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Abstract

The integrity of the serotonin (5-HT) system is essential to normal respiratory and
thermoregulatory control. Male and female transgenic mice lacking central 5-HT neurons
(Lmx1bf7P mice) show a 50% reduction in the hypercapnic ventilatory response and insufficient
heat generation when cooled (Hodges et al. 2008a; Hodges et al. 2008b). Lmx1b"#P mice also
show reduced body temperatures (Tpogy) and O, consumption (V(Sz), and breathe less at rest and
during hypoxia and hypercapnia when measured below thermoneutrality (24°C), suggesting a role
for 5-HT neurons in integrating ventilatory, thermal and metabolic control. Here, the hypothesis
that Pet-1 null mice, which retain 30% of central 5-HT neurons, will demonstrate similar deficits
in temperature and ventilatory control was tested. Pet-1 null mice had fewer medullary tryptophan
hydroxylase-immunoreactive (TPH™*) neurons compared to wild type (WT) mice, particularly in
the midline raphé. Female (but not male) Pet-1 null mice had lower baseline minute ventilation
(Vé), preathing frequency (f), Véz and Tpoqy relative to female WT mice (P<0.05). In addition, V.é
and Vg / Vg, were decreased in male and female Pet-1 null mice during hypoxia and hypercapnia
(P<0.05), but only male Pet-1 null mice showed a significant deficit in the hypercapnic ventilatory
response when expressed as % of control (P<0.05). Finally, male and female Pet-1 null mice
showed significant decreases in Tpogy When externally cooled to 4°C. These data demonstrate that
a moderate loss of 5-HT neurons leads to a modest attenuation of mechanisms defending body
temperature, and that there are gender differences in the contributions of 5-HT neurons to
ventilatory and thermoregulatory control.

1. Introduction

Serotonin (5-HT) neurons provide neuromodulatory inputs to the respiratory control
network, and play a major role in central chemoreception, most likely as CO,/pH
chemoreceptors (Richerson 2004; Corcoran et al. 2009; Hodges et al. 2010a; Hodges et al.
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2010b). 5-HT neurons also contribute to thermoregulatory control mechanisms, particularly
during conditions that increase requirements for heat production and/or heat conservation
(Morrison 2004a; Morrison 2004b; Madden et al. 2006). However, the exact nature of the
contributions of 5-HT neurons to both respiratory and thermoregulatory control remains
unclear.

One approach to determining the roles of 5-HT neurons in respiratory control has been
through the study of transgenic mice with targeted mutations in specific aspects of the 5-HT
system. For example, Pet-1 knockout (Pet-1 null) mice, which lack ~70% of 5-HT neurons
throughout the classically-described B nuclei (Hendricks et al. 2003), display respiratory
dysfunction (Erickson et al. 2007) and spontaneous bradycardias during early development
(Cummings et al. 2009), as well as several abnormal behaviors as adults (Hendricks et al.
2003; Lerch-Haner et al. 2008). Neonatal mice with genetic deletion of Lmx1b in neurons
expressing Pet-1 (Lmx1b?#P), which have a selective and severe deficit (>99%) in 5-HT
neurons (Zhao et al. 2006), show frequent and severe apnea and high mortality (Hodges et
al. 2009). Lmx1b7P mice that survive to adulthood have fewer abnormalities in breathing at
rest or under hypoxic conditions, but display a ~50% reduction in the hypercapnic
ventilatory response (Hodges et al. 2008a; Hodges et al. 2008b).

The integrity of the 5-HT system appears to be particularly important during conditions that
require defense of core body temperature against hypothermia. Heat generating (shivering
and non-shivering thermogenesis) and retention (peripheral vasoconstriction) mechanisms
cooperatively maintain core temperature in the face of environmental cooling. It has been
shown that 5-HT neurons are activated with environmental (Martin-Cora et al. 2000) or
hypothalamic (Nason et al. 2006) cooling, project to the intermediolateral cell column
containing preganglionic sympathetic motor neurons (Cano et al. 2003), and can modulate
shivering activity. Consistent with this, Lmx1b77P mice lacking 5-HT neurons have a defect
in brown adipose tissue activation and exhibit less shivering activity when externally cooled
to 4°C (Hodges et al. 2008b). As a consequence, core body temperatures drop to below 30°C
within 2 hours of cold exposure, despite apparently normal heat conservation mechanisms
and thermosensory perception.

