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We have developed a thin-slice preparation of whole rat carotid
body that allows us to perform patch-clamp recording of mem-
brane ionic currents and to monitor catecholamine secretion by
amperometry in single glomus cells under direct visual control. In
normoxic conditions (Po, ~ 140 mmHg; 1 mmHg = 133 Pa), most
glomus cells did not have measurable secretory activity, but ex-
posure to hypoxia (Po, ~ 20 mmHg) elicited the appearance of a
large number of spike-like exocytotic events. This neurosecretory
response to hypoxia was fully reversible and required extracellular
Ca2* influx. The average charge of single quantal events was 46 +
25 fC (n = 218), which yields an estimate of ~140,000 catechol-
amine molecules per vesicle. Addition of tetraethylammonium
(TEA; 2-5 mM) to the extracellular solution induced in most (>95%)
cells tested (n = 32) a secretory response similar to that elicited by
low Po,. Cells nonresponsive to hypoxia but activated by exposure
to high external K+ were also stimulated by TEA. A secretory
response similar to the responses to hypoxia and TEA was also
observed after treatment of the cells with iberiotoxin to block
selectively Ca2*- and voltage-activated maxi-K+ channels. Our data
further show that membrane ion channels are critically involved in
sensory transduction in the carotid body. We also show that in
intact glomus cells inhibition of voltage-dependent K* channels
can contribute to initiation of the secretory response to low Po,.
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decade has passed since patch-clamp experiments on
dispersed glomus cells from rabbit and rat carotid bodies
showed that they were electrically excitable and contained
O,-sensitive voltage-dependent K* channels (1-6). Although
some of the electrophysiological properties and the kind of
O»-sensitive K* channel of glomus cells varied among animal
species, these observations gave strong support to a unified
membrane model of chemotransduction based on the capability
of glomus cells to sense reductions of O, tension (Po,) through
the closure of K* channels, which in turn lead to Ca?" influx,
transmitter release, and activation of the afferent fibers of the
sinus nerve (see refs. 7 and 8 for review). Direct evidence that
individual glomus cells worked as O-sensitive neurosecretory
elements was obtained by monitoring cytosolic [Ca?*] and
quantal catecholamine secretion in single Fura 2-loaded cells (7,
9-11). Numerous investigators have found O,-sensitive voltage-
dependent channels in other tissues (in addition to the carotid
body), where these channels participate in a variety of cellular
electrical, mechanical, or secretory responses to acute hypoxia
(see refs. 12 and 13 for review).

The precise role of voltage-dependent K* channels in the
chemoreceptive properties of the carotid body remains, however,
controversial, because there are researchers who believe that the
O,-sensitive membrane electrical events in glomus cells are not
directly involved in sensory transduction. A major argument
supporting this notion is that pharmacological agents, such as
tetracthylammonium (TEA), 4-aminopyridine (4-AP), or
charybdotoxin (CTX), which can inhibit the O;-sensitive K*

currents in patch-clamped glomus cells, do not elicit neural
discharges (or secretion) in whole carotid-body preparations
(14-16). Although it has been reported that application of CTX
can depolarize glomus cells (17), it has also been shown that TEA
and 4-AP fail to depolarize or to increase cytosolic [Ca’*] in
dispersed rat glomus cells (18). This last work (18) described an
O,-sensitive, K*-selective leak conductance, resistant to TEA
and 4-AP, which seemed to contribute to the depolarization of
the cells in response to low Po,. In consequence, it was proposed
that closure of the leak K* channels is an obligatory initial event
in low Po,-induced excitation of rat glomus cells.

Despite the considerable amount of information on carotid-
body function already available, the understanding of the O»-
sensing mechanisms is progressing at a relatively slow pace.
Research on the carotid body is hampered by its small size,
abundance of connective tissue, and profuse vascularization, all
of which make it difficult to obtain a viable preparation of
enzymatically dispersed cells with consistent physiological prop-
erties. These limitations are particularly important when study-
ing the cellular responses to hypoxia, because sensitivity to O3 is
a labile process that seems to be easily destroyed by uncontrolled
experimental variables (13). In search of an optimal approach to
investigate carotid-body physiology, we have developed a thin-
slice preparation of the whole organ that does not require
enzymatic treatment or mechanical disruption of the tissue.
Herein, we show that the carotid-body slice preparation used in
combination with single-cell amperometry allows the study of
the electrophysiology and secretory activity of intact cells in
almost optimal conditions. Our study, which uses this technique,
further supports the view that voltage-dependent membrane ion
channels participate critically in chemosensory transduction.

