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Purinergic modulation of preBotzinger complex inspiratory
rhythm in rodents: the interaction between
ATP and adenosine

J. D. Zwicker, V. Rajani, L. B. Hahn and G. D. Funk

Departments of Physiology and Pediatrics, Centre for Neuroscience, Women and Children’s Health Research Institute (WCHRI), Faculty of Medicine
and Dentistry, University of Alberta, Edmonton, Alberta, Canada, T6G 2H7

Non-technical summary Hypoxia causes an increase in breathing followed by a secondary
depression that is most pronounced, and potentially life-threatening, in premature infants.
Adenosine triphosphate (ATP) is released in brainstem respiratory networks during hypoxia,
where it attenuates the secondary respiratory depression. Mechanisms are unknown but likely to
be complex because ATP is degraded by enzymes into ADP, which is excitatory, and adenosine
(ADO), which is inhibitory. We demonstrate in mouse, like rat, that ATP in the preBotzinger
complex (preBotC), a site critical for inspiratory rhythm generation, increases frequency. Unlike
rat, this increase is only observed in mouse if ADO receptors are blocked. Differential ATP
sensitivity is likely to reflect that ADO is only inhibitory in mouse, and that mouse preBotC
enzymes favour ADO production. Thus, purinergic signalling in preBotC networks appears
balanced to favour inhibition in mouse but excitation in rat. Knowledge of purinergic signalling
increases our understanding of processes underlying respiratory responses to hypoxia.

Abstract ATP signalling in the CNS is mediated by a three-part system comprising the actions
of ATP (and ADP) at P2 receptors (P2Rs), adenosine (ADO) at P1 receptors (P1Rs), and
ectonucleotidases that degrade ATP into ADO. ATP excites preBotzinger complex (preBotC)
inspiratory rhythm-generating networks where its release attenuates the hypoxic depression of
breathing. Its metabolite, ADO, inhibits breathing through unknown mechanisms that may
involve the preB6tC. Our objective is to understand the dynamics of this signalling system and its
influence on preB6tC networks. We show that the preBotC of mouse and rat is sensitive to P2Y;
purinoceptor (P2Y;R) activation, responding with a >2-fold increase in frequency. Remarkably,
the mouse preBotC is insensitive to ATP. Only after block of A; ADORs is the ATP-evoked,
P2Y,R-mediated frequency increase observed. This demonstrates that ATP is rapidly degraded
to ADO, which activates inhibitory A;Rs, counteracting the P2Y;R-mediated excitation. ADO
sensitivity of mouse preBotC was confirmed by a frequency decrease that was absent in rat.
Differential ectonucleotidase activities are likely to contribute to the negligible ATP sensitivity of
mouse preBotC. Real-time PCR analysis of ectonucleotidase isoforms in preB6tC punches revealed
TNAP (degrades ATP to ADO) or ENTPDase2 (favours production of excitatory ADP) as the
primary constituent in mouse and rat, respectively. These data further establish the sensitivity
of this vital network to P2Y;R-mediated excitation, emphasizing that individual components of
the three-part signalling system dramatically alter network responses to ATP. Data also suggest
therapeutic potential may derive from methods that alter the ATP-ADO balance to favour the
excitatory actions of ATP.
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Introduction

Extracellular ATP acts on seven subtypes of ionotropic
P2X (North, 2002) and eight subtypes of metabotropic
P2Y receptor (Abbracchio et al. 2003) to support diverse
signalling functions in the peripheral and central nervous
systems. In central respiratory control, P2 receptor (P2R)
signalling is most strongly implicated in chemoreceptor
reflexes that regulate arterial O,, and CO, or pH (Gourine
et al. 2005a). During hypoxia, an initial increase in
ventilation is followed by a secondary depression that
is most pronounced, and potentially life-threatening, in
fetal animals and premature infants. ATP contributes to
this ventilatory response. It is released from the ventral
respiratory column after the initial increase in ventilation
where it attenuates the secondary hypoxic ventilatory
depression (Gourine, 2005). The ATP excitation likely
involves a potent P2Y;R-mediated excitation of preBotC
inspiratory networks, which in turn is likely to have both
neuronal and astrocytic components (Lorier et al. 2008;
Huxtable et al. 2010).

It is also important to consider that the actions of
ATP are not determined solely by its actions at P2Rs.
ATP signalling is best considered as a three-part system
whose effects are determined from a dynamic inter-
action between the signalling actions of ATP and ADP
at P2Rs, the spatial distribution of ectonucleotidases
that differentially metabolize ATP into ADP, AMP and
adenosine (ADO), and the signalling actions of ADO at
P1 receptors (P1Rs). The dynamics of this interaction are
highly relevant for respiratory control because ADO is
implicated as a respiratory depressant in adult (Eldridge
et al. 1984; Yamamoto et al. 1994), newborn (Runold et al.
1989; Herlenius ef al. 1997) and especially fetal mammals
(Bissonnette et al. 1990). It is also implicated in the
hypoxia-induced depression of ventilation (Moss, 2000).
The control of swimming onset and offset in tadpoles by
a similar ATP-ADO interaction (Dale & Gilday, 1996)
suggests that this control mechanism may not be unique
to inspiratory networks but represent a more widespread
property of rhythmic motor networks. To fully understand
the significance of ATP signalling for respiratory control
requires the characterization of processes ongoing within
each limb of this three-part signalling system.

To this end, we will characterize the purinergic
modulation of the preB6tC network in mouse. Responses
in rat will be simultaneously assessed as a positive control
to ensure the validity of any differences between mouse and
published responses in rat. The rationale for extending
this analysis to mouse is threefold. First, the sensitivity
of preBotC networks to P2Y;R excitation has only been
reported in neonatal Wistar and Sprague—Dawley (SD)
rat (Lorier et al. 2007, 2008; Huxtable et al. 2009, 2010).
Determining whether this mechanism is limited to rats is
an important step in defining its potential significance
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in modulation of respiratory rhythm in mammals in
general. We will also test whether ADO produced by
degradation of ATP in the preBotC is sufficient to inhibit
inspiratory rhythm. Reports in intact mammals of many
species consistently show that ADO inhibits breathing
(Lagercrantz et al. 1984; Eldridge et al. 1985; Burr &
Sinclair, 1988; Koos & Matsuda, 1990; Bissonnette et al.
1991; Wilson et al. 2004). Despite this and the clinical
significance of ADO signalling for the control of breathing,
neither the mechanism(s) nor the site(s) mediating the
inhibitory actions of ADO on breathing rhythm have
been identified. Brainstem involvement is uncertain. An
A;R-mediated inhibition is reported in some mouse
studies (Mironov et al. 1999; Vandam et al. 2008) but
ADO is often reported to have no effect on brainstem
rhythm in rat (Brockhaus & Ballanyi, 2000; Ballanyi, 2004;
Ruangkittisakul & Ballanyi, 2010), suggesting a possible
species difference. Even in mouse the role of the preBstC
in the ADO inhibition is unknown. Some preBotC
inspiratory neurons are inhibited by ADO (Mironov
et al. 1999), but whether this is sufficient to inhibit
frequency will be explored. Ectonucleotidase expression
in the preBotC of mouse and rat will also be determined
to gain insight into the degree to which differences in
ATP response kinetics might be attributed to differential
enzyme expression. Third, establishing the ATP sensitivity
of murine networks will also be of value given that
the modulation of preB6tC rhythm by ATP appears to
involve both neurons (Lorier et al. 2008) and astrocytes
(Huxtable et al. 2010). Transgenic tools for identifying,
monitoring and manipulating astrocytes are more readily
available in mouse. Baseline data in mouse will facilitate
the application of these tools in determining the role
of astrocytes in the purinergic modulation of preBstC
activity.

Methods

All experiments were conducted in accordance with the
guidelines of the Canadian Council on Animal Care and
were approved by the University of Alberta Animal Ethics
Committee. The experiments comply with the policies
and regulations of The Journal of Physiology given by
Drummond (2009).

