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The neurotrophins brain-derived neurotrophic factor (BDNF)
and neurotrophin-4/5 (NT4) act via the TrkB receptor and sup-
port survival of primary somatic and visceral sensory neurons.
The major visceral sensory population, the nodose–petrosal
ganglion complex (NPG), requires BDNF and NT4 for survival of
a full complement of neurons, providing a unique opportunity to
compare gene dosage effects between the two TrkB ligands
and to explore the possibility that one ligand can compensate
for loss of the other. Analysis of newborn transgenic mice
lacking BDNF or NT4, or BDNF and NT4, revealed that survival
of many NPG afferents is proportional to the number of func-
tional BDNF alleles, whereas only one functional NT4 allele is
required to support survival of all NT4-dependent neurons. In

addition, subpopulation analysis revealed that BDNF and NT4
can compensate for the loss of the other to support a subset of
dopaminergic ganglion cells. Together, these data demonstrate
that the pattern of neuronal dependencies on BDNF and NT4 in
vivo is far more heterogeneous than predicted from previous
studies in culture. Moreover, BDNF knockout animals lack a
subset of afferents involved in ventilatory control and exhibit
severe respiratory abnormalities characterized by depressed
and irregular breathing and reduced chemosensory drive.
BDNF is therefore required for expression of normal respiratory
behavior in newborn animals.
Key words: chemoreceptor; neurotrophin; nodose; petrosal;

respiration; Sudden Infant Death Syndrome

The neurotrophins comprise a multigene family that includes
nerve growth factor (NGF), brain-derived neurotrophic factor
(BDNF), neurotrophin-3 (NT3), neurotrophin-4/5 (NT4), and
neurotrophin-6 (NT6) (Davies, 1994; Snider, 1994; Lewin and
Barde, 1996). These factors signal through the Trk family of
protein tyrosine kinases; NGF acts primarily via TrkA, BDNF and
NT4 via TrkB, and NT3 via TrkC, although all bind with equal
affinity to the low-affinity neurotrophin receptor p75LNR (for
review, see Barbacid, 1994).
The fact that BDNF and NT4 both bind to TrkB with high

affinity raises the question of whether these two ligands serve
distinct or redundant functions in vivo. The two TrkB ligands
seem indistinguishable in their ability to support survival of pri-
mary sensory neurons in culture (Davies et al., 1993; Ibáñez et al.,
1993; Hertzberg et al., 1994), yet they seem capable of eliciting
differential effects on survival and morphological development of

some CNS neurons (Cohen-Cory and Fraser, 1995; McAllister et
al., 1995; Riddle et al., 1995).
We recently demonstrated that cells in the nodose–petrosal

ganglion complex (NPG), the principal visceral sensory popula-
tion, require both BDNF and NT4 for survival of a full comple-
ment of neurons (Conover et al., 1995; Liu et al., 1995). Analysis
of cell loss in the NPG complex as a whole demonstrated addi-
tivity of the BDNF and NT4 null mutations, suggesting that the
two TrkB ligands support primarily separate populations of gan-
glion cells (Conover et al., 1995; Liu et al., 1995). However, these
studies did not examine survival of identified NPG neurons and
therefore could not exclude the possibility that some of the same
cells were affected by loss of both ligands. If this were true, it could
indicate that BDNF and NT4 can compensate for each other to
support survival of some TrkB neurons in vivo, as in vitro. In the
present study, therefore, we examined similarities and differences
in the biological activities of endogenous BDNF and NT4 by
comparing survival requirements of an identified subpopulation of
NPG neurons, distinguished by expression of dopaminergic (DA)
phenotypic traits, as well as total neuron survival, in mice lacking
functional BDNF, NT4, BDNF and NT4, or TrkB alleles. Survival
of dopaminergic NPG neurons in culture is supported by both
BDNF and NT4 but not other neurotrophins (Hertzberg et al.,
1994). By analyzing both hetero- and homozygous animals, we
also were able to examine potential gene dosage effects on NPG
neuron survival. Although gene dosing has been reported for
neuronal populations supported by BDNF, NGF, and NT3
(Crowley et al., 1994; Ernfors et al., 1994b, 1995; Bianchi et al.,
1996), it is not known whether survival of NT4-dependent neurons
is regulated similarly.
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The fact that the BDNF and TrkB null mutations are lethal,
whereas animals lacking NT4 are viable (Klein et al., 1993; Ern-
fors et al., 1994a; Jones et al., 1994; Conover et al., 1995; Liu et al.,
1995), argues for distinct physiological roles for the two TrkB
ligands in vivo. Previously, we suggested that the lethality of the
BDNF and TrkB mutations may be related specifically to loss of
NPG neurons (Hertzberg et al., 1994; Conover et al., 1995). These
cells provide sensory innervation to visceral tissues and thereby
mediate cardiovascular, respiratory, and gastrointestinal reflexes
critical for homeostasis. In particular, we proposed that loss of
dopaminergic NPG neurons, associated with afferent pathways
controlling respiration, could result in potentially lethal respira-
tory disturbances (Hertzberg et al., 1994). To examine this possi-
bility, the present study characterized development of respiratory
reflexes in BDNF-deficient mice by using whole-body plethysmog-
raphy. These experiments demonstrated that loss of BDNF results
in a severe developmental deficit in reflex control of respiration.