Methods

Carotid-Body Slicing. Experiments were performed on carotid
bodies isolated from Wistar rats of ages between postnatal day
5 and 20. Animals were anesthetized by injection of 0.2 mg/kg
sodium pentobarbital (Euta-Lender, Madrid). Complete carotid
bifurcations were quickly removed and placed on ice-cooled and
O,-saturated modified Tyrode’s solution (in mM: 148 NaCl/2
KCl/3 MgCl,/10 Hepes /10 glucose, pH 7.4). The carotid body
was dissected from the adjacent artery and then included in 3%
(wt/vol) low-melting-point agarose (FMC). After quick cooling
on ice, the agarose block was glued with cyanoacrylate to the
stage of a vibratome chamber and covered by the same cold,
Os-saturated Tyrode’s solution. Slices 100- to 150-um-thick were
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Fig. 1.

Morphological appearance of cells in thin slices of rat carotid body. (A) Low-magnification view of a slice a few hours after cutting. (B) Typical cell

aggregate (glomerulus) in a carotid-body slice maintained for 48 h in a CO; incubator. Individual cells, like the one indicated by the arrow, can be clearly
differentiated. (C) Carotid-body slice stained with antibodies anti-tyrosine hydroxylase. Note the typical appearance of glomus cells with large nuclei and the

organization of the carotid body in glomeruli.

cut with standard razor blades. The resulting slices (usually four)
were washed twice with cold sterile PBS and placed on 35-mm
Petri dishes with DMEM (GIBCO/BRL) supplemented with
1% (vol/vol) penicillin/streptomycin (GIBCO/BRL) and 10%
(vol/vol) FBS (BioWhittaker). The slices were maintained at
37°Cin a 5% CO; incubator 48-96 h before the experiments. At
this time, maturation of the O,-sensitive mechanisms, which
occurs around postnatal day 10 (19, 20) were almost complete.
Sensitivity of the glomus cells to changes in Po, did not seem to
depend on the age of the animals used.

Experimental Setup, Patch-Clamp Recording, and Amperometric Mea-
surement of Secretion. In most aspects, carotid-body slices were
managed following the procedures described for thin brain slices
(21, 22). For the experiments, a slice was transferred to a
recording chamber (=~200-ul volume) placed on the stage of an
upright Zeiss microscope (Axioskop) equipped with long dis-
tance water immersion objectives. Once in the chamber, the
carotid-body slice was continuously perfused by gravity (flow 1-2
ml/minute) with a solution containing (in mM) 147 NaCl, 2.7 or
4.5 KCl, 23 NaHCO3, 1 MgCl,, 2.5 CaCl,, and 10 glucose. A lyra
made of silver wire with glued fine Nylon threads was used to
hold the slice to the bottom of the chamber. The standard
(normoxic) solution was bubbled with a gas mixture of 5% CO»,
20% O,, and 75% N, (Po, ~ 140 mmHg). Hypoxia was obtained
by continuously bubbling the solution in one of the reservoirs
with 5% CO, and 95% N,. The pH of the normoxic and hypoxic
solutions was 7.4. The time course of Po, changes in the chamber
was determined with a carbon-fiber electrode that was negatively
polarized and worked as an O, electrode. After switching from
normoxia to hypoxia, complete equilibration of the new solution
in the chamber required between 1 and 2 minutes. Po, in the
chamber during exposure to hypoxia reached a value of ~20
mmHg. All pharmacological agents used (ion channel blockers
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and ion chelators) were obtained from Sigma and were added to
the bath solution. The osmolality of the solution (=300 millios-
mol/kg) was maintained by reducing the concentration of NaCl.
In the high K* solutions, KCI replaced NaCl equimolarly. In all
the experiments, the temperature of the solutions and the
chamber was between 34 and 37°C. Membrane currents were
recorded by using the whole-cell configuration of the patch-
clamp technique as adapted in our laboratory (23, 24). We used
low-resistance pipettes (1-3 M()), capacity compensation, and
subtraction of linear leakage and capacitive currents. Series
resistance compensation was between 40% and 50%. Pipette
solution contained (in mM) 125 KCIl, 4 MgCl,, 4 MgATP, 10
Hepes, and 10 EGTA (pH 7.2 and osmolality of 285-290
milliosmol/kg). Ionic currents were recorded with an EPC-8
patch-clamp amplifier (HEKA Electronics, Lambrecht/Pfalz,
Germany), filtered at 3 kHz, digitized, and stored on a computer.
Secretory events were recorded with a 10-um carbon-fiber
electrode connected to the input of a high-gain current to voltage
converter (10, 25). The electrode was polarized to +750 mV, a
value more positive than the oxidation potential of dopamine
and the other catecholamines in glomus cells (10), and posi-
tioned near a cell under visual control by using a piezoelectric
manipulator. Amperometric currents were also recorded with
the EPC-8 patch-clamp amplifier. Currents were filtered at 100
Hz and digitized at 250 Hz before storage on computer. Data
acquisition and analysis of ionic and amperometric currents were
done with an ITC-16 interface (Instrutech, Great Neck, NY) and
PULSE/PULSEFIT software (version 8.11, HEKA Electronics).

