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The mammalian diving response is a powerful autonomic adjustment to underwater sub-
mersion greatly affecting heart rate, arterial blood pressure, and ventilation. The bradycardia
is mediated by the parasympathetic nervous system, arterial blood pressure is mediated
via the sympathetic system and still other circuits mediate the respiratory changes. In the
present study we investigate the cardiorespiratory responses and the brainstem neurons
activated by voluntary diving of trained rats, and, compare them to control and swimming
animals which did not dive. We show that the bradycardia and increase in arterial blood
pressure induced by diving were significantly different than that induced by swimming.
Neuronal activation was calculated after immunohistochemical processing of brainstem
sections for Fos protein. Labeled neurons were counted in the caudal pressor area, the
medullary dorsal horn, subnuclei of the nucleus tractus solitarii (NTS), the nucleus raphe
pallidus (RPa), the rostroventrolateral medulla, the Ab area, the nucleus locus coeruleus, the
Kéllike—Fuse area, and the external lateral and superior lateral subnuclei of the parabrachial
nucleus. All these areas showed significant increases in Fos labeling when data from vol-
untary diving rats were compared to control rats and all but the commissural subnucleus
of the NTS, Ab area, and RPa were significantly different from swimming rats. These data
provide a substrate for more precise experiments to determine the role of these nuclei in
the reflex circuits driving the diving response.

Keywords: diving response, c-Fos, medullary dorsal horn, parabrachial nucleus, nucleus tractus solitarii, rostroven-

trolateral medulla, neural circuits, swimming behavior

INTRODUCTION

Itis an honor to pay tribute to Per Scholander, a man of immeasur-
able enthusiasm for science who with Laurence Irving made the
original observations of the physiological changes in blood pres-
sure to underwater submersion (Irving et al., 1942) in numerous
species (Scholander and Elsner, 1968). He is considered by most
the pioneer cardiovascular physiologist who initiated decades of
studies on the remarkable phenomenon we call today the diving
response. The work of our laboratory for the past 20 years extends
his legacy by offering our observations on the neural control of
the diving response.

The mammalian diving response is a powerful autonomic
response comprising at least three simpler reflexes that activate
the parasympathetic, sympathetic, and respiratory systems (Kooy-
man et al., 1981; Butler and Jones, 1982, 1997; Blix and Folkow,
1983; Elsner and Gooden, 1983; de Burgh Daly, 1984; Kooyman
and Ponganis, 1998; Ferretti, 2001; Davis et al., 2004; Foster and
Sheel, 2005). These simple reflexes independently can be disso-
ciated peripherally to block the different systems associated with
the response. For example, the profound bradycardia of diving
induced via activation of a vagally mediated parasympathetic cir-
cuit can be eliminated with systemic administration of atropine
while the sympathetic and respiratory responses persist (Lin, 1974;
Nakamura and Hayashida, 1992; Yavari et al., 1996; McCulloch
etal., 1997). Also, the selective peripheral vasoconstriction seen in

diving can be blocked with sympatholytics while the bradycardia
and apnea is maintained (Lin, 1974; Yavari et al., 1996).

These simple reflexes are not dependent on suprabulbar neu-
rons since the diving response is still elicited in mammals after
transecting the brainstem through the thalamus (Drummond and
Jones, 1979), colliculi (Huxley, 1913; Martner et al., 1977; Pan-
neton et al., 2010b), or pons (Panneton et al., 2012). Thus we
speculate that the circuits driving these behaviors are intrinsic to
the medulla and spinal cord, but may be modulated by higher order
neurons. Indeed, it has been suggested that these reflexes can be
modulated by suprabulbar neurons (Blix, 1988). Seals often show
either little bradycardia when diving voluntarily (Kooyman and
Campbell, 1972) or may reduce heart rate (HR) in anticipation
of underwater submersion (Casson and Ronald, 1975), suggest-
ing that suprabulbar influences may indeed impinge on these
medullary reflex circuits. Similarly, the hemodynamic responses to
“forced” submersions when mammals are involuntarily “dunked”
underwater are subtly dissimilar to the hemodynamics of vol-
untary diving (Drummond and Jones, 1979; Kooyman, 1989;
McCulloch and Jones, 1990; Jobsis et al., 2001; Panneton et al.,
2010b).

Eliciting these reflexes of the diving response apparently is
dependent on innervation of the nares, since either submersion or
wetting the snout induces the diving response in muskrats (Kop-
pényi and Dooley, 1929; Drummond and Jones, 1979), rats (Lin,
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1974; Panneton et al., 2010b), cats (Martner et al., 1977), pigs
(Schagatay and Van Kampen, 1995), and rabbits, sheep, and lambs
(Tchobroutsky et al., 1969), while numbing either the nares or
the nasal mucosa inhibits these responses (Dykes, 1974; Drum-
mond and Jones, 1979; McCulloch et al., 1995; Yavari et al., 1996;
Kratschmer, 2001). In this regard we investigated the anterior eth-
moidal nerve (AEN), since its receptive fields surround the nares
and innervate anterior parts of the nasal mucosa (see Panneton
et al., 2006, for review). This nerve projects densely into areas
of the medullary dorsal horn (MDH; Panneton, 1991a; Panneton
et al., 2006) where both neurons are activated (McCulloch and
Panneton, 1997; McCulloch, 2005) and the bradycardia and apneic
responses due to nasal stimulation are inhibited (Panneton, 1991b;
Panneton and Yavari, 1995). Neuroanatomical tracing techniques
show that neurons in similar parts of the MDH project to numer-
ous nuclei in the brainstem (Panneton et al., 2000, 2006), but these
tracing techniques provide no information whether these nuclei
are activated by underwater diving.

The present investigation expands those of others studying the
distribution of neurons labeled with the immediate early gene Fos
activated either by nasal stimulation (Anton et al., 1991; Gier-
oba et al., 1994; Dutschmann and Herbert, 1997; McCulloch and
Panneton, 1997; Dutschmann et al., 1998; Rybka and McCulloch,
2006) or by underwater diving of awake rats (McCulloch and Pan-
neton, 2003; McCulloch, 2005). However, the nasal mucosa either
was stimulated with irritating vapors or underwater submergence
between 12 and 120 times over periods up to 2h in all of these
studies; excessive stimulation is known to induce spurious label-
ing in the Fos technique (Bullitt et al., 1992) yet a single stimulus
trial can still activate neurons (Panneton et al., 2010a). In addi-
tion, the experimental animals were anesthetized in most of these
reports using nasal stimulation, and anesthesia itself induces much
confounding activation of neurons (Takayama et al., 1994).

Hemodynamic data in the present study are obtained from a
single voluntary trial of either swimming or submersion in awake,
previously trained rats instrumented with telemetric transmitters.
The cardiorespiratory responses either to diving or swimming are
reported herein, as well as the quantity of neurons c-Fos-labeled
in various brainstem nuclei. These experiments make progress
toward our long-term goal to establish the neural circuits in the
brainstem driving the reflexes comprising the diving response.
Much of this data has been presented previously in abstract from
Panneton et al. (2009).

MATERIALS AND METHODS

CARDIOVASCULAR DATA

Six initially immature (70-90g) and 10 adult (~275-325¢g)
Sprague-Dawley male rats were obtained commercially (Harlan,
Indianapolis, IN, USA) and used in this study. All protocols were
approved by the Animal Care Committee of Saint Louis Univer-
sity and followed the guidelines of the National Institutes of Health
Guide for Care and Handling of Laboratory Animals.

Six immature rats were trained 5 days/week for 5-6 weeks and
learned to swim or dive underwater through a maze (McCul-
loch and Panneton, 2003; Panneton et al., 2010b). Six mature rats
were trained for about 2 weeks only to swim through the maze.
Once these rats reached 270-290 g they were anesthetized with

ketamine/xylazine (60/40 mg/kg; IP) and the catheter of a biotele-
metric transmitter (Model PA-C40; Data Sciences International,
DSI; St. Paul, MN, USA) inserted into their femoral arteries while
the transmitter itself was implanted in their abdominal cavities.
The rats healed for 5-7 days without training, but they did not
forget their willingness either to swim or submerge underwater.
Cardiovascular data were obtained from these rats prior to their
water tasks; this served as control data. The trained rats voluntar-
ily either swam or dove underwater and hemodynamic data were
recorded for a single trial.

The transmitter’s broadcast was received with a radio receiver
(Model RLA3000; DSI), relayed to a Calibrated Pressure Analog
Adaptor (Model R11CPA; DSI), and transferred through an A-D
interface (1401 plus; Cambridge Electronic Design, CED; Cam-
bridge, UK), stored in the computer, and analyzed using Spike 2
software (CED). Systolic, diastolic, and mean arterial blood pres-
sure (MABP) were calculated from traces and HR was determined
by counting peaks of systolic pressure. We assumed the rats made
no attempt to breathe while underwater since they showed no
difficulty in breathing after their experience and none drowned
during submergence.

