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The respiratory rhythm is produced by a distributed
network of neurons located in the lower brainstem (for
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Molecular mechanisms underlying maturation of the central respiratory rhythm are largely
unknown. Previously, we found that brain-derived neurotrophic factor (BDNF) is required
for expression of normal breathing behaviour in newborn mice, raising the possibility that
maturation of central respiratory output is dependent on BDNF.

Respiratory activity was recorded in vitro from cervical ventral roots (C1 or C4) using the
isolated brainstem—spinal cord preparation from postnatal day (P) 0:5—2:0 and P45 wild-
type mice and mice lacking functional bdnf alleles.

Loss of one or both bdnf alleles resulted in an approximately 50% depression of central
respiratory frequency compared with wild-type controls. In addition, respiratory cycle
length variability was 214 % higher in bdnf null (bdnf ~/7) animals compared with controls
at P4-5. In contrast, respiratory burst duration was unaftected by bdnf gene mutation.

These derangements of central respiratory rhythm paralleled the ventilatory depression and
irregular breathing characteristic of bdnf mutants in vivo, indicating that central deficits can
largely account for the abnormalities in resting ventilation produced by genetic loss of BDNF.
BDNTF is thus the first growth factor identified that is required for normal development of
the central respiratory rhythm, including the stabilization of central respiratory output that
occurs after birth.

review, see Bianchi et al. 1995; Ramirez & Richter, 1996).  apnoeas (Erickson et al. 1996a). Moreover,

During perinatal development the respiratory network
undergoes marked maturational changes, which include
alterations in the morphological, biochemical and electro-
physiological properties of individual neurons (Denavit-
Saubié et al. 1994), as well as enhancement of synaptic
interactions (Paton & Richter, 19956). These alterations are
critical for maturation of normal respiratory behaviour, and
derangements
implicated in human developmental disorders of breathing
(Kinney et al. 1995). However, although developmental
changes in central respiratory neurons have been described
(Greer et al. 1992; Paton & Richter, 1995a; Di Pasquale et al.
1996), underlying molecular mechanisms are not understood.

Recent studies from our laboratory demonstrated that
brain-derived neurotrophic factor (BDNF), a member of the
neurotrophin class of growth factors, is required for
development of normal breathing behaviour in mice
(Erickson et al. 1996q). Specifically, newborn mice lacking
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functional bdnf alleles exhibit markedly depressed and
irregular resting ventilation and increased incidence of
bdnf null
mutants (bdnf ~/7) lack a population of BDNF-dependent
primary sensory neurons that constitute the afferent
pathway between carotid body chemoreceptors and the
brainstem (Hertzberg et al. 1994; Erickson et al. 1996a).
These cells provide a powerful tonic excitatory drive to
respiration (Dejours, 1962) that is absent in bdnf ~/~ mice
(Erickson et al. 1996a). However, animals lacking BDNF

of brainstem development have been  exhibit a more severe respiratory depression than wild-type

animals in which chemoafferent input is transiently
suppressed (HErickson et al. 1996a), indicating that other
changes, in addition to the lack of chemoafterent drive alone,
probably account for the respiratory phenotype in bdnf null
mutants. For example, chemoafferent cell loss could derange
central respiratory output by depriving the central
respiratory network of important developmental cues.

BDNF could also act directly to regulate maturation of

respiratory neurons, either by supporting neuronal survival
(Schwartz et al. 1997) or by regulating processes that
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underlie normal synaptic function, such as dendritic growth
(McAllister et al. 1997) and enhancement of synaptic
innervation density (Causing et al. 1997) or chemical neuro-
transmission (LeBmann et al. 1994). In fact, functional
maturation of respiration-related central neurons has been
associated with dendritic morphogenesis (Kalia et al. 1993;
Denavit-Saubié et al. 1994) and increased synaptic efficacy
(Paton & Richter, 1995b) during early postnatal development.
The possibility that BDNEF can directly regulate such
processes is supported by the observation that TrkB, the
high-affinity receptor for BDNF, exhibits a widespread
distribution in the brainstem (Yan et al. 1997).

The present study was undertaken, therefore, to determine
whether BDNF is required for functional maturation of the
central respiratory rhythm. To approach this issue we
compared development of central respiratory output in
newborn wild-type mice and mice lacking one or both
functional bdnf alleles, using the in vitro brainstem—spinal
cord preparation (Suzue, 1984). This preparation permits
recording of motor output from the intact respiratory
network, under controlled environmental conditions, in
the absence of afferent influences from peripheral or
suprapontine structures. We also analysed central respiratory
output in mice lacking neurotrophin-4 (N'T-4) which, like
BDNF, acts through the TrkB receptor. Our data indicate
that BDNF, but not NT-4, is critical for functional
maturation of the central respiratory rhythm.