MATERIALS AND METHODS
Cell culture
Pregnant dams (Sprague Dawley strain, Zivic-Miller, Zelienople, PA)
were killed by exposure to carbon dioxide. The uterine horns were
removed and placed into PBS containing 10% glucose, and the embryos
were excised. To assign gestational ages, the day after mating was desig-
nated Embryonic Day (E) 0.5. Fetal (E16.5) nodose ganglia were isolated
and digested enzymatically in Dispase (Collaborative Research, Bedford,
MA; diluted 1:1 in PBS) for 1 hr at 378C, followed by trituration through
fire-polished Pasteur pipettes. Cells were plated (one ganglion per well)
onto glass coverslips coated with polylysine (0.1 mg/ml) and laminin (0.3
g/ml) and grown for 3–5 d in Leibovitz’s L-15/CO2 medium containing
10% NuSerum (Collaborative Research), 5% heat-inactivated rat serum,
fresh vitamin mixture (Mains and Patterson, 1973), penicillin (50 IU/ml),
and streptomycin (50 mg/ml). Cultures were grown in the absence or
presence of either BDNF alone (10 ng/ml), NT4 alone (10 ng/ml), or both
BDNF and NT4 (10 ng/ml each). Cultures subsequently were fixed in 4%
paraformaldehyde (in 0.1 M sodium phosphate buffer, pH 7.4) overnight
at 48C and processed for immunocytochemical staining as described
below.

Immunocytochemistry
Cell cultures. Double-immunostaining was performed as follows with
polyclonal anti-tyrosine hydroxylase (TH; 1:200; Pel-Freez, Rogers, AR),
monoclonal anti-neurofilament protein (NF200,160,68 1:100; Sigma, St.
Louis, MO), goat anti-rabbit IgG-FITC (1:200; Boehringer Mannheim,
Indianapolis, IN), and goat anti-mouse IgG-Rhodamine (1:200; Cappel
Research Products, Organon Teknika, Durham, NC): Cells were (1)
incubated overnight at room temperature in anti-TH and anti-NF, diluted
in PBS containing 0.5% Triton X-100; (2) washed three times in PBS; (3)
incubated for 1 hr at room temperature in goat anti-rabbit IgG-FITC plus
goat anti-mouse IgG-Rhodamine diluted in PBS-Triton containing 10%
goat serum and 10% rat serum; (4) washed in PBS; (5) incubated in
r-phenylenediamine (1 mg/ml) for 1 min; (6) washed in PBS; and (7)
coverslipped with glycerol gel.
Intact ganglia. Newborn animals were anesthetized deeply and perfused

through the heart with 4% paraformaldehyde in 0.1 M sodium phosphate
buffer, pH 7.4. The head of the animal was hemisected along the midline,
infiltrated with 30% sucrose for 24–48 hr, placed in a 1:1 mixture of 30%
sucrose and Tissue Tek embedding medium (Baxter Scientific, McGraw
Park, IL) for 24 hr, embedded and frozen in Tissue Tek, and stored at
2808C until use. Frozen sections were cut (10 mm), thaw-mounted onto
gelatin-coated microscope slides, and then processed immunohistochemi-
cally as described above.

Cell counts
Dissociate cell cultures. The number of TH1 and NF1 neurons was
counted in ;10% of the area of each dissociate culture. Data were
derived from three cultures per condition (control, 1BDNF, 1NT4,
1BDNF and NT4) from three separate experiments and analyzed by
ANOVA (a 5 0.05), followed by Tukey’s multiple comparison procedure
(Kleinbaum and Kupper, 1978).

Transgenic mice. BDNF-, NT4-, and BDNF/NT4-deficient mice
(Conover et al., 1995) were obtained from Regeneron Pharmaceuticals,
and TrkB-deficient animals (Klein et al., 1993) were provided by Bristol-
Myers Squibb. Total cell counts: Mice were perfused transcardially with
4% paraformaldehyde, and hemisected heads were paraffin-embedded,
sectioned (7 mm) in the sagittal plane, and stained with hematoxylin and
eosin. All sections containing the NPG were identified, and every second
or third section was analyzed to determine the volume of the complex
occupied by neurons, using image analysis software (National Institutes
of Health Image, v.1.55). Volumes (mm3 3 106) were calculated from the
cross-sectional area of measured sections occupied by neurons, section
thickness, and the total number of NPG sections. Total neuron number
for each NPG was estimated by sampling ;20% of the sections; all
sections from the beginning to the end of the NPG were parcellated into
groups containing 4–5 serial sections. Then one section from each group
was selected randomly for analysis. The number of neuronal nuclei within
a measured area of the section was counted, the neuronal density [num-
ber of neurons/(measured area 3 section thickness)] was calculated, and
the mean of these measurements was multiplied by the volume of the
NPG occupied by neurons. Corrected total counts were obtained from
each animal by using the mean nuclear diameter derived from 75
individual measurements (Abercrombie, 1946). TH1 profile counts:
All TH-immunostained neuronal profiles with a nucleus in the plane of
section were counted in every other section from each ganglion. No
correction factor was applied. Total neuron and TH1 profile counts from
transgenic animals were analyzed by ANOVA (a 5 0.05), followed by
Scheffé’s multiple comparison procedure (Kleinbaum and Kupper, 1978).

