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The normal breathing rhythm in mammals is hypothesized to be generated by neurokinin-1 receptor
(NK1R)-expressing neurons in the preBotzinger complex (preB6tC), a medullary region proposed to
contain the kernel of the circuits generating respiration. If this hypothesis is correct, then complete
destruction of preB6tC NK1R neurons should severely perturb and perhaps even fatally arrest breath-
ing. Here we show that specific and near complete bilateral (but not unilateral) destruction of
preB6tC NK1R neurons results in both an ataxic breathing pattern with markedly altered blood gases
and pH, and pathological responses to challenges such as hyperoxia, hypoxia and anesthesia. Thus,
these (600 neurons seem necessary for the generation of normal breathing in rats.

Breathing is an exceptionally reliable and continuous mammalian
behavior that regulates blood gases and pH at rest and in response
to diverse challenges such as exercise, sleep or altitude. The
rhythm underlying breathing is postulated to depend critically
on neurons in the preB6tC!2. Two recent developments allowed
us to determine in awake adult rats whether this critical regulatory
behavior would be affected by lesions in the preBotC. First, the
extent of the preBotC can be anatomically defined by the sub-
population of propriobulbar respiratory neurons within the ven-
trolateral respiratory column expressing NK1R*>=. Second, NK1R
neurons can be specifically lesioned by substance P conjugated
to saporin (SP-SAP)®, an effect that takes several days, allowing
for complete recovery from surgery®.

REsuLTs

SP-SAP was effective in eliminating preBotC NK1R neurons in
adult rats. Injections of 0.1-0.2 pmol of SP-SAP or 0.3 pmol
each of unconjugated saporin and SP were made in the pre-
BotC. Unilateral SP-SAP injection transiently produced sighs
(large inspiratory efforts followed by prolonged expiration),
consistent with the effects of injection of SP alone into the pre-
BotC in vitro” and in vivo (P.A.G., D.R.M. and ].L.E.,, unpub-
lished observations). All rats returned to normal behavior upon
recovery from surgery. Two to eighteen days after injection, rats
were perfused and their medullas were stained for NK1R
immunoreactivity (n = 20). The lesion extent was estimated by
counting NK1R immunopositive neuronal soma in the rostral
medulla inside a circle of 600-pm diameter approximating the
preBotC (ventrolateral to the nucleus ambiguus) and in a rec-
tangle (1600 x 1070 pum) outside this circle (Fig. 1, inset).
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Counts were estimated from four transverse sections beginning
within 100 pm of the rostral border of the lateral reticular nucle-
us and spanning the preB6tC>* containing approximately
12-15% of the total preBotC volume. Uninjected controls
(n=4) had 35 £ 5.1 (mean =* s.e.m., per side) NKIR neurons
within the preB6tC ([600 preBstC NKI1R neurons total, which
we estimate represent less than 10% of all preB6tC neurons)
and 82 £ 9 NKIR neurons outside the preBotC. Most of the lat-
ter were immediately ventral to the preBo6tC. Unilaterally SP-
SAP injected rats (n = 4) had 0 = 0 NK1R neurons inside and
29 £ 9 NKI1R neurons outside the preBstC on the injected side
compared to the uninjected side, which had 47 + 6 inside and
62 + 6 outside. In contrast, tyrosine hydroxylase
(TH)-immunoreactive neurons, which do not express NK1R
but which have soma and dendrites within the target site>4,
were largely unaffected (Fig. 1c; unilateral injections, injected
side, 111 + 15; control side; 121 * 15, n = 4), although some
TH neurons at the injection site showed damage. NK1R stain-
ing in dorsal brainstem regions such as the solitary tract and
motor nucleus of the vagus appeared normal with no signs of
toxin-mediated degradation or receptor internalization
(n =20)8, although collateral damage in other regions was pos-
sible. In some rats, nucleus ambiguus motoneurons adjacent to
the preBotC were mildly damaged (Fig. 1b); however, motoneu-
ronal damage could not account for the changes in breathing
frequency or pattern we observed. Bilateral injection of uncon-
jugated saporin and SP had little effect on preBtC NK1R neu-
rons (inside, 30 £ 4; outside, 70 * 14; per side, n = 2).
Bilateral but not unilateral SP-SAP lesions profoundly affect-
ed breathing. We measured respiratory period and inspiratory
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amplitude from unrestrained, awake adult rats. Bilaterally
SP-SAP injected rats with near-complete bilateral destruction
of preBotC NKI1R neurons (see below) exhibited a transforma-
tion in breathing pattern 4-5 days after injection, going from
a eupneic to a severely ataxic pattern in room air (preBotC;
n = 10; Fig. 2). The changes in breathing pattern were strongly
correlated to the loss of preBotC NK1R neurons. PreBotC- rats
that were perfused 10-18 days after injection (sufficient time
for clearance of dead NKIR neurons) had markedly fewer NK1R
neurons within (4 £ 1; range, 0-7; p < 0.001, total, both sides)
and somewhat fewer NK1R neurons outside (70 + 10; range,
66-96; p < 0.05, total) the preBotC, per side (n = 6). Bilateral-
ly injected rats that maintained normal breathing patterns and
that were perfused 10-12 days after injection had 30 £ 9 NK1R
neurons inside (range, 15-52; p < 0.05) and 105 = 13 NK1R
neurons outside (range, 81-131; p > 0.05, n = 4) per side, with
a maximum estimated lesion sparing more than 20% of
preBotC NK1R neurons.