METHODS

Animals

bdnf heterozygous and n¢-4 homozygous mutant mice (Conover et al.
1995) were obtained from Regeneron Pharmaceuticals, Inc.
(Tarrytown, NY, USA) and used for breeding. The day of birth
was designated PO0-5. The genotype at the bdnf locus was
determined for each animal by polymerase chain reaction, using the
following primers: 5" primer, 5-CATACTTCGGTTGCATG-3%;
3’ primer, 5-GATCACTGTCACACACGCTCA-3"; Neo 3’ primer,
5-ATGGAAGGATTGGAGCTA-3". Altogether, 221 neonatal mice
derived from 36 litters were used. All electrophysiological
recordings, data collection and analysis were conducted by an
investigator blinded to the genotype of the mice.

Brainstem—spinal cord preparation

The experiments were performed using isolated brainstem—spinal
cord preparations (Suzue, 1984). The animals were deeply
anaesthetized with ether, and the head and vertebral column
rapidly isolated under a dissecting microscope. The preparation was
then placed in a dissection chamber filled with an ice-cold artificial
cerebrospinal fluid solution (for composition, see below) continuously
aerated with a gas mixture of 95% O, and 5% CO,. After a
craniotomy, the cerebrum was removed by transection at the
pontine level rostral to the entry of the Vth cranial nerves, and the
cerebellum, skull base and vertebral bodies were also removed.
Total dissection time averaged 9:8 4+ 0:54 min. The isolated
brainstem—spinal cord preparation was transferred to a recording
chamber (volume of 100 ml) and pinned down along the lateral
edge, ventral surface upward, on Sylgard resin. The preparation
was superfused continuously with artificial cerebrospinal fluid
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composed of (mm): 130 NaCl, 54 KCl, 0:8 KH,PO,, 26 NaHCO,,
1-0 MgCl,, 0-8 CaCl, and 30 glucose (pH =72 as measured in
perfusate samples; Jacquin et al. 1996) at 24—25 °C and directly
oxygenated (95 % O, and 5% CO,). After stabilizing for 45—60 min,
the bath temperature was raised to 26—27 °C before recording.

Recordings

Activity was recorded extracellularly with a suction electrode
applied to the proximal cut end of either the C1 ventral root
(50 cases) or the C4 ventral root (171 cases), which contains phrenic
motor axons. The suction electrode was constructed of polyethylene
tubing (PE-190) flame-pulled to have a tip tightly fitting to the
recorded root (diameter, 50—100 gm). The electrical signals were
differentially amplified (AM502 Differential Amplifier, Tektronix,
Inc., Beaverton, OR, USA) with a bandwidth of 1 Hz to 3 kHz,
before display on an oscilloscope (Tektronix 5103N). The data were
assessed for two age groups: (1) during the first 48 h after birth
(P0-5—2-0), and (2) during the fifth postnatal day (P4:5). Data for
the first two postnatal days were combined, as there were no
significant differences among these preparations.

In forty-nine preparations no respiratory activity was detected
during the 30 min recording period, although slow bursting activity
of spinal origin was present (see Results). The incidence of such
preparations was similar among bdnf '~ (n=10), bdnf "/~ (n= 28)
and bdnf *'* (n = 11) genotypes, and was higher in P0-5-2-0 (40 of
154) than in P4:5 (9 of 57) preparations. These preparations were
not included in the present study.

Data acquisition and analysis

Respiratory activity was recorded in unprocessed form only and
captured at a sampling rate of 1 kHz using an analog-to-digital
converter (Lab Master DMA 100AX, Scientific Solutions, Solon, OH,
USA) and AxoTape software (version 2.0.1, Axon Instruments).
The mean recording time from each preparation was
24+3 + 1-13 min. The central respiratory output was evaluated by
averaging within each genotype: (1) mean respiratory frequency,
(2) variability of instantaneous respiratory cycle length, calculated
as the standard deviation divided by the mean, (3) maximal
respiratory cycle length, and (4) respiratory burst duration.
Subsequent data analysis, including measurements of instantaneous
cycle length, was performed using AxoTape software.

Data are presented as means +s.EM. and were analysed by
ANOVA and MANOVA followed by Schefté’s multiple comparison
procedure. Student’s unpaired ¢ test was used to compare ni-4 /=
preparations with wild-type controls. P <0-05 was considered
significant; n indicates the number of preparations.

