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Fast neurogenesis from carotid body quiescent
neuroblasts accelerates adaptation to hypoxia
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Abstract

Unlike other neural peripheral organs, the adult carotid body (CB)
has a remarkable structural plasticity, as it grows during acclima-
tization to hypoxia. The CB contains neural stem cells that can
differentiate into oxygen-sensitive glomus cells. However, an
extended view is that, unlike other catecholaminergic cells of the
same lineage (sympathetic neurons or chromaffin cells), glomus
cells can divide and thus contribute to CB hypertrophy. Here, we
show that O,-sensitive mature glomus cells are post-mitotic.
However, we describe an unexpected population of pre-differen-
tiated, immature neuroblasts that express catecholaminergic
markers and contain voltage-dependent ion channels, but are
unresponsive to hypoxia. Neuroblasts are quiescent in normoxic
conditions, but rapidly proliferate and differentiate into
mature glomus cells during hypoxia. This unprecedented “fast
neurogenesis” is stimulated by ATP and acetylcholine released
from mature glomus cells. CB neuroblasts, which may have
evolved to facilitate acclimatization to hypoxia, could contribute
to the CB oversensitivity observed in highly prevalent human
diseases.
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Introduction

Among the most striking, and as yet poorly understood, properties
of the mammalian peripheral nervous system (PNS) are its ability
to grow and regenerate. This is particularly evident in the carotid
body (CB); a bilateral sensory organ located at the bifurcation of
the carotid artery that, unlike other adult neural organs, can
increase its size several folds in response to exposure to low
environmental O, tension (PO,). Despite the relevance of this

classical, homeostatic adaptive response, its underlying mechanisms
have yet to be fully elucidated. The CB contains O,-sensitive, neuron-
like, glomus cells, which originate during embryogenesis from
sympathoadrenal precursors that migrate from the neighboring
superior cervical ganglion (SCG) [1]. In adult mammals, CB
glomus cells behave as presynaptic-like chemoreceptor elements,
which in response to hypoxia rapidly (in seconds) release
transmitters to activate afferent fibers terminating in the brainstem
respiratory center. This triggers fast cardiorespiratory reflexes
(hyperventilation and sympathetic activation) to compensate for
the lack of oxygen [2]. During exposure to sustained low PO,, the
CB grows and thereby increases the respiratory drive necessary for
acclimatization to chronic hypoxemia, such as that occurring in
high altitude dwellers [3-5] or in patients with obstructive
pulmonary diseases [2,6]. However, CB over-activation, as seen in
sleep apnea patients subjected to episodes of recurrent intermittent
hypoxia [7] or in individuals with chronic heart failure (CHF) with
decreased perfusion of the carotid region [8], can be maladaptive
and cause exaggerated sympathetic outflow, thus leading to hyper-
tension, peripheral insulin resistance, and metabolic syndrome [9].
CB hypertrophy is an indicator of poor prognosis in CHF patients
[8,10], and denervation or pharmacological inhibition of the CB
chemoreflex has been proposed to treat neurogenic refractory
hypertension [7,11].

In recent years, significant experimental advances have
provided an explanation for some of the main features of CB plas-
ticity [12,13]. It has been shown that the adult mammalian CB is a
neurogenic niche that, as neurogenic centers in the adult brain
[14,15], contains a population of glia-like multipotent neural stem
cells (NSCs), which upon activation by hypoxia can proliferate and
differentiate into new neurons (glomus cells) and mesenchymal
cell derivatives [12]. However, even though glomus cells are
highly specialized chemosensory elements that are electrically exci-
table and contain dopamine, ATP, and several other neurotrans-
mitters, an extended view is that they can proliferate during the
early stages of acclimatization to chronic hypoxia [16-19]. This is
an intriguing and as yet unexplained fundamental property of
glomus cells that, if true, would distinguish them from other
closely related neuronal cells (chromaffin cells in the adrenal

1 Instituto de Biomedicina de Sevilla (IBiS), Hospital Universitario Virgen del Rocio/CSIC/Universidad de Sevilla, Seville, Spain

N

Departamento de Fisiologia Médica y Biofisica, Universidad de Sevilla, Seville, Spain

3 Centro de Investigacién Biomédica en Red sobre Enfermedades Neurodegenerativas (CIBERNED), Seville, Spain

*Corresponding author. Tel: +34 955 923031; E-mail: Ibarneo@us.es
**Corresponding author. Tel: +34 955 923038; E-mail: rpardal@us.es

© 2018 The Authors

EMBO reports 19: e44598 2018 1 of 17


http://orcid.org/0000-0003-4101-6095
http://orcid.org/0000-0003-4101-6095
http://orcid.org/0000-0003-4101-6095
http://orcid.org/0000-0003-1085-0714
http://orcid.org/0000-0003-1085-0714
http://orcid.org/0000-0003-1085-0714

EMBO reports

% Kie7+/TH+
vs. total TH+

Fast neurogenesis in the peripheral nervous system

16 4
14 4

*kk

—_
3 0 O N
L 1 1 1

a4l L

[T \V]
L

24h 48h

¥

D
2 days 4 days
01 0123
BrdU Sacrifice

Verdnica Sobrino et al

E F G
2514 — 124 *kk 1.0 1 FrrarTTy
T 104  E&* +
+ 4 201 n : & T 0.8+ =
I f g f 8- © ':
E F 154 e < 2 06-
N~ © 2 ®© 6 :+) +
S 3 T3 !
o W o W +
s~ > 5 o~ > 2 39. g 0.2 -
| 0.0 L= o
2d 4d 6d 2d 4d 6d 2d 4d 6d
Figure 1. Proliferation of TH-positive adult CB cells.
A Immunohistochemical analysis of carotid body (CB) removed from rats subjected to hypoxia for 24 h. Image shows tyrosine hydroxylase (TH; red)-positive cells

expressing the cell cycle marker Ki67 (green).

B Quantification of the frequency of proliferating CB TH* cells after 24 and 48 h in hypoxia (n = 4-6 carotid bodies per time point).
Confocal micrograph showing an example of a CB TH* cell (red) in M phase of the cell cycle, thus accounting for its positivity to phosphorylated histone H3 (PHH3;
green).

D Time course of CB TH* (gray) cell proliferation, studied by Ki67 staining and BrdU incorporation during the 48 h prior sacrifice (see diagrams on top). Yellow
arrowheads point to TH/Ki67/BrdU triple-positive cells.

E-G Quantifications of the time course experiment shown in (D), highlighting the transient nature of adult CB TH* cell proliferation in response to chronic hypoxia

(n = 3-6 carotid bodies per time point).

Data information: Scale bars: 20 um in (A), 40 pm in (C), 10 um in (C1), and 15 um in (D). Data in bar graphs are presented as mean £ SEM. *P < 0.05, ***P < 0.001
(Student’s t-test).

Source data are available online for this figure.
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medulla or sympathetic neurons), which do not show any prolifer-
ative capacity in adult life.

Herein we show that in contrast to commonly held beliefs,
mature O,-sensitive glomus cells do not proliferate. We have identi-
fied a subpopulation of rat glomus cells that are maintained in a
quiescent, partially immature, status under normoxic conditions
and which, upon exposure to hypoxia, divide and complete differen-
tiation to form functionally mature O,-sensitive cells in 2448 h. We
also show that this type of “fast neurogenesis” from pre-differen-
tiated neuroblast-like cells, which is without precedent in other
known neurogenic centers, can be modulated pharmacologically.
Our findings shed light on as yet poorly understood features of CB
adaptation to hypoxia, a classical chapter in oxygen homeostasis
research. They also help to advance our understanding of the
pathogenesis of highly prevalent comorbidities associated with CB
over-activation and the development of potential therapeutic
interventions.