NEUROANATOMICAL DATA
Four untrained adult rats remained isolated in their home cage
prior to perfusion and served as controls for the Fos counts. These
rats, and all of the experimental rats 2h after diving or swim-
ming, were deeply anesthetized (Sleepaway, 0.1 ml/100 g; IP) and
perfused through the heart with a peristaltic pump first with a
saline—procaine solution, followed immediately by a fixative of 4%
paraformaldehyde and 3% sucrose in 0.1 M sodium phosphate
buffer (PB; pH 7.3). Brains and spinal cords were removed and
refrigerated in the fixative with 20% sucrose at 4°C. The brains were
blocked in the transverse plane using a precision brain slicer prior
to cutting frozen transverse sections (40 um) with a microtome.
Every third section was processed immunohistochemically
overnight with antibodies against Fos (rabbit polyclonal I1gG for
c-fos p62; 1:20,000; Santa Cruz Biotechnology, Inc.) mixed in
0.1M PB with 0.3% Triton. On the following day, the sections
were washed, incubated for 1h in goat anti-rabbit biotinylated
secondary IgG (1:500; Vector Labs), washed again, and then incu-
bated in an ABC complex (Vectastain Elite; Vector Labs) for
another hour. The Fos antigen was visualized in the brainstem with
the chromogen diaminobenzidine (DAB) enhanced with nickel
ammonium sulfate. Sections were mounted serially on gelatin-
coated slides, counter-stained with Neutral Red, dehydrated in
alcohol, defatted in xylene, and coverslipped with Permount. Fos-
positive neurons appeared as cells with black-labeled nuclei and
were visualized with bright field optics (Nikon E800).
Fos-positive neurons in 12 nuclei/subnuclei of the brainstem
were photographed digitally (Microlmager II) with Northern
Eclipse Software (Empix, Inc.). Six to eight samples from sections
on either side were chosen through the nucleus in all cases except
for the midline commissural subnucleus of the nucleus tractus
solitarii (N'TS) and raphe pallidus (RPa), where three sections
were chosen/case, respectively. Sections photographed bilaterally
through the caudal pressor area (CPA; six photomicrographs)
were at levels of, and immediately adjacent to, the caudal pole
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of the lateral reticular nucleus as defined previously (Sun and
Panneton, 2002, 2005). Those through the commissural sub-
nucleus of the NTS (comNTS; three photomicrographs) were
taken of both sides from three sections immediately caudal to
the calamus scriptorius while those for the dorsal lateral (dINTS;
eight photomicrographs) and medial (medNTS; eight photomi-
crographs) subnuclei of the NTS were photographed immediately
caudal to the obex, overlapping the area postrema. The MDH
was photographed bilaterally in the four sections (eight pho-
tomicrographs) rostral to the calamus scriptorius, with rostral
sections overlapping the caudal pole of the subnucleus interpo-
laris. The nucleus RPa (three photomicrographs) was analyzed
just rostral to the rostral pole of the inferior olivary complex, and
coincided with the caudal pole of the facial motor nucleus. The
rostroventrolateral medulla (RVLM; eight photomicrographs) was
photographed bilaterally in four sections immediately caudal to
the facial motor nucleus, the A5 area bilaterally (six photomicro-
graphs) when juxtaposed medially to the emerging roots of the
facial nerve, and the locus coeruleus (LC; six photomicrographs)
in its entirety bilaterally. The Kolliker—Fuse area (KF; six pho-
tomicrographs), and external lateral (PBel; six photomicrographs)
and superior lateral (PBsl; six photomicrographs) subnuclei of
the peribrachial complex were photographed bilaterally in their
entirety.

Nuclear areas were outlined in Northern Eclipse software; rep-
resentative outlines are shown in Figure 7. Neurons were con-
sidered Fos-positive if visualized microscopically with nuclei con-
taining a black immunoprecipitate, but the nuclei were stained
to various degrees making consistent counts problematic. Thus,
labeled profiles were discriminated and quantified with a thresh-
old function of the Northern Eclipse software (Figure 1). Similar
parameters (threshold color: red range 0, 0; green range 8, 49;
blue range 14, 67) were maintained for analyses to prevent biased
cell counts. This procedure negated counts of lighter, presumably
less optimally labeled neurons (Bullitt et al., 1992) and presum-
ably eliminated investigator bias. Sections were drawn with a
Nikon E600 microscope and Neurolucida software (MicroBright-
Field, Inc.). The photomicrographs were standardized using lev-
els, brightness and contrast in Adobe Photoshop software (v.7)
and aligned in Adobe Illustrator software (v.11) for figures. All
nomenclature and abbreviations are from a stereotaxic rat atlas
(Paxinos and Watson, 1998) except for designations of some
subnuclei.

DATA ANALYSIS

Means and SEs (M =+ SE) were determined for experimental and
control groups. HR and MABP during swimming and diving were
compared to data taken just prior to submersion in all experimen-
tal rats and compared for significance (SPSS software; v. 13) using
the Independent Samples T-test. Counts of discriminated data
points of swimming and diving groups were compared also using
the Independent Samples T-test. Data are presented as M + SE
and significance was calculated as p < 0.05.

RESULTS

CARDIOVASCULAR DATA

The diving rats voluntarily dove underwater and traversed the
maze in an average of 16s while swimming rats averaged 20s.
All voluntary diving rats (n=06) showed a marked drop in HR
and an increase in MABP to diving (Figure 2), but no changes
were seen during swimming (#=6). HR dropped significantly
(p <0.001) from 434 +11 to 101 £ 7 bpm, a bradycardia of 77%,
during underwater submersion (Figure 3) while MABP rose sig-
nificantly (p < 0.05), rising from 112 £ 3 to 130 & 2 mmHg,a 14%
rise (Figure 3).

NEUROANATOMICAL DATA
Fos labeling
Neurons labeled with Fos were visualized throughout the brain-
stem after swimming and underwater diving (Figure 4). Some
areas were labeled sparsely in all rats, even control animals which
just sat in their cages, and these areas were not analyzed. These
nuclei included sporadic labeling in the parvocellular lateral retic-
ular nucleus, the basal pontine nuclei, dorsal parts of the ventral
cochlear nucleus, the dorsal tegmental nucleus, the central gray
(pars alpha), neurons surrounding the trigeminal motor root,
and a few close to the paracochlear glial substance. It appeared
qualitatively that Fos-labeled neurons in some of these areas were
increased subtly in diving rats over control and swimming rats
in the parvocellular lateral reticular nucleus, near the trigeminal
motor root, and the paracochlear glial substance, but these areas
were not quantified. In addition, diving rats showed inconsistent,
sporadic labeling in laminae III-IV of the MDH, along the ven-
tral surface of the medulla, the lateral medulla, and the superior
salivatory nucleus.

Neurons in 12 brainstem nuclei/subnuclei in control (n=4),
swimming (n=5), and diving (n = 6) groups were then counted

RglSs

FIGURE 1 | Photomicrographs illustrating threshold determination for
quantization of neurons counted as Fos-positive. The comNTS in (A)
showed seven neurons with black precipitate in their nuclei (arrows). All
seven of these neurons seen visually were counted after software

discrimination [(B) white arrows] in this case, but this did not always
happen. Neurons sometimes were excluded if they were too lightly
stained or too small (<11 pixels). Asterisks show similar blood vessels in
either photomicrograph.
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FIGURE 2 | Traces of representative cardiovascular responses of
rats to either swimming on the surface or underwater diving.
Note the marked bradycardia and slight increase in arterial blood
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FIGURE 3 | Box plots illustrating changes in heart rate (A) and MAP (B) in rats to either swimming or underwater diving. Note that only diving behavior
induced significant bradycardia and increases in mean arterial blood pressure. ***p < 0.001; *p < 0.05.

after they met threshold functions of the computer (Table 1).
These nuclei were selected since they were considered important
either in the neural circuitry of the diving response or have been
implicated in cardiorespiratory control. These nuclei included the
comNTS, dINTS (note: the dorsomedial subnucleus of Paxinos
and Watson, 1998), and medNTS (note: the central subnucleus of
Paxinos and Watson, 1998) subnuclei of the NTS, the CPA, the
MDH, the RVLM, the RPa, the A5 area, the LC, the KF, and the
PBel and PBsl subnuclei of the parabrachial nucleus.

Data points discriminated from all these nuclei of control rats
were significantly less than those discriminated for diving rats.
However, when comparing discriminated data points between
swimming and diving rats (Table 1), those in the commNTS, the
RPa, and the A5 group were not significantly different (Figure 5A).
Discriminated data points in the dINTS, MDH, CPA, and RVLM
however were significantly different to p < 0.05 between swim-
mers and divers (Table 1; Figures 5B—F and 6), to p < 0.01 in the

medNTS, LC, PBel, and PBsl (Figures 5G-L and 6L,K,L), and to
p < 0.001 in the KF (Figure 6]).