RESULTS

Central respiratory output, recorded from spinal ventral
roots in the isolated newborn brainstem—spinal cord
preparation, consists of rhythmic discharges that are
abolished after bulbospinal transection (Greer et al. 1992).
In our experiments two types of discharges were observed
concomitantly in 75 out of 172 preparations, regardless of
genotype or recording site (C1 or C4). The first type of
discharge, which was more frequently observed in the
younger preparations, was characterized by bursts of
relatively long duration (3—40 s), appearing every 5—20 min.
These discharges persisted after transection at the
bulbospinal level, indicating that they were not related to
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output from the medullary respiratory network (Perségol &
Viala, 1994) and were therefore not included in the present
analysis. The second type of activity, recorded in all 172
preparations, consisted of rhythmic discharges (Fig.1A4)
typically lasting less than 1s and was abolished after
bulbospinal transection (n=5; Fig.1B). The
presented below are based on analysis of this central
respiratory activity.

results

Respiratory frequency and cycle length variability in
bdnf mutants

We found previously that mean respiratory frequency,
measured by plethysmography in intact newborn bdnf ™/~
mice, was depressed by approximately 50 % compared with
wild-type controls (Erickson et al. 1996a). Moreover, the
cycle-to-cycle variability in frequency, a measure of
breathing irregularity, was increased 2-fold in P45 bdnf =/~
mice. To determine whether these deficits in respiratory
behaviour could be accounted for by derangement of central
respiratory output, we compared the frequency and
variability of respiratory discharges recorded in isolated
brainstem—spinal cord preparations from wild-type,
bdnf*'~ and bdnf ™/~ mice at various postnatal ages. At
P0-5-2:0 the mean frequency of respiratory discharges
recorded in bdnf ™'~ and bdnf /" preparations was 46 and
63 %, respectively, of the wild-type control value (P < 0-01
compared with wild-type; Figs 14 and 24). There was no
significant difference between the hetero- and homozygous
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mutants (P= 0-14). This depression of respiratory frequency
in the bdnf*’~ and bdnf ™/~ mutants persisted with
increasing age. Thus although the absolute respiratory
frequency increased approximately 2-fold for each genotype,
the values for bdnf '~ and bdnf ™/~ preparations remained
45 and 62 %, respectively, of the wild-type control value on
P4-5 (Figs 14 and 24).

Respiratory cycle length variability, based on a cycle-by-
cycle analysis, demonstrated that the first two postnatal
days were characterized by highly irregular central
respiratory output, regardless of genotype. In fact, at this
age, the differences in variability among bdnf ==, bdnf /",
and bdnf "/t preparations were not significant (Fig.2B).
This observation is consistent with results obtained in vivo
demonstrating that, during the first two days of life, all
animals, regardless of genotype, exhibited irregular
ventilation (Erickson et al. 1996a). By postnatal day 4-5,
however, cycle length variability had decreased significantly
in bdnf " (P=0-0132) and bdnf*'” (P=0-00003)
preparations, compared with the values at P0:5-2:0. In
contrast, in preparations derived from bdnf /" mice,
although variability tended to decrease with age, the
decrease was not statistically significant (MANOVA,
P=07177, Fig.2B). Therefore, at P4:5, cycle length
variability in bdnf /" was 158 and 214% higher,
respectively, than in the bdnf*/~ and wild-type control
preparations (P < 0-001).
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Figure 1. Influence of bdnf gene mutation on central respiratory output

A, central respiratory activity was recorded in vitro on the first (P0-5) and fifth (P4-5) postnatal day from
the C4 ventral root in wild-type (+/4), bdnf heterozygous (+/—) and bdnf knockout (—/—)
brainstem—spinal cord preparations. A markedly lower frequency of respiratory discharges in bdnf
mutants compared with wild-type controls was apparent at both ages tested. At both ages, the
preparations of different genotypes were derived from littermates. B, bulbospinal transection (arrow)
abolished respiratory activity recorded from the C4 ventral root. This recording was made from the same

P0-5 wild-type preparation shown in A.
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Maximal length of the respiratory cycle in bdnf
mutants

In addition to depressed and irregular breathing, bdnf null
mutants exhibit an increased occurrence of apnoeas, defined
as respiratory pauses longer than 2-3s (Erickson et al.
19964). To determine whether central respiratory output in
bdnf mutants exhibited a potential neural correlate of these
apnoeic pauses, we compared the duration of the longest
respiratory cycle observed during each recording session,
among bdnf *'*, bdnf*'~ and bdnf ~/~ preparations. This
analysis revealed that the maximal length of the respiratory
cycle was disproportionately and significantly greater in
bdnf ™'~ compared with bdnf */* and bdnf*/~ preparations
at P4-5 (Fig. 3). In fact, the ratio of the maximal to mean
cycle length was more than 3-fold higher in P4:5 bdnf
knockout preparations compared with wild-type controls
(9-8 + 488 vs.2:7T £ 0-33).
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Respiratory burst duration in bdnf mutants