Tyrosine Hydroxylase (TH) Immunocytochemistry. Carotid-body
slices similar to those used for the experiments described above
were fixed overnight at 4°C with PBS/4% (vol/vol) paraformal-
dehyde. After washing in PBS/0.1% Triton X-100 (PBTXx),
sections were incubated with PBS /0.3% H,O, for 2 h and then
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Fig. 2. Electrophysiological and amperometric recordings from individual glomus cells in the slice. (A Top) Macroscopic currents recorded from a glomus cell
by using the whole-cell configuration of the patch-clamp technique. (A Middle) Recordings of inward and outward currents from a cell that had particularly large
fast inward current. Recordings elicited by depolarizations to +20 and +40 mV from the holding potential of —80 mV are superimposed. (A Bottom)
Superimposed recordings from a different glomus cell elicited by depolarizing pulses from —80 mV to +20 mV illustrating the reversible reduction of the current
by TEA. cand r are the control and recovery traces, respectively. (B Top) Measurement of secretory activity from glomus cells by amperometry. A large spike-like
exocytotic event is shown at an expanded time base. (B Middle) Secretory response of a glomus cell to hypoxia (Po, ~ 20 mmHg) and to high extracellular
potassium. (B Bottom) Example of a cell that was insensitive to changes of Po, (nonresponsive cell) but that maintained the typical secretory response to high

extracellular potassium.

with PBTx/10% (vol/vol) FCS/1 mg/ml BSA for another 2 h to
block nonspecific sites. After incubation, a polyclonal anti-TH
antibody (1:1,000; Chemicon) was added overnight. After wash-
ing in PBTx, sections were incubated again with biotinylated
anti-rabbit antibody (1:200; Pierce) for 12 h. Thereafter, sections
were incubated with the ABC kit (Pierce) for 2 h, and specifically
bound antibody was revealed by using 3,3’-diaminobenzidine
(Sigma) as chromogen. After washing in PBS, sections were
mounted on slides and coverslipped.

Results

Fig. 14 illustrates the typical appearance of a rat carotid-body
slice of round shape (=400 um in diameter) surrounded by the
connective capsule and attached tissue. During the few hours
after slicing, the histological appearance of the sections was
rather uniform, without clear separation between the glandular,
connective, and vascular tissues. As incubation time progressed,
the slice flattened, and the texture became less uniform, with the
appearance of cell aggregates clearly separated from the sur-
rounding tissue and with numerous spherical or ovoid cells 8§-12
pm in diameter (Fig. 1B). These cell aggregates, similar to the
glomeruli described in histological preparations of the carotid
body (26), were nicely observed in slices immunostained with
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anti-TH antibodies showing typical clusters of TH-positive
glomus cells (Fig. 1C). We did most of our experiments on slices
incubated for at least 48 h, because these slices had better
defined glomeruli that seemed to contain a larger number of
cells responding to changes in Po, (see below). For the mea-
surement of whole-cell currents or secretory activity, the patch-
clamp and carbon-fiber electrodes, respectively, were placed
adjacent to a well identified cell within a cluster (e.g., the cell
near the arrow in Fig. 1B). We were able to maintain carotid-
body slices in good condition for up to 5 days. The longevity of
the slices was not studied systematically, although it seems that,
with special care, long-lasting organotypic cultures might easily
be achieved.

