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Acetate enhances the chemosensory 
response to hypoxia in the cat carotid body 

in vitro in the absence of C 0 2 - H C 0 3 " 

R O D R I G O I T U R R I A G A 

Laboratory of Neurobiology, Catholic University of Chile, Santiago, Chi le 

To determine if intracellular acidosis enhances hypoxic chemoreception in the 
absence of C07-HCO?" at pH 7.4, the effects of sodium acetate (30 mM) were 
studied on the chemosensory responses of the cat carotid body to hypoxic, 
stagnant and cytotoxic hypoxia. Carotid bodies were perfused and superfused in 
vitro with Tyrode's solution, free of C02-HCObuffered with HEPES-NaOH, pH 
7.40, at 36.5 ± 0.5° C and equilibrated at a PÓ7 of 125 Torr (perfusate) and < 20 
Torr (superfusate). In the absence of acetate, hypoxia (P02 25 Torr), flow in
terruption and NaCN (0.01-100 \ig) augmented the chemosensory discharges. 
However, in the presence of acetate, the half-excitation time of these responses 
decreased and their amplitude increased. Thus, acetate enhances the chemo
sensory response to hypoxic, stagnant and cytotoxic hypoxia, it is suggested that 
the intracellular acidosis induced by acetate contributes to this potentiation 
by correcting the alkaline pHi caused by the absence of HCO^-HCO-, in the 
perfusate. 
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INTRODUCTION 

Hypoxia , hypercapnia and acidosis increase 
the f r equency of the c h e m o s e n s o r y d i s 
charges ( / x ) from the carot id body (CB) , 
which originate reflex ventilatory and cardio
vascular adjustments. The discharges show a 
posit ive interaction between C O , - H + and O , 
s t i m u l i ( E y z a g u i r r e a n d K o y a n o , 1 9 6 5 ; 
Lah i r i and D e L a n e y , 1975) . A p o s s i b l e 
exp l ana t i on for this in te rac t ion was first 
advanced long ago (Hayes et al, 1976) and 
has recently been ammended (Torrance et al, 
1993). It proposes that a common mechanism 
of a c i d i f i c a t i o n , p e r h a p s i n t r a c e l l u l a r 
(Hanson et al, 1981), mediates the transduc
tion of both O., and C 0 2 - H + st imuli. How
e v e r , s e v e r a l s t u d i e s h a v e s h o w n t h a t 
hypoxia does not consistently reduce intra
cellular pH ( p H ) , either in isolated rat, cat 

and rabbi t g lomus cells (He et al, 1991 ; 
Mokashi et al, 1995; Wilding et al, 1992) or 
in the whole CBs of cats and rabbits (Garcia-
Sancho et al, 1978; Iturriaga et al, 1992). By 
con t r a s t , all of t he se s tud ies found that 
hypercapnia and acid stimuli do consistently 
lower pHj in isolated glomus cells (Buckler 
et al, 1991; He et al, 1991; Mokashi et al, 
1995; Wilding et al, 1992) and in the whole 
CB (Garcia-Sancho et al, 1978; Iturriaga et 
al, 1992). Thus , a l though t ransduct ion of 
hypoxic stimuli is not initiated by changes 
in i n t r a c e l l u l a r a c i d i t y , t h e r a p i d i t y and 
a m p l i t u d e of the h y p o x i c c h e m o s e n s o r y 
response may never the less depend on the 
pHj of the chemoreceptor cells . Not only do 
metabolic and respiratory acidosis potentiate 
the chemosensory response to hypoxia in situ 
(Lahiri and DeLaney , 1977; Pokorski and 
Lahiri , 1983) and in vitro (Eyzaguirre and 
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Koyano, 1965; I tur r iaga et al, 1993) but 
isohydric hypercapnia also does it. In fact, 
I turriaga and Lahiri (1991) and Shirahata and 
Fi tzgerald (1991) found that adding C C y 
H C 0 3 - buffer to their normally H C 0 3 - C 0 2 