The respiratory period of uninjected (control) rats was
0.53 £ 0.001 s (n = 10) and normalized peak inspiratory ampli-
tude (I,.,) was 1.00 £ 0.006 (n = 3), with occasional sniffing
(periocf, 0.18 £ 0.001 s) and sighing (Figs. 2 and 3). Ataxia in
preBotC rats was characterized by shortened respiratory peri-
0ds (0.29 £ 0.01 s, n =8, p < 0.0001) and an irregular sequence
of inspiratory efforts of near normal amplitude interspersed
with (prolonged) periods of apnea or very low amplitude inspi-
ration (e, = 0.85 £ 0.004; n = 3, p < 0.001, Figs. 2 and 3).
One additional rat (>90% bilateral destruction of preB6tC
NKI1R neurons perfused at day 18) with an ataxic breathing
pattern with noticeable apneas did not show periods of low
amplitude inspiration. Arterial blood gases and pH values of
preBotC- rats four days after injection, when their breathing
patterns still seemed normal, suggested a slight hyperventila-
tion giving rise to reduced CO, with consequent alkalosis and
elevated O, (pH 7.44 + 0.01; PCO,, 31.5 + 1.0 mm Hg;

Fig. 2. PreBotC- rats breathe with an ataxic pattern. Spontaneous
breathing from control (top of each pair) and preB&tC~ (bottom of each
pair) rats. Plethysmographic traces breathing room air (top),
5% CO,/95% O, (middle) and 100% O, (bottom). Upward deflection
represents inspiration. Control rats breathing room air spontaneously
generate an occasional sigh (arrow) followed by an extended expiratory
pause; this pattern seems absent in preBstC™ rats. (Movies of a
preBotC- rat at 2 and 8 days after injection are available on the supple-
mentary information page of Nature Neuroscience online.)
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Fig. 1. Local injection of SP-SAP selectively ablates preBo6tC NKIR
neurons. Inset, transverse section of adult rat brainstem showing rela-
tive location of preBotC (circle) ventrolateral to scNA. Rectangle
(excluding circle) indicates area outside preBotC analyzed for neuron
counts (see text). Comparison of NKIR (a), choline acetyltransferase
(ChAT) (b) and tyrosine hydroxylase (TH) (c) immunohistochemistry in
unilaterally injected rat. scNA, semicompact division of nucleus
ambiguus; 10, inferior olive; 5SP, trigeminal nucleus; XIl, hypoglossal
nucleus. Scale bars, 200 pm.