DISCUSSION
Activation of brainstem neurons of rats were compared after
three qualitatively different behaviors, i.e., resting in a cage, sur-
face swimming through a maze, and navigating the same maze
while underwater. We show that the cardiovascular parameters of
HR and MABP were significantly different after exercise in div-
ing rats versus swimming rats. This study also shows for the first
time activation of brainstem neurons of rats after either swim-
ming or diving behaviors. Moreover, significantly more profiles
immunoreactive to Fos antigen were found after diving in sev-
eral brainstem nuclei known to be important in cardiorespiratory
behavior.

Since the independent parasympathetic, sympathetic, and res-
piratory components of the diving response apparently are all
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FIGURE 4 | Line drawings illustrating the distribution of neurons
immunolabeled with Fos in the brainstem after underwater diving.
Each dot represents a single, non-thresholded neuron observable
through the microscope. Immunolabeling for Fos was discriminated by
computer in twelve nuclei/subnuclei through the medulla (A-F) and pons
(G-1) from caudal (A) to rostral (I) and quantified; the results are seen in
Table 1. Abbreviations: A1, A5, A7, catecholamine groups; Amb, nucleus
ambiguus; Cu, cuneate nucleus; CVLM, caudal ventrolateral medulla; DT,
dorsal tegmental nucleus; Gr, gracile nucleus; |0, inferior olivary nucleus;
KF, Kolliker—Fuse nucleus; LC, nucleus locus coeruleus; LI, nucleus

linearis; LRt, lateral reticular nucleus; MDH, medullary dorsal horn; Me5,
mesencephalic trigeminal nucleus; Mo5, motor trigeminal nucleus; Pa5,
paratrigeminal nucleus; PBel, external lateral subnucleus of the
peribrachial complex; PBsl, superior lateral subnucleus of the peribrachial
complex; Pn, pontine nucleus; Pr5, principal sensory trigeminal nucleus;
SO, superior olivary nucleus; Sol, nucleus tractus solitarii; Sp5l, Spinal 5
nucleus-subnucleus interpolaris; SubC, nucleus subcoeruleus; VLL,
ventral nucleus of lateral lemniscus; 10, dorsal nucleus of the vagus
nerve; 12, hypoglossal nucleus; bc, brachium conjunctivum; m5, motor
root of the trigeminal nerve; py, pyramidal tract; 7n, facial nerve.

Table 1| Counts of discriminated data points after three behaviors.

CPA Raphe RVLM comNTS dINTS medNTS MDH
Control 0.67 (0.30) 0.25(0.16) 0.563(0.18) 1.44 (0.92) 2.50 (0.74) 2.31(1.15) 0.72 (0.28)
Swim 1.63 (0.40) 2.80 (0.67) 1.63 (0.37) 1.40 (0.34) 1.39 (0.38) 0.46 (0.11) 0.45 (0.33)
Diver 5.44 (5.44) 4.11(0.79) 5.03 (1.02) 13.04 (4.56) 10.04 (2.42) 20.08 (3.40) 1.98 (0.49)
A5 KF PbexI LC PBsl
Control 1.37 (0.50) 5.54 (1.86) 1.33 (0.90) 19.83 (10.05) 3.33 (1.99)
Swim 2.77 (0.55) 0.97 (0.97) 0.49 (0.27) 1.67 (0.38) 2.23 (0.56)
Diver 3.67 (0.67) 1714 (1.77) 35.75 (791) 39.14 (8.07) 9.39 (1.84)

Counts of data points after thresholding of neurons immunolabeled with c-Fos in various brainstem nuclei in resting rats (control), swimming rats, and diving rats.

Means (SE).

activated by the same peripheral stimulation, e.g., underwater
submersion, the term diving response has replaced the former
term the diving reflex. Nevertheless, these independent autonomic
reflexes of diving still must have a peripheral sensory neuron,

usually one or several central interneurons, and selective motoneu-
rons to drive the bradycardia, peripheral vasoconstriction, and
expiratory apnea. The neural circuitry driving these responses is
intrinsic to the brainstem since the responses persist in neurally
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FIGURE 5 | Bright field photomicrographs of sections showing
immunolabeling of Fos in selected brainstem nuclei. Diving behavior
activated few neurons in subnucleus commissuralis of the nucleus tractus
solitarii [(A) NTS, outline], but numerous neurons near the levels of the
obex in its dorsolateral [(B,E) solid outline] and medial subnuclei [(B,E)
dashed outline] compared to swimming rats. Voluntary diving behavior in
rats induced relatively few, but significant numbers of Fos-labeled neurons
in the medullary dorsal horn [(C) MDH, projection field of the anterior
ethmoidal nerve is outlined] over swimming rats. Note these small labeled
neurons (arrows) are in the substantia gelatinosa, presumably lamina I,

displaced dorsally and medially by the caudal pole of the subnucleus
interpolaris (Sp5l, outlined). Neurons labeled with Fos were noted in the
caudal pressure area [(D) CPA, circled] as well as presumptive
noradrenergic neurons in the juxtaposed A1 area after diving. There was a
significant increase of Fos labeling (arrows) in the RVLM after diving (F)
compared to swimming behavior. Little label was seen in the locus
coeruleus (G), Koéllike—Fuse area (H), or external lateral subnuclei (I) of the
parabrachial complex after swimming, but these areas were significantly
labeled after diving behavior [(J,K,L) respectively]. Arrows point to
Fos-labeled neurons; all figures at the same magnification.

truncated mammals (Martner et al., 1977; Panneton et al., 2010b,
2012). Thus the pathways comprising the diving response are like
many other reflexes with complete circuits within the spinal cord
or brainstem. It has been a goal of our laboratory to establish
the brainstem circuitry utilized by the three reflexes comprising
the diving response. The present report adds to the considerable
progress toward this goal.

TECHNICAL CONSIDERATIONS

The Fos technique potentially can identify the sensory, interme-
diate, and motor limbs of a reflex pathway, but this technique has
limitations. The synthesis of Fos protein generally follows the exci-
tation of neurons. However, Fos protein generation may be masked

in continuously firing neurons (Dragunow and Faull, 1989). Also,
neurons which are inhibited in a reflex circuit will not generate
Fos protein, while other neurons may not express Fos regardless
of the stimulus used (Dragunow and Faull, 1989). In a previous
study utilizing the Fos technique in the muskrat (McCulloch and
Panneton, 1997), we could not determine significance in most
nuclei from control animals, perhaps since these animals were
anesthetized and had experienced prior surgery, both of which
greatly cloud interpretation of data (Takayama et al., 1994; Hoskin
and Goadsby, 1999). These animals also were subjected to exces-
sive stimulation, which can activate confounding neurons (Bullitt
et al.,, 1992). These caveats were not problematic in the present
study, however, since all nuclei quantified in our awake behaving
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versus those that voluntarily dove underwater. Data points were Square symbols mark data from individual swimming rats while triangles
discriminated from photomicrographs with software and represent neurons mark that from individual diving rats. Horizontal bars represent the mean.
labeled with Fos which met color, intensity and size determinants. Note that Independent Samples T-test; *p <0.05, **p <0.01, ***p < 0.001.

animals showed significant increases in labeling when voluntary
diving rats were compared to control values. Moreover, significant
differences were determined in several brainstem areas when data
points from nuclei immunolabeled after swimming behavior were
compared to diving behavior.

Quantifying neurons labeled with Fos is difficult since not all
activated nuclei are stained equally in intensity, making counting
lightly stained nuclei subjective. It is unknown if faint stain-
ing is due either to their relative activation or to differences in
immunohistochemical processing. Thus Fos-labeled neurons in
the present study were discriminated by computer similar to Gra-
ham et al. (1995) in an effort to reduce this bias. An example of
such discrimination is provided (Figure 1) of a section through

the commissural subnucleus of the NTS of a diving rat show-
ing a typical analysis. Note that all labeled nuclei in this section
(Figure 1A; arrows) were discriminated and counted by the
computer (Figure 1B; arrows).

CARDIOVASCULAR DATA

There was no change in hemodynamics during swimming behav-
ior in the present study, confirming data of others (Baker and
Horvath, 1964; Whishaw and Schallert, 1977; McCulloch et al.,
2010). The hemodynamic adjustments seen in the present study
confirm our previous report in voluntary diving rats (Panneton
etal.,2010b), but the increase in MABP was considerably less than
that seen in another study (McCulloch et al., 2010). Numerous
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Summary of cFos Data
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FIGURE 7 | Line drawings comparing the mean number of data points in
brainstem nuclei in control, swimming, and diving rats. Sections are
drawn from the caudal medulla (A) thru the rostral pons (G). Note that
underwater diving increased the number of data points in all nuclei compared

D

® 1Swim ©(v) 1(5) Dive

to control or swimming animals. Areas circumscribed in orange outlines the
area demarcated for threshold determination; these areas are magnified in
the boxes on the right of the drawing. Each dot represents a single neuron
while triangles represent five neurons. See Figure 4 for abbreviations.

reports on diving mammals have shown similar discrepancies
(Elsner and Gooden, 1983; de Burgh Daly, 1984; Butler and Jones,
1997) and may be related to the balance between the initiation
of the parasympathetically mediated bradycardia and sympathet-
ically mediated vasoconstriction. It also should be noted five
trials/animal were used in our previous study (Panneton et al.,
2010b) while only a single trial/animal was used in the present
study. While there is no standard for activating Fos in neurons, we
feel fewer stimulations induce less confounding data points as well
as minimize stress in awake behaving animals.