Interestingly, dysfunction of the 5-HT system reveals a differential contribution to
respiratory and thermoregulatory control among males and females. For example, mice
lacking the serotonin transporter (SERT), which presumably have an increase in
extracellular 5-HT levels, display significant attenuation of the hypercapnic ventilatory
response, and show an inability to maintain body temperatures in a 4°C environment (Li et
al. 2008), similar to 5-HT neuron-deficient mice (Hodges et al. 2008b). However, the deficit
in breathing during hypercapnia is specific to male SERT knockouts, and the drop in body
temperature (—3°C) in the cold is specific to female SERT knockouts (Li et al. 2007). These
and other data point to a differential contribution of 5-HT neurons to specific aspects of
respiratory and thermoregulatory control mechanisms, which are dependent upon gender.

Importantly, various risk factors including gender, when combined with postulated defects
in respiratory responses to hypoxia and hypercapnia, heart rate control, and arousal
responses during sleep have all been postulated to contribute to sudden infant death
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syndrome (SIDS) (Hunt et al. 1987; Sridhar et al. 2003; Thach 2005; Kinney et al. 2009).
Moreover, multiple abnormalities in the brainstem 5-HT system, including decreased 5-HT
levels, decreased 5-HTq receptor and serotonin transporter (SERT) binding, and an
increase in the number of morphologically altered 5-HT neurons have been identified in
SIDS cases (Paterson et al. 2006; Duncan et al. 2010). Collectively, these observations
suggest that SIDS results from an important interaction between an abnormal 5-HT system,
defects in cardiorespiratory and/or temperature control, the sleep/wake state, and other risk
factors including gender.

Given the importance of further understanding the roles of 5-HT neurons in ventilatory and
thermoregulatory control, the goals of these experiments were to characterize the effects of
moderate (~70%) loss of 5-HT neurons in adult male and female adult Pet-1 null mice on: 1)
the medullary distribution of 5-HT neurons, 2) breathing at rest, and during hypoxia and
hypercapnia, and 3) thermoregulation in a cold environment.

2. Methods

All animals were housed and maintained in the Yale Animal Resource Center and all
protocols approved by the Yale Animal Care and Use Committee.

2.1 Animal model

The generation of, and genotyping procedures for, Pet-1 null mice have previously been
described (Hendricks et al. 2003). Age-matched WT (male = 15, female = 11) and Pet-1 null
(male = 17, female = 19) mice were used in this study. Littermates were paired during
testing when possible.

2.2. Immunohistochemistry and cell counts

Adult WT (male = 6, female = 3) and Pet-1 null (male = 5, female = 4) mice were
anesthetized with sodium pentobarbital (80 mg/kg), and transcardially-perfused with
phosphate buffered saline (PBS), and then 4% paraformaldehyde in phosphate buffer (PB).
The brain was removed and post-fixed in 4% paraformaldehyde in PB for 24 hours, and then
placed in 30% sucrose in PBS until no longer floating (2—4 days). The brainstem was then
frozen (—80°C) until frozen-sectioned (20 pm) using a cryostat. All sections were adhered to
coated slides for staining.

Brain sections from both WT and Pet-1 null mice were immunostained for tryptophan
hydroxylase (TPH), the rate-limiting enzyme in 5-HT synthesis and marker for 5-HT
neurons. Sections from both WT and Pet-1 null mice were always stained simultaneously in
the same media to ensure that any potential differences in staining intensity and/or TPH*
cell numbers were not due to differences in the treatment of the sections. Sections were first
washed with PBS for 5 minutes, and then immersed in 0.3% H,0O, in methanol for 30
minutes. Sections were then permeabilized in 0.4% Triton in PBS, blocked with 5% serum
and 0.1% Triton in PBS, and then incubated in PBS with 2.5% serum, 0.1% Triton and a
monoclonal primary antibody for TPH (1:2000, Sigma T0678 Clone WH-3) for >10 hours.
The specificity of Clone WH-3 for the epitope sequences of mouse TPH-1 (ETVPWFP) and
TPH-2 (EDVPWEFP) has been well documented (Haycock et al. 2002; Ni et al. 2008),
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although TPH2 (and not TPH1) is nearly exclusively expressed in the brain (Patel et al.
2004). After washing 3 times in PBS for 10 minutes each, the sections were incubated for 30
minutes with an anti-mouse 1gG secondary antibody (1:500, Vector Labs), washed in PBS
for 30 minutes, and an ABC reaction using diaminobenzidine was performed (Vector Labs).