Ramirez et al. (1996) demonstrated that the duration of
respiratory bursts recorded from the transverse brainstem

slice preparation of mice tends to increase with age,
indicating that burst duration is one locus at which
developmental mechanisms act to regulate postnatal

maturation of central respiratory output. To determine
whether the absence of BDNF alters this maturational
process, we compared respiratory burst duration in bdnf
mutants and wild-type littermates on P0-5—2:0 and P4-5.
Within each genotype, respiratory burst duration was
significantly longer in P45 brainstems (bdnf */*, 7136 +
84:14 ms; bdnf ™", 6950 + 36:42 ms; bdnf /", 6955+
72:69 ms) compared with P0-5-2:0 preparations (bdnf ™/,
517:0 + 39-48 ms; bdnf*/", 4689+ 17-60 ms; bdnf /",
4480 + 22:23 ms). However, no significant differences in
burst duration were observed among the various genotypes
at either age tested.

Figure 2. Mutation of the bdnf gene results in
decreased frequency and increased variability
of respiratory discharges

Mean frequency of respiratory discharges (4) and
respiratory cycle length variability (B) in wild-type
(+/+), bdnf heterozygous (+/—) and bdnf knockout
(—/—) in vitro brainstem—spinal cord preparations
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Table 1. Characteristics of central respiratory output in nt-4 knockout mice (n¢-4 ~/~) compared
with wild-type mice at P15

Genotype n Mean frequency Respiratory cycle length Burst duration
(bursts min™) variability T (ms)

Wild-type 4 4:00 £ 026 1:02+0:13 456 + 880

nt-4 "~ 6 369+ 0641 124 + 0161 432+ 6001

T Respiratory cycle length variability is expressed as a coeflicient of variation (s.p./mean); mean number of

measured cycles was not significantly

different

between groups (wild-type, 568+ 8:7;

ni-4 /", 74:0 4+ 18-1). { Not significantly different from wild-type.

Central respiratory output in neurotrophin-4
knockout mice

NT-4, like BDNF, is required for survival of subsets of
visceral sensory neurons in vitro and in vivo (Erickson et al.
1996a). However, in contrast to bdnf null mutants, mice
lacking functional nt-4 alleles exhibit normal respiratory
behaviour (Erickson et al. 1996b). This could indicate that
central respiratory output is normal in n¢-4 null mutants, or,
alternatively, that compensatory mechanisms, such as
increased peripheral drive, overcome any potential central
deficit. To distinguish between these possibilities, we
compared respiratory activity generated in brainstem—spinal
cord preparations derived from P15 ni-4 ~/~ mice and wild-
type controls. No significant differences in mean respiratory
frequency, cycle length variability or burst duration were
observed (Table 1).

DISCUSSION

The current study demonstrates that disruption of the bdnf
gene results in selective defects in central respiratory
output. Specifically, discharge frequency and cycle length

Figure 3. Maximal length of the respiratory cycle is
disproportionately greater in bdnf null mutants

compared with wild-type and heterozygous animals
at P4:5

Mean values of maximal respiratory cycle length in
P0:5-2-0 and P45 in vitro brainstem—spinal cord
preparations (4+/4 wild-type, +/— bdnf heterozygous,
and —/— bdnf knockout). At P0-5—2:0 there were no
statistically significant differences among genotypes,
whereas at P45 there was a significantly longer

(*** P < 0-001) maximal cycle length in bdnf knockout
mice. The number of preparations in each group is the
same as in Fig. 2.

variability are significantly altered by loss of BDNF,
whereas burst duration is unchanged. BDNF is therefore the
first growth factor identified that is required for normal
development of the central respiratory rhythm. Moreover,
the fact that differences in respiratory frequency between
wild-type animals and bdnf mutants were apparent as early
as the first postnatal day suggests that BDNF is required for
functional maturation of the central respiratory network
before birth.