Rhythmic medullary slices

Animals were anaesthetized through inhalation of iso-
flurane and decerebrated. The brainstem—spinal cord
was then isolated in cold artificial cerebrospinal fuid
(aCSF) containing the following (in mm): 120 NaCl,
3 KCl, 1.0 CaCl,, 2.0 MgSO,, 26 NaHCO;, 1.25
NaH,POy, 20 p-glucose, equilibrated with 95% O,-5%
CO,. The brainstem-spinal cord was pinned to a wax
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chuck, and serial 100-200 um sections were cut in the
rostral-to-caudal direction using a vibrating blade micro-
tome (VT1000S, Leica, Nussloch, Germany) and trans-
illuminated to identify anatomical landmarks. Rhythmic,
transverse, 700 um-thick slices of the medulla from SD
rats (postnatal day 0-4 (P0-P4)) and Swiss CD mice
(postnatal day 0-5 (P0-P5)) were cut with the preBtC
at the rostral surface of the slice, —0.35 mm caudal to the
caudal aspect of the facial nucleus in rat (Smith et al. 1991;
Ruangkittisakul et al. 2006; Lorier et al. 2007) and —0.35 to
—0.4 mm caudal to the caudal aspect of the facial nucleus
in mouse paying particular attention to the structure of
the inferior olive (Ruangkittisakul et al. 2011). Slices were
pinned with the rostral surface up on Sylgard resin in
a recording chamber (volume, 5ml) and perfused with
aCSF that was recirculated at a flow rate of 15 mlmin—".
The concentration of K* in the aCSF ([K™].) was raised
from 3 to 9 mM at least 30 min before the start of data
collection. Medullary slices from neonatal Swiss CD mice
and SD rats generated a stable rhythm in 3 mm K% that
then decayed. The majority of protocols in this study
involved multiple interventions, and therefore required
slices that produced stable inspiratory-related rhythm for
extended periods (i.e. >5h). Therefore, the [K*]. was
raised from 3 to 9 mm to produce prolonged, stable rhythm
(Ruangkittisakul et al. 2006).

Electrophysiological recordings

Inspiratory activity was recorded, using glass suction
electrodes (A-M Systems, Carlsborg, WA, USA), from cut
ends of XII (hypoglossal) nerve rootlets and directly from
the ventrolateral surface of the slice. Surface field potentials
were recorded using a four-axis manual manipulator to
place a suction electrode (120 um inside diameter) on
the surface of the slice over the approximate region of
the ventral respiratory cell column (VRC) (Ramirez et al.
1997). The pipette was systematically moved in steps
corresponding to one-half of the pipette diameter until the
most robust signal was detected. Signals were amplified,
bandpass filtered (100 Hz to 5kHz), full-wave rectified,
integrated using a leaky integrator (t = 25 or 50 ms), and
displayed using Axoscope 9.2 (Molecular Devices,
Sunnyvale, CA, USA). Data were saved to computer using
a Digidata 1322 A/D board and AxoScope 9.2 software
(Molecular Devices) for off-line analysis. All recordings
were conducted at room temperature (22-24°C).

Drugs and their application

Adenosine 5'-triphosphate disodium salt (ATP) (P2R
agonist, 100 uM microinjected) and adenosine (A;,;
agonist, 500 uM microinjected) were obtained from
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Sigma-Aldrich. All other chemicals were obtained from
Tocris Bioscience including: SP  ([Sar’-Met(O,)"]-
substance P, (NKIR agonist, 1uM microinjected);
MRS 2279 ((1R*,25%)-4-[2-chloro-6-(methylamino)-9H-
purin-9-yl]-2-(phosphonooxy)bicyclo[3.1.0]hexane-1-
methanol dihydrogen phosphate ester diammonium salt,
P2Y,R antagonist, 500 uM microinjected); MRS 2365
([[(1R,2R,35,4R,5S)-4-[6-amino-2-(methylthio)-9H-
purin-9-yl]-2,3-dihydroxybicyclo[3.1.0]hex-1-ylJmeth-
yl]diphosphoric acid mono ester trisodium salt),
P2Y ;R agonist, 100 uM microinjected); and DPCPX
(8-cyclopentyl-1,3-dipropylxanthine), A;R antagonist,
microinjected at 2 uM local, bath-applied at 0.5 um
and given 15min to equilibrate). A P2XR antagonist
cocktail was bath-applied and given 15 min to equilibrate.
It consisted of: TNP-ATP (50 um, selective for P2X,,
P2X; and P2X,;; receptors in the nm range, but
can also affect P2X,, P2X,, P2X, P2X,;; and P2X;
receptors at concentrations several orders of magnitude
higher (Lambrecht, 2000; Lorier et al. 2007)), NF023
(8,8’-[carbonylbis(imino-3,1-phenylenecarbonylimino)]
bis-1,3,5-naphthalene-trisulphonic acid, 10 uM,
selective for P2X;) (Soto et al 1999), 5-BDBD
(5-(3-bromophenyl)-1,3-dihydro-2H-benzofuro[3,2-e] -
1, 4-diazepin-2-one, 50 uM, selective for P2X,)
(Donnelly-Roberts et al. 2008) and A740003 (N-[1-
[[(cyanoamino)(5-quinolinylamino)methylene]amino]-
2, 2-dimethylpropyl]-3,4-dimethoxybenzeneacetamide,
10 M, selective for P2X;) (King, 2007).

Drugs were prepared as stock solutions in aCSF and
frozen in aliquots. The final concentration of KT in the
drug solutions was matched to that of the aCSF. Exceptions
were ATP and ADO, which were made fresh on the day
of the experiment, and DPCPX, which was made up
in DMSO and diluted such that the final concentration
of DMSO never exceeded 0.01%. In slice preparations,
drugs were unilaterally applied locally to the preBotC
via triple-barrelled pipettes (5-6 um outer diameter per
barrel) pulled from borosilicate glass capillaries (World
Precision Instruments, Sarasota, FL, USA). Care was taken
to ensure that the outer tip diameter was within this
range because fluorescent imaging (40x objective) of
Lucifer yellow-filled triple-barrelled pipettes established
that pipettes in this range did not leak, but they did leak
if tip diameter exceeded 6.5 um. Avoiding leakage was
essential because of the potential for agonist evoked P2R
desensitization or internalization. Drug microinjections
were controlled by a programmable stimulator (Master-8;
AM.PI, Jerusalem, Israel) connected to a picospritzer
(Spritzer4 Pressure Micro-Injector, 18 psi). Consecutive
agonist applications were separated by a minimum of
15min. We did not systematically assess whether this
was the minimum time interval required for consistent
responses, but it was sufficient for reproducible responses.
The concentrations of drugs used in the present study
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should not be directly compared with those in experiments
in which similar agents are applied in the bath or directly
to isolated cells. The concentration of drug decreases
exponentially with distance from the pipette tip, and pre-
vious experiments with this preparation have established
that drug concentration in the pipette must be ~10-fold
greater than the bath-applied concentration to produce
similar effects (Liu et al. 1990).

The drug injection site was established by first placing
a suction electrode on the rostral surface of the slice and
moving in 50 um increments in both the x and y planes
to identify the region that gave the largest amplitude
inspiratory signal in-phase with the XII nerve recording.
This served as an initial reference point from which to
begin functionally mapping the ventrolateral medulla for
the site that produced the most rapid-onset frequency
increase in response to locally injected substance P (SP).
The rationale is that as distance from the site of maximum
sensitivity decreases, the onset delay will also decrease
since drug will have less distance to diffuse to its site
of action. The neurokinin 1 (NK1) receptor agonist SP
(1 um) was locally injected under the surface electrode
using a triple-barrelled drug pipette. The drug pipette
was then systematically moved in 50 um steps along the
dorsoventral axis and SP injections (1 uM, 10's) repeated
at 15min intervals. The pipette was then moved to
the maximally responsive position on the dorsoventral
axis and injections continued on the mediolateral axis.
Traces were immediately examined to identify the site
of maximum SP sensitivity, the SP ‘hotspot, where SP
evoked a frequency increase that was at least twofold
greater than baseline and occurred in the first interburst
interval following drug onset. Identifying the injection
site in this manner was essential because our previous
data in rat revealed that, while the sites of maximum
SP sensitivity and maximum ATP sensitivity correspond
very closely, ATP is rapidly hydrolysed in the preBstC
and undergoes limited diffusion compared to SP. In other
words, if injection sites are outside the hotspot, it is
possible to evoke a significant SP response but no ATP
response. Based on these criteria, the established sensitivity
of preBotC networks to SP (Johnson et al. 1996; Gray et al.
1999; Lorier et al. 2007; Huxtable et al. 2009, 2010), the
close correspondence between the sites of maximum SP
and maximum ATP sensitivity (the ATP hotspot) (Lorier
et al. 2007), and that the ATP hotspot has been identified
via histological and immunohistochemical criteria as the
preBotC (Lorier et al. 2007), we are confident that the SP
hotspot corresponds to the preBotC. Similar criteria were
applied to define the MRS 2365 (100 M) hotspotin mouse
and ATP (100 um) hotspot in rat. We have previously
demonstrated that ATP diffuses minimally through the
medullary tissue (Funk et al. 2008a; Huxtable et al. 2009)
and that to evoke a frequency increase the injection site
must be very close to the ATP ‘hotspot, which corresponds
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histologically and immunohistochemically in postnatal
animals to the preBotC (Lorier et al. 2007).

