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a b s t r a c t

We examined the effect of age, mass and the presence of the pons on the longevity (length of time sponta-
neous respiratory-related activity is produced) of brainstem–spinal cord preparations of neonatal rodents
(rats and hamsters) and the level of oxygenation in the medulla respiratory network in these preparations.
We found the longevity of the preparations from both species decreased with increasing postnatal age.
Physical removal of the pons increased respiratory frequency and the longevity of the preparation. How-
ever, tissue oxygenation at the level of the medullary respiratory network was not affected by removal of
the pons or increasing postnatal age (up to postnatal day 4). Taken together, these data suggest that the
Rat
Hamster effect of removing the pons on respiratory frequency and the longevity of brainstem–spinal cord prepara-
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. Introduction

The respiratory network, including the centers required for
he neurogenesis of respiratory rhythm, must be sufficiently well
eveloped at the time of birth to cope with the immediate require-
ents of respiration. Current evidence, however, indicates that the

ystem continues to undergo substantial postnatal growth and mat-
ration (Liu and Wong-Riley, 2001; Dutschmann et al., 2004; Kron
t al., 2007). We have been particularly interested in the post-
atal changes that occur in cold tolerance and the ability of the
espiratory system to restart (autoresuscitate) in neonatal rodents
ollowing hypothermic respiratory arrest (Mellen et al., 2002;
attersall and Milsom, 2003; Zimmer and Milsom, 2004). We have
ttempted to address these questions using brainstem–spinal cord
en bloc) preparations from neonatal rodents (rats and hamsters) of
arious ages with the pons intact (Pontomedullary preparations)
nd with the pons removed (Medullary preparations). In attempt-

ng to interpret our data we have been confronted by the need
o dissociate the effects of increasing tissue mass from postna-
al growth that may result in hypoxia at the respiratory rhythm
enerators from the effects of postnatal maturation.

∗ Corresponding author at: Department of Zoology, University of British
olumbia, Biological Sciences Building, 6270 University Blvd, Vancouver, BC, V6T
Z4, Canada. Tel.: +1 604 822 5799; fax: +1 604 822 2416.
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age are primarily due to postnatal development and appear to be unrelated
tissue oxygenation.

© 2008 Elsevier B.V. All rights reserved.

The en bloc preparation has been widely used in the study of res-
iratory rhythmogenesis (Suzue, 1984; Hilaire et al., 1989; Smith et
l., 1990; Errchidi et al., 1991; Ito et al., 2002; Viemari et al., 2003;
uimaraes et al., 2007). Although it is commonly acknowledged

hat older preparations have reduced viability, this is generally
ssumed to be due to the effects of increasing mass which reduces
xygen diffusion from the superfusate to the respiratory neurons.
owever, the same trend in reduced viability occurs in neonatal

odents of very different sizes (rats vs. mice) (Errchidi et al., 1991;
iemari et al., 2003), suggesting that oxygen diffusion may not be

he primary cause for the reduced longevity of the en bloc prepa-
ation. Although, one may argue that given the increase in mass
pecific metabolic rate seen with decreasing size in vivo in mam-
als, the smaller mouse tissue may have a higher metabolic rate

han rat tissue resulting in similar PO2 profiles within the medulla.
lso while numerous studies have shown that preparations con-

aining the pons have lower respiratory frequencies and this is
enerally attributed to descending inhibition arising from the pons
Hilaire et al., 1989; Errchidi et al., 1991; Ito et al., 2002; Viemari
t al., 2003; Guimaraes et al., 2007), part of this effect may be due
o increased mass and reduced oxygenation at the medullary res-
iratory rhythm generators. As a result of these observations, the

resent study was designed to attempt to dissociate the effects of
ge, mass, postnatal development and levels of oxygenation, on the
hanges that occur in respiratory frequency and temporal longevity
f brainstem–spinal cord preparations from neonatal rodents with
nd without the pons.