Counts of TPH* neurons were from stained sections every 80 um, beginning from —0.6 mm
to 2.6 mm rostral to obex. Within each section, TPH* neuron counts were made from two
regions: a midline region described by a 0.5 mm-wide rectangle centered on the midline and
extending from the ventral to dorsal surface (rectangle in upper panel in Figure 1A), and a
second region which included all other TPH* neurons outside the midline count region. All
other TPH* neurons counted were localized to the ventrolateral medulla (VLM). The VLM
TPH™* neuron counts were made bilaterally and combined for the final VLM count.

2.3 Plethysmography

Ventilation was measured using standard flow-through plethysmography as described
previously (Hodges et al. 2008a; Hodges et al. 2008b). Compressed gas mixtures contained:
21% O, with 0, 3, 5, 7, or 10% CO, (normoxic hypercapnia; balance N»), or 10% O,
(hypoxia; balance N5). Hypercapnia studies consisted of more than 20 minutes of baseline,
followed by 10-minute exposures to 3, 5, 7, and 10% CO,, each separated by 10-minute
baseline measurements. Similarly, hypoxia studies consisted of >20 minutes of baseline
followed by 10 minutes of 10% O,. The plethysmograph was placed on a telemeter
energizer/receiver (Model ER-4000, MiniMitter, Bend, OR) for continuous measurement of
core body temperature in a subset of mice (see below). Air temperature (25-26 °C) and
humidity (Omega HX-93AV, Omega Engineering Inc., Stamford, CT), animal temperature,
and breathing-induced pressure oscillations (DC002NDRS5, Honeywell International,
Morristown, NJ) were measured continuously, sampled at 100 Hz, digitized using an A/D
converter (PCI-6221, National Instruments, Austin, TX) and monitored/stored on disk using
a custom-written data acquisition program (Matlab, The MathWorks, Natick, MA).

2.4 Telemetry Probe Implantation

The methods for implantation of telemetric temperature probes have been published
(Hodges et al. 2008a; Hodges et al. 2008b). Briefly, a subset of WT (4 male, 5 female) and
Pet-1 null (3 male, 7 female) mice were given pre-operative analgesia (meloxicam (1.0
mg/kg 1.P.) or buprenorphine (0.1 mg/kg 1.P.)) prior to induction and maintenance of
anesthesia with 20% (v/v) isoflurane mixed with polyethylene glycol. Telemetric
temperature probes (Emitter G2, MiniMitter, Bend, OR) were implanted into the abdomen
using a ventral midline incision, and the wound was closed with 4-0 Ethilon suture
(absorbable) and skin staples. Mice received 1.7 pg/ml meloxicam for 2 days, and were
studied > 3 days post-op.

2.5 Cold challenge

Adult WT (male = 3, female = 1) and Pet-1 null (male = 4, female = 6) mice were implanted
with telemetric temperature probes. The instrumented mice were then presented with a
thermal challenge by placing them in a cold environment (4°C) for 4 hours after = 30
minutes at room temperature, as described previously (Hodges et al. 2008b).
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2.5 Data analysis

All data were analyzed off-line using custom-written software by an individual blind to the
animal genotypes. All samples of continuous ventilatory data segments of 6-10 second
duration that did not contain sighs, coughs, sniffing or movement artifacts were selected for
analysis during minutes 2—10 of exposure to each gas mixture for the hypercapnia studies.
Hypoxia data were analyzed during minutes 5-10 of the 10-minute exposure. Inspiratory
time (T, seconds), expiratory time (Tg, seconds), inter-breath interval (1BI, seconds, used to
calculate respiratory frequency (f), breaths-minute™1), standard deviation of IBI (seconds),
tidal volume (V, pl), and minute ventilation (Vé, ml-minute™, which is the product of V1
and f), were calculated for all animals under all conditions.

An animal temperature of 37°C was applied to all data to calculate V1 and Vé (Drorbaugh et
al. 1955), which along with Véz. were normalized to animal weight in grams. Telemetric
temperature measures were obtained in a subset of WT and Pet-1 null mice while breathing
21% 05, and 10% O, or 3%, 5%, 7%, or 10% CO,. Temperatures during these conditions
were compared to determine the effects of gender and/or PET1 deletion.