Mapping studies

Previous mapping studies in rhythmic medullary slices
from neonatal rat demonstrated that the maximum
potentiation of frequency by locally microinjected ATP
occurs in the preBotC (Lorier et al. 2007). This mapping
procedure was performed here in mice using 10s
applications of 100 uM MRS 2365 to determine if the
P2Y R sensitive-site was also spatially restricted. Mapping
began with injection of MRS 2365 (10s, 100 M) into the
SP hotspot. MRS 2365 responses were then mapped by
moving the injection site in 100 #m increments along the
dorsoventral axis until the response diminished by at least
50% of maximum. The pipette was then moved to the
maximally responsive position on the dorsoventral axis
and injections continued on the mediolateral axis. Micro-
injections were repeated at 15 min intervals. At the end
of the mapping procedure, the pipette was returned to
the site of maximum MRS 2365 sensitivity (which in all
cases corresponded to the SP hotspot) for a final injection.
Physical interference between the surface extracellular
electrode and the injection pipette prevented micro-
injections medial to the recording pipette.

Real time-PCR

Brainstems from mice and rat were isolated and sectioned
as described above for rhythmic slice preparations. When
landmarks for the rostral border of the preBotC were
apparent, a single 300 ;m section was isolated and pinned
down on Sylgard in sterile aCSE. PreBotC tissue from
mice and rats was then removed bilaterally using a 21
gauge tissue punch. Two punches from each animal
were put directly into lysis buffer (Dynabead mRNA
DIRECT kit; Invitrogen Molecular Probes, Carlsbad, CA,
USA) and stored at —80°C until needed. mRNA was
extracted using the same Dynabead mRNA DIRECT kit
(Invitrogen Molecular Probes). mRNA was used as the
template to make cDNA using High Capacity Reverse
Transcription kit (Applied Biosystems, Carlsbad, CA,
USA) with oligo d(T) primers. The product of the
reverse transcription reaction was then cleaned using
MinElute PCR purification kit (Qiagen, Mississauga,
Ontario, Canada) to obtain a pure and concentrated
sample that was used directly in the real-time PCR
reaction, which was run in triplicate. A standard curve was
run in triplicate for each transcript of interest to obtain the
relationship between starting copy number and threshold
cycle number. The standard curve was generated using
a plasmid containing the full cDNA of interest that was
diluted to contain a specific copy number: 2 x 10" to 2 x 108,
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Clones for ENTPDase 1, 2 and 3 (the ecto-nucleoside
triphosphate diphosphohydrolases) were generous gifts
from H. Zimmerman (Institute of Cell Biology and Neuro-
science, Goethe-University). Those for tissue non-specific
alkaline phosphatase (TNAP), ecto5’ ectonucleotidase
and cyclophilin A were obtained commercially (Open
Biosystems). An icycler (Bio-Rad, Mississauga, Ontario,
Canada) and 2x SYBR Green master mix (Applied
Biosystems) were used to run the PCR and the data
were retrieved to show specific starting copy number
in each sample. The housekeeping gene cyclophilin A
was used as an internal control to facilitate comparison
between runs and species cDNA. Genes of interest were
ENTPDasel, 2 and 3, TNAP and ecto5’ ectonucleotidase.
The following sense (s) and antisense (as) primer
sequences for each transcript were used: ENTPDase-1(s
5'-GGAGCCTGAAGAGCTACCC, as 5'-GTCTGATTTA-
GGGGCACGAA, accession number U81295); ENTP-
Dase-2 (s 5-CTTCGGGATGTACCCAGAGA, as 5'-
CAGCAGGTAGTTGGCAGTCA, accession number Y11
835); ENTPDase-3 (s 5'-ATGTGTATCAGTGGCCAGCA,
as 5'-CTCATTTTGCAACCTCAGCA, accession number
AJ437217); TNAP (s 5-CCTTGAAAAATGCCCTGAA,
as 5-CTTGGAGAGAGCCACAAAGG, accession num-
ber BC088399); ECTO5'(s 5-ATGCCTTTGGCAA-
ATACCTG, as 5-GGTTTCCCATGTTGCACTCT, acc-
ession number BC098665), and CYCLA (s 5-CACC-
GTGTTCTTCGACATCAC, as 5'-CCAGTGCTCAGAG-
CACGAAAG). Temperature curves were run for each
primer pair to establish conditions in which primer
efficiencies were all >95%. Expression levels of the
ectonucleotidase genes of interest were first measured as
the ratio of the starting copy number relative to the starting
copy number of cyclophilin A. From this, we assessed the
total ectonucleotidase mRNA expression as the sum of all
isoforms and then calculated the percentage of this total
contributed by each isoform (eg. starting copy no. for each
isoform/(}  starting copy number for TNAP, ENTPDase
1, 2, 3 and ecto5’ ectonucleotidase) x 100).

Data analysis

The effects of a drug on frequency of integrated inspiratory
bursts recorded via suction electrodes from XII nerve
roots were assessed off-line using pCLAMP 9.2 (Clampfit)
and Microsoft Excel software. Values of frequency during
the drug were compared with the average value during
the 2 min control period that immediately preceded drug
application. The maximum effect of a drug on frequency
was determined as the maximum (or minimum) value
measured in the moving average of inspiratory frequency
(calculation based on the average of three consecutive
bursts) during the first minute after injection. The time
course of the response was obtained by averaging data
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points in 30s bins for the 1 min period immediately
before drug application, in 10 s bins for the first 60 s after
the onset of drug application (first 30's only for SP and
MRS 2365), and in 30s bins for the remainder of the
time. Parameters are reported relative to control (pre-
drug or prestimulus) levels, as means = standard error
of the mean (SEM). Statistical comparison of means was
performed on raw data unless otherwise stated using
GraphPad Prism version 4 (GraphPad Software Inc.,
La Jolla, CA, USA). Statistical comparison of relative
data was performed only after verification of normality.
Differences between means were identified using a
one-way ANOVA with Dunnett’s multiple comparison
test or via two-way repeated measures ANOVA. The
proportional contribution of mRNA for TNAP and
ENTPDase2 isoforms to the total ectonucleotidase mRNA
was then compared in mice vs. rat using a one-way ANOVA
with Bonferroni’s correction for multiple comparisons. All
values are reported as means = SEM. Values of P < 0.05
were assumed significant.

Results

Effects of ATP on preBotC rhythm differ between
mouse and rat

To test whether ATP directly modulates preB6tC rhythm
generating networks of mouse, as seen previously in
SD and Wistar rat (Lorier et al. 2004, 2007; Huxtable
et al. 2009), we locally applied ATP to the preBotC of
rhythmically active medullary slices of Swiss CD mice.
The injection site for ATP within the preBotC was
established using the mapping protocol developed pre-
viously (Lorier ef al. 2007; Huxtable et al. 2009, 2010)
based primarily on the functional criterion that activation
of NK1Rs in the preBotC evokes a rapid-onset increase
in burst frequency (Johnson et al. 1996; Gray et al.
1999). When injected into the site of maximum sensitivity
(the SP hotspot), SP (1 um) produced a rapid-onset,
2.70 £ 0.43-fold increase in burst frequency that peaked
within 10 s of SP application and remained significantly
greater than baseline frequency until 90 s after drug onset
(Fig. 1A and B, n=10, P < 0.05). Local injection of ATP
(100 M) into the same site had no significant effect on
inspiratory frequency. ATP caused only small, statistically
insignificant fluctuations in frequency.

Given the surprising finding that ATP was without
effect in the mouse preBotC, we performed parallel
experiments in SD rat as a positive control and to verify
previous data (Lorier et al. 2004, 2007; Huxtable et al.
2009, 2010). SP responses in rat were similar to those
in mouse. SP produced a rapid onset, 2.30 £ 0.23-fold
increase in frequency that remained significantly elevated
above baseline for 90 s (Fig. 1Cand D, n=6, P < 0.05). In
contrast, ATP responses were markedly different between
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rat and mouse. As seen previously in SD and Wistar
rats (Lorier et al. 2004, 2007; Huxtable et al. 2009,
2010), local application of ATP (0.1 mm; 10s) produced
a rapid-onset, short duration, 2.77 & 0.05-fold increase
in burst frequency that was significantly greater (one-way
ANOVA, Dunnett’s multiple comparison, n =6, P < 0.01)
than baseline for 20 s (Fig. 1C and D).