After setting up the slice preparation, our main goal was to
study the secretory response to hypoxia of intact cells in the slice
(see below); however, we also tested whether cells in the
glomeruli could be patch-clamped and therefore were amenable
for electrophysiological experiments. Stable whole-cell record-
ings were easily obtained from glomus cells that had inward and
outward voltage-dependent currents qualitatively similar to the
currents seen in enzymatically dispersed carotid-body cells (Fig.
2A4 Middle and Bottom). Net peak inward current at +20 mV was,
in most cells, between 50 and 200 pA; however, in some cases,
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Fig. 3. The secretory response to hypoxia of glomus cells depends on

extracellular Ca2* influx. (Upper) Reversible abolishment of the response to
hypoxia during the blockade of Ca2* channels by addition of 0.2 mM CdCl, to
the extracellular solution. (Lower) Reversible abolishment of the response to
hypoxia by the removal and chelation of Ca2* from the extracellular solution.

as in the example shown in Fig. 24 Middle, we recorded
unusually large inward currents. Detailed electrophysiological
characterization of glomus cells in the slices was not attempted
in this work, but the large inward current observed in this study
is similar to the Na* current described in a small population of
dispersed cells (27). In our experimental conditions, input
resistance was between 1 and 3 G(), within the range of those
reported in isolated rat and rabbit glomus cells (18, 24). This
finding suggests that, unless whole-cell recording induced the
patch-clamped cell to uncouple, the degree of electrical coupling
between neighboring glomus cells is not high. As shown before
in dispersed cells (4, 27), the macroscopic K* current was
reversibly reduced by exposure to relatively low concentrations
of TEA (Fig. 24 Bottom).

The secretory activity of individual cells was studied by
measuring the current resulting from the oxidation of released
catecholamine molecules (Fig. 2B Top). Single exocytotic events
appeared as spike-like signals representing the fusion of indi-
vidual catecholaminergic vesicles. An example of a large secre-
tory spike is shown in Fig. 2B Top Inset. Under normoxic
conditions, most cells did not show any measurable secretory
activity or had some occasional exocytotic events at a frequency
of less than one per minute. Some cells were, however, more
active with a spontaneous secretory event frequency of 10 per
minute or higher. After switching to the hypoxic solution, cells
responded with a progressive increase in the frequency and
amplitude of the spikes that partially fused into a broad con-
centration envelope (Fig. 2B Middle). Reproducible responses to
hypoxia were observed three or four times in the cells if several
minutes of rest were allowed for recovery between successive
stimuli. However, we have not studied in detail other factors
regulating the depletion or replenishment of the releasable
vesicle pool in our preparation. Spike frequency at the peak of
the response to hypoxia (measured in the minute after the initial
90 s of exposure to hypoxia) was 51.8 = 22 spikes per minute (n =
6; mean = SD). Given the proximity of the amperometric
electrodes to the cell under study, we think that most of the
spikes recorded were due to exocytotic events from the same cell;
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Fig. 4. Secretory response of intact glomus cells to TEA. (A Upper) In a cell

that responded to hypoxia, application of TEA to the bath elicited a similar
reversible secretory response. (A Lower) Frequency distribution of the charge
of secretory events elicited by hypoxiaand 5 mM TEA insix different cells. Note
that the parameters of the distribution (means + SD) are the same in the two
experimental conditions. (B) Potentiation of the effect of hypoxia by TEA. (C)
Secretory response to TEA in a cell that was not responsive to hypoxia.

however, we cannot exclude the possibility that some small spikes
appearing in the recordings were due to secretory events occur-
ring in neighboring cells. The progressive increase in spike
amplitude during exposure to hypoxia was a phenomenon ob-
served repetitively in different experiments, which probably
resulted from the intracytoplasmic fusion of vesicles occurring
before release (compound exocytosis; ref. 11). After switching
back to the normoxic solution, recovery was fast, and cells
normally returned to control conditions in less than 30 s.