Results
Hypoxia-induced proliferation of neuron-like CB glomus cells

Mammalian CB glomus cells are highly dopaminergic and can
therefore be easily identified by tyrosine hydroxylase (TH)
immunostaining. Exposure of rats to environmental hypoxia (10%
O, tension) for a short time period (24 h) induced a population
of TH-positive (TH™) cells to enter the cell cycle, as evidenced
by the co-expression of TH and Ki67, a proliferation marker
(Fig 1A). The number of proliferating TH* CB cells drastically
increased from ~4 to ~14% of the total TH* cell population
within the first 48 h in hypoxia (Fig 1B). This proliferative activ-
ity of TH* cells disappeared when rats were returned to a
normoxic (21% O, tension) environment (Fig EV1). TH™ cell
proliferation in animals exposed to hypoxia was further docu-
mented by labeling the cells with an antibody against phospho-
histone H3 (PHH3), a version of H3 histone that is only present
in M phase of the cell cycle. This procedure resulted in character-
istic images of TH and PHH3-double-positive cells lacking a
nuclear membrane and exhibiting chromosome condensation
(Fig 1C). Since Ki67 is a marker of the whole-cell cycle, the time
course of cell divisions was studied by combining Ki67 with
BrdU, which only labels cells that are at S phase of the cycle. By
analyzing animals exposed to hypoxia for different time periods,
and that had received BrdU during the last 48 h before sacrifice
(Fig 1D), we observed that cell division in the neuronal (TH™)
compartment was fast and transient, and maximal after 3-4 days
of exposure to hypoxia (Fig 1E-G). After the first 3-4 days under
hypoxia, the small percentage of BrdU and Ki67 double-positive
cells (Fig 1G) indicates a clear exit from the cell cycle, being the
majority of proliferative TH* cells already post-mitotic after the
first 6 days of exposure to hypoxia. The presence of a significant
number of Ki67/TH double-positive cells at 6 days (Fig 1E) might
represent the capacity of some of these cells to maintain prolifera-
tion beyond the first burst of neuronal cell division. These data
indicate the existence of a transient period of fast and intense
neurogenesis (generation of new TH™ glomus cells) in the CB
due to division of pre-existing TH™ cells.

© 2018 The Authors
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Identification and prospective isolation of dividing TH* cells

Among the several cell surface markers tested, we found that the
human natural killer-1 (HNK-1) membrane epitope, which is typi-
cally described in neural crest-derived cells [20,21], specifically
labels the subset of TH™ cells with proliferation capacity in response
to hypoxia (Fig 2A and B). The proliferation of TH* /HNK™ cells
was confirmed in studies in which flow cytometry and time-lapse
microscopy video imaging were used. Figure 2C (top panel) shows
a typical flow cytometry dot plot from a dispersed normoxic rat CB
after intracellular staining with antibodies against Ki67 and TH,
combined with cell membrane staining with antibodies against
HNK-1 (see Materials and Methods). Highly TH™ cells were negative
for HNK-1 (red dots), while a subclass of moderately stained TH™"
cells (mTH" cells, green dots) were highly HNK". We also
observed a population of HNK™ cells, with medium to low expres-
sion of HNK-1 but negative for TH (blue dots), whose nature was
not studied (TH-/HNK low cells). Exposure of the animals to
hypoxia (48 h) drastically increased the number of proliferating
(Ki67*) mTH*/HNK™ cells, thus indicating that they are the
subpopulation of dividing glomus cells (Fig 2C and D).

As intracellular immunocytochemistry with anti-TH antibodies
can only be performed in permeabilized fixed cells, we developed a
procedure for sorting the two subclasses of TH* live cells (TH"/
HNK™~ and mTH*/HNK ") by flow cytometry. We first found that
TH™ (HNK") cells are larger in size than mTH*/HNK™ cells [see
Forward Scatter (FSC) axis in the plot in Fig EV2A]. Moreover, TH*
cells contain abundant mitochondria and other organelles [4],
which make them more autofluorescent compared to bulk cells in
the cytometer (FL-2 axis in the dot plot of Fig EV2B). Therefore, by
using physical parameters and the cell membrane marker HNK-1,
we were able to sort highly enriched (> 90%) populations of both
mTH*/HNK* and TH™ live cells (see Fig EV2B and C). When
sorted cells were cultured and recorded for 48 h with time-lapse
microscopy, cell division activity was observed in ~7% of mTH "/
HNK™* cells maintained in normoxia (Nx); this value increased up
to 46% in cells exposed to hypoxia (Hx) (n = 131 recorded cells). In
contrast, cell division activity was rarely observed (< 3%) in sorted
TH™ cells (n = 138 recorded cells), with such isolated cases of cell
division probably due to incomplete separation of the sorted popula-
tions (Fig 2E and F). Taken together, these data strongly suggest
that within the population of neuron-like glomus cells, hypoxia
selectively triggers the proliferation of mTH™ /HNK ™ cells.

mTH*/HNK"* cells are immature glomus cells that complete
differentiation during hypoxia

To further characterize the nature of mTH " /HNK™" cells, we used
flow cytometry to study the dynamics of this population during
long-lasting exposures to hypoxia (Fig 3). In normoxia, HNK-1
labels about one-third of all TH" cells (Nx; Fig 3A). During the
long-term exposure of rats to a hypoxic environment (Hx 5d and
21d in Fig 3B-D), we observed marked changes in the mTH*/
HNK™* population, consisting of an evident increase in the expres-
sion of TH (encoded by a well-known hypoxia-inducible gene),
which was even more pronounced than that in TH™ (HNK™) cells
(Fig 3B), and a parallel decrease in HNK-1 expression to appear
progressively similar to the TH™ (HNK") population (Fig 3A-D).
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Figure 2. HNK-1 specifically labels proliferating TH-positive CB cells.

Fast neurogenesis in the peripheral nervous system
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A, B Immunohistochemical analysis of CB from rats exposed to hypoxia for 48 h, illustrating the membrane expression of the glycoepitope HNK-1 in PHH3" proliferating

CB neuronal (TH*) cells.

C Flow cytometry analysis of normoxic and 2d hypoxic CBs, with membrane staining of the cells with antibodies against HNK-1 and intracellular staining with
antibodies against TH and Ki67. Note that upon exposure to hypoxia proliferation (Ki67*) is particularly increased in the HNK-1* subpopulation of neuronal (TH*)

cells.

D  Quantification of proliferating cells in flow cytometry plots as those shown in (C) (n = 5 normoxic, Nx, and 6 hypoxic, Hx, rats).
E Time-lapse video microscopy imaging of TH* and mTH*/HNK-1* CB cells, sorted alive by flow cytometry (see Fig EV2). After 48 h recording, most cell division

activity was observed in the HNK-1* subpopulation.

F Quantification of cell divisions observed after 48 h using time-lapse microscopy, confirming that proliferation is a feature of HNK-1* CB neuronal cells [n = 42 TH*
and 42 mTH*/HNK" cells exposed to normoxia (Nx; n = 3 rats), and 96 TH* and 89 TH*/HNK™ cells exposed to hypoxia (Hx; n = 5 rats)].

Data information: Scale bars: 10 um in (A), 20 pm in (B), and 25 um in (E). Data in bar graph of panel (D) are presented as mean + SEM. Data in bar graph of panel (F)
are presented as the sum of dividing cells among total cells studied. ***P < 0.001 (Student’s t-test).

Source data are available online for this figure.

