bulbar cells. In this manner, an olfac-

tory neuron would be afforded a distinct identity thatexhibit striking reductions in the EOG response to all
odors tested, including those odors shown to elevate dictates the nature of the odor to which it responds as

well as the glomerular target to which its axons project.intracellular IP3 levels (Brunet et al., 1996). These data
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Support for such a model derives from recent genetic expressed in olfactory sensory neurons but is also ex-
pressed in several other neural and nonneural tissuesexperiments in which we have examined the pattern of
(Jones and Reed, 1989; Herve et al., 1993; Zigman etprojection of neurons that bear deletions in the receptor
al., 1993; Figure 6). High levels of Golf RNA are expressedgenes but nonetheless express the reporter molecule,
in the striatum, notably in the caudate, putamen, andtau–lacZ, allowing us to visualize the pattern of projec-
nucleus accumbens, with lower levels in the substantiations in the olfactory bulb (Wang et al., personal commu-
nigra and globus pallidus. Golf is also abundant in CA3nication). In these animals, convergence is no longer
and the dentate gyrus of the hippocampus. Finally, Golfobserved; rather, individual neurons appear to wander
RNA and protein expression is observed in a mosaicin the outer nerve layer. Second, we have performed a
pattern in developing spermatocytes within the testisseries of receptor-swap experiments in which the cod-
(Parmentier et al., 1992; Zigman et al., 1993).ing sequence of the P2 receptor was substituted with

The behavioral phenotype and electrophysiologicalthat of other odorant receptors (Mombaerts et al., 1996;
properties of olfactory sensory neurons in Golf mutantsWang et al., personal communication). In each instance,
argue strongly for a central role of Golf in olfactory signalwe observe that the receptor swap alters the patterns
transduction, coupling odor binding with elevations inof projection, suggesting that the olfactory receptor
cAMP. Golf mutant mice are unable to feed at birth, andplays an instructive role in the guidance process but
rare surviving females exhibit deficient mothering be-cannot be the sole determinant in axon targeting. Such
haviors. Both suckling and nurturing are thought to bea model suggests that the odorant receptor will be ex-
olfactory-driven behaviors mediated by the main olfac-pressed on dendrites where it recognizes odors in the
tory system (Teicher et al., 1980; Calamandrei et al.,environment and also on axon termini where it would
1992; Mayer and Rosenblatt, 1993; Coppola et al., 1994;recognize a set of guidance cues.
Romeyer et al., 1994; Levy et al., 1991; Griffith and Wil-Analysis of the electrophysiological properties of ol-
liams, 1996; Brunet et al., 1996). Consistent with thesefactory sensory neurons in Golf mutant mice strongly
olfactory behavioral deficits, Golf mutant mice exhibitsuggests that odorant receptors on the dendrites couple
dramatically reduced EOG responses to all odors exam-with Golf to translate the binding of odors into alterations
ined. The rare homozygotes that do survive to sexualin membrane potential (Figure 4). If receptors do serve
maturity are fertile and mate, a finding consistent withas guidance receptors on axon termini, and Golf protein
experiments that indicate that mating behaviors depend

is present in the glomeruli (Figure 2Bc), it is reasonable
on pheromone recognition by the vomeronasal sensory

to ask whether this function of odorant receptors also
neurons (that do not express Golf), rather than the main

requires the activation of Golf. To this end, we have exam-
olfactory system (Rajendren et al., 1990; Meredith and

ined the pattern of projections in neurons expressing
Fernandez, 1994; Meek et al., 1994). We cannot, how-

the P2 odorant receptor in Golf mutants and their wild-
ever, exclude the possibility that the behavioral pheno-

type littermates. Convergence of P2 axons to two of the types we observe result from the deficiency of Golf in
1800 glomeruli is observed in both wild-type and mutant CNS neurons. Deletion of Golf specifically in olfactory
mice (Figure 5). These observations suggest that the sensory neurons would be required definitively to attri-
signal transduction pathway activated by receptors to bute these behavioral defects to deficits in olfactory
guide axonal projections does not employ Golf and there- sensory neurons. In addition, since Golf mutants were
fore differs from the pathway that translates the recogni- derived from a single ES cell colony, it remains possible
tion of odors into neural activity in the dendrite. One that the phenotypes observed are the consequence of
candidate molecule, Gs, could couple with receptors mutations in ES cells at loci other than Golf. Sufficient
on axon termini, since high levels of Gs are present in backcrossing, which would allow us to exclude this pos-
olfactory neurons at developmental times when the top- sibility, has not yet been performed.
ographic map is generated (Menco et al., 1994). Finally, open-field testing reveals that surviving Golf-