The abnormalities in central respiratory output that we
observed in bdnf ™/~ brainstem—spinal cord preparations in
vitro reflected faithfully the respiratory phenotype of bdnf
null mutants in vivo (Erickson et al. 1996a). For example,
although the absolute frequency of respiratory output in the
in vitro preparation is lower than ventilatory frequency in
vivo, bdnf null mutants nonetheless exhibited a further
54-55% depression in central respiratory frequency
compared with wild-type littermates, paralleling the
ventilatory depression observed in wvivo (Erickson et al.
1996q). Similarly, the bdnf null mutation resulted in
markedly higher respiratory cycle length variability at P45
in witro, as in vivo (Erickson et al. 1996a). These data
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indicate, therefore, that the depression and irregularity of
breathing observed in bdnf null mutants in wvivo can
probably be accounted for by deficits in central respiratory
output. Thus BDNF appears to be required both for
development of normal respiratory frequency and for the
stabilization of central respiratory output that normally
occur during the perinatal period (Jansen & Chernick, 1991;
Di Pasquale et al. 1996). In addition, bdnf ~/~ preparations
exhibited disproportionately longer pauses between
respiratory bursts compared with wild-type controls. We
speculate that these pauses could predispose the bdnf ~/~
animals to more frequent apnoeas, as is seen in vivo
(Erickson et al. 1996a).

Interestingly, central respiratory output was significantly
depressed in both hetero- and homozygous preparations,
indicating that both bdnf alleles are required for
development of a normal central respiratory frequency.
However, breathing frequency in vivo was unchanged in
heterozygous animals compared with wild-type controls
(Erickson et al. 1996a). This probably reflects the fact that,
in vivo, excitatory drives, such as peripheral chemoafterent
input, which are absent in the isolated preparation in wvitro,
are able to compensate for depressed activity of the
brainstem respiratory network. Thus even with a reduced
central respiratory output, and partial reduction in
chemoafterent cell numbers (Erickson et al. 1996a),
heterozygotes are able to sustain a relatively normal
respiratory frequency. Respiratory cycle length variability,
on the other hand, was the same in heterozygous and wild-
type preparations on P45, indicating that in contrast to
mean respiratory frequency, one bdnf allele is sufficient to
support maturation of this specific parameter.

One likely mechanism by which BDNF promotes
development and stabilization of normal respiratory rhythm
is by supporting survival of peripheral chemoafterent neurons
that provide sensory input to central respiratory structures
(Hertzberg et al. 1994; Erickson et al. 1996a). We speculate
that loss of this afferent input in bdnf knockout mice
(Erickson et al. 1996q), in addition to eliminating ventilatory
drive, may derange development of central respiratory
neurons. In other systems, for example, afferent inputs to
central neural structures play a critical role in development
of postsynaptic target cells (cf. Guillery, 1973). Moreover,
loss of chemoafferent input after birth is known to have a
destabilizing influence on respiration (Hofer, 1984). It is also
possible, of course, that development of the respiratory
network is indirectly influenced by other, still unidentified
inputs, which may be affected in bdnf null mutants.

Another possibility is that BDNF has direct effects, either
developmental or acute, on neurons and/or synaptic function
within the medullary respiratory central pattern generator
(Smith et al. 1991). In the hippocampus, for example,
exogenous BDNF can reverse the effects of the bdnf null
mutation on synaptic function, indicating that BDNF is
required for normal transmission but not for development of
underlying circuitry (Patterson et al. 1996). Loss of BDNF
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could also affect neurons in the ventrolateral portion of the
caudal pontine reticular formation, which provide excitatory
drive to the medullary respiratory central pattern generator
(Borday et al. 1997). Elimination of these cells in Krox-20
mutant mice resulted in a 2'5-fold slower respiratory
frequency compared with wild-type controls (Jacquin et al.
1996), mimicking, to some extent, the bdnf null phenotype.
Although BDNF is not required for survival of spinal cord
or brainstem motoneurons (Conover et al. 1995), it is also
possible that loss of BDNF leads to functional changes in
phrenic motoneurons (Gonzalez & Collins, 1997). The fact
that central respiratory output was normal in NT-4 mutants
indicates either that N'T-4 is not required for development
of the respiratory controller or that its absence is
compensated for by another factor.

In summary, our data indicate that BDNF is required for
normal development of central respiratory output. However,
not all aspects of central respiratory output exhibit the same
requirement for BDNF. For example, whereas both bdnf
alleles are required for development of normal respiratory
frequency, one allele is sufficient for normal cycle length
variability. Whether this quantitative difference in BDNF
dependence reflects distinct mechanisms or targets of
BDNF action remains to be defined. Burst duration, on the
other hand, was unaffected by disruption of the bdnf gene,
indicating that BDNF is probably only one of several factors
responsible for maturation of central respiratory output as a
whole.
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