As expected from electrically excitable cells having voltage-
dependent Ca?* channels, all glomus cells made a vigorous
secretory response when exposed to high extracellular K* (see
Fig. 2B Middle). Average quantal charge of secretory events
elicited during exposure to hypoxia was 46 = 25 fC (mean = SD;

= 218 events in six cells; see also Fig. 44). This value was
obtained from the time integral of selected spikes with the fast
rising phase and slower decay (Fig. 2B Top Inset) typical of
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Fig. 5. Secretory response of intact glomus cells to IbTX. In a cell that
responded to hypoxia (Upper), application of IbTX (200 nM) to the bath
elicited a similar reversible secretory response (Lower). Note that recovery
from IbTX is relatively slow probably because of the high affinity of toxin
binding to the channel.

secretory events occurring in the membrane facing the ampero-
metric electrode (10, 25). Assuming that two electronic charges
are transferred in the oxidation of a catecholamine molecule, the
average number of molecules per vesicle is ~140,000 = 75,000
(mean = SD), a value similar to our estimate in dispersed rabbit
glomus cells (10). Besides the cells with characteristic secretory
response to hypoxia described above, we also observed nonre-
sponsive cells. Some of these recordings could have been from
type II cells, which are nonexcitable (24) and appear intermin-
gled within the glomerulus with glomus (type I) cells. However,
most of the nonresponsive cells had the typical appearance of
glomus cells and showed a powerful secretory response to high
extracellular K* (Fig. 2B Bottom). In the O,-sensitive glomus
cells, the neurosecretory response to hypoxia was almost com-
pletely and reversibly abolished by the addition of Cd?>* to the
extracellular solution (Fig. 3 Upper) or after removal of extra-
cellular Ca?* (Fig. 3 Lower). These observations are similar to
those reported in rabbit glomus cells (10, 11) and further show
that transmitter release elicited by exposure to physiological
levels of hypoxia (=20 mmHg or higher) depends on the influx
of extracellular Ca?*.

In neonatal and adult cells, the major contributors to the
O»-sensitive macroscopic K* current are voltage- and Ca>*-
dependent K* channels, which are blocked by external TEA (4,
17, 20, 27). For this reason, we tested to see whether application
of TEA elicited a secretory response similar to that triggered by
hypoxia. In most cells studied (31 of 32), TEA at concentrations
of 2 or 5 mM, both of which produce blockade of a large
proportion of K* channels (refs. 4, 17, and 27; Fig. 2A4), induced
a clear secretory response (Fig. 44 Upper). This effect of TEA
was observed even in quiescent cells (without measurable spon-
taneous quantal release) and regardless of whether extracellular
K* was 2.7 or 4.5 mM. Spike frequency at the peak of the
response to 5 mM TEA (measured in the minute after the initial
90 s of exposure to the blocker) was 42 = 17 spikes per minute
(mean = SD; n = 6), and average quantal charge was 43 * 30
fC (mean = SD; n = 275 events in six cells). These values, as well
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as the distribution of quantal events (Fig. 44 Lower), are similar
to those estimated with events elicited by hypoxia, suggesting
that both TEA and exposure to low Po, can trigger the release
of the same vesicle pool. As shown in Fig. 4B, TEA also
potentiated the secretory response induced by hypoxia. We have
not tested whether this additive effect is still present when high
(saturating) concentrations of TEA are used; however, we have
recorded one cell that responded to hypoxia but was insensitive
to TEA alone. As mentioned before, TEA could elicit catechol-
amine release even from cells that were not responsive to
changes in Po, (Fig. 4C). Thus, these data indicate that direct
blockade of the O,-sensitive K* channels with TEA can elicit a
vigorous secretory response from intact glomus cells. Further
support for this notion came from experiments with iberiotoxin
(IbTX), a selective blocker of the Ca’*- and voltage-activated
maxi K* channels that can induce catecholamine secretion in
clusters of carotid-body cells (28, 29). Fig. 5 illustrates that IbTX
elicited a secretory response from individual glomus cells similar
to that evoked by hypoxia or TEA; washout of IbTX was,
however, slower than recovery from the other stimuli.