Plethysmography
Resting ventilation in normoxia (21% O2) and ventilatory responses to
hyperoxia (100% O2) and hypercapnia (5% CO2) were measured in
bdnf1/1 and bdnf2/2 mice, using a whole-body plethysmograph (Bartlett
and Tenney, 1970) adapted for use with neonatal animals (Schweitzer et
al., 1990). Individual, unanesthetized animals were placed in a chamber
(20 ml of vol) that was connected to one side of a differential pressure
transducer (model DP103-14, Validyne Engineering, Northridge, CA).
Pressure changes were measured with reference to a second chamber of
identical volume connected to the other side of the transducer. Temper-
ature inside the chamber was measured with a thermocouple thermom-
eter and maintained constant (mean 6 SE 5 31.1 6 0.258C). Each
chamber communicated with atmospheric pressure through a slow leak
(27 gauge hypodermic needle) to minimize pressure differences between
the chambers because of fluctuations in atmospheric pressure during
measurements. The analog signal from the transducer was demodulated

Table 1. Counts of total neurons in the NPG from postnatal day 1 mice
with different combinations of functional and disrupted BDNF, NT4,
and TrkB alleles

Genotype
(bdnf/nt4/trkb)

Total neuron
number (n)

Change
(%)

A (1/1)/(1/1)/(1/1) 5654 6 384 (6) 0
B (1/2)/(1/1)/(1/1) 4402 6 212 (4)a,b 222
C (2/2)/(1/1)/(1/1) 2974 6 141 (6)a 247
D (1/1)/(1/2)/(1/1) 5175 6 663 (4)c,e 28
E (1/1)/(2/2)/(1/1) 2799 6 417 (5)a 250
F (2/2)/(1/2)/(1/1) 2571 6 778 (2)d,f 254
G (1/2)/(2/2)/(1/1) 1499 6 112 (5)c 273
H (2/2)/(2/2)/(1/1) 560 6 77 (4)b,c 290
I (1/1)/(1/1)/(2/2) 326 6 71 (3)g 294

Corrected cell counts are shown as means 6 SE. Percent change is compared to
wild-type (bdnf1/1nt41/1trkb1/1).
aDiffers from bdnf1/1nt41/1trkb1/1 (wild-type).
bDiffers from bdnf2/2nt41/1trkb1/1 (BDNF knockout).
cDiffers from bdnf1/1nt42/2trkb1/1 (NT4 knockout).
dDiffers from bdnf2/2nt42/2trkb1/1 (BDNF/NT4 double knockout).
eNot different from bdnf1/1nt41/1trkb1/1 (wild-type).
fNot different from bdnf2/2nt41/1trkb1/1 (BDNF knockout).
gNot different from bdnf2/2nt42/2trkb1/1 (BDNF/NT4 double knockout); compar-
ison using Student’s t test, a 5 0.05.
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(model CD-15 carrier demodulator, Validyne Engineering), amplified,
filtered, passed through an analog-to-digital converter (Labmaster TL-1),
and then captured and stored to disk by computer (pClamp, v.5.5.1, Axon
Instruments, Foster City, CA). Signals were calibrated by recording
pressure changes associated with known volumes of air injected into the
chambers through a microliter syringe. Barometric pressure was obtained
before each recording session.

The baseline ventilatory pattern in normoxia was recorded from each
animal for 2–3 min before the presentation of each test gas. Then the
animal was exposed to the test gas for 2 min, and a continuous recording
of ventilation was obtained for an additional 2–3 min period. Baseline
ventilatory measurements were made on postnatal days 2.5 and 4.5.
Responses to hyperoxia were obtained on postnatal day 2.5, whereas
responses to elevated CO2 levels were obtained on postnatal day 3.5. The

Figure 1. Photomicrographs of hematoxylin- and eosin-stained sections
through the nodose ganglion from (A) wild-type, (B) bdnf2/2nt41/1,
(C) bdnf1/1nt42/2, (D) bdnf2/2nt42/2, and (E) trkb2/2 mice. Compared
with the wild-type, ganglion size and cell number were reduced signifi-
cantly in bdnf2/2nt41/1 and bdnf1/1nt42/2 mice and further reduced in
bdnf2/2nt42/2 and trkb2/2 animals. Scale bar, 50 mm.
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hypercapnic gas mixture was obtained by mixing pure CO2 with room air.
The composition of the warmed and humidified gas mixtures was mea-
sured with gas analyzers (models OM-11 O2 and LB-2 CO2 analyzers,
Beckman Instruments, Fullerton, CA) calibrated with gases of precisely
known O2 or CO2 content. Data were analyzed by paired t tests or
ANOVA (a 5 0.05), followed by Scheffé’s multiple comparison proce-
dure (Kleinbaum and Kupper, 1978).

RESULTS
Analysis of total neuron survival revealed that both BDNF and
NT4 were required for survival of a full complement of NPG
neurons in newborn transgenic mice, consistent with previous
observations in fetal and 2-week-old animals (Conover et al.,
1995; Liu et al., 1995). Loss of either BDNF or NT4 alone reduced
the total number of NPG neurons by ;50% (Table 1C,E; Fig.
1B,C); the sum of the reductions observed in mice lacking either
BDNF or NT4 individually (97%) was similar to the reduction
observed after disruption of both neurotrophin genes simulta-
neously (90%; Table 1H) or after loss of TrkB (94%; Table 1I).
Thus, for the majority of newborn NPG neurons, endogenous
BDNF and NT4 act in a primarily noncompensatory and nonre-
dundant manner and target predominantly separate subpopula-
tions of ganglion cells in vivo.

