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the mucosal solution was replaced by a 
series of NaCl solutions ranging from 
0.01M to 2M, I,, increased in a graded 

Salt Taste Transduction Occurs Through an 
Amiloride-Sensitive Sodium Transport Pathway 

Abstract. An important early event in mammalian gustatory transduction with 
respect to sodium chloride has been found to be the passage of sodium ions through 
specgc transport pathways in the apical region of the taste bud. The inward current 
caused by sodium chloride placed on the mucosal surface of an in vitro preparation 
of rat dorsal lingual epithelium can be substantially reduced by the blocker of sodium 
ion transport, amiloride. The data show (i) that amiloride is a spec$c blocker of the 
chorda tympani response to sodium chloride, but not to  potassium chloride, (ii) that 
the sodium and potassium gustatory systems are largely independent at the 
peripheral level, and (iii) that the classical ion taste "receptor" is actually a specgc 
transport pathway permitting the cation to enter the taste-bud cell and thereby to 
spread depolarizing current. 

The classical interpretation of the 
events surrounding the excitation of 
mammalian taste-bud cells by salt is 
based on two fundamental assumptions: 

1) The dorsal lingual epithelium, in- 
cluding the taste-bud cells, acts as an 
impermeable barrier against ions and 
other tastants. 

2) The essential interaction between 
stimulus ions and taste buds is adsorp- 
tion to  an apical receptor. 

From these assumptions follow mod- 
els of salt taste transduction that have 
regarded penetration of the stimulus ions 
into the taste-bud cells as  nonessential 
and in some cases impossible (I). How- 
ever, the canine lingual epithelium ac- 
tively transports ions, and the active 
transport system is particularly stimulat- 
ed by NaCl concentrations spanning the 
gustatory range of 1 mM to 1M (2, 3). 
Furthermore, stimulation of the trans- 
port system by hyperosmotic NaCl can 

be blocked by amiloride (3). These re- 
sults call into question the general valid- 
ity of assumption 1, particularly regard- 
ing a barrier against ions. There re- 
mained the possibility, however, that 
assumption 1 might be valid for taste 
buds only. We now present evidence 
that the amiloride-sensitive sodium 
transport system includes the apical re- 
gions of the taste buds. The finding has 

Fig. 1. (A) Short-circuit 
current (I,,) resulting from 
NaCl solutions placed in 5 
the mucosal chamber. (B) 5 20 Time course of the open- : 
circuit potential after -" 
0.001M NaCl in mucosal 
chamber was replaced with O ' 
1.SM NaC1. 

0.01 

manner (Fig. 1A). Like canine epitheli- 
um (2, 3), the rat epithelium responded 
to hyperosmotic NaCl with a two-com- 
ponent increase in Voc when the adapting 
mucosal NaCl concentration of 0.001M 
was replaced by 1.5M NaCl (upper trace 
in Fig. 1B). This hyperosmotic NaCl 
response could be sharply attenuated by 
placing ~ o - ~ M  amiloride in the mucosal 
adapting solution. The lower trace in 
Fig. 1B is the response to 1.5M NaCl 
after a 5-minute exposure to ~ o - ~ M  amil- 
oride in 0.001M NaC1. Both the rapid 
rise and the quasi-steady component 
were reduced. The corresponding reduc- 
tion in I,, extended over the entire hy- 
perosmotic range (Fig. 1A). The effect 
was selective for NaCl over KC1 (3). 

If the amiloride-sensitive inward cur- 
rent extends to the taste-bud cells, and if 
it is coupled to early events in gustatory 
transduction and subsequent neural 
events, it should be possible to revers- 
ibly and specifically block the neural 
response to NaCl by rinsing the rat's 
tongue in amiloride. The entire NaCl 

Control 

A f t e r  amiloride 

Control 
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concentration-neural response curve 
should be sharply attenuated over the 
hyperosmotic range, similar to  the amil- 
oride effect on I,, in vitro. This should 
occur without corresponding effects on 
the KC1 response. 