Convergence of the P2 fibers in newborn Golf mutant deficient animals exhibit hyperactive behaviors. By 8
mice is observed despite a significant reduction in odor- weeks of age, Golf mutants exhibit over five times the
evoked potentials in the sensory epithelium. This obser- locomotor activity of wild-type animals. A locomotor
vation is consistent with independent experiments that phenotype is not surprising in Golf mutant mice, since
demonstrate the establishment of a precise topographic Golf is expressed at high levels in the striatum and cere-
map in mice lacking the olfactory CNG ion channel (L. bellum, brain regions essential in regulating and coordi-
Brunet, F. Wang, R.A., and J. Ngai, unpublished data). nating movements. Within thebasal ganglia, dopaminer-
CNG mutant mice fail to exhibit odor-evoked electrophy- gic fibers originating in the substantia nigra innervate
sical responses in the sensory epithelium, but the pat- the caudate and putamen, and this neural pathway is
tern of convergence of like axons in the bulb is unaltered essential to regulate movement (Marshall and Berrios,
in these mutant mice. Taken together, these data argue 1979; Altar and Marshall, 1988; Marshall and Joyce,
that olfactory experience is not required for the estab- 1988; Hauber, 1996). A second set of dopaminergic fi-
lishment or the refinement of the topographic map but bers innervate the nucleus accumbens (mesolimbic sys-
do not exclude a role for activity-dependent processes tem), and this pathway has been implicated in the regu-
in the maintenance or potential plasticity of the map lation of motivated behaviors (Koob, 1996; Salamone,
after it is established. 1996; Robbins and Everitt, 1996). D1- and D2-like dopa-

mine receptors are expressed on the targets of these
The Behavioral Phenotype of Golf-Deficient Mice striationigral pathways. The D1-like receptors activate
Analysis of Golf expression by either in situ hybridization adenylate cyclase, presumably by coupling to a Gas-

like subunit (Monsma et al., 1990). In situ hybridizationsor immunocytochemistry reveals that Golf is not only
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introduced 39 to the P2 gene, such that receptor function was notand immunohistochemistry indicate that neurons ex-
disturbed and cells expressing the modified P2 allele also expressedpressing dopamine D1-like receptors in the striatum are
tau–lacZ. F1 mice heterozygous for the Golf mutation were crossedlikely to express high levels of Golf and relatively little Gs with homozygous P2–IRES–tau–lacZ mutant mice, generating F2

(Herve et al., 1993, 1995). These data suggest that the compound heterozygotes, which were crossed to one another to
Golf mutant mice will exhibit severely compromised do- generate mice homozygous for the Golf mutation and either heterozy-
pamine D1-like activity in these brain regions. Pharma- gous or homozygous for the P2–IRES–tau–lacZ allele.
cological experiments support a complex network of
interactions between D1-like and D2-like receptors in In Situ Hybridizations
the striatum, such that the two receptors synergize to In situ hybridization was carried out on 20 mM fresh frozen sections
regulate locomotor activity (Keefe and Gerfen, 1995; with either 33P-UTP– or digoxigenin-UTP–labeled riboprobes. cDNA

clones encoding OMP (Buiakova et al., 1994), Golf (Jones and Reed,Gerfen et al., 1995). However, in one study, mice homo-
1989), Gs (Sullivan et al., 1986), CNG (Dhallan et al., 1990), adenylatezygous for a dopamine D1 receptor deficiency exhibit
cyclase type III (Bakalyar and Reed, 1990), and theodorant receptorshyperactive behaviors in locomotor assays (Xu et al.,
M50 (Ressler et al., 1994b), P2, and M12 (Mombaerts et al., 1996)1994), a phenotype in accord with the hyperactive be-
were obtained by RT-PCR. Under the in situ hybridization conditions

haviors we observed in Golf mutants (Figure 7). It should employed, the Golf and Gs probes did not cross-hybridize. In situ
be noted that the observation that Golf and D1 receptor hybridizations using digoxigenin-UTP– (Schaeren and Gerfin, 1993)
mutants enhance motor activity is inconsistent with and 33P-UTP– (Wilkinson et al., 1987) labeled probeswere performed

as previously described (Vassar et al., 1993, 1994).pharmacological experiments that suggest that activa-
tion of the dopamine D1 systems enhance movement
(Zebrowska et al., 1977; Shiosaki et al., 1996). Thus, our Immunohistochemistry
data suggest that Golf may function in more diverse brain Immunohistochemistry was performed on 5-day-old mice. Heads

were fresh frozen in OCT (Miles), and 20 mM coronal sections wereregions than was previously appreciated and that Golf
cut and mounted. Slides were then fixed in 4% paraformaldehyde,mutant mice may ultimately contribute to our under-
washed in PTw (PBS 1 0.1% Tween-20) and blocked with PTw 1standing of the complex neural pathways by which
10% HINGS (heat-inactivated goat serum, Gibco). Tissue was then

the various dopamine receptors interact to coordinate reacted with rabbit polyclonal antibodies specific for adenylate cy-
movement. clase type III or Golf/Gs(Santa Cruz Biotechnology) at a 1:500 dilution.