Subpopulation analysis reveals compensation between
BDNF and NT4
Although the pattern of total neuron survival in BDNF and NT4
knockout mice suggested these factors support predominantly
separate populations of ganglion cells, we could not rule out the
possibility that small subsets of ganglion cells were, in fact, tar-
geted by both ligands. To explore this possibility, we examined
survival of a subpopulation of ganglion cells distinguished by their
expression DA transmitter traits. These cells, which comprise
;15–20% of all NPG neurons, can be distinguished from other
ganglion neurons by expression of the catecholamine-synthesizing
enzyme tyrosine hydroxylase (TH). Loss of both BDNF alleles led
to a 58% reduction in the number of TH-immunoreactive (TH1)
neurons in the NPG (Table 2C; compare Fig. 2A,C), similar to the
reduction in total neuron survival, indicating that a subset of DA
neurons depend exclusively on BDNF. In contrast, there was no
significant change in the number of TH1 neurons in the absence
of both NT4 alleles (Table 2E; Fig. 2B), indicating that these cells
do not require NT4 for survival. The intensity of TH immunore-
activity was comparable in ganglia from wild-type, BDNF, and
NT4 knockout animals (compare Fig. 2A–C). The fact that both
the number of TH1 neurons and total NPG cell counts decreased
by approximately the same amount in bdnf2/2nt41/1 animals
indicates that the loss of TH1 neurons was caused by decreased
survival rather than by diminished TH expression.
Although TH cell counts were unchanged in bdnf1/1nt42/2

mice compared with wild-type controls, loss of BDNF plus NT4
led to a 25% greater reduction in TH cell number than loss of
BDNF alone. These data indicate that, in the absence of BDNF,
a substantial subset of DA neurons can be supported by NT4
(compare Table 2C,F,H). Therefore, BDNF and NT4 can com-
pensate for the loss of the other to promote survival of at least this
subset of ganglion cells. These data contrast sharply with the
results of in vitro experiments indicating that BDNF and NT4
support the same populations of nodose and other sensory neu-
rons in culture (Fig. 3; Davies et al., 1993; Ibáñez et al., 1993).

Sensory neuron survival is proportional to the number
of functional BDNF, but not NT4, alleles
To compare gene dosage effects between BDNF and NT4, we
analyzed neuron survival in heterozygous animals. Our data dem-
onstrate that a large proportion of NPG neurons depends on the
number of BDNF alleles in a dose-dependent manner. The per-
centage reduction in either total neuron number or the number of
DA neurons in bdnf1/2 mice was approximately half that ob-
served in bdnf2/2 animals (Tables 1A–C and E,G,H, 2A–C and
E,G,H), implying that these neurons normally are supported by
limiting amounts of BDNF. In contrast, loss of one NT4 allele had
no effect on total NPG neuron survival, either in the presence or
absence of functional BDNF alleles; rather, survival of NT4-
dependent neurons was decreased only after disruption of both
NT4 alleles (Table 1A,D,E and C,F,H). Similarly, a decrease in
TH1 neurons was observed only after loss of both NT4 alleles, in
the absence of BDNF (compare Table 2C,F,H). These data indi-
cate that a full complement of NT4-dependent neurons can be
supported by a single functional NT4 allele, highlighting a funda-
mental difference between BDNF- and NT4-mediated survival
in vivo.

BDNF-deficient mice exhibit severe developmental
deficits in respiratory control
Our subpopulation analysis demonstrated that DA neurons in the
NPG are severely depleted in trkb2/2 and bdnf2/2, but not in
nt42/2, mice. A large proportion of these cells innervate the
carotid body (Katz et al., 1983; Katz and Black, 1986; Finley et al.,
1992), a chemoreceptor organ that provides tonic excitatory drive
to ventilation (Dejours, 1962) and the primary site at which
hypoxemia triggers homeostatic cardiorespiratory reflexes (Hey-
mans and Heymans, 1927; Heymans and Bouckaert, 1930). We
therefore hypothesized that loss of these cells would result in
abnormal breathing, possibly contributing to the lethality associ-
ated with loss of BDNF or TrkB.
To determine whether respiratory control was altered by loss of

Table 2. Counts of TH1 neuronal profiles in the NPG from postnatal
day 1 mice with different combinations of functional and disrupted
BDNF, NT4, and TrkB alleles

Genotype
(bdnf/nt4/trkb)

TH1 profile
number (n)

Change
(%)

A (1/1)/(1/1)/(1/1) 393 6 18 (6) 0
B (1/2)/(1/1)/(1/1) 266 6 17 (6)a,b 232
C (2/2)/(1/1)/(1/1) 165 6 11 (6)a 258
D (1/1)/(1/2)/(1/1) 448 6 22 (6)e,g 114
E (1/1)/(2/2)/(1/1) 353 6 40 (5)e 210
F (2/2)/(1/2)/(1/1) 169 6 32 (3)f,d 257
G (1/2)/(2/2)/(1/1) 247 6 10 (8)c,d 237
H (2/2)/(2/2)/(1/1) 66 6 2 (4)b,c 283
I (1/1)/(1/1)/(2/2) 53 6 8 (3)h 286