2.5 Statistics

All data are presented as mean = SEM. Due to significant differences in body weight
between age-matched male and female mice (P<0.01), all statistical analyses were
performed within sex to avoid complications of differences in, and normalization to body
weight. Comparisons were made using a two-way ANOVA (SigmaPlot) with genotype and
condition as factors, and subsequent analyses were followed by a Tukey post-hoc analysis
for multiple comparisons. Valid pair-wise comparisons using either a paired t-test or t-test
assuming unequal variances (MS Excel, Microsoft Corp.) were made, when appropriate. The
threshold for significance was P<0.05.

3. Results

3.1. 5-HT neuron distribution in WT and Pet-1 null mice

Hendricks et al. previously showed that knockout of the Pet-1 gene significantly reduces the
overall number of neurons expressing characteristics of adult 5-HT neurons by ~70%
(Hendricks et al. 2003). Here, we performed 5-HT neuron counts after performing
immunohistochemistry using a monoclonal anti-TPH antibody in WT and Pet-1 null mice to
determine the relative distribution of 5-HT neurons within subsets of the medullary raphé
populations. TPH* neurons were present in all medullary raphé nuclei, including within the
midline (obscurus, pallidus, and magnus) and lateral (parapyramidal or VLM) areas in both
Pet-1 null and WT mice (Figure 1A). We did not observe TPH* neurons outside of the
expected locations for 5-HT neurons, as originally described by Dahlstrom and Fuxe
(Dahlstrom et al. 1964) and later documented in Pet-1 null mice (Hendricks et al. 2003).
However, the staining intensity of TPH* neurons in Pet-1 null mice was consistently less
intense (see arrows in lower panels of Figure 1A), which was not likely a result of
procedural artifact as the WT and Pet-1 null sections were simultaneously stained by
immersion in the same staining media.
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In both WT and Pet-1 null mice there were few TPH* neurons caudal to obex (opening of
the central canal represented by dashed line in Figure 1B; ~7.4 mm caudal to Bregma), but
TPH™ neuron counts increased to a peak near the caudal pole of the facial nucleus (FN), and
declining more rostrally to regions beyond the pontomedullary border (~2.3 mm rostral to
obex (~5.4 caudal to Bregma). There were significant effects of genotype (P<0.001),
distance from obex (P<0.001) and their interaction (P<0.001) in the numbers of TPH*
neurons in WT and Pet-1 null mice. There were fewer TPH* neurons in Pet-1 null mice in
the midline raphé from 0.2 mm — 2.6 mm rostral to obex compared to WT mice (P<0.001).
There were also fewer TPH* neurons in the VLM region from 1.0 mm — 1.8 mm rostral to
obex compared to WT mice (P < 0.001). Overall, there were 73.2% fewer midline TPH*
neurons compared to 50.9% fewer VLM TPH* neurons, indicating an unequal contribution
of Pet-1 to the development of these groups of 5-HT neurons. Finally, we found no obvious
differences in TPH* neuron counts among male and female Pet-1 null mice (male; n=5,
female; n=4) within the midline or VLM count regions (P>0.05; data not shown).

3.2. Resting ventilation

Baseline physiologic measurements were obtained in age- and weight-matched male and
female WT and Pet-1 null mice while breathing room air (RA; Table 1) before separate
challenges with hypoxia or hypercapnia. These RA data were averaged for each animal, and
the group means and S.E.M. are shown in Table 1. Also, Tpoqy Was measured in a separate
group of mice from that in which breathing was measured (during baseline and challenge
conditions; see Methods).

We found no differences between male WT and Pet-1 null mice in any baseline measures,
including age, body weight, f, VT, Vé, VOZ, Vé/ Véz end Thody (Table 1). In contrast,
female Pet-1 null mice displayed decreased resting Ve (P <0.05), which was a result of a
lower resting f (P < 0.01). Resting VOZ was also lower in Pet-1 null females relative to
female WT mice, such that the ventilatory equivalent (Vé/ V(')2) was unchanged. Female
Pet-1 null mice also exhibited lower Tpoqy (P < 0.05) than female WT mice at rest during
normoxia.