After 21 days in hypoxia, almost all the mTH*/HNK" cells had
disappeared (Fig 3C and D). Keeping in mind that TH is the rate-
limiting enzyme in dopamine synthesis and hence constitutes a typi-
cal marker for mature neuronal cells in the CB, the data suggest that
mTH"/HNK™" cells are pre-differentiated neuroblasts that upon
exposure to hypoxia proliferate transiently and then rapidly
complete maturation into fully differentiated glomus cells. The
immature phenotype of mTH™ /HNK™ cells was also corroborated
by flow cytometry based on the expression of Tujl, a neuroblast
marker [22]. As expected, CB mTH" /HNK" cells expressed higher
levels of Tujl than TH™ (HNK ™) mature neuronal cells (Fig 3E and
F). Finally, as we have previously shown that mature glomus cells
are larger in size than CB neuroblasts (Fig EV2A), the maturation
process was confirmed by showing an increase in neuroblast cell
size and a decrease in HNK-1 expression upon in vitro exposure to
hypoxia (Fig EV3A-C).

To characterize the structural features of CB neuroblasts
(mTH" /HNK™ cells) in situ, we performed electron microscopy
(EM) studies using antibodies against HNK-1 conjugated to gold
particles. As this technique has relatively low sensitivity, it favors
the analysis to be focused on mTH* /HNK™ cells since they are the
cells that are most positive for the expression of this surface marker
in the CB (see Figs 2C and 3A). Nevertheless, we also observed
some HNK low cells (Fig 4H), probably corresponding to the
uncharacterized TH-/HNK low cells (blue dots in Fig 2C), which
were not included in our EM analysis. The representative ultrastruc-
tural features of HNK™ neuroblasts in comparison with mature
glomus cells, which are profusely characterized by EM in the litera-
ture [23,24], are shown in Fig 4A and B. Neuroblasts (green) were
consistently smaller in size and contained patches of gold particles
around their plasma membrane (arrows), confirming the high level
of HNK-1 expression in these cells (Fig 4A). In contrast, mature
glomus cells (red), which were not marked by gold particles (nega-
tive for HNK-1 staining), were easily identified by their larger size
and by the presence of abundant secretory vesicles next to the
plasma membrane (Fig 4B). mTH*/HNK" cells also contained
secretory vesicles (blue arrows in Fig 4C1), but these were smaller
in size and fewer in number compared to mature glomus cells
(Fig 4C-E). Within the typical CB cell clusters (glomeruli),
mTH" /HNK™" neuroblasts were usually seen at the periphery and
often separated by extracellular space from mature glomus cells,
which were situated in the center (Fig 4F; see also Fig 4G for a
quantification of the differences in the location of glomus

© 2018 The Authors

cells and neuroblasts within the CB glomeruli). However, cell-to-cell
contacts, with a narrow intercellular cleft and associated electron-
dense membrane zones, were occasionally observed between the
two cell types (see yellow arrowheads in Fig 4Cl1), suggesting
some type of communication between these cells. The structural
arrangement of neuroblasts at the borders of glomeruli could
indicate that when mTH"/HNK™ cells are activated by hypoxia
in vivo, they mature into glomus cells to either expand the size of
the glomerulus or to initiate the formation of new, segregated
glomeruli.

In addition to flow cytometry and electron microscopy, we have
also tried to distinguish neuroblasts and glomus cells at the molecu-
lar level by performing quantitative PCRs. From all significant mark-
ers tested, the ones displaying the largest differences are shown in
Fig EV4. mTH*/HNK" cells express genes typical of immature
neuroblasts, such as sodium channels (Scn9a; see below), neural
developmental genes (Ntngl) [25], including sympathoadrenal
lineage (Ascll) [26], or neuroblast surface markers (Ncam2) [27].
On the other hand, mature TH™ cells express genes related to meta-
bolism such as phosphofructokinase (Pfkp) [28], related to para-
crine signaling such as an interleukin receptor (I120ra), or related to
a mature neuroendocrine phenotype such as the endopeptidase
Pcsk6 [29] or the vesicle monoamine transporter VMAT (Slc18al)
[30].

Pre-differentiated mTH*/HNK"* neuroblasts acquire acute
responsiveness to hypoxia during maturation to glomus cells

Despite differences in cell physical parameters and ultrastructure
described above, CB neuroblasts (mTH"/NHK™) exhibited elec-
trophysiological properties that, in most respects, were similar to
those observed in mature (TH™) glomus cells (Fig 5). Both cell
types showed a similar density of voltage-dependent Ca®** chan-
nels; however, the amplitude (current density) of K* currents
was significantly larger in neuroblasts (Fig SA-F). Most (> 80%)
mTH*/HNK® neuroblasts also showed large fast inward Na*
currents, a sign of cellular immaturity, which were present in
<25% of mature glomus cells (Fig 5C and G). In solid agree-
ment with the electron microscope studies and flow cytometry
data, cell capacitance, which 1is proportional to membrane
surface area, was smaller in mTH"/HNK" neuroblasts than in
mature TH* glomus cells (Fig 5H). Input resistance was similar
between both cell types (Fig 5I).
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Prospectively isolated CB glomus cells and neuroblasts showed
increased cytosolic [Ca?*] and quantal dopamine release in
response to direct membrane depolarization with high external K™
(Fig 6), which indicates that both cell classes contain functional
Ca®* channels that can support exocytosis (see Fig 5C and D)
[12,31]. However, the size and number of individual secretory
events elicited during repeated exposure to high external K* were
clearly smaller in neuroblasts compared to glomus cells (Fig 6A-C).
These observations, consistent with the data observed in the elec-
tron microscopy studies described above (see Fig 4), further suggest
that the number of vesicles and catecholamine content per vesicle
are characteristics associated with the process of neuroblast matura-
tion into glomus cells. In addition to their response to high K*
mature TH' cells also showed an elevation of cytosolic Ca®* in
response to hypoxia and hypoglycemia (Fig 6D), which are charac-
teristic responses of chemoreceptor cells [31-33]. In contrast to
mature glomus cells, less than 25% of the recorded neuroblasts

© 2018 The Authors
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Figure 4. Electron microscopy of mTH*/HNK" CB neuroblasts.

A Electron micrograph of a normoxic CB section after immunostaining
with gold particles against HNK-1 expression. A typical HNK-1" cell
(MTH/HNK) is depicted in green pseudocoloring, with gold particles
present all around its plasma membrane (yellow arrowheads). Scale bar:
2 um.

B Electron micrograph showing a typical mature CB glomus cell (TH) in red
pseudocoloring, which is negative for the HNK-1 staining. Note how the
HNK-1* cell shown in (A) is smaller in size and has a thinner cytoplasm
than the mature glomus cell shown in (B). Scale bar: 2 pm.

C Detail of an HNK-1" immature neuroblast (green) in close proximity to a
mature glomus cell (red). The areas of cell-to-cell contact have been
boxed and augmented in (1) and (2). Electron-dense areas of contact can
be observed (yellow arrowhead), and an increased number of larger
secretory vesicles can also be detected in the mature glomus cell. Often,
prolongations of third cellular elements, as shown in (2), can be observed
in between the two types of cells. Scale bars: 1 pm.

D, E Quantification of the number of vesicles per membrane unit length, and
the size of vesicles, in both mature glomus cells (TH) and HNK-1*
immature neuroblasts (MTH/HNK) (n = 31 mature and 33 immature
neuronal cells from three different normoxic rats).

F Low magnification electron micrograph of a normoxic CB stained for
HNK-1 expression, with positive cells (mMTH/HNK neuroblasts) in green
pseudocoloring and negative glomus cells (TH) pseudocolored in red, to
highlight the typical peripheral location of HNK-1* neuroblasts within CB
glomeruli. Scale bar: 5 pm.

G Quantification of the percentage of membrane surface from TH cells (red
bars) or mTH/HNK cells (green bars) located in front of a glomus cell (TH
cell) or in front of cell-free stroma. TH cells show a great percentage of
their membrane in front of other TH cells (72.6% of the TH cell surface;
measured in nine cells from three animals), as expected by their location
inside the glomerulus. However, mTH/HNK cell surface is mostly in front
of cell-free stroma, compatible with a peripheral position of these cells
within the glomeruli (n = 5 cells from three different rats).