http://www.sciencedirect.com/science/journal/15699048
http://www.elsevier.com/locate/resphysiol
mailto:fong@zoology.ubc.ca
dx.doi.org/10.1016/j.resp.2008.09.008
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Fig. 1. (A) Schematic illustration of the double perfusion chamber used for sep-
arate superfusion of the pons and medulla/spinal cord. The vaseline (grease gap)
was placed at the level of the caudal cerebellar artery and fictive respiratory bursts
were recorded from C4 nerve rootlets. (B) Preliminary experiments superfusing
tetrodotoxin (TTX, 500 (M) over the medulla and spinal cord resulted in cessation of
burst activity within 8 min. (C) Superfusion of artificial cerebral spinal fluid (aCSF)
containing 0.2 mM Ca2+ and 5 mM Mg2+ (low Ca2+/high Mg2+) over the medulla and
s
n
f
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. Methods

All experiments were performed with prior approval from the
niversity of British Columbia Animal Care Committee, under the
uidelines of the Canadian Council for Animal Care (CCAC).

.1. Brainstem–spinal cord preparation

Neonatal Sprague–Dawley rat pups (0–8 days postnatal) or
yrian (Golden) hamster pups (0–8 days postnatal) were deeply
naesthetized with 2–4% halothane or isoflurane until the absence
f a withdrawal reflex from toe pinch. The brainstem and spinal
ord were isolated en bloc (preparation previously described by
uzue, 1984) at room temperature while submerged in artificial
erebral spinal fluid (aCSF, 1.5 mM CaCl2, 113.0 mM NaCl, 3.0 mM
Cl, 1.2 mM NaH2PO4, 30.0 mM NaHCO3, 30.0 mM d-glucose) bub-
led with 95% O2–5% CO2, to obtain a pH of 7.4. The brainstem
as trimmed rostrally at one of two locations: (1) just rostral
f the pons at the level of the superior cerebellar peduncles for
ons–medulla–spinal cord (Pontomedullary) preparations or (2)
he rostral end of the pyramids and just rostral of the caudal cere-
ellar artery for medulla–spinal cord (Medullary) preparations.
he spinal cord was transected caudal to the seventh cervical root
nd the entire en bloc preparation was transferred and pinned
entral side up on a stainless steel grid in a plexiglass recording
ish. The stainless steel grid allows for simultaneous superfusion
f the preparation over both the ventral and dorsal surfaces. The
reparation was continuously superfused with oxygenated aCSF
aintained at 27 ◦C by a Lauda water bath (Model RC6) and mon-

tored using a thermocouple placed in the bathing fluid in the
hamber. The flow rate of the aCSF was maintained between 5
nd 9 ml/min. Whole nerve activity was recorded from C1 or C4
ervical rootlets via a glass suction electrode, amplified (20–50 K),
ltered (100 Hz to 3 kHz) and recorded (2000 samples/s) using a
indaq data acquisition system (DI200; DataQ Instruments, Akron,

H, USA).

.2. Experiment 1: longevity of respiratory-related motor output
f en bloc preparations at different ages

To examine the effect of postnatal age, brain mass and the
resence of the pons on the longevity of the en bloc prepara-
ions, Pontomedullary and Medullary preparations from both rats
nd hamsters at specific postnatal days were divided into five age
roups: P0 (day of birth), P2 (2 Postnatal days), P4, P6 and P8
n = 5–9, in each group). Fictive breathing was recorded from C1 or
4 nerve rootlets via a glass suction electrode and the preparations
ere maintained in oxygenated aCSF at 27 ◦C at a constant flow rate
ntil nerve activity ceased. Wet weights (mass) of the transected
ons and the medulla with spinal cord (up to C7) were collected
rom brains of rats and hamsters after experimentation. The total

ass was obtained by adding the pons and medulla/spinal cord
asses together. The tissue was removed from the experimental

hamber and blotted dry with kimwipes and weighed immediately.