PreBotC of mouse is directly sensitive to modulation
by P2Y4Rs

The frequency effects of ATP in the preBotC of postnatal
rat are mediated primarily by P2Y;Rs (Lorier et al. 2007).
However, because ATP has multiple signalling actions via
activation of P2X- and P2YRs, we hypothesized that the
lack of an ATP-evoked frequency effect in mouse reflects
that ATPisacting on other purinergic receptors to counter-
act a P2Y ;R-mediated frequency increase. As an initial
test of this hypothesis, we assessed whether the preBstC
rhythm generating network in mice is sensitive to P2Y,R
modulation by locally applying a P2Y;R agonist (MRS
2365) to the preBotC. As previously, parallel experiments
in rat served as positive controls. Injection of MRS 2365
(0.1 mM, 10s) into the site of maximum SP sensitivity
produced a significant 2.63 =+ 0.20-fold (n= 10, P < 0.01)
and 2.01 £ 0.08-fold (n=6, P < 0.01) frequency increase

A
Mouse
X
sP ATP
C
Rat
[l
SP ATP
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in mouse (Fig.2A) and rat (Fig. 2B) slice preparations,
respectively. Increases remained elevated above base-
line frequency for 60s (mouse) and 30s (rat) (Fig.2C,
one-way ANOVA, Dunnett’s multiple comparison,
P < 0.05).

The site of maximum P2YR sensitivity corresponds to
the site of maximum SP sensitivity

To establish in mouse that the site at which frequency
is maximally sensitive to SP corresponds to the site
of maximum P2Y R sensitivity, as well as the spatial
selectivity of the P2Y;R-mediated frequency increase, we
injected MRS 2365 in a grid-like fashion around the SP
hotspot and mapped the P2Y; R evoked frequency increase
(Lorier et al. 2007). The MRS 2365-mediated increase
in frequency decreased when microinjection sites were
moved away from the hotspot in any direction. This is
shown for a series of injections applied progressively more
ventral from the identified SP hotspot in a single rhythmic
slice. The frequency increase evoked by MRS 2365
decreased progressively as the injection site was moved
ventrally. At 300 um ventral, MRS 2365 had no effect
(Fig. 3A). Group data in Fig. 3B are consistent with this
and show that when MRS 2365 is microinjected 100 um
lateral to the hotspot, responses decreased to 0.75 £ 0.1 of

B
3.0
Rel
Freq 2.0
1.0
20 sec
Time (min)
D
3.0 1
Rel
Freq 2.0
1.0 {-
— 6
20 sec

Time (min)

Figure 1. Differential effects of ATP on preBo6tC rhythm in mouse and rat

Integrated Xl nerve (/XII) recordings from a medullary slice preparation showing responses to local application of
SP (1 um, 10 s) and ATP (0.1 mm, 10 s) in the preBotC of mouse (A) and rat (C). Group data illustrating the time
course of the response evoked by each agonist in mouse (B, n = 10) and rat (D, n = 6) (solid circle symbol, SP;
open circle symbol, ATP). *Range over which values were significantly different from control. Error bars indicate

SEM. Rel Freq, relative frequency.
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the response evoked at the SP hotspot. In the dorsoventral
axis, responses decreased to 0.56 £ 0.05, 0.51 £ 0.06 and
0.44 £ 0.07 of maximum when injections were made 100,
200 and 300 pm dorsal to the SP hotspot (Fig. 3B), and to
0.63 £ 0.1, 0.49 £ 0.05 and 0.36 £ 0.05 of the maximum
when injections were made 100, 200 and 300 pm ventral
to the hotspot (Fig.3A and B). All frequency responses
evoked by MRS 2365 outside the SP hotspot were
significantly smaller than that induced at the SP hotspot
(n =15, one-way ANOVA, Dunnett’s multiple comparison,
P <0.01). These data indicate that SP and MRS 2365
act within the same site to maximally excite inspiratory
rhythm. Data also establish that P2Y,R sensitivity of the
inspiratory rhythm is not a general property of the ventro-
lateral medulla but a property that is restricted to a specific
region.

A
Mouse
X
MRS 2365 20 sec
B
Rat
X
MRS 2365 20 sec
C
O*Lo
3.0
Rel 20-
Freq Mouse
1.04- .
= Rat
MRS 2365
0 2 4 6
Time (min)

Figure 2. P2Y4R activation in the preB6tC increases frequency
in mouse and rat

Integrated Xl nerve (/XIl) recordings from a medullary slice
preparation showing responses to local application of the P2Y¢R
agonist MRS 2365 (0.1 mm, 10 s) in the preBotC of mouse (A) and
rat (B). Group data (C) illustrating the time course of the response
evoked by MRS 2365 in mouse (n = 10, ®) and rat (n = 6, O).
*Range over which values were significantly different from control.
Error bars indicate SEM. Rel Freq, relative frequency.
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P2 and P1R interactions mediate the effects of ATP in
mouse preBo6tC

We hypothesized that the different effects of ATP and
the hydrolysis-resistant P2Y;R agonist MRS 2365 on
frequency in the mouse reflected degradation of ATP to
ADO and, in the case of ATP, coactivation of excitatory
(P2Y;) and inhibitory (P1) receptor mechanisms. We
compared the effect of local application of ATP to
the SP hotspot, before and after block of A;Rs via
local preapplication of the A;R antagonist DPCPX
(Fig.4A) into the preBotC. DPCPX was used because
the inhibitory actions of ADO within the preBotC of
mice are primarily mediated through A;R (Mirinov et al.
1999).

As seen previously in Fig. 1, although local application
of ATP alone evoked minor fluctuations in mouse rhythm
(Fig. 4A), none of these changes was significant (Fig. 4B).
However, when applied after DPCPX (2 uM, 90s),
ATP produced a significant 1.82 % 0.08-fold increase in
frequency that became significantly greater than baseline
20 s after the onset of the ATP application and remained
elevated above control for the next 30 s (n= 6; one-way
ANOVA, Dunnett’s multiple comparison, P < 0.01). In
addition to demonstrating that ATP alone has no effect on
baseline frequency (one-way ANOVA) and that it does
increase frequency relative to baseline in the presence
of DPCPX (one-way ANOVA), comparison of the ATP
response in control with that in DPCPX revealed that
the frequency response in DPCPX is significantly elevated
compared to the control ATP response (two-way repeated
measures ANOVA, time—drug interaction P < 0.0005,
df=17, F=2.73). The unmasking of an ATP-evoked
frequency increase by the A, R antagonist DPCPX suggests
that ATP is ordinarily broken down to ADO, which
acts via A;Rs to counteract the effects of ATP at
P2Y Rs. The caveat with this experiment is that the
concentration of DPCPX produced in the tissue by
local application of 2 um DPCPX, which will be in the
range of 0.2 uMm due to diffusion and dilution from the
point source of the pipette tip, has the potential to
affect A;5Rs. We therefore repeated these experiments
using a 20-fold lower concentration of DPCPX in the
pipette (0.1 um). The resulting tissue concentration of
DPCPX of approximately 0.01 uM is 3-fold lower than
the ICs, for A;sRs (Klotz, 2000) and should be selective
for AjRs. Under these conditions, DPCPX significantly
enhanced the effects of ATP on inspiratory frequency
from 1.74 £ 0.22 in control to 2.72 + 0.62 (Fig. 5, n=26,
paired t test, P = 0.004) in DPCPX. These findings further
support our hypothesis that when ATP is injected into
the preBotC an A;R-mediated inhibition counteracts a
P2Y,R-mediated excitation.

To further explore this hypothesis, we tested whether
P2Y R antagonists could block the excitatory effects of
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A Hotspot 100um ventral 200um ventral
Ixn
Figure 3. P2Y4R potentiation of frequency in
mouse is spatially restricted to the preB6tC
MRS 2365 MRS 2365 MRS 2365 A, |ntegrated Xl nerve (fXIIl) record|ngs from a mouse
medullary slice preparation illustrating the effects on
300um ventral Hotspot B inspiratory-related output of locally applying 0.1 mm
A MRS 2365 (P2Y1R agonist) at the site of maximum SP
%1.0 ° ° sensitivity (hotspot) in the VRC and at sites of varying
Xl 8 E N distance from the hotspot. B, group data illustrating
8¢ P2Y1R agonist responses evoked when injections were
2 %0-5 made at increasing distances from the hotspot in the
14 ‘ ventral (n =5, 0), dorsal (n =5, A) and lateral (n =75, ®)
MRS 2365 MRS 2365 20 sec 0 _ 100 200 300 directions. Data are plotted relative'to lthe maximum
Distance from response evoked at the hotspot. *Significantly different
hotspot” (um) from maximum response. Error bars indicate SEM.