H Electron micrograph of a carotid body section from a normoxic rat after
immunostaining with gold particles against HNK-1 expression. The
image shows a typical cell (pseudocolored in orange) that presents low
levels of the HNK-1 marker. Scale bar: 2 pm.

Data information: Data in bar graphs are presented as mean + SEM.
*P < 0.05, **P < 0.01, ***P < 0.001 (Student’s t-test).
Source data are available online for this figure.

responded to hypoxia, and in those that did respond, the Ca®*
signal amplitude was ~50% of that recorded in TH* mature cells
(Fig 6D-F). However, responsiveness to hypoglycemia was almost
fully developed in neuroblasts (Fig 6D, G and H). NAD(P)H accu-
mulation during hypoxia, a characteristic response of O,-sensitive
mature glomus cells [34], was also drastically decreased in the
neuroblast population (Fig 61 and J). Taken together, these single-
cell functional studies indicate that, although neuroblasts are
already quite specialized cells, with fully developed Ca®" channel
expression and sensitivity to hypoglycemia, as well as having the
ability to partially support Ca®*-dependent exocytotic transmitter
release, their conversion into glomus cells requires further matura-
tion of the neurosecretory machinery and full development of
responsiveness to hypoxia.

Pharmacological modulation of CB neuroblast activation and
differentiation into mature glomus cells

As shown above, CB neuroblasts in vivo are quiescent in normoxia
and become activated when animals are exposed to hypoxia. A
similar behavior was observed in isolated mTH*/HNK™ cells

EMBO reports 19: e44598 2018 7 of 17
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Figure 5. Electrophysiological parameters of CB mature glomus cells and neuroblasts.

A Voltage-gated ionic outward currents elicited by depolarizing voltage steps, using the whole-cell configuration of the patch-clamp technique, on both mature
glomus cells (TH) and neuroblasts (mTH/HNK), sorted alive by flow cytometry (see Fig EV2).

B Current density measurements of outward potassium currents recorded from mature glomus cells (TH; n = 14 cells) and neuroblasts (MTH/HNK; n = 13 cells),
illustrating a higher potassium channel density in immature mTH*/HNK" cells. Data are presented as mean + SEM.

C Voltage-gated ionic inward currents recorded with the whole-cell configuration of the patch-clamp technique in both mature glomus cells (TH) and neuroblasts
(mTH/HNK). Note the absence of fast-activating sodium currents in mature neuronal cells.

D Current-to-voltage relationship of inward calcium currents in both mature glomus cells (TH; n = 18 cells) and neuroblasts (MTH/HNK; n = 21 cells), reflecting the
absence of important differences between the two. Data are presented as mean + SEM.

E-G Quantification of the percentage of mature glomus cells (TH) and neuroblasts (mTH/HNK) displaying different ionic currents (number of total cells studied is
indicated between brackets).

H Cell capacitance measured by patch clamp in mature glomus cells (TH; n = 29 cells) and neuroblasts (MTH/HNK; n = 30 cells), confirming the smaller size of the
latter.

| Input resistance measured by patch clamp in both mature glomus cells (n = 29) and neuroblasts (n = 30).

Data information: Data in bar graphs of panels (E), (F), and (G) are presented as the sum of cells presenting the indicated ion currents among total cells studied. Data in
bar graphs of panels (H) and (I) are presented as mean £ SEM. *P < 0.05, **P < 0.01, ***P < 0.001 (Student’s t-test). Cells used for the analysis in this figure were
obtained in three independent experiments with a total of 11 rats.

Source data are available online for this figure.

in vitro, as the number of neuroblasts that became O,-sensitive stabilization shown in Fig EV3D-F), transmitters released from
markedly increased in cell cultures maintained under hypoxic glomus cells during exposure to hypoxia in vivo can activate
conditions (3% O;) for 24-48 h (Fig EV5A-C, E and F). As mature neuroblast differentiation into mature cells. Among the several
(TH*) glomus cells are located near mTH*/HNK™ neuroblasts substances employed to test for this, the most potent and repro-
(see Fig 4 above), we considered the possibility that, in addition ducible effects were obtained with ATP and acetylcholine (ACh),
to the intrinsic effect of hypoxia (corroborated by HIF2a which are well-known transmitters stored in glomus cells that
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Figure 6. Functional properties of CB neuroblasts and mature glomus cells.

A Amperometric recordings of single exocytotic events from mature glomus cells (TH) or neuroblasts (mTH/HNK) in response to depolarization by extracellular solution
containing high potassium. Single vesicle fusion events are shown in the insets.

B Quantification of the percentage of cells responding to high potassium as recorded by amperometry (n = 25 total TH* cells and 26 total mTH*/HNK* cells).
Quantification of the mean charge of single exocytotic events from both mature glomus cells (n = 266 spikes from six cells) and neuroblasts (n = 221 spikes from six
cells). The smaller charge of single fusion events from mTH*/HNK" cells confirms their immature phenotype, in agreement with the electron microscopy data.

D Increases in intracellular calcium concentration in response to different stimuli, measured by changes in the fluorescence of the calcium indicator FURA-2. Note how

CB neuroblasts (mMTH/HNK) are responsive to some stimuli such as hypoglycemia (0 Gluc) or high potassium (40K) but not to others such as hypoxia (Hx).

Percentage of cells responding to hypoxia (Hx) (n = 117 TH* and 193 mTH*/HNK" cells).

Quantification of the magnitude of the response to hypoxia in both mature glomus cells (TH; n = 108 cells) and neuroblasts (MTH/HNK; n = 48 cells).

Percentage of cells responding to hypoglycemia (0 Gluc) (n = 48 TH* and 59 mTH*/HNK" cells).

Quantification of the magnitude of the response to 0 Gluc in both mature glomus cells (TH; n = 42 cells) and neuroblasts (MTH/HNK; n = 47 cells).

Monitoring of NAD(P)H autofluorescence generated by mitochondria in response to hypoxia in both mature glomus cells (TH) and neuroblasts (mTH/HNK). Note the

absence of a response by neuroblasts.

] Quantification of cells responding to hypoxia, as measured by recordings of NAD(P)H autofluorescence (n = 117 TH* and 193 mTH*/HNK" cells).

— T o mm

Data information: Data in bar graphs of panels (B), (E), (C), and (J) are presented as the sum of responding cells among total cells studied. Data in bar graphs of panels
(©), (F), and (H) are presented as mean £ SEM. *P < 0.05, **P < 0.01, ***P < 0.001 (Student’s t-test). 40K = 40 mM extracellular potassium chloride. Cells used for the
analysis in panels (A), (B), (C), (1), and (J) were obtained in four independent experiments with three rats each. Cells used for the analysis in panels (D), (E), (F), (G), and (H)
were obtained in four independent experiments with a total of 13 rats.

Source data are available online for this figure.
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participate in chemoreceptor cell-afferent fiber synaptic communi-
cation [35]. Isolated mTH*/HNK™ cells acutely responded with
increased cytosolic [Ca®"] to the application of purinergic agonists
(UTP) more frequently than TH™ cells (Fig 7A-C). CB neuroblasts
appeared to be more sensitive to UTP than to ATP, and these
responses were blocked by PPADS (Fig 7A-C), which suggests that
P2Y metabotropic receptors were the most abundant in mTH™/
HNK" cells. However, immunocytochemical studies showed that
P2X ionotropic receptors (which are preferentially activated by
ATP) were also present in this cell subpopulation (Fig 7D).
Indeed, PCR studies on enriched sorted cell subpopulations
showed that several P2Y and P2X receptor mRNA species are
present in TH" as well as in mTH* /HNK ™ cells (Fig 7E). Applica-
tion of ACh systematically elicited an increase in cytosolic [Ca**]
both in mature glomus cells and in pre-differentiated neuroblasts
(Fig 7A and C). In agreement with these observations, the incuba-
tion of prospectively isolated mTH*/HNK™ cells in media with
ATP, UTP, or ACh resulted in a marked increase in their matura-
tion into O,-sensitive cells (Figs 7F and G, and EV5D-F). These
data indicate that ATP and ACh signaling could play an important
role in CB neuroblast fast proliferation and maturation. In order
to further prove mature cell-neuroblast communication, we
performed experiments in which neuroblasts were exposed to
mature TH™ cell-conditioned medium for several hours. However,
these experiments yielded unclear results probably due to the
excessive dilution of secreted factors in the conditioned medium
(data not shown).