THE NUCLEUS TRACTUS SOLITARII

The NTS, the primary relay for visceral afferent fibers, may con-
tain interneurons of the reflex circuits driving the diving response.
While the three subnuclei of the NTS quantified herein were
labeled significantly with Fos in the diving versus control rats,
only the dINTS and medNTS were significantly different when
compared to swimming rats. The comNTS receives numerous pri-
mary afferent fibers from neurons monitoring blood gases and is
especially sensitive to hypoxia in peripheral blood (see Panneton
et al., 2010b, for review). Apparently the short swimming and
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diving behaviors utilized in the present study were not sufficient
to change partial gas pressures enough to activate many comNTS
neurons. However 4/6 diving rats showed much higher activation
in these neurons (Figure 6A), perhaps an introduction to the mas-
sive immunolabeling of comNTS seen when rats are submerged
beyond their aerobic dive limit (Panneton et al., 2010a).

Most labeled neurons were found in the dINTS and medNTS
and both are implicated in cardiovascular control. The dINTS
receives numerous primary afferent fibers from the carotid sinus
and aortic depressor nerves (Panneton and Loewy, 1980; Hous-
ley et al., 1987; Chan and Sawchenko, 1998; Blessing et al., 1999)
and contains neurons responsive to hypertensive stimuli detected
neurophysiologically (Donoghue et al., 1978, 1984) as well as by
activation of Fos (Chan and Sawchenko, 1994, 1998; Graham
etal., 1995). Although there are but few catecholamine neurons in
the dINTS, those present are rarely double-labeled after increases
of arterial blood pressure (Chan and Sawchenko, 1994, 1998).
Thus these catecholamine neurons are probably not influenced
by hypertensive stimuli. However, it is well known that injections
of kynurenate into the NTS, which pharmacologically antago-
nizes excitatory amino acid receptors non-selectively, blocks the
bradycardia and decrease in arterial blood pressure induced by
activation of the baroreceptor reflex (Guyenet et al., 1987; Leone
and Gordon, 1989); the bradycardia is mediated by both NMDA
and non-NMDA receptors (Zhang and Mifflin, 1993, 1995; Frigero
et al., 2000; Machado et al., 2000). Nevertheless, injections of
kynurenate into dINTS failed to block the increase in arterial blood
pressure or sympathetic nerve activity induced by nasal stimula-
tion (McCulloch et al., 1999b). Indeed, studies have shown that the
baroreceptor reflex is inhibited by nasal stimulation (McCulloch
etal., 1999b) and the pressor responses to nasal stimulation persist
despite cutting baroreceptor nerves (Nakamura and Hayashida,
1992), suggesting the pressor response to diving may not utilize
this reflex pathway during diving. Moreover, it has been shown
that the cardiorespiratory components of other trigeminoauto-
nomic reflexes also are relayed through areas other than the NTS
(Kumada et al., 1977; Allen and Pronych, 1997). These data collec-
tively argue that NTS neurons are not part of the circuit of neurons
integral to the diving reflex. However, the projections originating
in the ventral MDH to the dINTS (Panneton et al., 2000, 2006)
potentially could modulate these barosensitive neurons. Thus, we
speculate that the significant Fos labeling in the dINTS seen in the
diving rats versus either control or swimmers possibly was due to
activation of non-aminergic barosensitive neurons responding to
the increase in arterial blood pressure seen with underwater sub-
mergence, but these neurons are not part of the circuit of neurons
driving the diving response.

Neurons in the medNTS were significantly labeled with Fos in
the diving rats and may be involved in both baro- and chemore-
ceptor reflexes. These neurons receive primary afferent fibers from
the carotid body, carotid sinus, and aortic depressor nerves (Pan-
neton and Loewy, 1980; Finley and Katz, 1992; Chan and Saw-
chenko, 1998; Blessing et al., 1999), respond electrophysiologically
to chemoreceptor stimuli (Donoghue et al., 1978),and are robustly
activated by hypotensive stimuli (Chan and Sawchenko, 1994,
1998; Graham et al., 1995; Dampney and Horiuchi, 2003). More-
over, blocking studies using microinjections of cobalt chloride
suggest the increase in arterial blood pressure induced by electrical

stimulation of the AEN is mediated by neurons in the medNTS
(Dutschmann and Herbert, 1998). The medNTS contains the A2
catecholamine group and ~70% of the A2 neurons are double-
labeled with Fos in rats after underwater submersion (McCulloch
and Panneton, 2003). However, few A2 neurons respond to hyper-
tensive stimuli (Moore and Guyenet, 1985; Chan and Sawchenko,
1994; Mayne et al., 1998) and chemical depletion of amines in the
NTS with 6-OHDA effects neither basal HR nor arterial pressure,
nor does such depletion affect the baroreceptor reflex (Itoh et al.,
1992). Nevertheless, since our diving rats experienced no hypoten-
sion, the collective data suggests medNTS is not directly part of
the diving circuit per se, but agree with others (Rinaman, 2011)
that A2 neurons modulate diverse roles, and speculate that many
of them activated by diving reflects the organism’s response to the
acute physiological stress to underwater submersion.

THE MDH AND CPA

The MDH serves as a primary relay for sensory fibers inner-
vating the head and may be where the first central interneuron
of a medullary reflex circuit is located. Stimulation of the skin
and mucosa near the nares has been shown to initiate the div-
ing response (Koppdnyi and Dooley, 1929; Tchobroutsky et al.,
1969; Lin, 1974; Martner et al., 1977; Drummond and Jones, 1979;
Schagatay and Van Kampen, 1995), an area innervated in part by
the AEN (Williams and Warwick, 1980). Moreover, stimulating
the AEN electrically induces a bradycardia, an increase in MABP
and apnea, responses similar to those of diving (Dutschmann and
Herbert, 1997; McCulloch et al., 1999a), and is important for the
bradycardia and apnea during stimulation of the nasal mucosa
(Nakamura and Hayashida, 1992; Rybka and McCulloch, 2006).
Primary afferent fibers carried in the AEN of the rat project to
areas of the MDH (Panneton et al., 2006) where discriminated
data points representing Fos-labeled neurons were found in the
present study, confirming data by others (Rybka and McCulloch,
2006; Panneton et al., 2010a). When similar areas in the MDH are
blocked by injections of lidocaine or kynurenate (Panneton, 1991b;
Panneton and Yavari, 1995), or after the AEN is transected (Rybka
and McCulloch, 2006), the bradycardic and apneic responses to
either nasal or diving stimulation are inhibited. Although the data
points in the MDH of diving rats were significantly higher than
those of swimmers, there were relatively few neurons immuno-
labeled after our single trial. The reason for this is unknown,
but suggests that these neurons invoke a powerful influence over
cardiorespiratory behavior with little modulation.

A significant number of CPA neurons were activated and
immunolabeled with Fos after underwater submersion compared
to control and swimming rats in the present study. Neurons in and
around the CPA have been implicated in cardiovascular regulation,
in the processing of noxious information, as well as important for
the exercise pressure response (Sun and Panneton, 2002, 2005;
Panneton et al., 2008, 2011; Marques-Lopes et al., 2009; Takakura
et al., 2011a,b). Although we have shown previously that the area
of the MDH activated by voluntary diving projects to the CPA
(Panneton et al., 2006), it plays no role in the cardiorespiratory
adjustments seen with nasal stimulation (Panneton et al., 2008).
Thus the role played by neurons in the CPA, whether integra-
tion of sensory pathways or in autonomic behavior, must still be
determined.
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THE RPa AND RVLM

The experimental animals in this study voluntarily dove under-
water for approximately 15-20s, and were apneic during this
time. This may have induced activation of central chemoreceptors,
which adjust ventilation to meet metabolic needs. Neurons in the
nucleus RPa abut branches of the basilar artery and are speculated
by some to be chemoreceptors monitoring ventilation (Richer-
son, 2004). However, injections of kynurenate into the RPa had no
effect on resting arterial blood pressure, sympathetic outflow, or
the responses to activation of a nasotrigeminal reflex (McCulloch
et al., 1999b).