3.3 Ventilatory response to hypoxia (10% Oy)

The ventilatory responses to poikilocapnic hypoxia were measured in Pet-1 null and WT
male and female mice. Female Pet-1 null mice showed decreased Vé (Figure 2) and f
(P<0.001) at rest, and both males and females exhibited a lower Vé while breathing 10% O,
but showed no differences in V1 (P>0.05; data not shown) in either room air or hypoxia.
V(')z was decreased in female Pet-1 null mice at rest, but male and female WT and Pet-1 null
mice decreased Voz to the same Ievels during hypoxia (Figure 2). Male and female WT and
Pet-1 null mice had equal VE/ Voz ratios while breathing room air, but VE/ V02 was
significantly decreased in both male and female Pet-1 null mice compared to WT mice
during hypoxia. In addition, the percent increase in the VE/ V02 ratio from rest to hypoxia
was significantly lower in male (85.0 = 7.5% compared to 108.3+ 10.4%; P<0.05) and
female (97.3 £ 10.0% compared to 123.4+ 5.0%; P<0.05) Pet-1 null mice compared to WT
mice, respectively. There were no differences in Tyoqy between WT and Pet-1 null mice
during hypoxia (P>0.05). However, the decrease in Tyoqy from rest to the final 5 minutes of
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hypoxia tended to be greater in male (-=0.66 + 0.24 °C) and female (-0.93 + 0.12 °C) Pet-1
null mice compared to male (-0.45 + 0.1 °C) and female (-0.52 £ 0.18 °C) WT mice, but
this difference did not reach statistical significance (P>0.05). Overall, these data indicate
that both male and female Pet-1 null mice demonstrate an attenuated hypoxic ventilatory
response.

3.4 Ventilatory response to hypercapnia (3%, 5%, 7% and 10% CO, in 21% O5)

In addition to hypoxia, male and female WT and Pet-1 null mice were also exposed to
graded hypercapnia. Male Pet-1 null mice displayed a lower Vé while breathing 7% and
10% CO, compared to WT mice (P<0.05), due to a decreased f (P<0.05) (Figure 3).
Similarly, female Pet-1 null mice displayed a decreased Vé while breathing room air or 3%,
or 10% CO, (P<0.05), due solely to a decreased breathing frequency (P<0.05) at all levels of
inspired CO,. There were no differences in V1 among WT and Pet-1 null mice of either
gender (Figure 3). Tyoqy Was lower (P<0.01) in female Pet-1 null mice relative to WT
females at all levels of hypercapnia tested, but was not different comparing male WT and
Pet-1 null mice under all conditions (P>0.05).

Due to the significant differences in baseline ventilation, Véz and Tpoqy in the female Pet-1
null and WT mice (Table 1), the ventilatory response was also expressed as a percentage of
the control V,é breathing room air (RA; Figure 4). These data showed that the ventilatory
response to higher levels of hypercapnia (7% and 10% CO,) was significantly blunted in
male (P<0.01), but not female Pet-1 null mice relative to WT mice. Thus, normalizing the
hypercapnic ventilatory response to the baseline revealed an apparent male-specific deficit
in the hypercapnic ventilatory response.

3.5 Maintenance of Tpoqy during an environmental cold challenge

Mice with near-complete loss of 5-HT neurons (Lmx1b"P) completely fail to maintain
Thody in a cold (4°C) environment, and exhibit a lower Tpoqy at ~24°C (Hodges et al. 2008a;
Hodges et al. 2008b). Tpogy in Pet-1 null female (but not male) mice breathing room air is
lower compared to female WT mice (P<0.05; Table 1), and is also lower during hypoxia and
hypercapnia (P<0.05; data not shown). In contrast, male and female Pet-1 null mice both
demonstrated an impaired ability to maintain Tpog, compared to WT mice when exposed to
an external cold challenge (Figure 5). The drop in Tpoqy during the cold challenge was not
obviously different between male and female Pet-1 null mice, and thus the data were pooled
(Figure 5). Tpogy dropped in both WT and Pet-1 null mice when moved from room
temperature to the cold (4°C; P<0.05), but the resulting decrease in Tyoqy Was greater in the
Pet-1 null mice (P<0.001; Figure 5). The drop in Tpqgy in Pet-1 null mice (=4°C in 4 hours)
was also modest relative to that previously reported in transgenic mice lacking nearly all 5-
HT neurons (more than —=8°C in 1-2 hours) under the same conditions (Hodges et al.
2008b). These observations are consistent with the hypothesis that 5-HT neurons support
cold-induced mechanisms of thermogenesis.
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4. Discussion