free perfusate without changing its pH of 
7.4, sped u p and a u g m e n t e d the c h e m o -
sensory response to hypoxia in the cat CB in 
vitro. These augment ing effects on hypoxic 
chemorecept ion of C O , - H C C y buffer at a 
cons tan t perfusate p H of 7.4 seem to be 
mediated by a decreased p H (Iturriaga, 1993, 
for review). Further support for this inter
pretat ion is given by the observat ion that 
permeat ing inhibitors of carbonic anhydrase 
that slow the fall in p H in response to high 
C 0 2 in isolated g lomus cells (Buckler et al, 
1991) also reduce the cat CB chemosensory 
response to hypercapnia and hypoxia both 
in situ (Hayes et al, 1976; Hanson et al, 
1981) and in vitro (I turriaga et al, 1993). 
These results taken together suggest that the 
chemosensory responses to hypoxia depend 
on the pHi setting of the chemoreceptor cells. 
If this is the case, a permeant weak acid such 
as acetic acid, that easily enters the cells in 
the unionized form and there ionizes (acetate 
+ H + ) and so produces a predictable acidosis 
both in isolated g lomus cells (Sato, 1994) 
and in the whole CB of cats (Iturriaga et al, 
1992), should e n h a n c e the c h e m o s e n s o r y 
response of the CB to hypoxia in the absence 
of C O r H C 0 3 - at p H 7.4. I have therefore 
studied the chemosensory responses of the 
cat CB in vitro to hypoxia, flow interruption 
and N a C N , with and without 30 m M sodium 
ace t a t e in the pe r fusa t e and super fusa te 
Tyrode ' s solution, which was free of C 0 2 -
H C C y and a lways at a pH of 7.4. 

M E T H O D S 

E x p e r i m e n t s w e r e p e r f o r m e d on 5 m a l e 
cats (3.4 ± 0.2 kg) anesthetized with sodium 
pentobarbi tone (40 mg/kg, ip). One carotid 
bifurcation including the CB was perfused 
and s u p e r f u s e d as p r e v i o u s l y d e s c r i b e d 
(Iturriaga et al, 1991). In brief, one carotid 
bifurcation including the CB and its carotid 
s inus ne rve was exc ised . All the ar ter ies 
o r i g i n a t i n g f rom the c a r o t i d b i fu rca t ion 
except the ascending pharyngeal artery were 

ligated and the CB veins were left open. The 
c o m m o n caro t id was c a n n u l a t e d and the 
bifurcation was placed in a chamber . The 
carotid bifurcation with the CB was perfused 
by gravi ty (80 -90 Tor r ) wi th a modi f ied 
T y r o d e ' s solut ion, equi l ibra ted with room 
air ( P O , of 120-125 Torr) and was simul
taneously superfused (1 ml /min ) with the 
same Tyrode ' s solution bubbled with 100% 
N 7 to equilibrate at P 0 2 < 20 Torr. The tem
perature of the fluid in the c h a m b e r was 
maintained at 36.5 ± 0.5° C with a regulated 
h e a t i n g d e v i c e . T h e c o m p o s i t i o n of the 
modi f i ed T y r o d e ' s so lu t ion w a s in m M : 
154 N a + ; 4.7 K + ; 2.2 C a 2 + ; 1.1 M g 2 + ; 42 
glutamate; 123.3 CI" and 5.5 D-glucose . The 
Tyrode ' s solution was buffered with H E P E S 
5 m M , and its pH was adjusted to 7.40 with 
2 m M N a O H . The P O , of the Tyrode ' s solu
tion was measured by an oxygen electrode 
through a polarographic sensor. 

The chemosensory discharge was recorded 
from the whole carotid nerve, placed on a pair 
of platinum electrodes and lifted into paraffin 
o i l . N e u r a l s i g n a l s w e r e p r e a m p l i f i e d , 
amplified, passed through band pass filters 
(10 Hz - 1 KHz) and a notch filter (50 Hz) 
and fed to an electronic ampl i tude discr i 
minator and oscil loscope, which al lowed the 
selection of action potentials of given ampli
tudes above the baseline noise. The result ing 
s tandard ized pu lses w e r e coun ted wi th a 
f r e q u e n c y m e t e r a n d t h e f r e q u e n c y of 
chemosensory discharges ( / x ) was displayed 
as analog signals on a polygraph and printed 
as a digital signal (Hz) . 