ATP once they are unmasked by DPCPX. We bath-applied
DPCPX (0.2 uM) and then compared the effects on
frequency of locally applying ATP into the preBotC
before and immediately after preapplication of the P2Y;R
antagonist (90s, 500 uM). When applied alone (with
DPCPX in the bath throughout the experiment), ATP
evoked a significant 1.75 & 0.13-fold increase in frequency
compared to the control baseline frequency (Fig. 6A and B,
n =6, one-way ANOVA, Dunnett’s multiple comparison,
P < 0.01). Following preapplication of MRS 2279, ATP no
longer had any effect on baseline frequency (Fig. 6A and B,
n = 6, one-way ANOVA, Dunnett’s multiple comparison).
In addition to comparing frequency values during drug to
those observed pre-drug, a comparison of the frequency
responses evoked by ATP alone and following pre-
application of MRS 2279 revealed that the frequency
response following MRS 2279 was significantly smaller
than control (Fig.6A and B, n=6, two-way repeated
measures ANOVA, time—drug interaction P < 0.0001,
df =34, F =4.685). The inhibitory actions of MRS 2279
were completely reversible. After 15 min of washout, ATP

ATP

A

I

DPCPX ATP

produced a 1.79 % 0.22-fold increase in frequency (Fig. 6A
and B).

While the excitatory effects of ATP appear to be
completely mediated by P2Y,Rs, there is immuno-
histochemical and electrophysiological evidence of P2XRs
in the ventrolateral medulla (Thomas et al. 2001; Gourine
et al. 2003). To determine if P2XRs counteract the P2Y;R
excitatory effects of ATP in the preBotC, a P2X antagonist
cocktail consisting of TNP-ATP (50 M), NF023 (10 um),
5-BDBD (50 uM) and A740003 (10 M) was bath-applied.
ATP was without effect before and after local pre-
application of the P2XR antagonist cocktail (one-way
ANOVA, n=>5; data not shown), i.e. preapplication of
the P2X antagonist cocktail did not unmask a significant
ATP excitation.

ADO differentially affects preB6tC rhythm
in mouse and rat

At least two factors could contribute to our observation
that in the rat ATP alone is excitatory, while in the

B
2.0 *
Rel
Freq ATP and DPCPX
1.01- SFEE - -
_ ATP
ATP
20 sec 0 2 4 6
Time (Min)

Figure 4. DPCPX in the preB6tC of mouse unmasks an ATP-mediated frequency increase

A, integrated Xl nerve (fXIl) recordings from a mouse medullary slice preparation showing responses to local
application of ATP (0.1 mm, 10's; left trace) under control conditions and after a 90 s preapplication of an AR
antagonist (2 um DPCPX; right trace). B, group data illustrating the time course response evoked by ATP alone
(n =6, 0) and in the presence of DPCPX (n = 6, ®). *Significant difference from control. Error bars indicate SEM.

Rel Freq, relative frequency.
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Figure 5. AqR antagonism in the preB6tC of mouse unmasks an ATP-mediated frequency increase

A, integrated Xl nerve (fXIl) recordings from a mouse medullary slice preparation showing responses to local
application of ATP (0.1 mm, 10's; left trace) under control conditions and after a 90 s preapplication of an AR
antagonist (0.2 um DPCPX; right trace). B, group data illustrating the peak frequency effect evoked by ATP alone
and in the presence of DPCPX (n = 6). *Significant difference from ATP alone. Error bars indicate SEM. Rel Freq,

relative frequency.

mouse ATP is only excitatory in the presence of an AR
antagonist. First, we hypothesized that preB6tC rhythm
generating networks of postnatal mice are more sensitive
to ADO-mediated inhibition than rat. To test this, we
compared in rhythmic slices from postnatal mouse and rat
the effects on inspiratory rhythm of locally applying ADO
directly into the preBotC, as defined using the SP mapping
protocol described previously. In mice, ADO (500 um,
30s) reduced inspiratory frequency to 0.69 +0.06 of
control. Frequency remained significantly below control
for the interval between 30 and 60 s after the onset of ADO
application (Fig. 7B, n= 6, one-way ANOVA, Dunnett’s
multiple comparison, P < 0.05). Similar injections in rat
had no effect on baseline inspiratory frequency (Fig. 7A
and B, n=6).

Ectonucleotidase isoform expression in the preB6tC
differs between mouse and rat

We also hypothesized that the differential ATP sensitivity
in mouse and rat reflects differential expression of
ectonucleotidases in the preBotC. Specifically, we hypo-
thesized that the complement of ectonucleotidase iso-

A in DPCPX

X

ATP MRS 2279 ATP

forms in the preBotC of mouse favours inhibition via
rapid degradation of ATP directly to ADO, while in the rat
it favours excitation through generation of ADP. This was
based on the observations that ectonucleotidase-mediated
degradation of ATP is a key determinant of ATP
response kinetics in the preBotC of rat (Huxtable ef al.
2009), and increasing evidence for spatial heterogeneity
of ectonucleotidase expression between brain regions
(Langer et al. 2008). To test this hypothesis we collected
preBotC tissue punches from mouse and rat, extracted
mRNA and used real-time PCR to compare levels of
mRNA expression for the five major ectonucleotidase
isoforms involved in ATP degradation. These included
ENTPDase 1, 2 and 3, TNAP and ecto5’-ectonucleotidase.
The ENTPDase isoforms 1, 2 and 3 all degrade ATP
to AMP but with different affinities. ENTPDase 2 is
unique in that it has 100-fold higher affinity for ATP
than ADP and will therefore lead to the accumulation
of ADP in an environment with excess ATP as substrate.
Importantly, ADP is a stronger P2Y;R agonist than ATP.
TNAP completely degrades ATP to ADO, while ecto5’
ectonucleotidase degrades AMP to ADO. Based on our
hypothesis, we predicted that TNAP would be prevalent

B in DPCPX
2.0 o
Rel
Freq
ATP
1.0
- MRS 2279 and ATP
Drug
- — 0 2 4 6
ATP 20 sec Time (min)

Figure 6. P2YqRs contribute to the ATP-evoked frequency increase in mouse

A, integrated Xl nerve (fXIl) recordings from a mouse medullary slice preparation illustrating the responses
evoked in bath-applied DPCPX, by applying ATP (0.1 mm, 10s; left trace) under control conditions, after a 90 s
preapplication of P2Y4R antagonist, MRS 2279 (0.5 mm; middle trace) and during recovery (0.1 mw; right trace).
B, group data illustrating the time course of the response evoked in bath-applied DPCPX by ATP alone (n = 6, 0)
in the presence of MRS 2279 (n = 6, A) and during recovery (®). *Significantly different from control. Error bars

indicate SEM. Rel Freq, relative frequency.

© 2011 The Authors. Journal compilation © 2011 The Physiological Society



4592

in mice while ENTPDase 2 would be dominant in rat.
mRNA copy number for each enzyme isoform was first
expressed relative to cyclophilin A. Since we cannot be
certain that cyclophilin A expression levels are the same in
preBotC punches from mouse and rat, we cannot directly
compare these ratios between mouse and rat. Instead,
we simply compared the proportion that each isoform
contributed to the total ectonucleotidase mRNA. As pre-
dicted, TNAP was the most highly expressed isoform in the
mouse preBotC, while ENTPDase 2 was the most highly
expressed isoform in rat. TNAP comprised 79.7 &+ 3.8% of
the total ectonucleotidase mRNA in mouse (Fig. 8, n=6),
which was a significantly greater proportion than in rat
(17.7 £0.8%, n=4, P < 0.001). In contrast, ENTPDase

A Mouse
" J L W y IR L 4
ADO
Rat
Dl
E 2(§ec
B
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10T
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0 2 4 6
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Figure 7. Differential effects of ADO on preB6tC rhythm in
mouse and rat

A, integrated XII nerve (/XII) recordings from a medullary slice
preparation illustrating responses evoked by local application of ADO
(500 M, 30 s) into the preBotC of mouse (top trace) and rat (bottom
trace). B, group data illustrating the time course of the response
evoked by ADO in mouse (n = 6, ®) and rat (n = 6, 0). *Temporal
range over which mouse values were significantly different from
control. Error bars indicate SEM. Rel Freq, relative frequency.
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2 comprised 54.6 & 1.3% of the total ectonucleotidase
mRNA in rat and this was significantly greater than its
proportional expression in mouse (7.3 & 1.8%) (one-way
ANOVA, Bonferroni multiple comparison, P < 0.001).