Under conditions of thermoneutrality (30-31°C), adult male and female Lmx1b"P mice
with near-complete absence of 5-HT neurons display a 50% reduction in ventilation during
hypercapnia, but breathe normally at rest and during hypoxia (Hodges et al. 2008b). At
ambient temperatures typical of most laboratories and animal facilities (24°C), Lmx1b77P
mice also show reduced ventilation at rest and during hypoxia, which may be attributed to
concomitant reductions in Tpoqy (Hodges et al. 2008a) due to a severely impaired
thermogenic response to environmental cooling (Hodges et al. 2008b). Here we show that
Pet-1 null mice, with a more modest loss of 5-HT neurons, display similar but less severe
deficits during resting breathing, and in their responses to hypoxia and hypercapnia
(measured at 24°C). However, some of these effects were sex-specific, where female Pet-1
null mice showed lower ventilation and Tpoqy at rest and during hypoxia and hypercapnia,
but little effect on the response of ventilation to CO, expressed as the percent change from
baseline. Male Pet-1 null mice displayed normal resting breathing and Tpoqy, and attenuated
ventilatory responses to hypoxia and high levels of hypercapnia independent of how the data
were expressed. Both genders exhibited an inability to thermoregulate in cold conditions,
suggesting that both genders have inherent dysfunction in temperature control when
challenged.

Implicit in the conclusion that there are gender-specific differences in ventilation and
temperature control among WT and Pet-1 null mice is that the differences arise due to a
deficit in the knockouts, particularly the females. The alternative explanation is that WT
females exhibited an abnormally high Thoqy, for example at rest (Table 1), Which'allows for
a statistically significant difference unrelated to the loss of Pet-1. The baseline Vo,
measurements of WT males and WT females, and Tpoqy measurements in males in our study
are in good agreement to those reported in mice by others (Li et al. 2008), but the Tyoqy
values for the WT females in our study are apparently higher. However, irrespective of the
differences in Tyoqy measurements, Pet-1 null females displayed a large deficit in minute
ventilation due to a lower respiratory frequency at rest, which is unlikely due to differences
in Thogy as it is nearly equal to male WT and Pet-1 null mice, and very close to that in other
WT mice (Li et al. 2008). Considering that both female and male Pet-1 null mice show
reduced ventilatory responses to hypoxia and large decreases in Tpogy in the cold, the
differences in ventilation at rest in female knockouts, and the apparent male-specific
decrease in the hypercapnic ventilatory response (% control) leads to the conclusion that
there are gender-specific deficits in respiratory control mechanisms in Pet-1 null mice.

What remains unclear is the neural substrate(s) that account for these gender-specific
phenotypes in Pet-1 null mice. There are clear influences of gender on ventilatory control
per se (Behan et al. 2008), some of which have been attributed to gender effects on the 5-HT
system itself. Differences in 5-HT innervation and/or function among male and female rats
have been reported or hypothesized (Behan et al. 2003; Barker et al. 2009), in addition to
functional differences as evidenced by higher brain [5-HT] and TPH protein levels (Carlsson
et al. 1988), and higher ratios of 5-HT/5-HIAA (an index of serotonergic activity) in the
dorsal raphé nucleus in females compared to males (Dominguez et al. 2003). Receptors for
female sex steroids are also differentially expressed within 5-HT neurons (Alves et al. 1998;
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Bethea et al. 2006; Bethea et al. 2008; Donner et al. 2009), and manipulating estradiol levels
alter expression levels of Pet-1 and SERT mRNA (Rivera et al. 2009). Thus, there is the
potential for female sex steroids directly enhancing 5-HT neuronal function in a gender-
specific manner. Considering that both male and female mice lacking 5-HT neurons both
exhibit severe deficits in the hypercapnic ventilatory response, it seems possible that the
small numbers of 5-HT neurons in female Pet-1 null mice might be functioning more
optimally, accounting for the male-specific deficits in the hypercapnic ventilatory response.
However, this explanation is complicated by the observation that resting breathing is lower
in female, but not male Pet-1 nulls, suggesting a more complicated mechanism. Regardless,
we speculate that the remaining 5-HT neurons themselves might provide the neural substrate
in manifesting the gender-dependent differences in respiratory control in Pet-1 null mice.