Each CB was perfused first with T y r o d e ' s 
solution wi thout sod ium aceta te for about 
45 min and then with Tyrode ' s solution con
taining 30 m M sodium acetate, replacing the 
same concen t ra t ion of sod ium g l u t a m a t e . 
The c h e m o s e n s o r y r e sponses w e r e tes ted 
as f o l l o w s : 1) p e r f u s i o n w i t h h y p o x i c 
Tyrode ' s solution ( P 0 2 = 20-30 Torr) for 3-8 
min; 2) interruption of the perfusate flow by 
c l amp ing the perfusa te l ine for 1-3 min , 
while the superfusate flow remained constant; 
and 3) injections of N a C N (0.01 -100 ug) in 
boluses of 0.2 ml into the perfusate line. 

Results are expressed as means ± S E M ' s . 
Statistical differences between paired sam
ples were assessed by the W i l c o x o n ' s signed 
rank test. To compare dose-response curves 
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with and without acetate, fx was expressed as 
a percentage of the maximal response evoked 
by interruption of the perfusate flow in the 
p resence of acetate . The data points from 
N a C N dose-response curves were fitted to 
the fol lowing logistic expression (De Lean et 
al, 1978): 

R = max / x + {[bas fx - max fj I [1 + (D/ED 5 0) S]} 

whe re : R = response ; max / x = maximal 
chemosensory response; bas / x = basal / x ; 
D = ari thmetic dose; E D 5 0 = median effective 
dose ; s = slope factor that determines the 
s teepness of each curve . The curves were 
fitted through a computer program based on 
a s implex a lgor i thm (Johnston, 1985). 

R E S U L T S 

Swi tch ing from T y r o d e ' s solut ion without 
acetate to one with 30 m M sodium acetate 
increased basal / from 12.0 ± 2.6 Hz to 69.1 
± 18.0 Hz (p < 0 .05; 5 CBs) , even though 
the pH of the med ium maintained constant 
at p H 7 .4 . F i g u r e 1 s h o w s the effects of 
hypoxic perfusion ( P 0 2 reduced from 125 
to 25 Torr ) on / in a C B perfused with 
normoxic T y r o d e ' s solution without and with 
acetate. Wi thout acetate, hypoxia slowly in
creased / x to a stable level. Switching back 
to normoxic saline returned / x to the basal 
values (Fig 1A). W h e n the same CB was 
perfused and superfused with Tyrode ' s solu
tion containing 30 m M sodium acetate, the 
basal / x was greater and the same hypoxic 
s t imulus increased / x after a shorter latency 
to a higher level (Fig IB) . In the 5 CBs , the 
maximal / at tained during hypoxia without 
a c e t a t e w a s 180 .3 ± 57 H z , and d u r i n g 
hypoxia with acetate was 322.0 ± 28.3 Hz 
(p < 0.05). The half-excitation t ime decreas
ed from 155.90 ± 36.7 s to 22.7 + 8.0 s (p < 
0.05). 

Figure 2 shows the effects of interruption 
of perfusate flow on / in a CB perfused 
f i rs t ly wi th n o r m o x i c T y r o d e ' s so lu t ion 
without acetate, and subsequently with saline 
containing 30 m M sodium acetate. Without 
acetate, perfusate flow interruption raised / x 

to a stable level in about 2 min (Fig 2A). 
Wi th aceta te , the la tency of the response 

decreased and / rose to a higher level in 
response to flow interruption (Fig 2B) . In 
the 5 CBs , the half-excitation t ime decreased 
from 43.6 ± 6.8 s to 16.5 ± 5.2 s (p < 0.05) 
and the maximal / x attained during flow in
terruption increased from 258.8 ± 56.8 Hz to 
329.4 ± 26 Hz (p < 0.05). 