Discussion

Differential sensitivity of rat and mouse preBo6tC
networks to ATP

ATP in the preBotC of neonatal Wistar and SD rat evokes
a biphasic response comprising a rapid, P2Y;R-mediated
increase that peaks within 10-20 s, followed by a secondary
inhibition that reaches a nadir ~30-40 s after drug onset
(Lorier et al. 2007; Huxtable et al. 2009). The kinetics of the
frequency response in rat closely follow the concentration
of ATP in the preBotC (Huxtable et al. 2009), which is in
large part determined by ectonucleotidases that degrade
ATP ultimately to ADO. The source of the secondary
frequency decrease in rats is not known. It is variable
in magnitude, appears to be more prominent in Wistar
than SD rats and is dependent on ATP degradation since
it is absent when non-hydrolysable ATP agonists are used
(Lorier et al. 2007). In fetal rats, an ADO contribution
is likely since a basal ADO tone reduces frequency, and
blockade of ADORs enhances the ATP-evoked frequency
increase (Huxtable et al. 2009). However, in postnatal
rats neither of these effects are present and the secondary
inhibition (Huxtable et al. 2009) cannot be blocked with
ADO antagonists (Funk et al. 2008a). That this secondary
inhibition is not obvious in Fig. 1 is likely to reflect in part
that we are using SD rats. Most significant, however, is that
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Figure 8. Real-time PCR analysis reveals differential
expression of ectonucleotidase isoforms in preB6tC tissue
punches from mouse and rat

The percentage contribution of each ectonucleotidase isoform to the
total ectonucleotidase mRNA expressed in preB&tC punches from
mouse (n = 6) and rat (n = 4). Error bars indicate SEM. *Significant
difference between the compared columns.
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the inhibition is very brief (1-2 cycles) and that its timing
varies between preparations. Thus, when group data are
plotted as a time course relative to ATP onset as in Fig.
1, this secondary decrease in frequency is often obscured
(Lorier et al. 2007; Huxtable et al. 2009).

Given the potency of ATP in the rat preBotC, our
demonstration that ATP does not significantly affect the
activity of preBotC inspiratory networks in postnatal
mice was very surprising. Several factors could account
for this differential sensitivity. PreB6tC networks in mice
may simply be insensitive to P2 and P1R modulation.
Alternatively, preBotC networks of mice might be sensitive
to ATP but the P2Y,R-mediated excitation previously
characterized in rat may be obscured by an opposing
inhibitory mechanism, including actions of ATP at other
P2Rs, actions of the inhibitory ATP metabolite ADO at
P1Rs, or differential expression of ecotnucleotidases in the
preBotC of mice that underlies a more rapid degradation
of ATP to its inactive (eg. AMP) or inhibitory (ADO)
metabolites.

P2Y, receptor sensitivity

Our data show conclusively that the preBotC network
of mouse is highly sensitive to the excitatory effects of
P2Y;R activation. Application of a P2Y; R selective agonist
potently increased frequency when applied to the preBstC
as defined by the SP hotspot. Several lines of evidence
support the finding that the SP hotspot corresponds to
the preBotC. First, it is well established that SP excites
preBotC networks in mice and rat and this response has
been used as a functional marker for the preBo6tC (Johnson
et al. 1996; Gray et al. 1999; Lieske et al. 2000). NKIR
immunoreactivity is the anatomical marker used most
extensively for identifying the preBotC (Gray et al. 1999,
2001; Guyenet & Wang, 2001; Wang et al. 2001; Pagliardini
et al. 2003; Pagliardini et al. 2005) and while NKIR
expression is not limited to the preBotC, it is the most
densely labelled region in the ventral medulla. Second,
our previous mapping studies in rat revealed that the site
of maximum ATP sensitivity corresponds closely with that
of SP, and that this site corresponds to the preBstC based
on anatomy and NKIR immunolabelling (Lorier et al
2007). Our functional identification of the preBotC was
based on the site at which SP evoked the maximum, most
rapid-onset frequency increase; i.e. the frequency increase
occurred in the first interburst interval following drug
onset. The latter criterion was most useful based on the
rationale that as distance to the site of maximum sensitivity
decreases, the onset delay also decreases because less time
is required for the drug to diffuse to its site of action. We
are therefore confident that the lack of an ATP response in
mice does not reflect that injection sites were outside the
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preBotC. This is corroborated by the fact that when A;Rs
were blocked, ATP caused frequency to increase.

In addition, mapping experiments using the P2Y;R
agonist MRS 2365 confirmed that the site at which
frequency is maximally sensitive to SP corresponds to
the site of maximum P2Y,R sensitivity. As seen for ATP
responses in rat (Lorier et al. 2007), the MRS 2365 effect
also decreases with distance from the hotspot. The ATP
response in rat was more spatially restricted than the
P2Y R effect in mouse, but this is expected since ATP
is rapidly degraded in the preB6tC and undergoes very
limited diffusion. MRS 2365 is hydrolysis resistant and is
expected to diffuse over greater distances.

The cellular mechanisms underlying the P2Y;R
excitation in mice are not known. In rat it most likely
reflects activation of neurons and glia. ATP evokes
inward currents in virtually all preBotC inspiratory
neurons tested, including pacemaker neurons, via either
the inhibition of a resting K* channel or activation of
a mixed cation current (Lorier et al. 2008). P2Y;Rs,
in contrast, primarily activate a mixed cation current
in inspiratory neurons. Thus, it is the activation of
this mixed cation current that most likely mediates the
neuronal component of the ATP frequency increase.
Additional possibilities are that P2Y;Rs influence rhythm
by modulating the persistent Na™ current (In,p) or the
calcium-dependent, non-selective cation (Icay) current,
which underlie pacemaker activity of preBotC inspiratory
neurons (Feldman & Del Negro, 2006). Icay is of particular
interest because metabotropic glutamate receptors act via
phospholipase C (PLC) to enhance Ican and amplify
glutamatergic inspiratory synaptic currents in preBotC
neurons (Pace et al. 2007; Pace & Del Negro, 2008).
P2Y,Rs, like metabotropic glutamate receptors, signal
through PLC (von Kugelgen & Wetter, 2000; Sak & Illes,
2005).

PreBotC glia also contribute to the P2Y;R-mediated
frequency increase (Huxtable et al. 2010). Glial toxins
markedly attenuate the sensitivity of preBotC networks
to ATP but not SP. The mechanisms via which
glia contribute to the ATP-evoked frequency increase
remain to be characterized. The working hypothesis is
that P2Y;R-mediated increases in Ca?* concentration
in the astrocytes evoke glutamate and ATP release,
which both act on respiratory neurons to increase
frequency. Ca’'-dependent gliotransmitter release has
been described in astrocytes from multiple brains regions,
including the retrotrapezoid nucleus (RTN) (Gourine et al.
2010). Within the preBotC complex of rhythmic slices,
ATP and MRS 2365 evoke whole-cell currents in electro-
physiologically identified astrocytes and increases in intra-
cellular Ca’" in small, putative astrocytes. Astrocytes
cultured specifically from the preBotC also respond
to P2Y,R activation with robust Ca?* increases and
glutamate release, which in turn may contribute to the
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ATP-evoked frequency increase (Huxtable et al. 2010).
However, it remains to be determined whether the
ATP-evoked frequency increase is dependent on increases
in astrocytic Ca**.

Differential ATP sensitivity of mouse and rat preB6tC
to ATP reflects differential sensitivity to the ATP
metabolite ADO

Given that the preBotC network is sensitive to
P2Y,R-mediated excitation, the lack of an ATP effect
in mice may reflect that ATP activates some other
mechanism that obscures the P2Y; excitation. It is highly
unlikely that an inhibitory P2XR mechanism obscures the
P2Y,;R-mediated excitation because a P2XR antagonist
cocktail delivered prior to ATP did not reveal any ATP
excitation. We cannot exclude the possibility that our
cocktail failed to block a critical P2XR subtype, but
this is unlikely. The cocktail included TNP-ATP, which
selectively antagonizes P2X;, P2X; and P2X,,; receptors in
the nanomolar range (Lambrecht, 2000; Lorier et al. 2007),
as well as P2X,, P2X, P2Xg P2X,,5 and P2X; receptors
at concentrations used here (Lambrecht, 2000). It also
included NF023, 5-BDBD and A740003 which selectively
antagonize P2X;, P2X, and P2X; receptors, respectively
(Soto et al. 1999; King, 2007; Donnelly-Roberts et al. 2008).