Profile counts are shown as means 6 SE. Percent change is compared with wild-type
(bdnf1/1nt41/1trkb1/1).
aDiffers from bdnf1/1nt41/1trkb1/1 (wild-type).
bDiffers from bdnf2/2nt41/1trkb1/1 (BDNF knockout).
cDiffers from bdnf1/1nt42/2trkb1/1 (NT4 knockout).
dDiffers from bdnf2/2nt42/2trkb1/1 (BDNF/NT4 double knockout).
eNot different from bdnf1/1nt41/1trkb1/1 (wild-type).
fNot different from bdnf2/2nt41/1trkb1/1 (BDNF knockout).
gNot different from bdnf1/1nt42/2trkb1/1 (NT4 knockout).
hNot different from bdnf2/2nt42/2trkb1/1 (BDNF/NT4 double knockout); compar-
ison using Student’s t test, a 5 0.05.
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BDNF, we first compared resting ventilation in wild-type and
BDNF-deficient mice with whole-body plethysmography. All an-
imals exhibited irregularities in ventilation during the first 1–2 d of
life, as is typical of newborn animals (Mortola, 1984); however,
differences in breathing pattern between bdnf1/1 and bdnf2/2

mice were apparent as early as 6–12 hr after birth (Fig. 4). By 2 d

of age, when the respiratory rhythm in bdnf1/1 animals was well
established and regular, the ventilatory pattern in bdnf2/2 animals
remained irregular, with end-expiratory pauses and occasional
apneas (.2–3 sec intervals between breaths). Quantitative anal-
ysis at this age revealed that tidal volume (VT; a measure of the
amount of air moving in and out of the lungs) and breathing

Figure 2. Photomicrographs of TH-immunostained sections
through the petrosal ganglion, taken at the level of the glossopha-
ryngeal nerve (arrow), from (A) wild-type, (B) bdnf1/1nt42/2, (C)
bdnf2/2nt41/1, (D) bdnf2/2nt42/2, and (E) trkb2/2 mice. Compared
with the wild-type, the number of TH1 profiles was reduced signifi-
cantly in bdnf2/2nt41/1, bdnf2/2nt42/2, and trkb2/2 mice but was
unchanged in bdnf1/1nt42/2animals. Scale bar, 100 mm.
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frequency ( f ) in bdnf2/2 mice were reduced by 43 and 49%,
respectively, compared with bdnf1/1 animals (Table 3A), result-
ing in a 70% decrease in minute ventilation (V̇E 5 VT 3 f ). Two
days later, on postnatal day 4.5, V̇E was still 52% below the
wild-type control value (Table 3A), demonstrating that the venti-
latory depression in bdnf2/2 animals was not a transient phenom-
enon associated with initial adjustments to postnatal life. A cycle-
by-cycle analysis of the breathing pattern at this age demonstrated
a twofold increase in variability of VT and f in bdnf

2/2 animals
(Table 4). Thus, disruption of both bdnf alleles resulted in a
drastic reduction in resting ventilation and highly irregular
breathing.
Input from the peripheral chemoreceptors provides a tonic

excitatory drive to breathing, allowing continuous reflex adjust-
ments to changes in arterial oxygen tension (Dejours, 1962). We
hypothesized, therefore, that loss of this input might account for
the reduced and irregular ventilation of bdnf2/2 mice. To assess
whether oxygen-sensing mechanisms were altered in BDNF-
deficient mice, we measured resting ventilation in bdnf1/1 and
bdnf2/2 animals before and during a short exposure to 100% O2
(hyperoxia). In normal newborn rodents, hyperoxia depresses
ventilation, presumably by decreasing activity in the peripheral
chemoreceptors (Hertzberg et al., 1990). Moreover, the magni-
tude of the hyperoxia-induced ventilatory depression provides a
measure of chemoafferent drive (Dejours, 1962; Hertzberg et al.,
1990). As expected, hyperoxia decreased V̇E on postnatal day 2.5
in bdnf1/1 mice by 30% during periods of quiet uninterrupted
breathing, indicating the presence of a significant chemoafferent
drive to ventilation in normal animals. In contrast, 100% O2
produced no significant decrease in V̇E in bdnf

2/2 mice during
quiet breathing (Fig. 5A; Table 3B), consistent with a loss of
hypoxic drive in these animals. However, bdnf2/2mice did exhibit
increased incidence of apneas during hyperoxia, as compared with
wild-type animals.

To examine whether bdnf2/2 mice were simply refractory to all
chemical inputs to ventilation, we also evaluated responsiveness to
increased inspired CO2, a physiological stimulus that increases
respiration by activating both peripheral and central chemorecep-
tors (Cherniack and Longobardo, 1981). Mild hypercapnia (5%
CO2) increased breathing frequency in bdnf

2/2mice by 59% (Fig.
5B; normoxia, 120 6 4 vs hypercapnia, 191 6 10 breaths/min; n 5
5; p , 0.01), demonstrating that the respiratory controller was
responsive to increased CO2 and that BDNF-deficient mice were
capable of increasing ventilation above normoxic resting levels.