PO,, 97.25 £ 2.7 mm Hg; n = 4) compared to control rats
(pH 7.40 % 0.01; PCO,, 36.5 + 1.9 mm Hg; PO,, 92.5 + 5.5 mm
Hg; n=2; T=37.4%0.1°C; n = 17). Five days after injection,
however, preBotC™ rats had a profile typical of respiratory
depression giving rise to CO, retention and consequent aci-
dosis (pH 7.26 £ 0.07; PCO,, 56.4 £ 3.7 mm Hg; PO,,
76.5 £ 5.5 mm Hg; n=2; T=36.8 £0.1°C; n = 14).
PreBotC™ rats had pathological responses to changes in
inspired gases. In response to 100% O,, control rats had an
increased period (0.6 £ 0.002s, n =9, p < 0.001) and an
increased Iq, (1.3 £0.008, 7 = 3, p < 0.0001; Figs. 2 and 3).
PreBotC rats responded with a marked (further) depression of
breathing, with a small decrease ([3%) in period
(0.28 £ 0.002's, n = 4, p < 0.05) and a decrease in I,
(0.7 £0.006, n = 3, p < 0.0001) due primarily to the loss of nor-
mal amplitude events (Fig. 3). Two rats developed fatal apneas.
The depressive effects of 100% O, in ataxic animals are in con-
trast to its normalizing effects in humans with Cheyne—Stokes
breathing, which has a vaguely similar respiratory phenotype;
this suggests a different etiology for preBotC- rats. In control
rats, 5% CO, and 95% O, caused a significantly decreased
(25%) period (0.4 + 0.001 s, p < 0.0001) and increased I .,
(1.8 £0.009, n =3, p < 0.0001) compared to response when
breathing room air (Figs. 2 and 3). PreB6tC- rats, in contrast,
showed a smaller ((014%) decrease in respiratory period from
breathing room air (0.25 + 0.001 s, n = 5, p < 0.0001) with an
increase in Ipq, (1.1 £ 0.007, p < 0.0001) due primarily to the
appearance of a number of higher amplitude respiratory events
among continued low-amplitude inspiration (Fig. 3). In response
to severe hypoxia (4.4% 0,/95.6% N,), control and injected rats
up to four days after injection showed shortened ([B4%) periods
(0.35£0.001 s, n=7, p <0.0001) and increased amplitude; these
rats tolerated this challenge for at least 15 minutes (n = 16; data
not shown). PreB6tC™ rats (n = 8) had a brief increase in fre-
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quency and amplitude, followed within
2-7 minutes by apneas of increasing and even-
tually fatal duration. Only one preB6tC rat
recovered spontaneous breathing when quickly
returned to room air. In addition, breathing in
preBotC rats was unusually sensitive to depres-
sion by anesthesia, similar to humans with Jou-
bert’s Syndrome®. Thus, in contrast to control E
rats, no spontaneous respiratory drive could be
recorded in preBotC™ rats at modest levels of
inhaled fluorothane (1-2%; n = 6, Fig. 4).
Moreover, premotor circuits driving respirato-
ry motoneurons appeared intact, as lung defla-
tion in anesthetized preBotC- rats induced a
robust reflex diaphragmatic output (Fig. 4).