Discussion
Pre-differentiated neuroblasts in the adult carotid body

The CB contains neural crest-derived stem cells, which can support
growth of the organ [12,13]. However, several histological studies
using cell cycle markers (such as PCNA or Ki67) and anti-TH
antibodies have suggested that neuron-like glomus cells, the main
cell type in CB parenchyma, can proliferate [5,16,19]. Our data
provide a novel perspective to this process, as we show that
mature glomus cells do not proliferate, but rather we demonstrate
the existence in the CB of quiescent, pre-differentiated TH™"
neuroblasts. This is a cell type without precedence in the adult
PNS, as it can divide and fully differentiate into mature post-mitotic
glomus cells to accelerate the process of adaptation to hypoxia. As
both neuroblasts and glomus cells are TH™, it is for this reason
that they were not distinguished in previous immunocytochemical
analyses. The existence of two glomus cell classes in the CB
had, however, been suggested in previous morphometric studies
[36-38]. Interestingly, one of the cell subtypes reported in those
studies, with a smaller size and a reduced number and volume of
secretory vesicles, as well as a peripheral location within glomeruli
[38], corresponds to the pre-differentiated neuroblasts reported here.

A typical property of CB neuroblasts is the heightened
membrane expression of HNK-1, a glycoepitope reported to be a
marker for neural crest-derived progenitors [39] and other neural
stem cells [40]. Consistent with our data, the expression of HNK-1
has also been described in glomus cell precursors during develop-
ment of the avian CB [41]. HNK-1 is usually associated with
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extracellular cell adhesion molecules, which are involved in cell
migration, recognition, and synaptic plasticity [42]. The role of
HNK-1 in CB neuroblasts is unknown, although this marker
allowed us to prospectively separate CB neuroblasts from mature
glomus cells and to analyze in detail the different functional proper-
ties of these two cell types. Many of the functional characteristics
of glomus cells, such as the presence of voltage-dependent Na™,
K", and Ca®>" channels and a relatively high level of TH expres-
sion, are already well represented in neuroblasts, suggesting that
they have undergone a considerable degree of functional matura-
tion. Indeed, CB neuroblasts, although unresponsive to acute
hypoxia, are activated by low glucose, a chemoreceptive response
typical of glomus cells, which, as further confirmed here, is not
directly related to sensitivity to low PO, [32-34]. Therefore, respon-
siveness to hypoxia and the completion of dopaminergic secretory
vesicle biogenesis are two major cell functions that distinguish
glomus cells from CB neuroblasts.

Carotid body fast neurogenesis

The CB is a neurogenic center in the PNS that, similar to the
subventricular zone (SVZ) or the hippocampal dentate gyrus (DG)
in the brain, contains glia-like neural stem cells [12,43]. In
normoxic conditions, CB stem cells are quiescent; however, upon
exposure to sustained hypoxia, they convert into nestin® prolifer-
ating intermediate progenitors, which then differentiate into
glomus cells as well as other cell classes supporting organ growth
[12,44]. In many aspects, this “slow” CB neurogenesis, which
takes several days to complete, mimics neurogenesis in the central
niches, although neuroblasts, or immature neurons, typically
described in SVZ and DG (type A and type D cells, respectively)
[45-47] had not previously been reported as such in the CB. Simi-
lar to neuroblasts in the central niches, the newly identified CB
neuroblasts are Tujl ", electrically excitable, and contain secretory
vesicles; however, the fact that they can switch from quiescence
to maturation in only few hours is a property not shared by cells
in other neurogenic niches. Central neurogenesis depends on a
continuous, although adjustable, sequence of events during which
neuroblasts arising from intermediate progenitors immediately
enter into a slow maturation process to become neurons [45-49].
In the SVZ, for example, neuroblasts migrate through the rostral
migratory chain to become mature neurons at the olfactory bulb, a
process that takes about 2 weeks. In the hypoxic CB, “slow neuro-
genesis” occurs in parallel with “fast neurogenesis”, which
depends on pre-existing quiescent neuroblasts that can evolve into
mature functional O,-sensitive cells in less than 24-48 h.

Similar to neural stem cells and intermediate progenitors [50],
CB stem cells are relatively insensitive to changes in PO, [13]. CB
“slow neurogenesis” in vivo is triggered by hypoxia due to the
existence of abundant chemical synapses between glomus and
stem cell membranes. In this way, transmitters (such as endothe-
lin-1) released from the O,-sensitive mature glomus cells induce
the proliferation of CB progenitors [13]. In this report, we show
that hypoxia can accelerate the maturation of CB neuroblasts
in vitro, possibly due to the induction of TH and other O,-regu-
lated genes participating in this process. However, we have also
observed that mature glomus cells and neuroblasts are in proxim-
ity (and even form occasional synapse-like junctions) and that
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Figure 7. Purinergic and cholinergic signaling accelerates neuroblast mobilization.

A Intracellular calcium concentration measurements in mature glomus cells (TH) and neuroblasts (mTH/HNK) in response to purinergic (ATP and UTP) and cholinergic
(acetylcholine, Ach) agonists. 40K = 40 mM extracellular potassium chloride.

B Intracellular calcium concentration recording from a CB neuroblast (mTH/HNK), showing inhibition of the response to UTP by the purinergic receptor blocker PPADS.
40K = 40 mM extracellular potassium chloride.

C Quantification of cells responding to different purinergic and cholinergic agonists (number of total cells studied is indicated between brackets). Note how CB
neuroblasts respond better to the more potent purinergic agonist UTP.

D Histological immunodetection of purinergic receptor P2X2 expression in CB neuroblasts (mTH*/HNK-1%). Scale bar: 25 pum.

E RT-PCR detection of expression of different ionotropic and metabotropic purinergic receptors in both mature glomus cells (TH) and neuroblasts (MTH/HNK).

F Increases in mitochondrial NAD(P)H in response to hypoxia in CB neuroblasts incubated with ATP or UTP for 24-48 h, demonstrating maturation induced by
purinergic signaling.

G Quantification of hypoxia-responsive cells, as measured by NAD(P)H levels, after incubation for 24-48 h in the indicated conditions (number of total cells studied is
indicated between brackets).

Data information: Data in bar graphs are presented as the sum of responding cells among total cells studied. Cells used for the analysis in panels (A-C), (F), and (G) were
obtained in eight independent experiments with four rats each.
Source data are available online for this figure.
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ACh and ATP, which are well-known transmitters released from
glomus cells during hypoxia [35,51], are potential stimulants of
neuroblast maturation. Interestingly, a high density of ACh recep-
tors in the “small” glomus cells was described in previous
morphometric studies [36]. In addition, ATP signaling has been
implicated in the proliferation and maturation of neural progeni-
tors [52] as well as in SVZ neuroblast migration and survival in
response to ischemic insults [53]. Therefore, our observations
further support the notion that mature neurons modulate neuroge-
nesis through chemical signals acting on progenitors and on pre-
differentiated neuroblasts [54], a concept optimally represented in
the organization of the CB niche.