We have demonstrated this phenome- 
non by observing the effects of amiloride 
on the integrated chorda tympani re- 
sponses of rats stimulated with NaCl and 
KC1. The rats were anesthetized with 
sodium pentobarbital, and the chorda 
tympani was exposed according to con- 
ventional microsurgical methods (6). The 
nerve was suspended over a platinum 
electrode and recorded impulses were 
amplified, haff-wave rectified, and inte- 
grated (time constant, 5 seconds). The 
results were displayed on a strip-chart 
recorder. Responses to NaCl (Fig. 2) and 
KC1 were obtained by flowing salt solu- 
tions over the tongue in ascending order 
of concentration. Each trial was termi- 
nated by a water rinse followed by a 
second rinse, which was allowed to drain 
freely from the tongue for a t  least 1 
minute. In Fig. 3A, the record on the left 

Control / 
amiloride 

0 

1M ~ a c l  1 M N ~ C I  1M KCI 
after 

amiloride 

shows a typical response to 1M NaCl 
and on the right, the response after a 5- 
minute exposure to I O - ~ M  amiloride in 
water (7). Both the early phasic and later 
quasi-steady portions of the response 
were markedly attenuated, much as I,, 
was when measured in vitro. The re- 
duced amplitude of the chorda tympani 
response was observed at  each tested 
NaCl concentration in the hyperosmotic 
range (Fig. 2). The neural response re- 
covers from amiloride treatment within 
minutes (7). 

The specificity of the suppression of 
the NaCl response is illustrated by the 
lack of an effect on the KC1 response. In 
Fig. 3B, the record on the left shows a 
control response to 1M KC1. After treat- 
ment with amiloride, the response was 
nearly identical in both phasic and quasi- 
steady components. Drawing on the 
known effects of amiloride as  a specific 
blocker of apical Na  entry in a variety of 
transporting epithelia (8) and its specific 
effects on lingual Na  current (2, 3),  it is 
reasonable to conclude (i) the taste-bud 
cells also contain an amiloride-sensitive 

Fig. 2. Integrated chorda tympani response 
normalized to that of 1M NaCl (maximum) as 
a function of the NaCl concentration on the 
tongue. The response was taken as the mean 
displacement above baseline 1 minute after 
stimulus presentation. 

IM K C I  
after 

amiloride 

Fig. 3. Integrated chorda tym- 
pani responses to NaCl (A) 
and KC1 (B). In both (A) and 
(B), the record on the left is 
the control and the record on 
the right shows the effect of a 
5-minute exposure to w 4 M  
amiloride. Excess amiloride 
was washed from the tongue 
before testing. The first 30 sec- 
onds ater stimulus presenta- 
tion are shown. 

Na  transport pathway; (ii) this pathway 
plays a key role in NaCl taste transduc- 
tion; (iii) the pathway serves simulta- 
neously as a specific Na  recognition site 
and the means by which depolarizing 
current is transmitted to the taste-bud 
cells; and (iv) this Na-selective pathway 
is distinct from that for K ,  indicating that 
K current is spread by alternative routes. 

The general validity of these findings 
seems to extend to human taste. Schiff- 
man et al. (9) have shown that amiloride 
can selectively attenuate NaCl percep- 
tion in humans at comparable NaCl con- 
centrations. The fact that NaCl taste is 
mediated in part by a Na  current, largely 
of stimulus origin, removes one of the 
former major concerns surrounding the 
transduction mechanism-the mode of 
cell depolarization after first contact be- 
tween stimulus and cell. Our findings 
that the peripheral Na  taste apparatus is 
an ion transport system resembling other 
epithelial transport systems promises a 
fresh approach to the study of gustatory 
transduction. 

Note added in proof: Teeter et al. (10) 
have recently shown that the chorda 
tympani response of the gerbil to both 
NaCl and LiCl is reduced by amiloride 
without significant effect on the KC1 
response. These results in the gerbil con- 
firm ours in the rat and provide evidence 
for a common Na-Li transduction-trans- 
port pathway. 
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Algal Chemical Defense Against Herbivores: Allocation of 
Phenolic Compounds in the Kelp Alaria marginata 

Abstract. Higher concentrations of phenolic compounds were found in the 
reproductive fronds (sporophylls) of the intertidal kelp Alaria marginata than were 
found in the vegetative blades. The sporophylls were consumed by herbivorous snails 
at a lower rate than were the vegetative blades, in both field and laboratory studies. 
These results indicate that differential internal production of  defensive compounds in 
a marine alga can significantly affect the pattern of  herbivory on the plant. 

Ecological and evolutionary theories 
often predict that the internal resources 
of an organism (such as energy, nutri- 
ents, and metabolites) should be allocat- 
ed to different structures or functions in 
ways that maximize the organism's fit- 
ness (1, 2). Since fitness depends ulti- 
mately on the survival and growth of 
reproductive products, organisms should 
be under strong selection to allocate re- 
sources for protection of these reproduc- 
tive parts against natural enemies. 