Ipeak

DiscussioN
Although the importance of the preBotC in |
generating a respiratory-related rhythm in
in vitro preparations from neonatal rodents is
well established219, the role of the preBstC 0|
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in generating the normal rhythm of breathing
in intact mammals is controversial>!!. The res-
piratory pattern of in vitro preparations is
somewhat similar in pattern, frequency and
chemosensitivity to gasping in anesthetized
adult rats”!'! and it has been suggested that
hypotheses derived from these preparations
have little relevance to normal breathing in
intact animals!!1. Thus, we tested the hypoth-
esis that the preBotC is critical for the genera-
tion of normal breathing in awake, behaving
animals. We found that bilateral injections of
SP-SAP that eliminated greater than 80% of

0

Period (s)

Fig 3. PreBotC rats (3—5 days after injection) and control rats breathe differently. Each of 9
graphs represents grouped data (n = 3, 10 consecutive minutes) of instantaneous respiratory
period (0-0.75 s) versus I, (0.0-2.0) for 4800-7000 breaths, plotted as two-dimensional
density for control (top), preB6tC~ (middle) and combined control (red)/preBotC- (green;
bottom). Individual breaths (and period) were converted into a two-dimensional histogram
(bin width, 0.02 s and 0.02) and plotted as density maps. Top and middle, colors represent the
relative number of breaths in a given bin as percentages of breaths in the maximum bin, as
indicated in legend at right; densities less than 10% of maximum are black. Bottom, flattened
comparison between control (red) and preBotC™ (green) rats of all bins with densities 225%
of maximum. Arrow points to sniffing behavior. Data was obtained from rats breathing room
air (left), 5% CO,/95% O, (middle) and 100% O, (right).

preBotC NK1R neurons resulted in a highly
irregular breathing pattern in conscious rats.
These rats were unable to maintain appropriate blood gases
and pH, and had pathological responses to hypoxia or hyper-
oxia. However, these lesions did not result in the rapid onset
of fatal apnea when these preB6tC- rats were conscious. When
taken together with previous results'=>1%1213 our interpreta-
tion is that normal breathing in mammals requires an intact
preBotC, with NK1R neurons having a necessary role. In their
absence, an ataxic rhythm sufficient to maintain life can still
be generated in conscious rats by undetermined structures,
which may include non-NKIR expressing neurons in the pre-
BotC or ventrolateral respiratory column!4, other respiratory
regions!3, vestigial brainstem rhythmogenic networks!>!¢ or
even structures normally underlying voluntary or emotional
control of respiratory muscles. The extent to which brain
regions in addition to the preBotC are also necessary for the
normal pattern of breathing is yet to be determined. PreB6tC
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NKI1R neurons may contain the kernel for the genetically deter-
mined behavior of breathing in mammals, and delineating their
properties may provide ways to understand and treat life-
threatening and poorly understood central failures of breathing
such as central sleep apnea!”!8, congenital central hypoventi-
lation syndrome (Ondine’s curse)!%2%, Joubert’s Syndrome?!
and Sudden Infant Death Syndrome?2.

METHODS

Injection of SP-SAP. We used 54 adult Sprague—Dawley male rats. All
procedures were approved by the UCLA Animal Care Committee
(ARC# 94-159-22). Rats were anesthetized with 100 mg/kg of ketamine
(Ketaject, Phoenix Scientific, St. Joseph, Missouri) and 10 mg/kg of
Xylazine (AnaSed, Lloyd Laboratories, Shenandoah, Iowa) adminis-
tered intraperitoneally. Rats were intubated and respiratory flow was
recorded (MLT1L flow head from ADInstruments, Grand Junction,
Colorado and DRAL501 transducer, Honeywell Data Instruments,
Acton, Massachusetts). When necessary, rats were mechanically venti-
lated. Rats breathed 1-2 volume percent fluorothane (IsoFlo, Abbott
Laboratories, North Chicago, Illinois) in 1:1 air:oxygen mixture. Rats
were positioned in a stereotaxic frame with bregma 5 mm below lamb-
da. Microinjections (100150 nl) of SP-SAP (Advanced Targeting Sys-
tems, San Diego, California) were made from a glass capillary tube with