In addition to its action as a transmitter at the chemosensory
cell-afferent nerve synapse, ATP released from glomus cells is
known to exert paracrine interactions with glia-like (type II) cells
and other elements in the CB glomerulus [55-57]. Ionotropic P2X
receptors (in particular the P2X3 subtype) are predominantly
expressed in the terminals of petrosal sensory neurons at the glomus
cell-afferent fiber synapse, whereas metabotropic P2Y receptors
seem to be more abundant in glia-like stem cells. The single-cell
pharmacological studies reported here indicate that P2Y agonists
activate CB neuroblast maturation into O,-sensitive glomus cells.
However, our immunohistochemical and PCR studies indicate that
ionotropic P2X receptors are also expressed in immature mTH "/
HNK™" cells. Further studies are warranted to examine in more detail
the molecular action(s) of ATP, ACh, and other agents on quiescent
neuroblasts to induce their maturation and acquisition of the O,-
sensitive phenotype.

Potential role of neuroblasts in the pathogenesis of CB over-
activation: Clinical implications

The “fast neurogenesis” based on pre-existing quiescent neurob-
lasts described here is a process that has probably evolved to
increase CB sensitivity to low PO, before hypertrophy of the organ
takes place, thus accelerating acclimatization to hypoxia. It is
possible, therefore, that the number of quiescent neuroblasts
changes among mammalian species, influencing in this way their
adaptability and resistance to hypoxic environments. However, an
exaggerated “fast CB neurogenesis” could be maladaptive and
contribute to the pathogenesis of highly prevalent medical condi-
tions, such as refractory hypertension, sleep apnea, or left cardiac
failure, presenting increased sympathetic outflow, due, at least in
part, to CB over-activation [8-11]. In several of these pathologies,
CB sensitization to hypoxia has been demonstrated, although the
precise mechanisms are not well understood. Increased single
glomus cell excitability could account for some of the observed
phenomena, although it is possible that sustained CB afferent
drive to the brain requires an increase in O,-sensitive chemorecep-
tor cell number. Some cases of CB sensitization (e.g. in sleep
apnea) occur without an apparent change in CB size or histology
[58], which is compatible with the transformation of TH* neurob-
lasts into O,-sensitive mature glomus cells. In several animal
models and in preliminary trials in human patients, CB ablation or
denervation has been shown to reduce most of the effects of
autonomous dysfunction [7,11], although from a translational
perspective, the irreversible abolition of CB function is, obviously,
not an optimal choice. Recently, an alternative pharmacological
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approach based on the use of P2X3 receptor antagonists (which
inhibit the glomus cell-afferent fiber synapse) was shown to have
beneficial effects on hypertensive rats, although caveats have
arisen regarding potential side effects [59]. Further research should
explore the role of “fast” CB neurogenesis in pathological CB
sensitization as well as the possible selective pharmacological inhi-
bition of this process (e.g. with the combined use of cholinergic
and/or metabotropic purinergic antagonists) while preserving CB
chemosensory function.

Materials and Methods
Animals

Experiments were performed using 7- to 11-week-old Wistar rats
(Harlan). Male and female animals were used in every experiment,
and no differences were found between them. Rats were housed and
treated according to the animal care guidelines of the European
Community Council (2010/63/EU). The Animal Research Commit-
tee at the University of Seville approved all procedures.

In vivo hypoxic treatments and drug administration

Rats were chronically exposed to 10% O, environment for the time
periods indicated, using a hermetic isobaric chamber with
controlled O, levels and continuous monitoring of CO,, humidity,
and temperature (Coy Laboratory Products). Animals were housed
in standard rodent cages, with ad libitum access to pellet food and
water, and within a 12-h light/dark cycle room. Control rats were
similarly housed in ambient air outside the chamber. To test for
cell proliferation in response to hypoxia, rats were injected
(BrdU) (50 mg/kg;
Sigma) 48 h before sacrifice. BrdU was also administered in
drinking water (1 mg/ml) during those 48 h. Following treatments,
animals were used for immunohistochemical studies or for flow
cytometry analyses.

intraperitoneally with bromodeoxyuridine

Immunohistochemical stainings

Animals were anesthetized with ketamine (80 mg/kg) plus xylazine
(10 mg/kg), intracardially perfused, and their tissue processed as
described previously [13]. Immunohistochemistry procedures,
including BrdU staining, were applied as previously published [12].
For HNK-1 staining, antigen retrieval was performed by covering
tissue with a boiled sodium citrate solution (10 mM, pH 6) for
15 min. Sections were rinsed twice with PBS solution and then
subjected to regular staining procedure. Primary antibodies: mouse-
IgM anti-HNK-1 (CD57) (1:500; BD Bioscience), rat IgG2a anti-BrdU
(1:200; Abcam), rabbit anti-TH (1:1,000; Novus Biological), mouse
IgG1 anti-TH (1:500; Sigma), rabbit anti-Ki67 (1:200; Thermo Scien-
tific), mouse IgG1 anti-Ki67 (1:200; BD Bioscience), and rabbit anti-
P-Histone H3 (Ser28) (1:400; Cell Signaling Technology) [60].
Secondary antibodies:  AlexaFluor 488-donkey-anti-rabbit-IgG
(1:400; Molecular Probes), AlexaFluor 488-goat-anti-mouse-IgM
(1:200; Molecular Probes), AlexaFluor 568-goat-anti-rat-IgG (1:500;
Molecular Probes), AlexaFluor 568-goat-anti-mouse-IgG (1:500;
Molecular Probes), AlexaFluor 568-goat-anti-rabbit-IgG (1:500;
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Molecular Probes), AlexaFluor 635-goat-anti-mouse-IgG (1:500;
Molecular Probes), and Cy5-goat-anti-mouse-IgG (1:200; Molecular
Probes). Finally, slides were counter-stained and mounted with
Fluoroshield™ with DAPI (Sigma). Images were acquired using a
direct fluorescence microscope Olympus BX, a Leica TCS laser spec-
tral-SP2-AOBS confocal microscope, or a Zeiss LSM 7 DUO confocal
microscope.

Dissociation of carotid body

Rat carotid bodies were dissected from anesthetized animals and
dissociated by enzymatic and mechanical treatment. Briefly, CBs
were dissociated in PBS solution containing 0.6 mg/ml collagenase
type II (Sigma), 0.35 U/ml porcine elastase (Calbiochem), 0.3 mg/
ml trypsin (Sigma), and 10 ul/ml of 5 mM CaCl, solution, for
25 min at 37°C, using a shaker [61]. Once dissociated, single cells
were resuspended in a staining solution composed by (for 50 ml):
44 ml L15 medium (Gibco), 0.5 ml penicillin/streptomycin (Gibco),
0.5 ml 1 M HEPES buffer (Gibco), 0.1 g BSA (Sigma), and 5 ml
distilled and deionized water.

Flow cytometry analyses

Flow cytometry analyses were performed in a LSR II Fortessa
Cytometer analyzer (Becton Dickinson). Once rats were exposed to
hypoxic or normoxic conditions, they were anaesthetised and their
carotid bodies extracted and dissociated to obtain a solution of
dispersed cells (see above). The IntraPrep Permeabilization Reagent
kit (Beckman Coulter) was used according to manufacturer’s
instructions, for cell fixation and permeabilization. As primary
antibodies, we used rabbit anti-TH (1:1,000; Novus Biological),
mouse-IgM anti-HNK-1 (CD57) (1:500; BD Bioscience), mouse IgG1
anti-TH (1:500; Sigma), and rabbit anti-neuron specific beta III
tubulin (Tuj1) (1:1,000; Abcam). As secondary antibodies, we used
FITC-goat-anti-rabbit-IgG (1:200; Jackson ImmunoResearch), PE-
goat-anti-mouse-IgM (1:200; Jackson ImmunoResearch), AlexaFluor
488-donkey-anti-rabbit-IgG  (1:400; Molecular Probes), and
AlexaFluor 635-goat-anti-mouse-IgG (1:500; Molecular Probes).