Terrestrial plants have a wide variety 
of chemical and mechanical defenses in 
their fruits, seeds, or spores, that deter 
their natural enemies (3). The chemical 
defenses in the reproductive parts of 
terrestrial plants often differ quantita- 
tively or qualitatively from those pro- 
duced in the leaves or other vegetative 
parts of the same plant (4). Although 
many secondary compounds are com- 
mon in marine plants ( 3 ,  the interactions 
between these potentially defensive 
compounds and the herbivores that feed 
on them are just beginning to be investi- 
gated (6-8). Phenolic compounds, espe- 
cially polyphenolics or tannins, are pre- 
sent in most or all species of brown algae 
(9) and deter feeding by invertebrate 
herbivores (6, 7). Differential feeding by 
invertebrate herbivores on vegetative 
and reproductive parts of marine algae 
has also been shown (10). I now report 
that the marine brown alga Alaria mar- 
ginata allocates more phenolic com- 
pounds to reproductive parts than to 
vegetative blades, giving increased pro- 
tection to its reproductive fronds against 
invertebrate herbivores. 

Alaria marginata is a large (up to 3 m 
long), intertidal kelp (brown algae in the 
order Laminariales) from the Northeast 
Pacific Ocean (11, 12). Near the holdfast 

in the thallus of mature A .  marginata are 
several to many pairs of reproductive 
fronds (sporophylls), which are morpho- 
logically distinct from the alga's single, 
large, vegetative blade (11). 

In laboratory feeding experiments 
conducted over 2 years, sporophylls and 
vegetative fronds of A .  marginata were 
offered to the intertidal herbivorous gas- 
tropod Tegula funebralis (13). The snails 

ate significantly more of the vegetative 
blade than of the sporophylls [t-test (14), 
P < 0.001 for both years] (Fig. 1A). The 
vegetative and reproductive tissues also 
differed chemically and physically. The 
sporophylls were significantly higher in 
total phenolics and tanning ability (t-test, 
P < 0.001 for both measures in both 
years) (Fig. 1B) (15, 16), not significantly 
different in nitrogen content (Fig. lC), 
but somewhat tougher (t-test, P < 0.05) 
(Fig. 1D) than the vegetative blades. 

I also assessed experimentally the 
amounts of herbivore damage on sporo- 
phylls and vegetative blades in the field 
by transplanting mature A .  marginata 
plants into the intertidal in areas of 
"high" and "low" densities of T.  fune- 
bralis (high, 35 to 105 snails per square 
meter; low, 8 to 15 snails per square 
meter) (Tables 1 and 2) (17). Algal tissue 
losses were analyzed by a two-way anal- 
ysis of variance (herbivore density by 
tissue type; unequal but proportional cell 
sizes). 

The results for measures of absolute 
(in square centimeters) and relative (as 
percentage of area) tissue loss are simi- 
lar. The effect of tissue type was highly 
significant. More vegetative than sporo- 
phyllic tissue was lost in both high- and 
low-density herbivore treatments. The 
density of T. funebralis present was not 
a significant effect. The interaction be- 
tween herbivore density and tissue type 
was significant. Loss of sporophyllic tis- 
sue was similar in the two levels of 
herbivores, but much more vegetative 
tissue was lost when herbivores were 
present in the higher density. These re- 
sults show that when only a few herbi- 
vores or none are present, there is little 
tissue loss from both sporophylls and 
vegetative blades. Much of this is likely 

Fig. I .  Laboratory feeding experiments (A) 
and chemical (B and C) and physical (D) 
analyses of A.  marginata; V, vegetative 
blades; S, sporophylls. Data are means +. 
standard errors (S.E.) for six plants. (A) Ten 
large (wet weight, about I0 g) T. funebralis 
were offered equal weights (about 10 g each) 
of A.  marginata sporophylls and vegetative 
blades in 36-liter aquaria. After 48 hours, the 
algae were weighed again. Control aquaria 
contained algae but no snails. (B) For total 
phenolic content and tanning ability measure- 
ments, fresh algal tissue was ground in 50 
percent methanol in a tissue macerator and 
extracted in the dark for 24 hours. Total 
phenolics were assayed by the Folin-Denis 
technique with phloroglucinol as the refer- 
ence compound (23, 24). Tanning ability was 
measured by hemanalysis, with high molecu- 
lar weight tannins from Fucus vesiculosus as 
reference compounds (24-26). (C) Organic 
nitrogen content was measured by the Kjeh- 
dahl technique (27). (D) Thallus toughness 
was measured with a "penetrometer" (28). 
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