F igure 3 shows the effects of three in
creasing doses of N a C N (0 .01 , 0.1 and 1 |ig) 
on fx in the absence and presence of acetate. 
W i t h o u t ace ta te , only the la rger dose of 
N a C N (1.0 |ig) increased / x (Fig 3A), but 
with 30 m M sodium acetate , the smallest 
dose of N a C N (0.01 u,g) was able to increase 
/ (Fig 3B). A systematic study of the ,fx 

responses produced by increasing doses of 
N a C N (0.01 to 100 pg) was performed with 
the data obtained from the 5 CBs . The fitting 
of the max ima l / x a t ta ined dur ing N a C N 
injections to sigmoidal functions is shown in 
Figure 4. Each data point was expressed as a 
percentage of the maximal response elicited 
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Fig 1. Carotid chemosensory responses to hypoxic per
fusions (bars; P 0 2 = 25 Torr) after perfusion with normoxic 
Tyrode's solution ( P 0 2 = 120 Torr), free of C C y H C O , , at 
pH 7.40, without (A) and with (B) 30 mM sodium acetate. 
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Hz 
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Hz 
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Fig 2. Carotid chemosensory responses to perfusate flow 
in t e r rup t ions (ba rs ) du r ing per fus ion wi th n o r m o x i c 
Tyrode's solution ( P 0 2 = 125 Torr), free of C C y H C O , , at 
pH 7.40, without (A) and with (B) 30 mM sodium acetate. 
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4 0 0 r NaCN o.oi o.l 1.0 /Ug 

Fig 3. Carotid chemosensory responses to several NaCN 
doses (arrows) during perfusion with normoxic Tyrode's 
solution ( P 0 2 = 125 Torr), without C 0 2 - H C 0 3 ~ , at pH 7.40, 
without (A) and with (B) 30 mM sodium acetate. 

NaCN (/jg) 
Fig 4. Dose-response curves for changes in chemosensory 
frequency ( / x ) elicited by increasing doses of NaCN in the 
presence (filled circles) or absence (open circles) of 30 mM 
sodium acetate in the perfusate-superfusate media. Means 
+ SEM's of 5 experiments. / expressed as percentage of 
maximal / x produced by flow interruption during perfusion 
with acetate. Correlation coefficients for adjusted curves 
in absence and presence of acetate = 0.82 and 0.94, respec
tively (p < 0.01). Maximal reactivity significantly higher 
(p < 0.02) with acetate. 

by f low i n t e r r u p t i o n in the p r e s e n c e of 
acetate. The parameters defining the dose-
r e s p o n s e c u r v e s s h o w that the m a x i m a l 
reactivity increased from 48.3 ± 5.7 % to 
97.8 ± 2 . 1 % (p < 0.02) in the presence of 
acetate. The basal / x augmented from 6.9 ± 
1.6 % to 31 .6 ± 4 .4 % of the m a x i m a l 
response (p < 0.02). However , the E D 5 0 and 
the s lope fac to r s w e r e not s ign i f i can t ly 
different wi th or wi thou t ace ta te ; E D 5 0 ' s 
were 0.62 ± 0.2 and 0.56 ± 0.3 (p > 0.05), 
respectively. 

DISCUSSION 

Previously, Iturriaga and Lahiri (1991) have 
shown that if C C y H C C y buffer is removed 

from the perfusate of the in vitro prepara
tion of the cat C B , the response to hypoxia is 
s lowed. M y present resul ts show that the 
presence of 30 m M sodium acetate in the 
external med ium increases the basal chemo
sensory discharge and enhances the chemo
sensory responses to hypoxia, flow interrup
tion and N a C N . These effects occurred in 
the absence of C 0 2 - H C 0 3 at pH 7.4 and are 
consistent with a reduction in the p H of the 
C B cells, as acetate produced the same effect 
in isolated rabbit g lomus cells (Sato, 1994) 
and in the whole CB of cats (Iturriaga, 1992). 
Such an ace ta te- induced reduct ion of p H 
might reduce the threshold of the hypoxic 
response and increase the sensitivity of the 
c h e m o r e c e p t o r to a h y p o x i c s t imulus . In 
contrast, the absence of C 0 2 - H C 0 3 ~ from the 
perfused m e d i u m slowed the responses to 
hypoxia and flow interruption and decreased 
their ampli tude (Iturriaga and Lahiri , 1991). 
Such an increase in the latency and reduction 
in ampli tude of the chemosensory response 
to hypox ia in the absence of C 0 2 - H C 0 3 ~ 
could be attributed to the alkaline pHi, which 
is found in the absence of C 0 9 - H C 0 3 " at 
external pH of 7.4 in isolated rat g lomus 
cells (Buckler et al, 1991; He et al, 1991; 
Wilding et al, 1992) and in the whole CB 
of ca ts ( I tu r r iaga et al, 1992) . T h u s , the 
chemosensory responses to hypoxic stimuli 
may depend on the pHj setting of the chemo
receptor cells. 