For ex vivo proliferation studies, dispersed CB cells were resus-
pended in 200 pl of staining solution (see above) and incubated
with the antibody against HNK-1 (CD57) (1:500; BD Bioscience) for
30 min on ice, followed by incubation with the secondary antibody
PE-goat-anti-mouse-IgM (1:200; Jackson ImmunoResearch). Later
on, intracellular staining was performed with the same samples. To
do so, cells were fixed with 4% PFA for 10 min at room temperature
and then rinsed with 4 ml of PBS and centrifuged at 300 g for
5 min. Cells were incubated in a blocking solution [12] for 30 min,
then with the primary antibody rabbit anti-TH (1:1,000; Novus
Biological) mixed with conjugated AlexaFluor 700 mouse IgG1 anti-
human Ki-67 (1:200; BD Bioscience), and followed by secondary
antibody FITC-goat-anti-rabbit-IgG (1:200; Jackson ImmunoRe-
search). Finally, cells were rinsed three times in PBS for 5 min each,
with a moderate fine twister on each rinsing.

Cell sorting

Dispersed CB cells were labeled with the extracellular marker HNK-
1. Sorting was performed by using either a Mo-Flo three-laser flow
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cytometer (DAKO Cytomation) or a BD FacsJazz (Becton Dickinson)
cell sorter. CB glomus cells were sorted by using physical parame-
ters such as size and autofluorescence, as described in the Results
section (see Results and Fig EV2). Sorted cells used for electrophysi-
ology, cell culture, or time-lapse experiments were directly recol-
lected in culture medium (see below). Sorted cells used for staining
or flow cytometry were recollected in staining solution, and for RNA
extraction, cells were directly recollected on lysis buffer, vortexed
for 30 s, and stored at —80°C.

Cell culture

Proliferation assays were made with sorted cells plated in Nunc
Multidish 6-well plates (Thermo Scientific), previously treated
with a coating composed by 78% acetic acid 17 mM (Sigma),
20% poly-D-lysine 0.5 mg/ml (Sigma), and 2% collagen solution
type 1 (Sigma). Culture medium was previously described in our
laboratory [13] as complete medium, composed by D-MEM:F-12
(Gibco), 15% FBS (Gibco), 1% N2 supplement (Gibco), 2% B27
supplement (Gibco), 1% penicillin/streptomycin (Gibco), 20 ng/ml
recombinant human bFGF (R&D Systems), 20 ng/ml recombinant
human IGF-1 (R&D Systems), and 20 ng/ml recombinant human
EGF (R&D Systems). Experiments were performed with TH* cells,
mTH* /HNK™ cells, and negative cells (TH /HNK  cells), sorted
from the same pool of CB cells, plated on different wells, and
placed in controlled O, and CO, conditions (normoxia: 21% O,,
or hypoxia: 3% O,), for 24 or 48 h. When indicated, complete
medium was supplemented with ATP (100 uM; Sigma). For cell
size and HNK-1 expression measurements (see Fig EV3), mTH"/
HNK™ cells were cultured for 4 days with complete medium with-
out the mitogens bFGF, IGF-1, and EGF and placed in normoxia
(21% 0O,) or hypoxia (3% O,). Quantification of cell size was
performed by using the FIJI/ImageJ software. Finally, all adherent
cells were subjected to immunocytochemical stainings.

Immunocytochemical methods

Attached cells from cell culture or time-lapse experiments were fixed
with 4% PFA for 20 min at room temperature, pre-blocked for 1 h,
incubated with primary antibodies overnight at 4°C, and with
secondary antibodies for 2 h at room temperature. Blocking solution
and antibodies were as described for immunohistochemical meth-
ods (see above), except for rabbit anti-HIF-2 alpha/EPAS1 antibody
(1:100; Novus Biological) that was only used in immunocytochem-
istry. Images were acquired in an inverted fluorescence microscope
Olympus IX-71.

Dispersed or sorted live cells were fixed and permeabilized with
the IntraPrep Permeabilization Reagent kit (Beckman Coulter)
according to manufacturer’s instructions. Antibodies used for stain-
ing were the same than those described above. After rinsing
secondary antibodies, cells were resuspended in 200-300 pl of PBS
and placed in a Shandon TPX sample chamber (Thermo Scientific)
with a filter card (Thermo Scientific) and a Polysine slide (Thermo
Scientific). Then, cells were centrifuged in a Cytospin 4 (Thermo
Scientific) and attached to the slide. Finally, slides were counter-
stained and mounted with Fluoroshield™ with DAPI (Sigma).
Images were acquired in a direct fluorescence microscope Olympus
BX.

EMBO reports  19: e44598|2018 13 of 17



EMBO reports

Live-cell imaging

Time-lapse microscopy experiments were performed with TH™ and
mTH* /HNK™ cells, sorted from the same pool of CB cells, and
plated on different wells at very low density (1,000 cells/ml) with
complete medium. To improve attachment to the plate, same coat-
ing as for cell culture (see above) was used, and cells were main-
tained in normoxic conditions (21% O,) at 37°C for 24 h before
starting the time-lapse course. The culture dish was then transferred
to the stage of an Inverted Microscope Nikon TiE Eclipse, and
recording of cell behavior was performed using Hoffmann Modula-
tion microscopy with a 20x contrast objective.

Time-lapse recordings were performed under controlled tempera-
ture (37°C) and with maintained environmental O, (either 20% or
10%) and CO, (5%), by using an Okolab system. The camera
captured 12- or 8-bit digital 1,344 x 1,024 pixels grayscale images
every 15 min for 48 h. The imaged microscopic fields sized
215 x 164 pm. After recording, cells were subjected to immunocyto-
chemical staining (see above), using rabbit anti-TH (1:1,000; Novus
Biological) followed by AlexaFluor 488-donkey-anti-rabbit-IgG
(1:400; Molecular Probes). One last capture on each position was
taken at the inverted microscope Nikon TiE Eclipse after staining,
using fluorescence emission. Images were processed with ImageJ/
Fiji software.

Immunohistochemistry for electron microscopy

The electron microscopy study of HNK-1 expression in rat
normoxic CB was performed using the pre-embedding immuno-
gold method [62]. Adult normoxic rats were anesthetized and
transcardially perfused with PBS-based 3% PFA (Sigma) plus
0.15% glutaraldehyde (Electron Microscopy Sciences). Carotid
bifurcations were removed and further fixed in 4% PFA over-
night at 4°C, then embedded in gelatin (80-100 bloom; Panreac)
supplemented with 2% glutaraldehyde. Finally, 50-pm-thick slices
were cut on a vibratome (VT1000S; Leica Microsystems).
Sections were then collected and washed thoroughly with PBS
0.1 M. Aldehyde was inactivated, in order to perform antigen
retrieval, by incubating sections in 0.1% sodium borohydride
(Sigma) in PB for 15 min at RT. After washing in PB, tissue
sections were permeabilized in 0.05% Triton X-100 in PB 30 min
at RT. Sections were then washed and incubated in Aurion
Blocking Solution (Aurion) during 1 h at 4°C. After blocking,
sections were incubated overnight in mouse-IgM anti-HNK-1 (BD
Bioscience) diluted 1:100 in PBS, with the addition of 0.2% BSA-
c¢™ (Aurion). After several washes in PBS-0.2% BSA-c™, sections
were incubated in 1:100 ultra small gold-conjugated secondary
antibody (anti-mouse-IgM; Aurion) in PBS-0.2% BSA-c™ over-
night at 4°C. After that, sections were washed and post-fixed
with 2.5% glutaraldehyde in PB for 2 h. Sections were washed
in double-distilled water, followed by silver enhancement of the
nanogold particles with SE-EM enhancement mixture (Aurion),
for 1 h and 30 min at RT. CB sections were then treated with
aqueous 0.5% OsO4 for 15 min at RT and block stained with
2% uranyl acetate. Sections were then dehydrated in ethanol
series (40, 50, 70, 80, 95, and 100% ethanol) before infiltrating
and embedding in Epon resin (Electron Microscopy Sciences).
Semi-thin sections (1 um thick) were cut with a glass knife.
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Ultrathin sections (60 nm) were cut with a diamond knife and
examined at Zeiss Libra 120 electron microscope. Pictures of
both mTH"/HNK-1" and TH" type I cells were taken at 4 K
and 10 K magnification for estimation of cell size and dense core
vesicle diameter, respectively. Type I cells were distinguished
using typical morphological hallmarks such as size, round, and
centrally placed nucleus with a single prominent nucleolus [24],
dense core vesicles, high cytoplasm complexity, and plentiful
and branched mitochondria [23]. Quantifications were performed
using ImageJ software.