Instead, the failure to observe an ATP-mediated
frequency increase in mice appears to result from the
degradation of ATP to ADO and the activation of
an A;R-mediated inhibition that obscures the P2Y;R
excitation. This was apparent in that the block of A;Rs
within the preBotC revealed a potent, P2Y,;R-mediated
ATP excitation. ADO sensitivity of mouse preBotC
networks was confirmed by significant frequency
reductions following local injection of ADO directly into
the preBotC. We are not suggesting that all ATP is
instantaneously converted to ADO upon injection into
the preBotC. In fact, the unmasking in mouse of an
ATP-evoked excitation following block of A;Rs indicates
that significant ATP remains in the preBotC. Rather,
our data indicate that when ATP is applied in mouse,
sufficient ADO is produced rapidly enough to counteract
the P2Y;R-mediated excitation.

The situation is very different in the neonatal rat in that
blockade of A;Rs does not affect the ATP evoked excitation
(Huxtable et al. 2009). This insensitivity of the rat ATP
response to AR antagonists suggests that production of
ADO from ATP either does not occur fast enough to
counteract the initial ATP excitation or that ADO does
not inhibit preBotC networks in rat. Most likely it is both.
RTPCR analysis of ectonucleotidase expression reveals
that the enzyme complement in mouse favours rapid
degradation of ATP to adenosine while that in rat favours
generation of ADP, which is excitatory at P2Y;Rs (details
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discussed below). Moreover, even if ATP is degraded to
ADO at the same rate in rat and mouse, ADO would not
alter the P2Y,;R-mediated excitation in rat because the
preBotC of postnatal rat is not sensitive to ADO (Fig. 7).

Our definitive demonstration that mouse and rat
preBotC networks are differentially sensitive to ADO
is significant because it helps to resolve considerable
confusion in the literature on the mechanisms and
sites that mediate the inhibitory actions of ADO on
breathing. To clarify, in intact animals when ADO
is applied either systemically or via cerebroventricular
administration where it can act throughout the CNS, data
are consistent. First, ADO inhibits breathing in virtually
all species examined (under anaesthesia) including sheep,
lambs, piglets, rabbits, cats and rats (Lagercrantz et al.
1984; Eldridge et al. 1985; Burr & Sinclair, 1988; Koos
& Matsuda, 1990; Bissonnette et al. 1991; Schmidt et al.
1995; Wilson et al. 2004). The observation in conscious
humans that adenosine stimulates breathing (Fuller et al.
1987; Griffiths et al. 1990, 1997; Reid et al. 1991) under-
lies the suggestion that anaesthetic might enhance the
inhibitory actions of adenosine. However, it appears
more likely that the stimulatory action of adenosine in
awake humans is dominated by its excitation of peri-
pheral chemoreceptors (Fuller et al. 1987; Reid et al.
1991; Kowaluk et al. 1998). Second, the ADO inhibition
is larger in fetal/newborns (Eldridge et al. 1984; Wilson
et al. 2004). Third, ADO antagonists are associated
with an increase in baseline frequency implying the
respiratory networks are under tonic ADO-mediated
inhibition (Schmidt et al. 1995). At least two discrete
mechanisms are involved in the inhibition of ventilation
by ADO. An AjjR-mediated excitation of GABAergic
neurons that ultimately inhibits brainstem respiratory
networks is a major contributor to the ADO-mediated
inhibition evoked in vivo in sheep (Koos et al. 2005),
lambs (Koos & Chau, 1998), piglets (Wilson et al. 2004)
and rat (Mayer et al. 2006). Neither the source of the
A5 excitatory input to GABAergic neurons nor the
GABAergic input to the brainstem is known, but both
appear suprabulbar in origin and are therefore unlikely to
be contributors to the brainstem mechanisms examined
here. This is based on the observation that, although
A, 5Rs are expressed in regions of the ventral respiratory
column containing GABAergic neurons (Wilson et al
2004), an A,y R-mediated GABAergic inhibition has never
been detected in reduced preparations that lack supra-
bulbar structures (Herlenius & Lagercrantz, 1999). In
rhythmic medullary slices of mice, A5 agonists applied to
inspiratory neurons do not affect rhythm. Similarly, A,
antagonists do not prevent the inhibitory actions of ADO
(Mironov et al. 1999). In addition, the inhibitory actions
of ADO in mouse medullary slices and island preparations
are not affected by antagonizing GABA or glycine receptors
(Vandam et al. 2008).
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Most relevant to this study is the inconsistent
description in the literature of a brainstem-delimited,
Aj;R-mediated inhibition of inspiratory frequency.
Comparison between studies is confounded by multiple
factors including differences in (i) preparations (degree
of reduction; brainstem spinal cord vs. rhythmic slice),
(ii) species (mouse vs. rat), (iii) developmental stage,
and (iv) method of drug application (specifically to the
preBotC or bath application where it affects all regions
of the preparation). Bath application of ADO agonists to
inspiratory rhythm-generating brainstem spinal cord pre-
parations from rat inhibits rhythm in some (Herlenius
et al. 1997; Herlenius & Lagercrantz, 1999) but not
all studies (Brockhaus & Ballanyi, 2000; Funk et al.
2008; Ruangkittisakul & Ballanyi, 2010). Developmental
factors likely account for some discrepancies as the
ADO inhibition of frequency described in the rat
brainstem—spinal cord is prominent in fetal rats but
disappears by P3 (Herlenius et al. 1997). Consistent with
developmental changes are the observations in rhythmic
slices from fetal but not postnatal rats that A; R antagonists
enhance responses of preB6tC networks to locally-applied
ATP and that local application of A, antagonists into the
preBotC increases rhythm (Huxtable et al. 2009).

Species differences are suggested by the observations
in mice that AR activation inhibits frequency in P4-14
slices (Mironov et al. 1999; Vandam et al. 2008) and P7
preBotC island preparations (Vandam et al. 2008), but
not in brainstem—spinal cord preparations from rats older
than P3 (Herlenius et al. 1997). However, the degree to
which developmental or preparation-dependent factors
account for apparent species difference is unclear. The
A;R inhibition in rat disappears by P3 while in mice it is
present between P4 and P14. Similarly problematic is that
ADO effects have been tested on the brainstem—spinal
cord preparation in rat but the medullary slice in mouse.
By performing parallel experiments in the two species
at similar stages of development using the same pre-
paration and the same method of drug application, we
show conclusively that the preB6tC networks of neonatal
mice and rat are differentially sensitive to A;R-mediated
inhibition. Whereas in rats the A;R antagonist DPCPX
has no effect on the ATP response (Huxtable et al. 2009),
in mice local application of ATP in the preBotC only
increased inspiratory frequency when applied in the pre-
sence of DPCPX. It is possible that the tissue concentration
of DPCPX produced in the initial experiments by local
injection at 2 uM was high enough to affect A,, and
A,gRs. However, subsequent use of 0.1 uM DPCPX (which
would produce tissue levels of ~0.01 um; Liu et al. 1990)
verified that block of A;Rs unmasks an ATP-mediated
excitation. We cannot exclude the possibility that minor
differences in the circuit elements contained within mouse
and rat slices contribute to their differential responses to
purinergic agents. However, we do not consider this to be
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a significant factor because drugs were locally injected
directly into the preBotC rather than bath-applied. In
bath-application protocols, drugs can act at any locus
within the slice, in which case differential drug responses
could reflect differences in slice architecture. With local
application into the preBotC, regions outside the preBotC
are not exposed to the drug. Thus, minor differences in
slice architecture should have minimal influence on drug
responses. Slices were generated in reference to detailed
mouse (Ruangkittisakul et al. 2011) and rat (Smith et al.
1991; Ruangkittisakul et al. 2006; Lorier et al. 2007) atlases
so that the location of the preBo6tC relative to the rostral
surface of the slice was similar between species. This
facilitated application of drugs directly into the preBotC.
In addition, responses to SP, ATP or MRS 2365 were
mapped in each experiment to ensure that drugs were
locally injected into the preBotC.