The cr i t ical ques t ion is h o w might an 
acidification of the CB chemoreceptor cells 
enhance the c h a n g e in fx in r e sponse to 
hypoxia. Whi le the prevail ing hypothesis of 
chemorecept ion states that the g lomus cells 
of the CB are the primary chemoreceptors for 
P 0 2 , P C 0 2 and pH changes (see Gonzalez et 
al, 1994, for r ev iew) , ano ther hypothes i s 
proposes that the nerve endings themselves 
are the receptors (Mitchell et al, 1972). The 
present results do not rule out a poss ible 
effect of acetate on the p H ; of the nerve 
endings. However , in other sensory systems 
such as the cat musc l e sp ind le ( F u k a m i , 
1988) and the barnacle photoreceptor (Brown 
and Meech, 1979), the application of acid 
and high P C 0 2 suppress the generation of 
ac t ion po ten t i a l s by r educ ing p H in the 
nerve terminals . A possible vascular effect 
of acetate cannot be ruled out in this in vitro 
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preparat ion. A reduced P 0 2 in the CB tissue 
caused by vasoconst r ic t ion may explain a 
fas t c h e m o s e n s o r y r e s p o n s e . H o w e v e r , 
Lahiri et al (1993), using an optical method 
based on phosphorescence quenching by O , , 
measured the tissue P 0 2 of the cat CB in situ 
and found that it remains nearly constant 
when P a CO-, levels were changed from 20 to 
100 Torr , dur ing normoxic hypo- and hyper
capnia. That study clearly shows that C 0 2 -
H + does not have an important effect on the 
CB tissue P 0 2 . 

In the last few years , several studies using 
patch-c lamp techniques have shown that the 
g lomus cells have an outward voltage-gated 
K + cu r ren t that is revers ib ly reduced by 
hypoxia during a pre- imposed depolarization 
(Hescheler et al, 1989; López-López et al, 
1989; P e e r s and G r e e n , 1 9 9 1 ; S t ea and 
Nurse, 1991). Accordingly, O , transduction 
is believed to be initiated by a depolarization 
of the g lomus cell due to the closing of P 0 2 -
dependent K + channels and this depolariza
tion would in turn open voltage-gated C a 2 + 

channe ls leading to a rise in intracel lular 
c a l c ium ( [ C a 2 + ] j ) ( B u c k l e r and V a u g h a n -
Jones , 1994; Sato et al, 1991) and transmitter 
release (see Gonzalez et al, 1994, for review). 
A plausible explanat ion for the enhancing 
effect of intracellular acidosis on the hypoxic 
response is that an acid st imulus converges 
on the O., t ransduction pathway. This expla
nation is supported by observations that in
tracellular acidosis of g lomus cells, induced 
by acetate , propionate or C 0 9 - H C 0 3 ~ at a 
constant extracellular pH of 7.4, reduces the 
P C y d e p e n d e n t K + current (Peers and Green, 
1991 ; S tea and N u r s e , 1991 ; Stea et al, 
1991). But, more recently, Donnelly (1995) 
found in rat CB that brief hypoxia rapidly 
increased chemosensory discharge but only 
slightly decreased the outward current, sug
g e s t i n g tha t h y p o x i c con t ro l of g l o m u s 
cells K + current is not the primary initiating 
factor of the chemosensory response to brief 
per iods of hypoxia . 

