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14 Abstract—Serotonin (5-HT) neurons contribute to respira-

tory chemoreception in adult mice, but it is unclear whether

they play a similar role in neonatal mice. We studied breath-

ing during development in Lmx1bf/f/p mice, which lack 5-HT

neurons. From postnatal days 1–7 (P1–P7), ventilation of

Lmx1bf/f/p mice breathing room air was 50% of WT mice

(p< 0.001). By P12, baseline ventilation increased to a level

equal to WT mice. In contrast, the hypercapnic ventilatory

response (HCVR) of neonatal Lmx1bf/f/p and WT mice was

equal to each other, but were both much less than adult

WT mice. By P21 the HCVR of WT mice increased to near

adult levels, but the HCVR of Lmx1bf/f/p mice had not chan-

ged, and was 42% less than WT mice. Primary cell cultures

were prepared from the ventromedial medulla of neonatal

mice, and patch-clamp recordings were made from neurons

identified as serotonergic by expression of a reporter gene.

In parallel with developmental changes of the HCVR in vivo,

5-HT neurons had little chemosensitivity to acidosis until

12 days in vitro (DIV), after which their response increased

to reach a plateau around 25 DIV. Neonatal Lmx1bf/f/p mice

displayed high mortality and decreased growth rate, and

this worsened in hypoxia. Mortality was decreased in hyper-

oxia. These results indicate that maturation of 5-HT neurons

contributes to development of respiratory CO2/pH chemore-

ception during the first few weeks of life in mice in vivo. A

defect in the 5-HT system in early postnatal life decreases

survival due in part to hypoxia. � 2016 IBRO. Published by

Elsevier Ltd. All rights reserved.
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16INTRODUCTION

175-HT neurons play a role in respiratory control

18(Al-Zubaidy et al., 1996; Feldman et al., 2003; Hodges

19et al., 2008; Niebert et al., 2011; Pena and Ramirez,

202002; Ptak et al., 2009) and chemosensory drive (Nattie

21et al., 2004; Richerson, 2004; Li and Nattie, 2008;

22Corcoran et al., 2009; Hodges and Richerson, 2010a;

23Ray et al., 2011; Brust et al., 2014; Teran et al., 2014).

24Their contribution to chemoreception has been character-

25ized in adult mice, but not in neonatal mice. There are a

26variety of mouse models with dysfunction in their 5-HT

27system, such as Pet1�/� mice that have a 70% reduction

28of 5-HT neurons, Lmx1bf/f/p mice that lack >99% of 5-HT

29neurons, serotonin transporter (5-HTT) knockout mice

30that exhibit an absence of 5-HT reuptake and a decreased

31rate of synaptic 5-HT clearance, and others including diet-

32ary tryptophan depletion or tryptophan hydroxylase

33knockout mice (Holmes et al., 2003; Erickson et al.,

342007; Li and Nattie, 2008; Alenina et al., 2009; Hodges

35et al., 2009; Cummings et al., 2010; Penatti et al.,

362011). Some of these mice display respiratory abnormal-

37ities, high mortality, and growth retardation in the early

38postnatal period. Lmx1bf/f/p mice allow characterization

39of the effect of nearly complete absence of 5-HT neurons

40in the CNS. These mice have severely decreased base-

41line breathing in the neonatal period. This normalizes dur-

42ing postnatal development (Hodges et al., 2009), but

43these mice display a blunted response to hypercapnia

44as adults (Hodges et al., 2008).

45Pet1�/� and Lmx1bf/f/p mice both have a low

46respiratory frequency (fR) as neonates, but tidal volume

47(VT) is lower only in Lmx1bf/f/p mice relative to their WT

48littermates (Hodges et al., 2009). There is a reduction in

49minute ventilation (VE) in Pet1�/� null mice at P4 due to

50low fR, but this is compensated by an increase in VT at

51P14-15 (Cummings et al., 2010). Similarly, VE from

52Lmx1bf/f/p mice normalizes around P12, coincident with

53the age at which apneas cease to occur (Hodges et al.,

542009). The response to 5% CO2 has previously been

55characterized in P4.5 Pet1�/� mice, and the change in

56fR or VT was not different compared to age-matched WT

57mice (Erickson et al., 2007). In addition, P5 mice that

58had previously been deficient in dietary tryptophan during

59gestation do not display an abnormal response to 7% CO2

60(Penatti et al., 2011). It is possible that the
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61 chemoreceptive response early in development might not

62 have much dependence on 5-HT neurons, and instead

63 may be elicited primarily by chemosensitive neurons in

64 other central nuclei, such as those in the retrotrapezoid

65 nucleus (RTN) (Ramanantsoa et al., 2011; Kumar et al.,

66 2015; Ruffault et al., 2015), locus coeruleus (Pineda and

67 Aghajanian, 1997; Johnson et al., 2008) or nucleus trac-

68 tus solitarius (Dean et al., 1990), or by peripheral

69 chemoreceptors. That would be consistent with the find-

70 ings that the chemosensitivity index (CI) of rat ventrome-

71 dial medullary neurons increases with age in brain slices

72 and in culture over the first few postnatal weeks (Wang

73 and Richerson, 1999), and that the percentage of medul-

74 lary 5-HT neurons that are chemosensitive, and the size

75 of their response, is greater in brain slices prepared from

76 mice aged P23-P26 than those aged P14-P18 (Brust

77 et al., 2014).