Because drugs were applied specifically into the
preBotC, unmasking of an ATP-evoked frequency increase
by DPCPX and the ADO-evoked frequency decrease show
that activation of A;Rs in the preBo6tC is sufficient to
inhibit rhythm. The brainstem site(s) responsible for the
A;R-mediated inhibition of inspiratory frequency have not
previously been identified because ADO or its agonists
were always bath-applied. A reduction in the frequency
of rhythmic bursts generated by preBotC islands and an
inhibition of preBotC inspiratory neurons by A;Rs (via
presynaptic inhibition of PSCs and postsynaptic hyper-
polarization following inhibition of intracellular cAMP
production and Kurp channel activation) (Mironov et al.
1999) both suggested that A;Rs in the preBotC contribute
to the ADO-mediated frequency inhibition. However,
these data did not establish that activation of preBstC
A;Rs is sufficient to slow frequency.

Differential ectonucleotidase expression

The differential sensitivity of mouse and rat preBotC
networks to ATP may also reflect unique patterns
of ectonucleotidase expression. There are multiple
ectonucleotidase isoforms, each with different substrate
affinities and end-products (Dunwiddie et al. 1997;
Zimmermann, 2000; Abbracchio et al. 2009). They also
appear to be differentially distributed between and within
discrete brain nuclei (Kukulski ef al. 2004). Multiple iso-
forms with high activities are present in the medulla of
adult rat (Langer et al. 2008). These data lack the spatial
resolution required to define expression patterns within
specific respiratory-related nuclei, but they clearly show
that enzyme distribution is not uniform. Functionally,
ectonucleotidases in the preBotC of rat are incredibly
efficient at breaking down ATP and are significant
determinants of preBotC ATP response kinetics. This
is apparent in that ATP frequency responses closely



4596

follow ATP concentration profiles in rat and that ATP
responses are significantly prolonged when hydrolysis
resistant-ATP analogues are used (Lorier et al. 2007;
Funk et al. 2008a; Huxtable et al. 2009) (Fig. 2).
However, the significance of ectonucleotidase diversity
and spatial heterogeneity for functioning networks,
including preBotC inspiratory networks, remains unclear
due to a lack of isoform-selective inhibitors and
reliable information regarding the regional and cellular
distribution of specific enzymes.

Our real-time PCR analysis of ectonucleotidase mRNA
in preBotC tissue punches reveals the expression of
multiple isoforms in the preBotC, and that the pattern
varies among species. More importantly, the properties
of the dominant isoform in the preBotC of mouse
and rat match those predicted based on the respective
ATP responses. For example, the ATP response in mice,
which comprises a P2Y,R excitation that is masked
by an A; inhibitory mechanism, predicts an enzyme
complement that supports the rapid degradation of ATP
to ADO. Consistent with this, TNAP, which degrades
ATP all the way to ADO, is the dominant isoform in
the mouse preBotC. In contrast, the potent excitatory
response of rat preBotC networks to ATP predicts an
enzyme complement that predisposes toward excitation.
ENTPDase2 is the dominant transcript in the rat preBotC.
It has an ~100-fold greater affinity for ATP than ADP and
will cause ADP accumulation if the activity of enzymes
that degrade ADP is low. This would most likely facilitate
the excitatory effect of ATP because ADP is a more potent
P2Y, R agonist than ATP (Burnstock, 2006; von Kugelgen,
2006). An important caveat is that we report mRNA
levels and these are not always indicative of protein levels.

Mouse

80% TNAP

ectoenzymes

Inhibition Excitation
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However, our observation that the properties of the most
abundant transcripts match with the kinetics of network
ATP responses in both mouse and rat suggests that trans-
cript levels do reflect protein expression.

Based on the differential ADO sensitivity and
ectonucleotidase expression in the preB6tC of mouse
and rat, the functional significance of ectonucleotidase
activity for ATP signalling will also differ. In mouse,
ectonucleotidases will not only reduce the P2Y,-mediated
excitation, they will also enhance the ADO-mediated
inhibition. In contrast, greater ENTPDase 2 levels in rat
will preferentially produce ADP and likely enhance or
prolong the P2Y;R-mediated excitation. Generation of
ADO is not relevant since preBotC networks in rat are
not sensitive to ADO (Fig. 9). A full understanding of the
role played by ectonucleotidases, however, will require use
of preparations and stimuli that evoke endogenous release
of ATP as well as analysis tools that provide increased
spatial resolution to define at the cellular level the location
of the various enzyme isoforms.

Physiological significance

Hypoxia evokes ATP release within the ventral respiratory
columns (VRCs), including the preBotC, where it
attenuates the hypoxic respiratory depression (Gourine
et al. 2005b). We therefore interpret our data in the
context of the network response to hypoxia. From this
perspective, our data define mechanisms through which
ATP and its metabolites could act when they are released
endogenously. The excitatory P2Y,;R mechanism seen
in mouse preBotC indicates that when ATP is released

Excitation

Figure 9. Schematic diagram of purinergic signalling in the preBo6tC illustrating that the balance
between the excitatory effects of ATP at P2YRs and the inhibitory effects of ADO at A¢Rs is tipped in

favour of excitation in rats

Our data suggest that in mice, ATP alone does not affect rhythm because its P2YR-mediated excitatory action
is balanced by an AjR-mediated inhibition that occurs due to the rapid degradation of ATP to ADO by TNAP,
the predominant ectonucleotidase in the preBotC of mouse. In contrast, ATP is excitatory in the rat preBotC,
likely reflecting that the predominant ectonucleotodase in rat, ENTPDase 2, preferentially produces ADP, which
is excitatory at P2YqRs. In addition, any ADO generated from the degradation of ATP is without consequence
because the rat preBotC is not sensitive to the inhibitory actions of ADO.
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endogenously in response to hypoxia, or any other
stimulus, it could excite preBotC networks (Gourine ef al.
2005b). The lack of a frequency increase in response to
exogenous ATP in mice does not exclude the possibility of a
frequency increase in response to endogenous ATP because
the time course of P2Y;R activation, ATP degradation
and AR activation may differ. However, in mouse the
ectonucleotidase complement favours ADO production
and ADO directly inhibits preB6tC networks, suggesting
that the duration and magnitude of any endogenous
ATP-evoked excitation is likely to be much smaller in the
mouse compared to rat.

The surprising finding that preBotC networks in
neonatal rat are not sensitive to ADO has several
implications. It indicates that the hypoxic depression of
breathing in rat (Mortola, 1996; Mayer et al. 2006) does
not involve A;R mechanisms in the preBotC. It also
suggests that an A,,-mediated, GABAergic inhibition or
an unknown, non-adenosinergic mechanism plays a more
significant role in rat. These data are clinically relevant
because ADO is implicated in the hypoxic depression of
ventilation (Yan et al. 1995) and apnoea of prematurity
(AOP) (Bhatt-Mehta & Schumacher, 2003). Caffeine
administration is the therapy of choice for AOP. Its efficacy
as a respiratory stimulant is attributed to antagonism
of A; and A,, ADORs. However, a significant portion
of premature infants do not respond to caffeine. This,
combined with ongoing debate about potential long-term
negative side effects of perinatal caffeine treatment on CNS
development, including networks underlying respiratory
control and sleep (Schmidt et al. 2007; Montandon et al.
2008), emphasize the need for alternative treatments. Data
also provide insight into basic mechanisms important
in identifying drug targets such as strategies to enhance
or extend P2Y; signalling actions through inhibition of
ectonucleotidase activity. The presence of this mechanism
in mice and rats, combined with a P2Y;-like excitation
of spinal locomotor central pattern generators in tadpole
(Dale & Gilday, 1996; Brown & Dale, 2002) suggest it
may be a common excitatory mechanism in rhythmic
networks.

In summary, our analysis of preBo6tC networks in
neonatal mouse and rat further confirms the sensitivity
of this vital network to P2Y,R-mediated excitation. In
addition, species variability in ATP responses emphasize
that ATP signalling must be viewed as a three-part
signalling system because differences in individual
components dramatically alter overall network responses
(Fig. 9). These data also suggest that there may be
significant therapeutic potential in developing methods
that alter the ATP—ADO balance to favour the excitatory
actions of ATP over the inhibitory actions of ADO
(by enhancing ATP release, ATP actions, minimizing
ATP breakdown or inhibiting the actions of ADO).
Species differences also emphasize that manipulation of

© 2011 The Authors. Journal compilation © 2011 The Physiological Society

Purinergic modulation of preBotzinger inspiratory rhythm

4597

ATP signalling in humans to treat CNS disorders of
breathing requires that this three-part system be explored
further in higher mammals, including primates and
humans.
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