DISCUSSION
The present study demonstrates a spectrum of neuronal depen-
dencies on TrkB ligands in vivo that contrasts sharply with results
obtained from in vitro assays of neuronal survival. Thus, we have
shown that some NPG subpopulations depend exclusively on
BDNF for survival and others depend on NT4, whereas yet others
can be supported by either BDNF or NT4. The finding that BDNF
and NT4 can substitute for the other in supporting survival of
some neurons provides the first evidence of compensatory or
redundant actions of endogenous TrkB ligands on neuronal sur-
vival. Moreover, our analysis of heterozygous animals has re-
vealed a fundamental difference between BDNF- and NT4-
mediated survival of visceral sensory neurons in vivo. Finally, we
have demonstrated that loss of BDNF results in depressed and
irregular breathing and reduced chemosensory drive that corre-
lates with a severe loss of chemoafferent neurons in the NPG.
The difference between in vitro survival responses to exogenous

factors (Fig. 3) and in vivo responses to neurotrophin gene dele-
tions (Tables 1, 2) was striking and may be related to the diversity
of target tissues innervated by NPG neurons in situ. For example,
subsets of ganglion cells may project to targets that provide either
one or the other, or both, TrkB ligands. Indeed, BDNF and NT4
mRNAs have been detected in developing visceral tissues with
overlapping, although not identical, spatial and temporal distri-
butions (Timmusk et al., 1993). It is also possible, however, that
neurotrophins could act selectively on subsets of NPG neurons in
vivo by activating different TrkB isoforms, a selectivity that may be
masked by saturating levels of growth factor in culture. At least
eight different mRNA transcripts encoding at least three different
TrkB isoforms have been identified in mammals (Klein et al.,
1989, 1990; Middlemas et al., 1991), and additional isoforms have
been demonstrated in the developing avian visual system (Garner
et al., 1996). Moreover, recent studies have shown that BDNF and
NT4 can mediate distinct biological effects on the same popula-
tion of neurons. For example, BDNF and NT4 each promote
distinct, lamina-specific patterns of dendritic growth in pyramidal
neurons in developing ferret visual cortex (McAllister et al.,
1995), and NT4, but not BDNF, prevents death of lateral genic-
ulate neurons after monocular deprivation (Riddle et al., 1995). In
addition, exogenous BDNF and NT4 produce distinctive axonal
morphologies in developing retinal ganglion cell projections in
Xenopus optic tectum (Cohen-Cory and Fraser, 1995). We cannot
rule out the possibility, therefore, that activation of different TrkB
isoforms, expressed selectively by subsets of NPG neurons, could
account for the diversity of requirements for BDNF and NT4
exhibited by NPG neurons in vivo.
A prediction of the neurotrophic hypothesis is that growth

factor concentration is limiting for neuron survival in vivo (Levi-
Montalcini, 1987). Mice heterozygous for the NGF gene display
an intermediate responsiveness to pain (Crowley et al., 1994), and
NT3 heterozygotes contain an intermediate number of muscle

Figure 3. BDNF and NT4 support survival of DA nodose neurons to the
same degree in vitro. Values are means 6 SEM of cell counts from three
separate experiments with three cultures per condition per experiment.
The presence of BDNF and NT4 together does not increase TH1 neuron
number, as compared with cultures supplemented with either neurotro-
phin alone. Moreover, total neuronal survival was similar in the presence
of BDNF, NT4, or BDNF plus NT4 (BDNF alone, 3570 6 268; NT4
alone, 3525 6 300; BDNF plus NT4, 3628 6 181 neurons, respectively).
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spindles (Ernfors et al., 1994b), as compared with wild-type and
homozygous mice. Moreover, approximately half as many neurons
are lost in the vestibular ganglion of mice as compared with
animals lacking both bdnf alleles (Ernfors et al., 1995; Bianchi et
al., 1996). These results suggest that the availability of NGF, NT3,
and BDNF in vivo is limiting for survival of neurons dependent on
these factors. We have demonstrated that approximately half of
all NPG neurons depend on BDNF for survival in a dose-
dependent manner, implying that these neurons normally are
supported by limiting amounts of BDNF. In contrast, the NT4-
dependent population of NPG neurons can be supported fully by
a single, functional nt4 allele. It is possible that NT4 availability in
wild-type animals is not limiting for neuron survival. Alternatively,
NT4 may be limiting, yet, in the absence of one allele, NT4
synthesis is up-regulated from the remaining allele to levels suf-

ficient to support all NT4-dependent neurons. It is also possible
that loss of one allele increases NT4 responsiveness in dependent
neurons, perhaps via up-regulation of the low-affinity neurotro-
phin receptor p75LNR or TrkB itself. The precise function of
p75LNR in neurotrophin signaling is not known (Chao, 1994; Chao
and Hempstead, 1995). Although this receptor seems capable of
Trk-independent signal transduction through the sphingomyelin
pathway (Dobrowsky et al., 1994), p75LNR also may interact with
Trk receptors to promote neurotrophin receptor discrimination
(Benedetti et al., 1993; Clary and Reichardt, 1994), increase Trk
responsiveness (Hantzopoulos et al., 1994), and participate in
retrograde transport of neurotrophins (Johnson et al., 1987; von
Bartheld et al., 1994; Curtis et al., 1995). Indeed, recent studies
indicate that p75LNR plays an important role in modulating bio-
logical responsiveness to NT4 (Curtis et al., 1995; Rydén et al.,