.3. Experiment 2: chemical inhibition of the pons vs. pontine
emoval or transection

We examined the effect of pontine influence on respiratory
hythm at the ages of P0, P2 and P4 (n = 7–11 per age per treat-

ent). Only preparations from rat pups up to P4 were used in this

eries of experiments as preparations from rat pups older than
4 did not last long enough for the protocol, as determined from
esults from Experiment 1. Pontomedullary preparations were pre-
ared as described above and placed in an acrylic recording dish

c
t
t
p

pinal cord resulted in a gradual decrease in burst amplitude until C4 bursts could
ot be detected after 30 min. Arrows indicate when the superfusate was switched

rom regular aCSF to the treatment indicated.
onsisting of two chambers joined by a narrow gap. The prepara-
ion was placed in the chamber with the caudal cerebellar artery at
he narrow gap (Fig. 1A). The gap between the two chambers was
acked with Vaseline (grease gap) to completely separate the two
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hambers, with one chamber containing the pons and the other
ontaining the medulla and spinal cord. Each chamber had its own
erfusion circuit allowing for separate superfusion of the pons and
edulla (Fig. 1A). Fictive breathing was recorded from C4 rootlets

sing a glass suction electrode.
The preparation was allowed to stabilize for 20–30 min, with

oth chambers superfused with oxygenated aCSF maintained at
7 ◦C, as described above. The integrity of the grease gap was tested
y addition of a small amount of dye (∼50–100 (l of 1% Fast Green
CF w/v, into 200 ml aCSF, resulting in equivalent concentration of
0.0005%) into each chamber separately to check for leaks dur-

ng the stabilization period. At the end of the stabilization period,
he superfusate to the pontine chamber was replaced with one
ontaining either (1) 0.2 mM Ca2+ and 5 mM Mg2+ (low Ca2+/high
g2+) for 45–60 min (pH 7.4), or (2) tetrodotoxin (TTX, 500 (M,

H 7.4) for 15 min. In preliminary experiments, superfusion of the
edulla and spinal cord with TTX (500 (M) resulted in a rapid and

udden cessation of C4 activity approximately 8 min after the addi-
ion of TTX (Fig. 1B). Based on this data, the time course of 15 min
f TTX exposure was determined to be sufficient to inhibit neu-
onal activity. Similarly, in preliminary experiments, superfusion
f the medulla and spinal cord with low Ca2+/high Mg2+ super-
usate abolished C4 discharge progressively over 30 min (Fig. 1C).
ased on this data, a time course of 45 min superfusion of the pons
as chosen as sufficient to inhibit neuronal activity. After super-

usion with TTX or low Ca2+/high Mg2+, the pontine superfusate
as switched back to regular aCSF for 20 min to ensure that all
rug was washed out of the pontine chamber and tubing. Follow-

ng washout of TTX or low Ca2+/high Mg2+, the grease gap was
emoved and the pons was manually transected using a razor blade
t the same level as the grease gap. In experiments with TTX, the
ontine tissue was removed from the perfusion chamber, while

n experiments using low Ca2+/high Mg2+ superfusate, the pon-
ine tissue mass was not removed following transection but left
n situ in the chamber. This was done to examine the effect of pon-
ine removal vs. pontine transection (descending inputs severed
ut without altering total tissue mass in the perfusion cham-
er). The preparation was again allowed to stabilize and fictive
reathing was recorded for 30 min. At the end of the experi-
ent, the preparation was removed from the chamber and fixed

n 10% neutral buffered formalin followed by cryoprotection in
0% sucrose for later histological verification of the transection

evel.