Despite the gender-specific effects on ventilation, there were no obvious differences in the
distribution of, or numbers of 5-HT neurons among male and female Pet-1 null mice. There
were regional differences in the remaining 5-HT neurons however, with a greater percentage
of 5-HT neuron loss within the midline raphé compared to the VLM in Pet-1 null mice. This
observation suggests that the generation or maintenance of midline raphé 5-HT neurons is
potentially more dependent upon Pet-1 expression. Moreover, the differences in the numbers
of surviving 5-HT neurons in the midline and VLM regions in Pet-1 null mice might
translate to differences in physiologic phenotypes, given the functional heterogeneity among
5-HT neurons (Jacobs et al. 1992) and the potential differences in projection patterns among
midline raphé (obscurus/pallidus/magnus) and VLM 5-HT neuron pools. To date, it remains
unclear if there are specific subpopulations of 5-HT neurons that selectively innervate
respiratory-related (Dobbins et al. 1994; Mulkey et al. 2007) or thermoregulatory (Cano et
al. 2003) neural circuitry, although it may be relatively restricted to raphé pallidus in the
case for thermoregulatory control (Morrison 2004b). Thus, any potential differences in
projections or targets from the remaining 5-HT neurons could also provide a substrate for
the gender-dependent phenotypes in Pet-1 null mice.

Cold exposure activates shivering, brown fat thermogenesis, and peripheral
vasoconstriction. Efferent hypothalamic pathways for thermoregulation include medullary
raphé neurons, which likely includes bulbospinal 5-HT neurons that project to spinal
thermoeffector neurons driving brown fat metabolism (Cano et al. 2003). Consistent with
this hypothesis, Lmx1b""P mice fail to defend core Tpogy in a cold (4°C) environment due to
deficiencies in shivering and brown fat thermogenesis (Hodges et al. 2008b). Likewise,
Pet-1 null mice also display an attenuated defense of Tpoqy When exposed to cold (and to a
lesser extent during hypoxia), although the decrease in Tpogy Was comparatively modest to
mice lacking 5-HT neurons. Core temperature in cold-exposed Pet-1 null mice fell to
~34.5°C within 2 hours of exposure, and to 33.5°C after 4 hours. There were also no
obvious differences among male and female Pet-1 null mice in the ability to thermoregulate
in the cold, despite the finding that female Pet-1 null mice had lower Vo, and Tpogy under
resting conditions. This may suggest that while the female knockouts may be better suited to
respond robustly to a hypercapnic challenge, they are more vulnerable to problems with
Thody Maintenance when unchallenged. Interestingly, these observations are comparable to
those from SERT KO mice, where males exhibit deficits in the hypercapnic ventilatory
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response, and females show deficits in core temperature control in cold environments (Li et
al. 2007; Li et al. 2008). These gender-specific phenotypes were not apparent in mice
lacking central 5-HT neurons (Hodges et al. 2008b), allowing us to conclude that the activity
of, and/or connectivity of the remaining 5-HT neurons to respiratory and thermoregulatory
circuitry must contribute to these gender-related differences.

Increasing knowledge of the 5-HT system may lead to further insights into SIDS, given the
evidence that SIDS involves dysfunction in respiratory and thermoregulatory control,
multiple abnormalities in the 5-HT system, and a greater effect on males. The data presented
here suggest that there may be important interactions with gender, respiratory and
thermoregulatory control, and a dysfunctional 5-HT system, potentially due to the influences
of sex hormones on 5-HT neuronal function. Gaining further insights into these gender-
specific interactions of the effects of 5-HT system deficits on breathing and temperature
control may provide further insights into the causal mechanisms of and male predominance
in SIDS.
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Figure 1.
A) A representative sketch (upper panel) of a section ~ —6.5mm from Bregma with an

overlaying 0.5 mm rectangle centered on the midline, and extending to dorsal and ventral
surfaces. This rectangle represents the midline count region, and includes the midline raphé
nuclei (raphé obscurus, pallidus, and magnus). All other TPH* neurons were included in the
VLM region counts. Grayscale images of WT (lower left panels) and Pet-1 null mice (lower
right panels) transverse medullary sections (20 um) immunostained for TPH. Note that
TPH™* 5-HT neurons were fewer in number, and generally lighter in staining intensity in
Pet-1 null (arrows) compared to control mice in the midline and ventrolateral medullary
(VLM) regions. B) The number of TPH* neurons in WT (n=9) and Pet-1 null (n=9)
brainstems along the midline (upper panel) and VLM regions (binned every 0.5 mm) are
plotted using the obex (dotted line) as the reference point. Note that there were significantly
fewer TPH* 5-HT neurons in the midline (-73.2%) and VLM (-50.9%) regions in Pet-1 null
mice.
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Figure 2.
Differences in ventilation, oxygen consumption and their ratio in male (n=10) and female