It is well known that the RVLM is an important brainstem
locus for controlling arterial blood pressure. Neurons in the RVLM
are activated when cardiorespiratory responses similar to div-
ing are induced by nasal stimulation, despite the increases in
arterial pressure (McCulloch et al., 1999b); this contrasts their
silence after similar increases in arterial blood pressure when the
baroreceptor reflex is activated. Indeed, present data shows a sig-
nificant increase in data points in the RVLM of diving rats when
compared to both control and swimming animals. We suspect
this activation induces peripheral vasoconstriction via the sym-
pathetic system in non-essential vascular beds (see Nakamura
and Hayashida, 1992), similar to that seen in aquatic species.
Many RVLM neurons contain catecholamines of the C1 group,
specifically adrenaline, but only 29% of C1 neurons were double-
labeled with Fos after diving underwater (McCulloch and Pan-
neton, 2003). This percent is comparable to that seen in animals
with induced hypertension (Chan and Sawchenko, 1994, 1998;
Erickson and Millhorn, 1994; Dampney et al., 2003) but differs
dramatically from that seen in hypotensive states, where more
aminergic neurons are labeled. Indeed, recent reports document
separate outflows from both C1 and non-aminergic RVLM neu-
rons to the spinal cord and activation of sympathetic outflow
(Burke et al., 2011). Thus we suggest that most of the Fos-labeled
RVLM neurons of diving rats are non-aminergic, and may be
the faster conducting barosensitive bulbospinal RVLM neurons
activated by nasal stimulation (see McCulloch et al., 1999b, for
discussion).

PONTINE NUCLEI

The A5 area contains sympathoexcitatory neurons implicated in
cardiovascular function (Loewy et al., 1979; Neil and Loewy, 1982;
Byrum et al., 1984; Guyenet, 1984; Hara et al., 1997; Maiorov et al.,
1999, 2000) as well as those modulating respiration (Hilaire et al.,
2004; Viemari et al., 2004). The data presented herein showed the
number of A5 neurons labeled with Fos after diving underwater
was insignificantly different when compared to swimmers but was
different than control rats. The absolute number of labeled neu-
rons in the A5 in the present study was small, however, and reduced
greatly from that seen after repeated voluntary diving stimulations
reported previously (McCulloch and Panneton, 2003). However,
immunolabeling of neurons after underwater diving in the LC was
significantly elevated compared to control and swimming. Since
neither the A5 area nor LC are activated by hypertension (Graham
et al., 1995), nor is the LC a necessary component of the diving
circuit (Panneton et al., 2012), their activation may be in response
to the physical stress of underwater submergence.

The peribrachial complex in the dorsolateral pons, especially
the PBel and PBsl subnuclei of the parabrachial nucleus and the
Kolliker—Fuse nucleus, are considered important in modulation
of visceral activity. The PBel, PBsl, and KF all showed significant
increased labeling with Fos after underwater submersion. Lateral
parabrachial neurons are involved in the baroreceptor reflex (Hay-
ward and Felder, 1998; Saleh and Connell, 1998; Len and Chan,
2001) as well as the chemoreceptor reflex (Koshiya and Guyenet,
1994; Haibara et al., 2002). The PBel neurons induce cardio-
vascular changes when stimulated (Miura and Takayama, 1991;
Chamberlin and Saper, 1992) and induce Fos production (Chan
and Sawchenko, 1994; Potts et al., 1997; Mayne et al., 1998) when
activated by changes in arterial pressure. Neurons in the lateral
peribrachial complex, including the PBsl, PBel, and KF, also are
important in respiratory control (Jodkowski et al., 1994; Mizusawa
et al., 1995) and respiratory rates are modulated with stimulation
here (Takayama and Miura, 1993; Chamberlin and Saper, 1994).
Several studies have shown increased Fos labeling in the lateral
parabrachial nucleus, especially the presumptive outer portion of
the PBel, after changing arterial blood pressure or activating the
chemoreceptor reflex (Erickson and Millhorn, 1994; Graham et al.,
1995; Potts et al., 1997), but also after nasal stimulation in anes-
thetized animals (Dutschmann and Herbert, 1997; McCulloch and
Panneton, 1997). Moreover, it has been reported that the brady-
cardia and apnea induced by electrical stimulation of the AEN
is mediated by neurons of the Kolliker—Fuse area (Dutschmann
and Herbert, 1996) and that the KF is important in trigemi-
noautonomic reflexes (Dutschmann and Herbert, 1998). We have
shown previously that the presumptive outer portion of the PBel
as well as parts of the KF area receives primary afferent fibers
from the AEN (Panneton, 1991a; Panneton et al., 2006). These
derelict extratrigeminal projections recently have been confirmed
with staining of the PBel nucleus in genetically manipulated mice;
this study (Cavanaugh et al., 2011) shows a strong TRPV1 receptor
presence in the PBel, a receptor only found on primary afferent
neurons. However, these pontine nuclei must not be part of the
basic reflex circuit driving the diving response, since the cardiores-
piratory changes induced by nasal stimulation persist after pontine
transection (Panneton et al., 2012).

PERSPECTIVES

Most studies on the diving response have been done on aquatic
mammals which submerge frequently. However, we (McCulloch
and Panneton, 2003; Panneton et al., 2010a,b) and others (McCul-
loch, 2005; McCulloch et al., 2010; Fahlman et al., 2011) have
shown that the diving response is brisk even in the common
laboratory rat. Can the responses seen in aquatic mammals be
compared legitimately to those of non-aquatic, land-bound rats?
Behaviors which serve basic vegetative functions are usually less
complex and more uniform across species; this offers support for
studies of autonomic functions in different species. If the diving
response can be considered such a basic vegetative function, it
is more easily studied in a laboratory animal rather than a large
aquatic mammal. The substrate for “simple” reflex behaviors are
thought to be circuits located within the brainstem and the spinal
cord, and we have shown the nasotrigeminal reflex IS contained in
the caudal neuraxis (Panneton et al., 2012).
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We have documented neurons in several brainstem nuclei
which may act as interneurons in the reflex pathways
integral for the parasympathetically mediated bradycardia, the
sympathetically mediated vasoconstriction, and the apnea induced
in the diving response. We feel our considerable effort toward
studying those circuits which are the simplest, the most orga-
nized, and the most automatic is both logical and certainly
worthwhile. Moreover, the cardiorespiratory responses of vol-
untarily diving rats are invariable at least in our hands. We
already have documented the diving response inhibits basic
homeostatic reflexes such as the baroreceptor and chemorecep-
tor reflexes; we consider the cardiorespiratory reflexes compris-
ing the diving response collectively make it the most power-
ful autonomic response known. Moreover, the complexity of
an animal’s behavior increases according to its place in phy-
logeny and is paralleled by the complexity of the neural systems
driving behavior. Since neurons in the brain both coordinate

and control peripheral function, including those activated during
diving behavior, our laboratory has taken considerable effort
toward deciphering the circuits of neurons driving the changes
in respiration, HR, and peripheral vasoconstriction seen with
underwater submersion as first described by Scholander and Irv-
ing. Perhaps the larger diving aquatic mammals, especially those
noted for their intelligence, can use their forebrains to con-
trol this simple, highly organized autonomic reflex via suprab-
ulbar circuits. Future studies will include investigations as to
how suprabulbar neurons modulate these invariable brainstem
reflexes.

ACKNOWLEDGMENTS

We thank Jaclyn Palkert and Prashant Kasinadhuni for help in
early phases of the analysis of this data. This work was supported
by NIH grant HL64772 to W. Michael Panneton and monies from
the Saint Louis University School of Medicine.

REFERENCES

Allen, G. V., and Pronych, S. P. (1997).
Trigeminal autonomic pathways
involved in nociception-induced
reflex  cardiovascular
Brain Res. 754, 269-278.

Anton, E, Herdegen, T., Peppel, P,
and Leah, J. D. (1991). c-FOS-like
immunoreactivity in rat brainstem
neurons following noxious chemi-
cal stimulation of the nasal mucosa.
Neuroscience 41, 629—-641.

Baker, M. A.,and Horvath, S. M. (1964).
Influence of water temperature on
heart rate and rectal temperature of
swimming rats. Am. J. Physiol. 207,
1073-1076.

Blessing, W. W., Yu, Y. H., and Nalivaiko,
E. (1999). Medullary projections of
rabbit carotid sinus nerve. Brain Res.
816, 405—410.

Blix, A. S. (1988). Cardiovascular
responses to diving. Acta Physiol.
Scand. Suppl. 571, 61-68.

Blix, A. S., and Folkow, B. (1983). “Car-
diovascular adjustments to diving in
mammals and birds,” in Handbook
of Physiology — The Cardiovascular
System, eds J. T. Sheperd and F. M.
Abboud (Bethesda, MD: American
Physiological Society), 917-945.