The bound primary antibody was then visualized using Cy2–
Experimental Procedures conjugated anti-rabbit IgG (Jackson Laboratories).

Generation of a Targeted Mutation in Golf
ElectrophysiologyA cDNA encoding the rat Golf gene was used to isolate a mouse P1
Odorant stimulation and EOG recordings were carried out as de-plasmid encoding the mouse Golf gene from a P1 library of mouse
scribed (Brunet et al., 1996). Mice were sacrificed by decapitationgenomic DNA. A 6.2 XbaI-NdeI fragment was isolated from the P1
and EOG recordings were performed on the medial surface of theplasmid that contained the first four exons of the Golf gene. PCR
olfactory turbinates. Genotyping was performed ontails of sacrificedwas used to introduce PacI linkers within the first exon immediately
animals by Southern blotting. Odorant concentrations areexpressedupstream of the ATG and immediately downstream of exon 4. PacI
as the concentration of odor in the liquid phase contained withindigestion therefore removes a 1.65 fragment containing the coding
the evaporation tubes. Recording signals were low-pass filtered atregion of the first four exons of the Golf gene. This region was re-

placed with a 1.7 kb pgk-neo cassette (Adra et al., 1987) flanked by 30 Hz and digitized at 125Hz. Cell–attached patch-clamp recordings
PacI sites, such that transcription of pgk-neo was n the opposite (Hamill et al., 1981) were performed on individual olfactory neurons
orientation from Golf. This targeting vector contains 0.83 kb of Golf in tissue slices using solutions as described (Lowe and Gold, 1993b).
homologous sequence at the 59 end and 3.7 kb at the 39 end Recordings were low-pass filtered at 2 kHz and digitized at 8 kHz.
(Figure 1).

The construct was electroporated into 129/Sv ES cells and
X-Gal Stainingscreened for positive neor colonies using G418, as described (Mom-
For whole mounts, tissues were fixed for 30 min on ice with 100baerts et al., 1996). Colonies were picked, and their genomic DNA
mM phosphate buffer (pH 7.4), 4% paraformaldehyde, 2 mM MgSO4,was digested with HindIII and hybridized with a 39 Golf probe (Figure
and 5 mM EGTA. Samples were washed at room temperature with1). Southern blot analysis revealed a single homologous recombi-
buffer A (100 mM phosphate buffer [pH 7.4], 2 mM MgCl2, and 5nant from 396 neor colonies. This clone was expanded and used to
mM EGTA), once for 5 min and then once for 30 min, followed bygenerate chimeras by microinjection into blastocysts derived from
two washes of 5 min at room temperature with buffer B (100 mMC57Bl/6 females. The mice were in a mixed (129 X C57Bl/6) back-
phosphate buffer [pH 7.4], 2 mM MgCl2, 0.01% sodium desoxycho-ground. The mutation was transmitted through the germline, and
late, and 0.02% Nonidet P40). The blue precipitate was generatedboth male and female heterozygotes showed no abnormal pheno-

type. Mutants were derived from crossing F1 heterozygotes. The by exposure in the dark at 378C to buffer C (buffer B with 5 mM
F1 mice result from the mating of 129 germline chimera with C57Bl/6 potassium-ferricyanide, 5 mM potassium-ferrocyanide, and 0.5 mg/
mice producing heterozygous Golf mutant offspring. Crossing of F1 ml of X-Gal). Tissues fresh frozen in OCT (Miles) were sectioned at
heterozygotes produced homozygous mutant pups at the expected a thickness of 15–20 mm, fixed, and stained with X-Gal as above.
frequency of 25% and were indistinguishable from wild-type and Sections were then counterstained with hematoxylin (Sigma), dehy-
heterozygous littermates at birth. By P3, 70% of the homozygous drated, and mounted with Accu-mount 60 (Baxter).
mutants died. Rare survivors were smaller than heterozygous and
homozygous littermates, andthis difference was apparent by 1 week

Locomotor Activityof age (see Results). At 1 week, we trimmed the litter to enhance
Open-field testing was conducted during the hours of 0800 andsurvival of the mutants by removing most of the wild-type and het-
1700. Animals were placed in square chambers (20 cm2) and moni-erozygous pups in order to reduce competition, while allowing a
tored throughout the 1 hr test session by a video tracking systemfew to remain with the homozygous mutants to aid with milk flow
(PolyTrack, San Diego, CA) that recorded the animals’ locations andand production by the mother.
paths. Data regarding each animal’s path length was collected and
summed for each 5 min interval during the test session. These suc-Golf/P2–IRES–tau–lacZ Mutant Mice
cessive measurements were totaled and analyzed using StatViewP2–IRES–tau–lacZ mutant mice were generatedas described (Mom-

baerts et al., 1996). In these mice, IRES–tau–lacZ sequences were 4.5 (Abacus Concepts) statistical software.
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