Electrophysiological recordings

Electrophysiological recordings were performed in single cells
obtained from rat carotid bodies dispersed and sorted as described
above. Cells were plated on poly-L-lysine-treated glass coverslips
with complete medium (see above) at 37°C in an incubator in
normoxic conditions until use. For chronic experiments, cells were
exposed to hypoxic (3%) or normoxic conditions, and complete
medium was supplemented with ATP (100 pM; Sigma), UTP
(100 puM; Sigma), or ACh (10 uM; Sigma) for 24-48 h.

Amperometric recording of single-cell catecholamine secretion

Cells were recorded 4-7 h after dispersion. They were transferred
to a recording chamber and continuously perfused with a control
solution containing (in mM) 117 NaCl, 4.5 KCl, 23 NaHCO;, 1
MgCl,, 2.5 CaCl,, 5 glucose, and 5 sucrose. In high K* solutions,
NaCl was replaced by KCl equimolarly. Solutions were bubbled
with a gas mixture of 5% CO,, 20% O,, and 75% N, (O, tension
~145 mmHg). Osmolality of solutions was ~300 mOsmol/kg, and
pH was 7.4. All experiments were carried out at 30-33°C. Secre-
tory events were recorded with a 5 pm carbon-fiber electrode
positioned under visual control. Cumulative secretion signal was
the sum of time integral values of successive amperometric
events [63]. Amperometric currents were recorded with an EPC-
10 patch-clamp amplifier (HEKA Electronics, Lambrecht/Pfaltz,
Germany), filtered at 100 Hz, and digitized at 250 Hz before stor-
age on computer. Data acquisition and analysis were done with
PatchMaster software (HEKA Electronics) and Igor 6. Secretion
rate (femtoCoulombs (fC)/min) was calculated as the amount of
charge transferred to the recording electrode during a given
period of time.

Patch-clamp recordings

Macroscopic ionic currents were recorded from dispersed rat
glomus cells using the whole-cell configuration of the patch-clamp
technique, as adapted to our laboratory [34]. Patch electrodes
(2.5-3 MQ) were pulled from capillary glass tubes (Kimax, Kimble
Products) and fire polished on a microforge MF-830 (Narishige).
Voltage-clamp recordings were obtained with an EPC-10 patch-
clamp amplifier (Heka Elektronik) using standard voltage-clamp
protocols designed with Patch Master software (Heka Elektronik).
Unless otherwise noted, holding potential was —70 mV. Data were
filtered at 10 kHz, digitized at sampling interval of 20 ps, and
stored on a Macintosh computer. Offline data analysis was
performed using Igor 6 and Patch Master Fit (Heka Elektronik).
All experiments were conducted at 30-33°C. Macroscopic Ca**,
Na®, and K" currents were recorded in dialyzed glomus cells.
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Solutions used for the recording of whole-cell Na* and Ca®*
currents contained (in mM): external: 140 NaCl, 9 BaCl,, 2.5 KCl,
1 CaCl,, 10 HEPES, and 10 glucose; pH 7.4 and osmolality
300 mOsm/kg; and internal: 110 CsCl, 30 CsF, 10 EGTA, 10
HEPES, and 4 ATP-Mg; pH 7.2, and osmolality 285 mOsm/kg.
The solutions used for the recording of whole-cell K* currents
contained (in mM): external: 140 NaCl, 2.5 KCI, 10 HEPES, 10
glucose, 2.5 CaCl,, and 4 MgCl;; pH 7.4 and osmolality
300 mOsm/kg; and internal: 80 potassium glutamate, 50 KCl,
1 MgCl,, 10 HEPES, 4 ATP-Mg, and 5 EGTA; pH 7.2, and osmolal-
ity 280 mOsm/kg.

Microfluorimetric measurements

For cytosolic Ca** measurements, glomus cells were first incubated
in DMEM containing Fura 2-AM (2 pM; TefLabs MW 1002) for
45 min at 37°C in a 5% CO, incubator. For the experiments, a
coverslip with loaded cells was placed on a recording chamber
mounted on the stage of an inverted microscope (Axiovert 35, Zeiss)
equipped with epifluorescence and photometry. Alternating excita-
tion wavelengths of 340 and 380 nm were used, and background
fluorescence was subtracted before obtaining the F340/F380 ratio
[31]. As calibration of [Ca**] was not done, the relative changes in
[Ca**] for each experiment are given by the F340/F380 ratio.
Cytosolic [Ca®"] signal was digitized at a sampling interval of
500 ms. All experiments were performed at room temperature
(~25°C). Measurements of NAD(P)H autofluorescence were taken
using a non-ratio metric protocol. NADH was excited at 360 nm and
measured at 460 nm. Background fluorescence was subtracted in all
the experiments.

RNA amplification, RT-PCR, and qPCR

Total RNA was extracted from sorted cells using a commercial kit
(RNeasy MICRO kit, Qiagen), following manufacturer’s instructions.
RNA was amplified with GeneChip WT Pico Reagent kit, following
manufacturer’s instructions. For retrotranscription, cDNA was
synthesized with the qScript cDNA SuperMix (Quantabio). Standard
PCRs were performed using Biotag™ DNA Polymerase (Bioline), in
a T-professional Trio Thermocycler (Biometra). Primers used for the
reactions amplified the following genes: P2X2 and P2X3 [64], P2Y12
[65], and cyclophilin as housekeeping [66]. Primer sequences and
PCR product sizes are shown in the following table:

PCR product

Subtype Primer sequence (5'-3') size (bp)

P2X2 (s)GAATCAGAGTGCAACCCCAA 375
(as)TCACAGGCCATCTACTTGAG

P2X3 (s)TTGAGGGTAGGGGATGTGGT 326
(as)GCTGATAATGGTGGGGATGA

P2Y12 (s)TCCCATTGCTCTACACTGTC 895
(@s)TGTCCTTTCTTCTTATTTGC

Cyclophilin (s)GTCTCTTTTCGCCGCTTGCTG 437
(

as)GCTCATGCCTTCTTTCACCTTCC

Quantitative PCRs were performed using TagMan specific probes
for selected genes (Scn9a, Ntngl, Ascll, Ncam2, Slc18al, I120ra,
Ptkp, Pcsk6, and Hprtl) and the TagMan Gene Expression Master
Mix (Applied Biosystems).
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Statistical analysis

Data are presented as mean + SEM. Statistical comparisons in this
study were performed using a two-tailed Student’s t-test with a
Levene test for homogeneity of variances. Normal distribution was
assessed by Shapiro-Wilk test. Differences were considered signifi-
cant with a P-value of *P < 0.05, **P < 0.01, or ***P < 0.001.

Expanded View for this article is available online.
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