Bullitt, E., Lee, C. L., Light, A. R., and
Willcockson, H. (1992). The effect
of stimulus duration on noxious-
stimulus induced c-fos expression in
the rodent spinal cord. Brain Res.
580, 172—-179.

Burke, P. G. R,, Neale, J. K. W. S,
and McMullan, S. G. A. K. (2011).
Patterning of somatosympathetic
reflexes reveals nonuniform organi-
zation of presympathetic drive from
C1 and non-C1 RVLM neurons. Am.
J. Physiol. 301, R1112-R1122.

Butler, P. J., and Jones, D. R. (1982). The
comparative physiology of diving
in vertebrates. Adv. Comp. Physiol.
Biochem. 8, 179-364.

responses.

Butler, P. J., and Jones, D. R. (1997).
Physiology of diving of birds and
mammals. Physiol. Rev. 77, 837-899.

Byrum, C. E., Stornetta, R., and
Guyenet, P. G. (1984). Electro-
physiological properties of spinally-
projecting A5 noradrenergic neu-
rons. Brain Res. 303, 15-29.

Casson, D. M., and Ronald, K. (1975).
The harp seal, Pagophilus groenlandi-
cus. XIV. Cardiac arrhthmias. Comp.
Biochem. Physiol. A Comp. Physiol.
50,307-314.

Cavanaugh, D. J., Chesler, A. T., Bréz,
J. M., Shah, N. M, Julius, D.,
and Basbaum, A. 1. (2011). Restric-
tion of transient receptor potential
vanilloid-1 to the peptidergic subset
of primary afferent neurons follows
its developmental downregulation
in non-peptidergic neurons. J. Neu-
rosci. 31,10119-10127.

Chamberlin, N. L., and Saper, C. B.
(1992). Topographic organization of
cardiovascular responses to electri-
cal and glutamate microstimulation
of the parabrachial nucleus in the
rat. J. Comp. Neurol. 326, 245-262.

Chamberlin, N. L., and Saper, C.
B. (1994). Topographic organiza-
tion of respiratory responses to
glutamate microstimulation of the
parabrachial nucleus in the rat. J.
Neurosci. 14, 6500-6510.

Chan, R. K. W,, and Sawchenko, P. E.
(1994). Spatially and temporally dif-
ferentiated patterns of c-fos expres-
sion in brainstem catecholaminergic
cell groups induced by cardiovascu-
lar challenges in the rat. J. Comp.
Neurol. 348, 433—460.

Chan, R. K. W,, and Sawchenko, P. E.
(1998). Organization and transmit-
ter specificity of medullary neurons
activated by sustained hyperten-
sion: implications for understand-
ing baroreceptor reflex circuitry. J.
Neurosci. 18,371-387.

Dampney, R. A. L., and Horiuchi,
J. (2003). Functional organisation
of central cardiovascular pathways:
studies using c-fos gene expression.
Prog. Neurobiol. 71, 359-384.

Dampney, R. A. L, Polson, J. W,
Potts, P. D., Hirooka, Y., and Hori-
uchi, J. (2003). Functional organi-
zation of brain pathways subserv-
ing the baroreceptor reflex: studies
in conscious animals using immedi-
ate early gene expression. Cell. Mol.
Neurobiol. 23, 597-616.

Davis, R. W., Polasek, L., Watson, R.,
Fuson, A., Williams, T. M.,and Kana-
tous, S. B. (2004). The diving para-
dox: new insights into the role of
the dive response in air-breathing
vertebrates. Comp. Biochem. Phys-
iol. Part A Mol. Integr. Physiol. 138,
263-268.

de Burgh Daly, M. (1984). “Breath-hold
diving: mechanisms of cardiovas-
cular adjustments in the mammal,”
in Recent Advance in Physiology, ed.
P. E. Baker (Edinburgh: Churchill
Livingstone), 201-245.

Donoghue, S., Felder, R. B., Jordan, D.,
and Spyer, K. M. (1984). The central
projections of carotid baroreceptors
and chemoreceptors in the cat: a
neurophysiological study. J. Physiol.
(Lond.) 347, 397-409.

Donoghue, S.,Kidd, C.,and McWilliam,
P. N. (1978). The distribution of
neurones in the brain stem of the cat
activated by A and C fibres of the
aortic nerve. J. Physiol. 285, 56-57.

Dragunow, M., and Faull, R. (1989).
The use of c-fos as a metabolic
marker in neuronal pathway tracing.
J. Neurosci. Methods 29, 261-265.

Drummond, P. C,, and Jones, D. R.
(1979). The initiation and main-
tenance of bradycardia in a div-
ing mammal, the muskrat, Onda-
tra zibethica. J. Physiol. (Lond.) 290,
253-271.

Dutschmann, M., Guthmann, A., and
Herbert, H. (1998). NMDA recep-
tor subunit NRI-immunoreactivity
in the rat pons and brainstem and
colocalization with Fos induced by
nasal stimulation. Brain Res. 809,
221-230.

Dutschmann, M., and Herbert, H.
(1996). The Kolliker-Fuse nucleus
mediates the trigeminally induced
apnoea in the rat. Neuroreport 7,
1432-1436.

Dutschmann, M., and Herbert, H.
(1997). Fos expression in the
rat parabrachial and Kolliker-Fuse
nuclei after electrical stimulation
of the trigeminal ethmoidal nerve
and water stimulation of the nasal
mucosa. Exp. Brain Res. 117,97-110.

Dutschmann, M., and Herbert, H.
(1998). The medial nucleus of the
solitary tract mediates the trigemi-
nally evoked pressor response. Neu-
roreport 9, 1053-1057.

Dykes, R. W. (1974). Factors related to
the dive reflex in harbor seals: sen-
sory contributions from the trigem-
inal region. Can. J. Physiol. Pharma-
col. 52, 259-265.

Elsner, R., and Gooden, B. (1983). Div-
ing and Asphyxia: A Comparative
Study of Animals and Man. New
York: Cambridge University Press,
1-168.

Erickson, J. T., and Millhorn, D.
E. (1994). Hypoxia and electrical
stimulation of the carotid sinus
nerve induce Fos-like immunoreac-
tivity within catecholaminergic and
serotoninergic neurons of the rat
brainstem. J. Comp. Neurol. 348,
161-182.

Fahlman, A., Bostrom, B. L., Dillon,
K. H., and Jones, D. R. (2011).
The genetic component of the
forced diving bradycardia response
in mammals. Front. Physiol. 2:63.
doi:10.3389/fphys.2011.00063

www.frontiersin.org

May 2012 | Volume 3 | Article 111 | 11


http://dx.doi.org/10.3389/fphys.2011.00063
http://www.frontiersin.org
http://www.frontiersin.org/Aquatic_Physiology/archive

Panneton et al.

Neuron activation by underwater diving

Ferretti, G. (2001). Extreme human
breath-hold diving. Eur. J. Appl.
Physiol. 84,254-271.

Finley, J. C. W,, and Katz, D. M. (1992).
The central organization of carotid
body afferent projections to the
brainstem of the rat. Brain Res. 572,
108-116.

Foster, G. E.,and Sheel, A. W. (2005) The
human diving response, its function,
and its control. Scand. J. Med. Sci.
Sports 15, 3-12.

Frigero, A., Bonagamba, L. G. H., and
Machado, B. H. (2000). The gain of
the baroreflex bradycardia is reduced
by microinjection of NMDA recep-
tor antagonists into the nucleus trac-
tus solitarii of awake rats. J. Auton.
Nerv. Syst. 79, 28-33.

Gieroba, Z.].,Yu, Y.-H., and Blessing, W.
W. (1994). Vasoconstriction induced
by inhalation of irritant vapour is
associated with appearance of Fos
protein in C1 catecholamine neu-
rons in rabbit medulla oblongata.
Brain Res. 636, 157—-161.

Graham, J. C., Hoffman, G. E., and
Sved, A. E. (1995). c-fos expression
in brain in response to hypotension
and hypertension in conscious rats.
J. Auton. Nerv. Syst. 55, 92—104.

Guyenet, P. G. (1984). Baroreceptor-
mediated inhibition of A5 noradren-
ergic neurons. Brain Res. 303, 31-40.

Guyenet, P. G, Filtz, T. M., and Donald-
son, S. R. (1987). Role of excitatory
amino acids in rat vagal and sym-
pathetic baroreflexes. Brain Res. 407,
272-284.

Haibara, A. S., Tamashiro, E., Olivan,
M. V., Bonagamba, L. G. H., and
Machado, B. H. (2002). Involve-
ment of the parabrachial nucleus in
the pressor response to chemore-
flex activation in awake rats. Auton.
Neurosci. 101, 60-67.

Hara, K., Miyawaki, T., Minson, J.,
Arnolda, L., Llewellyn-Smith, L.,
Chalmers, J., and Pilowsky, P. (1997).
Role of spinal GABA receptors in
depressor responses to chemical
stimulation of the A5 area in nor-
mal and hypertensive rats. J. Auton.
Nerv. Syst. 66, 53—61.