Ac id s t imu l i d e p o l a r i z e g l o m u s ce l l s 
(Buckler and Vaughan-Jones , 1993; Eyza
guirre et al, 1989) and increase their [Ca 2 + ] j 
(Buckle r and V a u g h a n - J o n e s , 1993; Sato , 
1994). Thus , it is l ikely that intracel lular 
ac idos i s e n h a n c e s the inc rease in [Ca2"1"^ 
produced by hypoxia . Indeed, Biscoe and 

Duchen (1990) found that an acid st imulus 
(HEPES buffered superfusate, p H 6.85 vs 
7.3) enhanced the ampli tude and sped up the 
onset of the [Ca 2 + ] j rise induced by hypoxia 
( P 0 2 of 30 To r r ) in the i so l a t ed r abb i t 
g lomus cells. This potentiation of the [Ca 2 + ] j 
r i se w o u l d be e x p e c t e d to i n c r e a s e the 
release of the excitatory transmitter(s) from 
the g lomus cells, and so finally to enhance 
the c h e m o r e c e p t o r n e r v e f ibre r e s p o n s e . 
According to this prediction, a weak but easy 
penetrating acid such as acetic acid or C 0 2 

s h o u l d e n h a n c e t h e r e l e a s e of p u t a t i v e 
exci ta tory t ransmi t te r (s ) from the g l o m u s 
cells during hypoxia. 

The present results also show that acetate 
r e d u c e s t h e h a l f - e x c i t a t i o n t i m e of t h e 
chemosenso ry response to in ter rupt ion of 
perfusate flow. In this prepara t ion of the 
cat C B in vitro, fx increases dur ing flow 
interruption as P 0 2 decl ines to close to 0 
Torr due to 0 2 consumption by the C B cells 
(Rumsey et al, 1991). Therefore, we cannot 
exc lude the poss ib i l i ty that a ccumula t i on 
of a c e t a t e i n s i d e the ce l l s i n c r e a s e s the 
metabol ism and the rate of 0 2 d isappearance 
from the C B . The e n h a n c e d r e s p o n s e to 
N a C N found here in the presence of acetate 
suggests that a low pHj could potentiate the 
hypoxic responses by changing the 0 2 de
p e n d e n c e of the c y t o c h r o m e a 3 s y s t e m 
(Wilson et al, 1988). Thus , a low p H ( may 
potentially enhance 0 2 chemorecept ion not 
on ly by r e d u c i n g the 0 7 - d e p e n d e n t K + 

current, but also by changing the On depen
d e n c e of t h e c h e m o r e c e p t o r r e s p i r a t o r y 
chain. The effects of acetate on the chemo
sensory response to N a C N are s imi lar to 
those of C 0 2 on the r e sponse to N a C N , 
previous ly found in the same prepara t ion 
of the cat CB in vitro (Iturriaga and Lahiri , 
1991). 

The present results confirm that hypoxia 
increases / x in the absence of C 0 2 - H C 0 3 ~ in 
vitro (Eyzagui r re and K o y a n o , 1965; Itu
r r i aga and L a h i r i , 1 9 9 1 ; I t u r r i aga et al, 
1991). In studies with isolated g lomus cells 
performed in a medium without C 0 2 - H C 0 3 , 
h y p o x i a r e d u c e d the P 0 2 - d e p e n d e n t K + 

c u r r e n t ( L ó p e z - L ó p e z et al, 1989 ) and 
increased [Ca 2 + ] j (Biscoe and Duchen , 1990) 
even when the p ^ of the g lomus cells was 
alkaline (Buckler et al, 1991). These results 
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agree with the observation that the chemo
sensory response to hypoxia -al though it is 
modes t wi thou t C 0 7 - H C 0 3 " does not ab
solutely require the participation of external 
C C y H C O y . Fur thermore , C C y H C C y may 
not itself be essential for hypoxic chemo-
reception since its effect was mimicked by 
acetate. Weak acid stimuli, such as C O , or 
acetic acid, may modula te 0 7 chemorecep-
tion by a c o m m o n mechanism of reducing 
the pHi of the chemoreceptor cells. 

In s u m m a r y , the p re sen t resu l t s show 
that adding acetate to the C 0 7 - H C 0 3 ~ free 
perfused and superfused medium of the CB 
in vitro enhances its chemosensory responses 
to hypoxia, flow interruption and N a C N at 
a pH of 7.4. These results strongly suggest 
tha t i n t r a c e l l u l a r a c i d o s i s c o n t r i b u t e s to 
enhancing the hypoxic response. 
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