Figure 4. Plethysmograph records of
resting ventilation in normoxia from in-
dividual bdnf1/1 and bdnf2/2 littermates
during the first 4 d of postnatal life (P0.5–
P4.5). Differences in the pattern of rest-
ing ventilation between wild-type and
knockout animals were apparent as early
as 6–12 hr after birth. Scale bars: vertical,
20 ml; horizontal, 2 sec.
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1995). Whether NT4 can regulate expression of p75LNR, however,
remains to be defined.
Recent studies have indicated that the specificities of neurotro-

phin interactions with their preferred Trk receptors may not be
absolute. In particular, NT3 has been shown to activate both TrkA
and TrkB receptors in vitro, but the extent to which this occurs in
vivo is not known (Cordon-Cardo et al., 1991; Klein et al., 1991;
Soppet et al., 1991; Squinto et al., 1991; Ip et al., 1993). In the
NPG, although neuron numbers are depleted by ;90% in
bdnf2/2nt42/2 mice (Table 1H; Fig. 1D), BDNF and NT4 are not
the only trophic factors that support survival of NPG neurons in
vivo. NPG neurons (30–50%) also are lost in mice lacking NT3
(Ernfors et al., 1994b; Fariñas et al., 1994), indicating that NT3
and TrkB ligands must act either sequentially (Buchman and
Davies, 1993) or simultaneously to support survival of overlapping
populations of NPG neurons. Davies et al. (1995) have provided
evidence that NT3 may act via TrkB to support survival of nodose
neurons in culture. However, the fact that neuronal losses are
comparable in bdnf2/2nt42/2 and trkb2/2 mice (Tables 1H,I,
2H,I) indicates that few, if any, cells in this ganglion are supported
exclusively by NT3 acting via the TrkB receptor in vivo.
NT4-deficient mice appear normal, are long-lived, and produce

viable offspring, whereas BDNF and TrkB knockout mice die by 3
weeks of age (Klein et al., 1993; Ernfors et al., 1994a; Jones et al.,

1994; Conover et al., 1995; Liu et al., 1995). Therefore, BDNF-
but not NT4-dependent neurons seem to be critical for survival
after birth. In the present study we show that bdnf2/2mice display
depressed and irregular resting ventilation from birth. Moreover,
hypoxic chemosensory drive in these animals is reduced severely.
These respiratory abnormalities correlate with a severe loss of DA
neurons in the NPG, a large proportion of which are believed to
transmit chemosensory information from the carotid body (Katz
et al., 1983; Katz and Black, 1986; Finley et al., 1992). Because
ventilation and metabolic rate also are influenced by body tem-
perature, particularly in newborn animals, further studies will be
required to evaluate potential contributions of these factors to the
knockout respiratory phenotype. Taken together, however, our
findings indicate that loss of chemosensory input could account
for the reduced and irregular breathing of BDNF-deficient mice.
Indeed, this idea is strengthened by the observation that surgical
denervation of the peripheral chemoreceptors in newborn rats
produces a highly irregular pattern of breathing, characterized by
arrhythmic low amplitude breaths, frequent end-expiratory
pauses, and apneas (Hofer, 1984, 1986) similar to that observed in
BDNF knockout animals. Our finding that bdnf2/2 mice can
respond to a hypercapnic stimulus indicates that the deficit in
ventilatory control produced by loss of BDNF may be specific to
the afferent pathway-mediating hypoxic ventilatory drive, al-
though further studies are necessary to rule out other possible
loci. It is unlikely that loss of motor output to the respiratory
musculature contributed to the depressed ventilation, because
motor neurons in the brainstem and spinal cord are unaffected by
the BDNF null mutation (Ernfors et al., 1994a; Jones et al., 1994;
Conover et al., 1995; Liu et al., 1995). However, our studies do not
rule out the possibility of more subtle changes in motor output to
the respiratory muscles.
Interestingly, BDNF heterozygous animals did not differ signif-

icantly from wild-type controls with respect to the ventilatory
parameters we measured, although the mean values we obtained
for this genotype were nearly always intermediate between
bdnf1/1 and bdnf2/2 animals (Tables 3A,B, 4). It is possible that
a more sensitive measure of ventilatory drive, such as direct neural
recordings of respiratory motor output, might define more clearly

Table 3. Ventilatory measurements from wild-type (1/1), bdnf heterozygotes (1/2), and bdnf homozygotes (2/2) during quiet uninterrupted
breathing in room air (A) and during exposure to 100% O2 (B)

Genotype (n) Age VT (ml/g) f (breaths/min) V̇E (mlzmin
21zgm21)

A. Normoxia
1/1 5 P2.5 13.6 6 0.9 209.2 6 9.4 2.9 6 0.3
1/2 9 P2.5 11.5 6 0.5 196.1 6 9.4 2.3 6 0.2
2/2 6 P2.5 7.8 6 0.6a,b 107.3 6 8.1a,b 0.9 6 0.1a,b

1/1 10 P4.5 14.3 6 1.1 246.5 6 11.0 3.5 6 0.3
1/2 17 P4.5 12.1 6 0.8 249.1 6 6.1 3.0 6 0.2
2/2 6 P4.5 10.3 6 1.1c 157.0 6 4.6a,b 1.6 6 0.2a,b

B. Hyperoxia
1/1 5 P2.5 10.2 6 1.3d 194.4 6 14.4e 2.0 6 0.3d

1/2 9 P2.5 8.6 6 0.6d 222.6 6 6.9d 1.9 6 0.2d

2/2 4 P2.5 7.4 6 2.2 109.2 6 17.1 0.8 6 0.3

Values represent means 6 SE.
aDiffers from 1/1.
bDiffers from 1/2.
cComparison of 1/1 vs 2/2, p 5 0.0660.
dDiffers from normoxia.
ep 5 0.0906, compared with normoxia.