Hayward, L. E,, and Felder, R. B. (1998).
Lateral parabrachial nucleus modu-
lates baroreflex regulation of sympa-
thetic nerve activity. Am. J. Physiol.
274,R1274-R1282.

Hilaire, G., Viemari, J.-C., Coulon, P,
Simmonneau, M., and Bévengut, M.
(2004). Modulation of the respira-
tory rhythm generator by the pon-
tine noradrenergic A5 and A6 groups
in rodents. Resp. Physiol. Neurobiol.
279, 187-197.

Hoskin, K. L., and Goadsby, P. J.
(1999). Exposure and isolation of

the superior sagittal sinus elicits Fos
in the trigeminal nucleus caudalis
and dorsal horn of the cervical spinal
cord: how long should you wait?
Brain Res. 824, 133-135.

Housley, G. D., Martin Body, R. L., Daw-
son, N. J., and Sinclair, J. D. (1987).
Brain stem projections of the glos-
sopharyngeal nerve and its carotid
sinus branch in the rat. Neuroscience
22,237-250.

Huxley, . M. (1913). On the nature
of apnoea in the duck in diving: I.
The nature of submersion apnoea. J.
Physiol. (Lond.) 6,147-157.

Irving, L., Scholander, P. F, and Grin-
nell, S. W. (1942). The regulation of
arterial blood pressure in the seal
during diving. Am. J. Physiol. 135,
557-566.

Itoh, H., Alper, R. H., and Bunag, R. D.
(1992). Baroreflex changes produced
by serotonergic or catecholaminer-
gic lesions in the rat nucleus tractus
solitarius. J. Pharmacol. Exp. Ther.
261, 225-233.

Jobsis, P. D., Ponganis, P. J., and Kooy-
man, G. L. (2001). Effects of train-
ing on forced submersion responses
in harbor seals. J. Exp. Biol. 204,
3877-3885.

Jodkowski, J. S., Coles, S. K., and Dick,
T.E. (1994). A “pneumotaxic centre”
in rats. Neurosci. Lett. 172, 67-72.

Kooyman, G. L. (1989). Diverse Divers:
Physiology and Behavior. Germany:
Springer-Verlag.

Kooyman, G. L., and Campbell, W. B.
(1972). Heart rates in freely div-
ing Weddell seals. Comp. Biochem.
Physiol. 43A, 31-36.

Kooyman, G. L., Castellini, M. A., and
Davis, R. W. (1981). Physiology of
diving in marine mammals. Annu.
Rev. Physiol. 43, 343-356.

Kooyman, G. L., and Ponganis, P.
J. (1998). The physiological basis
of diving to depth: birds and
mammals. Annu. Rev. Physiol. 60,
19-32.

Koppanyi, T., and Dooley, M. S. (1929).
Submergence and postural apnea
in the muskrat. Am. J. Physiol. 88,
592-595.

Koshiya, N., and Guyenet, P. G. (1994).
Role of the pons in the carotid sym-
pathetic chemoreflex. Am. J. Physiol.
267, R508-R518.

Kratschmer, F. (2001). On reflexes from
the nasal mucous membrane on
respiration and circulation. Respir.
Physiol. 127, 93-104.

Kumada, M., Dampney, R. A. L., and
Reis, D. J. (1977). The trigeminal
depressor response: a novel vasode-
pressor response originating from
the trigeminal system. Brain Res.
119, 305-326.

Len, W. B, and Chan, J. Y. H. (2001).
GABAergic neurotransmission at
the nucleus tractus solitarii in the
suppression of reflex bradycardia by
parabrachial nucleus. Synapse 42,
27-39.

Leone, C., and Gordon, E J. (1989).
Is L-glutamate a neurotransmit-
ter of baroreceptor information in
the nucleus of the tractus solitar-
ius. J. Pharmacol. Exp. Ther. 250,
953-962.

Lin, Y. C. (1974). Autonomic nervous
control of cardiovascular response
during diving in the rat. Am. J.
Physiol. 227, 601-605.

Loewy, A. D., Gregorie, E. M., McKel-
lar, S., and Baker, R. P. (1979). Elec-
trophysiological evidence that the
A5 catecholamine cell group is a
vasomotor center. Brain Res. 178,
196-200.

Machado, B. H., Castania, J. A,
Bonagamba, L. G. H., and Salgado,
L. C. (2000). Neurotransmission of
autonomic components of aortic
baroreceptor afferents in the NTS of
awake rats. Am. J. Physiol. Heart Circ.
Physiol. 279, H67-H75.

Maiorov, D. N., Malpas, S. C.,and Head,
G.A.(2000). Influence of pontine A5
region on renal sympathetic nerve
activity in conscious rabbits. Am. J.
Physiol. 278, R311-R319.

Maiorov, D. N., Wilton, E. R., Badoer, E.,
Petrie, D.,Head, G. A.,and Malpas, S.
C. (1999). Sympathetic response to
stimulation of the pontine A5 region
in conscious rabbits. Brain Res. 815,
227-236.

Marques-Lopes, J., Pinto, M., Pinho,
D., Morato, M., Patinha, D., Albino-
Teixeira, A., and Tavares, 1. (2009).
Microinjection of angiotensin II in
the caudal ventrolateral medulla
induces hyperalgesia. Neuroscience
158,1301-1310.

Martner, J., Wadenvik, H., and Lisander,
B. (1977). Apnoea and bradycar-
dia from submersion in “chroni-
cally” decerebrated cats. Acta Physiol.
Scand. 101, 476-480.

Mayne, R. G., Armstrong, W. E., Crow-
ley, W. R, and Bealer, S. L. (1998).
Cytoarchitectonic analysis of Fos-
immunoreactivity in brainstem neu-
rones following visceral stimuli in
conscious rats. J. Neuroendocrinol.
10, 839-847.

McCulloch, P. E (2005). Activation
of the trigeminal medullary dorsal
horn during voluntary diving in rats.
Brain Res. 1051, 194—198.

McCulloch, P. E, Dinovo, K. M., and
Connolly, T. M. (2010). The car-
diovascular and endocrine responses
to voluntary and forced diving in
trained and untrained rats. Am. J.

Physiol. Regul. Integr. Comp. Physiol.
298, R224-R234.

McCulloch, P. E, Faber, K. M., and
Panneton, W. M. (1999a). Electri-
cal stimulation of the anterior eth-
moidal nerve produces the diving
response. Brain Res. 830, 24-31.

McCulloch, P. F, Panneton, W. M.,
and Guyenet, P. G. (1999b). The
rostral ventrolateral medulla medi-
ates the sympathoactivation pro-
duced by chemical stimulation of the
nasal mucosa. J. Physiol. (Lond.) 516,
471-484.

McCulloch, P. F.,,and Jones, D. R. (1990).
Cortical influences on diving brady-
cardia in muskrats (Ondatra zibethi-
cus). Physiol. Zool. 63,1098-1117.

McCulloch, P. E, Ollenberger, G. P,
Bekar, L. K., and West, N. H. (1997).
Trigeminal and chemoreceptor con-
tributions to bradycardia during vol-
untary dives in rats. Am. J. Physiol.
273, R814-R822.

McCulloch, P. E, and Panneton, W.
M. (1997). Fos immunohistochemi-
cal determination of brainstem neu-
ronal activation in the muskrat after
nasal stimulation. Neuroscience 78,
913-925.

McCulloch, P. E, and Panneton, W. M.
(2003). Activation of brainstem cat-
echolaminergic neurons during vol-
untary diving in rats. Brain Res. 984,
42-53.

McCulloch, P. E, Paterson, I. A., and
West, N. H. (1995). An intact glu-
tamatergic trigeminal pathway is
essential for the cardiac response to
simulated diving. Am. J. Physiol. 269,
R669-R677.

Miura, M., and Takayama, K. (1991).
Circulatory ~ and respiratory
responses to glutamate stimu-
lation of the lateral parabrachial
nucleus of the cat. J. Auton. Nerv.
Syst. 32, 121-134.

Mizusawa, A., Ogawa, H., Kikuchi, Y.,
Hida, W., and Shirato, K. (1995).
Role of the parabrachial nucleus
in ventilatory responses of awake
rats. J. Physiol. (Lond.) 489(Pt 3),
877-884.

Moore, S. D., and Guyenet, P. G. (1985).
Effect of blood pressure on A2 nora-
drenergic neurons. Brain Res. 338,
169-172.

Nakamura, T., and Hayashida, Y.
(1992). Autonomic cardiovascular
responses to smoke exposure in con-
scious rats. Am. J. Physiol. 262,R738—
R745.

Neil, J. J., and Loewy, A. D. (1982).
Decreases in  blood  pressure
in response to  L-glutamate
microinjections into the A5 cate-
cholamine cell group. Brain Res. 241,
271-278.