(n=10) WT and male (n=12) and female (n-13) Pet-1 null mice breathing room air (RA) or
10% O,. Male and female Pet-1 null mice (open symbols) displayed lower minute
ventilation (Vé; expressed as ml/min/gm), and Vé / Véz ratios while breathing 10% O,
compared to WT (closed symbols) mice, with no differences in (Véz).

Respir Physiol Neurobiol. Author manuscript; available in PMC 2015 August 31.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Hodges et al.

frequency (min) Ve (ml min' gm-)

V; (ul breath-' gm-)

300

200

100

15

10

Figure 3. .
Differences in minute ventilation (Vg; normalized to weight), breathing frequency (breaths/

minute), and tidal volume (V1: normalized to weight) in male (n=11) and female (n=10) WT

(closed symbols) and male (n=13) and female (n=13) Pet-1 null (open symbols) while
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breathing room air (RA) or 3%, 5%, 7%, or 10% CO5 in 21% O,. Male Pet-1 null mice

showed lower Vé and breathing frequency while breathing 7% and 10% CO,, and female
Pet-1 null mice showed lower Vé while breathing RA, and 3% and 10% CO». V1 in male
and female Pet-1 null mice was not different from WT mice, indicating the lower V,é was
due to lower breathing frequency.
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Figure 4.

Differences in Vé expressed as % of control in male (n=11) and female (n=10) WT (closed
symbols) and male (n=13) and female (n=13) Pet-1 null (open symbols) mice breathing
elevated inspired CO,. Vé (% control) was lower in male Pet-1 null mice relative to WT
mice during hypercapnia, but not different in female WT and Pet-1 null mice.
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Page 17
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Body temperature (Thogy; °C) in WT (black line; n=4) and Pet-1 null (gray line; n=10) mice
measured continuously for 30 minutes before and during 4 hours of exposure to a 4°C
environment. Mean Tpogy (+ SEM; indicated by thin lines of same colors) decreased
significantly during the cold exposure in both WT and Pet-1 null mice (P<0.05), but Pet-1
null mice decreased more than WT mice (P<0.05). Data are pooled from male and female

mice.

Respir Physiol Neurobiol. Author manuscript; available in PMC 2015 August 31.



Page 18

Hodges et al.

usjeninba Aioejnuan ‘COA 7 A ‘ainjesadwsa) reutwopge “AP0C ] ‘uonduwinsuod usbAxo ‘COA ‘uonejnuaa anuiw ‘A ‘swnjon [epi ‘LA ‘Aousnbaiy Buiyieaiq ‘)

“(spoyalN 98s) 891w Jo dnoub ayesedss e ul paurelqo eyep APOq ._#

*13pusb uryym pajdde 1sal 3 1100°0>d
x

*
‘500> d
*

‘IN'T'S F UBaW aJe sanjeA

s'u - . - 's'u . 's'u ]
TTF0TZ TOFTLE £00°0 ¥ T90'0 V0T 8TT £0F98  LEFELET 90%87C 6'STF8L9T (€T =U) lInu T-¥od
80Frez TOFLIE 8E0'0 T TL0'0 SrOFEST Z0F98  09F06LT LTF9T £'6T F L'9T (OT=u) 1M
afewa

‘s'u ‘s'u ‘s'u s'u s'u s'u s'u ‘s'u
TIFTTZ  ZOFVLE 00'0 ¥ 2900 YOO FETT £€0¥89  6GFT89T 0TFVIE STTFLPLT  (€T=U) INU T-18d
L0F2€  EO0FTLE 5000 ¥ 2900 0T0F¥2T E0F69  SLTELI gTFOEE EETFOELT aT=u) m
3leIN

OAAA (00 P (B uw oA (B w)IA - Gu) iA - Gou) s (B)wbiem Apog - (shep) sby

301W ||Nu T-18d pue adA1 ppim ul uondwnsuod usbAxo pue uolreiuaA auljaseq ‘ybiam Apoq ‘aby

T alqel

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Respir Physiol Neurobiol. Author manuscript; available in PMC 2015 August 31.