Table 4. Coefficient of variation (SD/mean) derived from cycle-by-cycle
measurements of tidal volume (VT) and breathing frequency ( f ) in P4.5
wild-type, heterozygous, and homozygous knockout mice

Genotype (n)
Coefficient of variation
(VT)

Coefficient of variation
( f )

1/1 10 22.7 6 5.0% 19.4 6 2.4%
1/2 15 28.2 6 2.5% 18.8 6 1.7%
2/2 6 48.6 6 5.0%a,b 37.3 6 3.9%a,b

BDNF-deficient mice displayed a significant increase in cycle-to-cycle variability in
both VT and f compared with wild-type and heterozygous animals. Values represent
means 6 SE. Mean number of measured cycles per animal: 1/1 368; 1/2 406; 2/2
310.
aDiffers from 1/1.
bDiffers from 1/2.
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the heterozygous phenotype. On the other hand, it is likely that
the afferent populations that subserve reflex modulation of ven-
tilation contain a substantial physiological “reserve,” such that
deficits are apparent only after neuronal losses below a threshold
level, as in bdnf2/2 mice. Moreover, the long-term physiological
consequences of BDNF knockout clearly are linked to the severity
of the deficit, because heterozygous animals are long-lived,
whereas homozygotes die within 3 weeks of birth (Ernfors et al.,
1994a; Jones et al., 1994; Conover et al., 1995; Liu et al., 1995). It
is likely that a prolonged depression of breathing severely com-
promises oxygen-dependent metabolic processes during this pe-
riod of rapid growth and contributes to the lethality of the bdnf2/2

mutation.
In addition to defining a physiological role for BDNF in devel-

opment of normal respiratory behavior, our data also may be
important for understanding clinical syndromes of abnormal re-
spiratory control in the neonatal period. For example, increased
incidence of periodic breathing and apnea (Steinschneider, 1972;
Guilleminault et al., 1979; Kelly et al., 1986), impaired regulation

of alveolar ventilation (Shannon and Kelly, 1977), abnormal fluc-
tuations in heart rate and respiratory patterns (Gordon et al.,
1984; Schechtman et al., 1988, 1990, 1992), and abnormal devel-
opment of vagal nerve fibers (Becker et al., 1993) have all been
implicated as factors contributing to the Sudden Infant Death
Syndrome. Impaired hypoxic ventilatory responsiveness may also
contribute to some forms of congenital chronic hypoventilation
syndrome (Marcus et al., 1991; Weese-Mayer et al., 1992; Ogawa
et al., 1993). As shown in the present study, bdnf2/2 mice display
many of these same deficits. Therefore, defining the relationship
between growth factor dysfunction and autonomic pathophysiol-
ogy in bdnf2/2 mice as well as in other neurotrophin mutants may
help to shed light on the molecular pathogenesis of these and
related developmental disorders.
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of N-methyl-D-aspartate (NMDA) receptor blockade on breathing pat-
tern in newborn cat. Brain Res Dev Brain Res 56:290–293.

Shannon DC, Kelly D (1977) Impaired regulation of alveolar ventilation
and the Sudden Infant Death Syndrome. Science 197:367–368.

Snider WD (1994) Functions of the neurotrophins during nervous system
development: what the knockouts are teaching us. Cell 77:627–638.

Soppet D, Escandon E, Maragos J, Middlemas DS, Reid SW, Blair J,
Burton LE, Stanton BR, Kaplan DR, Hunter T, Nikoliks K Parada LF
(1991) The neurotrophic factors brain-derived neurotrophic factor and
neurotrophin-3 are ligands for the TrkB tyrosine kinase receptor. Cell
65:895–903.

Squinto SP, Stitt TN, Aldrich TH, Davis S, Bianco SM, Radziejewski C,
Glass DJ, Masiakowski P, Furth ME, Valenzuela DM, DiStefano PS,
Yancopoulos GD (1991) TrkB encodes a functional receptor for brain-
derived neurotrophic factor and neurotrophin-3 but not nerve growth
factor. Cell 65:885–893.

Steinschneider A (1972) Prolonged apnea and the Sudden Infant Death
Syndrome: clinical and laboratory observations. Pediatrics 50:646–654.

Timmusk T, Belluardo N, Metsis M, Persson H (1993) Widespread and
developmentally regulated expression of neurotrophin-4 mRNA in rat
brain and peripheral tissues. Eur J Neurosci 5:605–613.

von Bartheld CS, Kinoshita Y, Prevette D, Yin Q-W, Oppenheim RW,
Bothwell M (1994) Positive and negative effects of neurotrophins on
the isthmo-optic nucleus in chick embryos. Neuron 12:639–654.

Weese-Mayer DE, Hunt CE, Brouillette RT (1992) Alveolar hypoventi-
lation syndromes. In: Respiratory control disorders in infants and chil-
dren (Beckerman RC, Brouillette RT, Hunt CE, eds), pp 231–241.
Baltimore, MD: Williams and Wilkins.

Erickson et al. • Visceral Sensory Deficits in Brain-Derived Neurotrophic Factor-Deficient Mice J. Neurosci., September 1, 1996, 16(17):5361–5371 5371