Frontiers in Physiology | Aquatic Physiology

May 2012 | Volume 3 | Article 111 | 12


http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Aquatic_Physiology
http://www.frontiersin.org/Aquatic_Physiology/archive

Panneton et al.

Neuron activation by underwater diving

Panneton, W. M. (1991a). Primary
afferent projections from the upper
respiratory tract in the muskrat. J.
Comp. Neurol. 308, 51-65.

Panneton, W. M. (1991b). Trigeminal
mediation of the diving response
in the muskrat. Brain Res. 560,
321-325.

Panneton, W. M., Gan, Q., Clerc, P,
Palkert, J., Kasinadhuni, P, and
Lemon, C. (2009). Activation of
brainstem neurons by underwater
submersion. Abstr. Soc. Neurosci. 34.

Panneton, W. M., Gan, Q., and Dahms,
T. E. (2010a). Cardiorespiratory and
neural consequences of rats brought
past their aerobic dive limit. J. Appl.
Physiol. 109, 1256—1269.

Panneton, W. M., Gan, Q., and Juric,
R. (2010b). The rat: a labora-
tory model for studies of the div-
ing response. J. Appl. Physiol. 108,
811-820.

Panneton, W. M., Gan, Q., and Juric, R.
(2006). Brainstem projections from
recipient zones of the anterior eth-
moidal nerve in the medullary dorsal
horn. Neuroscience 141, 889-906.

Panneton, W. M., Gan, Q., and Liv-
ergood, R. (2011). A trigemi-
noreticular pathway: implications
in pain. PLoS ONE 6, €24499.
doi:10.1371/journal.pone.0024499

Panneton, W. M., Gan, Q., and
Sun, D. W. (2012). Persistence
of the nasotrigeminal reflex after
pontomedullary transection. Respir.
Physiol. Neurobiol. 180, 230-236.

Panneton, W. M., Gan, Q., and Sun, W.
(2008). Pressor responses to nasal
stimulation are unaltered after dis-
rupting the caudalmost ventrolat-
eral medulla. Auton. Neurosci. 144,
13-21.

Panneton, W. M., and Loewy, A. D.
(1980). Projections of the carotid
sinus nerve to the nucleus of the soli-
tary tract in the cat. Brain Res. 191,
239-244.

Panneton, W. M., McCulloch, P. E,
and Sun, W. (2000). Trigemino-
autonomic connections in the
muskrat: the neural substrate for

the diving response. Brain Res. 874,
48-65.

Panneton, W. M., and Yavari, P. (1995).
A medullary dorsal horn relay for the
cardiorespiratory responses evoked
by stimulation of the nasal mucosa
in the muskrat, Ondatra zibethi-
cus: evidence for excitatory amino
acid transmission. Brain Res. 691,
37-45.

Paxinos, G., and Watson, C. (1998). The
Rat Brain in Stereotaxic Coordinates.
San Diego, CA: Academic Press.

Potts, P. D., Polson, J. W., Hirooka,
Y., and Dampney, R. A. L. (1997).
Effects of sinoaortic denervation on
fos expression in the brain evoked
by hypertension and hypotension in
conscious rabbits. Neuroscience 77,
503-520.

Richerson, G. B. (2004).
ergic neurons as carbon dioxide
sensors that maintain pH home-
ostasis. Nat. Rev. Neurosci. 5,
449-461.

Rinaman, L. (2011). Hindbrain nora-
drenergic A2 neurons: diverse roles
in autonomic, endocrine, cognitive,
and behavioral functions. Am. J.
Physiol. Regul. Integr. Comp. Physiol.
300, R222-R235.

Rybka, E. J.,and McCulloch, P. E. (2006).
The anterior ethmoidal nerve is
necessary for the initiation of the
nasopharyngeal response in the rat.
Brain Res. 1075, 122—-132.

Saleh, T. M., and Connell, B. J.
(1998). The parabrachial nucleus
mediates the
baroreflex sensitivity observed fol-
lowing short-term visceral affer-
ent activation. Neuroscience 87,
135-146.

Schagatay, E., and Van Kampen, M.
(1995). Apneic snout immersion
in trained pigs elicits a “diving
response.” Adv. Exp. Med. Biol. 393,
73-76.

Scholander, P. F, and Elsner, R. W.
(1968). A comparative view of car-
diovascular defense against acute
asphyxia. Acta Anaesthesiol. Scand.
Suppl. 29, 15-33.

Seroton-

decreased cardiac

Sun, W., and Panneton, W. M. (2002).
The caudal pressor area of the rat:
its precise location and projections
to the ventrolateral medulla. Am. J.
Physiol. 283, R768-R778.

Sun, W., and Panneton, W. M. (2005).
Defining projections from the cau-
dal pressor area of the caudal ven-
trolateral medulla. J. Comp. Neurol.
482,273-293.

Takakura, A. C., Colombari, E., Menani,
J. V., and Moreira, T. S. (2011a).
Ventrolateral medulla mechanisms
involved  in  cardiorespiratory
responses to central chemoreceptor
activation in rats. Am. J. Physiol.
Regul. Integr. Comp. Physiol. 300,
R501-R510.

Takakura, A. C., Moreira, T. S., Menani,
J. V., and Colombari, E. (2011b).
Inhibition of the caudal pressor area
reduces cardiorespiratory chemore-
flex responses. Neuroscience 177,
84-92.

Takayama, K., and Miura, M. (1993).
Respiratory responses to microin-
jection  of amino
acid ventrolateral

excitatory

agonists  in
regions of the lateral parabrachial
nucleus in the cat. Brain Res. 604,
217-223.

Takayama, K., Suzuki, T., and Miura, M.
(1994). The comparison of effects of
various anesthetics on expression of
Fos protein in the rat brain. Neurosci.
Lett. 176, 59-62.

Tchobroutsky, C., Merlet, C., and Rey,
P. (1969). The diving reflex in rab-
bit, sheep and newborn lamb and its
afferent pathways. Respir. Physiol. 8,
108-117.

Viemari, J. C., Bevengut, M., Coulon, P,
and Hilaire, G. (2004). Nasal trigem-
inal inputs release the A5 inhibition
received by the respiratory rhythm
generator of the mouse neonate. J.
Neurophysiol. 91, 746-758.

Whishaw, I. Q., and Schallert, T. (1977).
Hippocampal RSA (theta), apnea,
bradycardia, and effects of atropine
during underwater swimming in the
rat. Electroencephalogr. Clin. Neuro-
physiol. 42, 389-396.

Williams, P. L., and Warwick, R. (1980).
Gray’s Anatomy. Philadelphia: W. B.
Saunders Co.

Yavari, P, McCulloch, P. E, and Pan-
neton, W. M. (1996). Trigeminally-
mediated alteration of cardiorespi-
ratory rhythms during nasal appli-
cation of carbon dioxide in the
rat. J. Auton. Nerv. Syst. 61,
195-200.

Zhang, W., and Mifflin, S. W. (1993).
Excitatory recep-
tors within NTS mediate arterial
chemoreceptor reflexes in rats. Am.
J. Physiol. Heart Circ. Physiol. 265,
H770-H773.

Zhang, W., and Mifflin, S. W. (1995).
Excitatory amino-acid receptors
contribute to carotid sinus and
vagus nerve evoked excitation of
neurons in the nucleus of the tractus
solitarius. J. Auton. Nerv. Syst. 55,
50-56.

amino acid

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.

Received: 02 March 2012; paper pend-
ing published: 21 March 2012; accepted:
04 April 2012; published online: 03 May
2012.

Citation: Panneton WM, Gan Q,
Le ], Livergood RS, Clerc P and
Juric R (2012) Activation of brain-
stem neurons by underwater diving
in the rat. Front. Physio. 3:111. doi:
10.3389/fphys.2012.00111

This article was submitted to Frontiers in
Aquatic Physiology, a specialty of Fron-
tiers in Physiology.

Copyright © 2012 Panneton, Gan, Le,
Livergood, Clerc and Juric. This is an
open-access article distributed under the
terms of the Creative Commons Attribu-
tion Non Commercial License, which per-
mits non-commercial use, distribution,
and reproduction in other forums, pro-
vided the original authors and source are
credited.

www.frontiersin.org

May 2012 | Volume 3 | Article 111 | 13


http://dx.doi.org/10.1371/journal.pone.0024499
http://dx.doi.org/10.3389/fphys.2012.00111
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/Aquatic_Physiology/archive

	Activation of brainstem neurons by underwater diving in the rat
	Introduction
	Materials and Methods
	Cardiovascular data
	Neuroanatomical data
	Data Analysis

	Results
	Cardiovascular data
	Neuroanatomical Data
	Fos labeling


	Discussion
	Technical considerations
	Cardiovascular Data
	The Nucleus Tractus Solitarii
	The MDH and CPA
	The RPa and RVLM
	Pontine nuclei
	Perspectives

	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