Fig. 4. Anesthetized (fluorothane, 1-2%) preB6tC™ rats do not have
spontaneous respiratory activity. However, lung deflation induces
diaphragmatic activity (Dia. EMG, top). Arrows point to short-lasting
(<100 ms) lung deflations that induce bursts of diaphragmatic activity
leading to airflow.
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a 40-pm tip diameter. Coordinates were 0.7 mm rostral, 1.95 mm lateral
and 2.6 mm ventral to the obex. When the inferior cerebellar vein was
in the way of injection, the micropipette was moved rostrally
(50-150 pm) to avoid puncture. A second injection was made just cau-
dal to the vein. Fluorescent microspheres (Molecular Probes, Eugene,
Oregon) were added to the solution to allow identification of injection
sites. For arterial blood sampling, the femoral artery was cannulated
and an artery access port was implanted subcutaneously. Blood oxy-
gen and carbon dioxide levels were assessed with a blood gas analyzer.

Histology. Rats (n = 39, 24 brainstems were of sufficient quality to
do cell counts) were transcardially perfused with 4% paraformalde-
hyde in PBS, cryoprotected in 25% sucrose PBS, embedded in OCT,
sectioned at 40 pm on a cryostat and processed free floating. Sections
were incubated in primary antibody diluted in sera at 4°C overnight,
placed in biotin conjugated species-specific secondary antibody (Vec-
tor Laboratories, Burlingame, California), stained using the ABC
method (Vector Laboratories) and mounted on gelatin subbed slides.
The following antibodies were used: rabbit anti-NKIR (1:20,000,
Chemicon, Temucula, California), goat anti-ChAT (1:400, Chemi-
con) and mouse anti-tyrosine hydroxylase (1:1000, Boehringer
Mannheim, Indianapolis, Indiana). Brightfield images were digitally
acquired into Photoshop (Adobe Systems, San Jose, California). All
images were filtered and adjusted for contrast and light levels in Pho-
toshop for clarity. NK1R somata were visually identified by the pres-
ence of at least 2 labeled processes and their location plotted via
camera lucida and counted within a 1600 x 1040 pm region bounded
laterally by the 5SP and dorsally by the nucleus ambiguus. Neurons
within the preBotC were counted by placing a 600-pm circle just ven-
tral to and centered upon the lateral edge of the NA. Cells in sections
separated by 200 pm were counted.

Phethysmography. All respiratory recordings of unrestrained rats were
obtained using a seven-liter whole-body plethysmograph (Buxco,
Sharon, Connecticut) and a pressure transducer (DRAL501, Honey-
well Data Instruments). The data was recorded using Axoscope soft-
ware (Axon Instruments, Union City, California). Respiratory periods
were determined using peak detection software written in LabView soft-
ware (National Instruments, Austin, Texas) or by hand measurement
of plethysmographic traces. Peak inspiratory amplitudes were calcu-
lated from pressure transducer output (in millivolts) and normalized.
For control rats breathing room air and 100% oxygen, mean respira-
tory period was calculated after removal of periods less than 0.3 s to
exclude sniffing. For calculation of mean inspiratory amplitude, val-
ues greater than 10 ml were excluded as motion artifacts. All numbers
are expressed as mean + s.e.m. Mean values were calculated from
15-min (period, room air) or 10-min (all else, 5 min after gas exchange)
recordings of continuous respiratory behavior. Control means were
compared against control room air, and ataxic means were compared
against control means for the same gas mixture for statistical analysis
(Student’s t-test for independent variables) in Origin (Microcal,
Northampton, Massachusetts).

Apneic rats. Rats that developed irreversible apnea were anesthetized and
mechanically ventilated at a rate adequate to keep end-tidal CO, at the
5% level. Bipolar wire electrodes were implanted into the costal part of
diaphragm (n = 6) and abdominal muscle (n = 2). Needle electrodes
were used to monitor ECG. Signals were amplified filtered and integrat-
ed. For lung deflation, a constant negative pressure source was used.
Intratracheal pressure was monitored.
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Note : Supplementary movies of a preB6tC™ rat at two and eight days after
injection are available on the Nature Neuroscience web site
(http://neuroscience.nature.com/web_specials).
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