78 It has previously been shown that neonatal Lmx1bf/f/p

79 mice have a decrease in baseline ventilation compared to

80 WT littermates (Hodges et al., 2009) and that adult

81 Lmx1bf/f/p mice have a decrease in CO2 chemoreception

82 (Hodges et al., 2008), but the effect on chemoreception

83 of genetic deletion of 5-HT neurons has never been

84 examined in neonatal Lmx1bf/f/p mice. Here we compared

85 the hypercapnic ventilatory response (HCVR) of Lmx1bf/f/

86
p and WT mice from P1 to P21 to test the hypothesis that

87 there is a switch in the role of 5-HT neurons from provid-

88 ing tonic respiratory drive in neonatal mice, to contributing

89 to the robust HCVR of adult mice. We then used patch-

90 clamp recordings from a large number of identified 5-HT

91 neurons in vitro to test the hypothesis that there is a

92 developmental increase in cellular chemosensitivity, and

93 that the age at which this occurs coincides with the age

94 at which there is an increase in the HCVR of WT mice

95 in vivo. Finally, we tested the hypothesis that the absence

96 of 5-HT neurons in neonatal Lmx1bf/f/p mice causes

97 impaired growth rate and decreased survival, and this is

98 due in part to hypoxia caused by the decrease in tonic

99 respiratory drive at this age. Our results confirm that 5-

100 HT neurons are important for baseline breathing in neona-

101 tal mice, and show for the first time that they do not play a

102 significant role in central CO2 chemoreception until they

103 develop intrinsic chemosensitivity after 2–3 postnatal

104 weeks. After that age, the increase in chemosensitivity

105 of 5-HT neurons contributes to the large increase in the

106 HCVR that normally occurs with maturation.

107 EXPERIMENTAL PROCEDURES

108 All experiments were done in accordance with the

109 guidelines of the ‘‘Guide for the Care and Use of

110 Laboratory Animals” of the National Institutes of Health

111 and were approved by the Yale University and

112 University of Iowa Animal Care and Use Committees.

113 Animals

114 Generation of Lmx1bf/f/p mice, in which nearly all central

115 nervous system 5-HT neurons fail to develop, has

116 previously been described (Zhao et al., 2006). These

117 mice are homozygous for floxed Lmx1b, and hemizygous

118 for ePet-cre. Generation of ePet-EYFP mice, in which 5-

119HT neurons express the fluorescent reporter enhanced

120yellow fluorescent protein (EYFP), has also previously

121been described (Scott et al., 2005).

122Genotypes were verified in all mice. Tail samples were

123obtained at P0-P1, digested and subjected to PCR with

124the following primers: Flox1: 50 AGGCTCCATCCA-

125TTCTTCTC 30. Flox2: 50 CCACAATAAGCAAGAGGCAC

12630. Cre1: 50 ATTTGCCTGCATTACCGGTCG 30. Cre2: 50

127CAGCATTGCTGTCACTTGGTC 30. YFP1: 50

128GAACTCCAGCAGGACCATGT 30. YFP2: 50 TAT ATC

129ATG GCC GAC AAG CA 30. PCR products were

130analyzed via agarose gel electrophoresis. Breeding of

131Lmx1bf/f/p and ePet-EYFP mice was as previously

132reported (Scott et al., 2005; Hodges et al., 2008).

133Whole-body plethysmography

134Physiological studies were conducted to measure fR, VT,

135VE and oxygen consumption (VO2) in awake Lmx1bf/f/p

136mice (n= 15) and their WT littermates (n= 14) from

137five litters using stop-flow (P1) or flow-through (P4, P7,

138P12 and P21) whole-animal plethysmography under

139thermoneutral conditions (30 �C) as described in

140previous studies (Hodges and Richerson, 2008; Hodges

141et al., 2009; Cerpa et al., 2014). All experiments were per-

142formed in the daytime (light) period. All parameters were

143determined at each age studied, except VO2, which was

144determined only for P4-P21 as it was not possible to

145obtain VO2 for P1 mice due to the small chamber flow

146rate. The plethysmography chamber gas flow rate was

147measured using an electronic gas flowmeter

148(PV500CCMVADA-CP, Cole-Parmer) and PO2 was mea-

149sured with an O2 sensor (S3-A; AEI Technologies). Base-

150line breathing was measured for more than 30 min in

151room air (21% O2 – balance N2), followed by 10 min in

1527% CO2/21% O2 (balance N2). Mice were returned to their

153home cage, and approximately 4 h later were placed in

154the plethysmograph and exposed for 30 min to room air,

155followed by 10 min in hypoxia (10% O2 – balance N2).

156Data were collected from the last 5 min of each gas expo-

157sure. Mice were observed continuously, and data were

158excluded from analysis during any behaviors that resulted

159in a breathing pattern other than eupnea (e.g. vocaliza-

160tion, licking, chewing, sniffing, walking, etc.), and were

161analyzed off-line using software custom-written in Matlab

162(Matlab, R2007b) from data collected only during epi-

163sodes of quiet wakefulness (periods with eyes open when

164mice responded to a mild stimulus such as tapping the

165chamber). Rectal temperatures were measured in P1-

166P7 neonates (BAT-12, Physitemp Instruments) before

167and after experiments. Telemetric temperature probes

168(IPTT-300, BMDS) were implanted subcutaneously

169between the scapulae in mice at P8, and then used to

170measure body temperature during studies of P12 and

171P21 mice.

172Quantification of changes in ventilation

173VT and VE were calculated using the method of Drorbaugh

174and Fenn (Drorbaugh and Fenn, 1955). VT was calibrated

175using a small animal ventilator (Minivent, Harvard Appara-

176tus) by injecting 30–100 ll of air into the plethysmograph
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