Discussion

In this report, we describe the carotid-body slice preparation
and show that this technique allows us to study the electro-
physiology and cellular responses of single glomus cells to
hypoxia without the need of enzymatic treatment or mechan-
ical disruption of the tissue. We have consistently recorded
secretory activity elicited by hypoxia in single rat glomus cells
by measuring catecholamine release with a carbon-fiber am-
perometric electrode. The neurosecretory response to hypoxia
in single rat glomus cells is qualitatively similar to the response
that we described before in dispersed rabbit glomus cells (10,
11). In both cases, catecholamine release evoked by physio-
logic low Po, levels (=20 mmHg or higher) depends absolutely
on extracellular Ca?" influx. Thus, our data give further
support to the view that glomus cells behave as O;-sensitive
presynaptic-like elements, in which Ca?* influx triggered by
hypoxia-induced depolarization is the fundamental event lead-
ing to transmitter release and activation of the afferent sensory
fibers with which the glomus cells form synapses (7-11).

Interestingly, we observed that some cells that had an appear-
ance typical of glomus cells and that responded with exocytotic
catecholamine secretion to high extracellular K* were insensitive
to changes in Po,. The insensitivity of these cells to hypoxia was
not related to animal age and could be explained either by the
need of lower Po, levels to become depolarized or by the fact
that, in this subset of glomus cells, the O,-sensitive machinery is
inactivated or uncoupled from the K* channels. We believe that
the last possibility is more likely for two reasons. First, like the
hypoxia-responsive cells, the nonresponsive ones were stimu-
lated by TEA. Second and more importantly, when we observed
a large number of nonresponsive cells in a particular experiment,
the lack of O;-sensitivity tended to be maintained in all the slices
of the preparation. Therefore, it seems that insensitivity to
hypoxia depends on uncontrolled variables, some of them in-
troduced by the experimental protocol, which may modify the
chemical status of the O,-sensing molecule or alter its associa-
tion with the ion channels. In fact, we realized long ago that the
O,-sensitivity of ion channels is a labile phenomenon that can be
easily altered by cell dissociation procedures (13).

Another important observation in this study is that external
application of TEA and IbTX consistently elicited a secretory
response that in most aspects was similar to the response evoked
by hypoxia. This similarity contrasts with the lack of TEA effect
on dispersed rat glomus cells (18) and indicates that direct
blockade of O,-sensitive voltage-dependent K* channels, which
in these cells are those blocked by TEA or IbTX (4, 17, 27, 28),
can lead to secretion. A corollary of these data is that inhibition
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of voltage-dependent K* channels by hypoxia can contribute to
initiation of the secretory response elicited by low Po, A
TEA-resistant leak K* current inhibited preferentially by anoxia
or extreme low Po, levels has been described in dispersed rat
glomus cells (18). Whether the leak and the TEA-sensitive
channels are present in the same rat glomus cell type and
whether their functions overlap the same range of Po, values are
questions that should be addressed in future experimental work.
Based on our present data, it is difficult to understand the
insensitivity to TEA (or to CTX and 4-AP) of whole carotid-
body preparations reported by some authors (14-16). Although
the molecular identity and pharmacology of the K* channels in
the glomus cell-afferent fiber synapse are unknown (see, how-
ever, refs. 4, 5, 17, 27, and 30), it is logical to postulate that,
regardless of the mechanisms involved in the transduction of the
hypoxic stimulus, there must be, at the synapse itself and along
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the afferent nerve fiber, several types of voltage-dependent K*
channels whose blockade should alter transmitter release as well
as the frequency and shape of the propagated action potentials.
Because TEA as well as CTX and 4-AP are relatively large,
poorly lipid-soluble molecules, a possible explanation could be
that the blockers do not diffuse at the appropriate concentration
into the extracellular space of carotid bodies either superfused
(with the surrounding connective capsule intact) or perfused
through the carotid artery.
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