.4. Experiment 3: oxygenation of the medulla

En bloc preparations were prepared as described above with
he pons intact and transferred to an acrylic chamber, superfused
ith oxygenated aCSF maintained at 27 ◦C and at a constant flow

ate. The preparation was always orientated in the same direction
ith respect to the flow of the superfusate, such that the super-

usate flowed over the pons prior to the medulla and spinal cord.
ictive breathing was recorded from C4 nerve rootlets throughout
he experiment to ensure that the preparation was rhythmically
ctive. The preparation was allowed to stabilize for 30 min before
easurement of PO2 began. All preparations maintained fictive

reathing throughout the experimental protocol.
Measurement of PO2 was performed using a commercially avail-

ble fiber-optic microsensor (Optode, OxyMicro System, World
recision Instruments) with a tapered tip diameter of ∼30 (m that

llowed for high spatial resolution. Prior to each experiment, the
ptodes were calibrated for two points: water-vapor saturated
ir and oxygen-free solution. The measurement for water-vapor
aturated air was obtained by placing wet cotton wool in a con-
ainer with two access holes for the introduction of the Optode

g
p
n

d
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nd temperature sensor. The system was allowed to equilibrate for
10 min, to ensure water-vapor saturation. Oxygen-free solution
or calibration was obtained by bubbling 10 ml of aCSF with 100%
itrogen for >10 min, in a small container with two access holes

or the introduction of the Optode and temperature sensor. PO2
easurements were taken every 5 s and were acquired directly by

he data acquisition software. All measurements were temperature
orrected.

.4.1. Effect of the presence of the pons on oxygenation of the
edulla

PO2 measurements were taken in the medulla in both Pon-
omedullary (n = 6) and Medullary (n = 6) preparations from P4 rat
ups at three mediolateral tracts. PO2 was also measured at the
pproximate level of the PreBötC (midline + 1.0 mm, depth 400 (m)
n P2 Pontomedullary (n = 7) and P2 Medullary (n = 8) preparations.
he Optode was mounted in a stereotaxic frame in an electrode
older attached to a hydraulic microdrive to enable fine control

n the vertical plane. Using a dissecting microscope, the tip of the
ptode was placed rostrocaudally at the level of the rostral most
ypoglossal nerve rootlet, corresponding to the level containing
he preBötC (Smith et al., 1990; Ruangkittisakul et al., 2007). The
ptode was then placed on the ventral surface of the brainstem
t one of three mediolateral co-ordinates: 0.5, 1.0 and 1.5 mm lat-
ral from midline, chosen at random to minimize the effect of
equence on the PO2 measurements. The Optode was placed 1.0 mm
bove the ventral surface of the brainstem and PO2 measurements
egan. The surface of the brainstem was confirmed by observing
he tip of the Optode as it was advanced into the tissue. PO2 mea-
urements were taken every 200 (m in the superfusate and every
00 (m in the brainstem until a PO2 of 0 Torr was recorded. PO2
easurements were taken at 5 s intervals and allowed to equi-

ibrate for at least 1 min at each depth, a time sufficient for the
O2 measurements to stabilize. At the completion of each tract, the
ptode was retracted and moved to a different mediolateral co-
rdinate on the same side of the brainstem until measurements
ere obtained from all three mediolateral tracts. The pons was then

emoved and the measurements repeated on the other side of the
edulla.
At the conclusion of the experiment, the tissue was fixed in

0% neutral buffered formalin and cryoprotected in 30% sucrose for
ubsequent histological processing to verify the level of transection.

.5. Histology

For histological analysis, brainstems were fixed in 10% neutral
uffered formalin prior to cryoprotection in 30% sucrose. Coronal
ryosections (50 (m) were cut for analysis of the level of brainstem
ransection. The slide-mounted sections were counterstained in
.5% neutral red, dehydrated in increasing concentration of alcohol,
leared in xylene and coversliped with mounting media (Permount,
isher Scientific). Counterstained sections were examined using a
eiss Axioskop under standard brightfield conditions.

.6. Data and statistical analysis

All data were recorded online using commercially available data
cquisition hardware and software (DI200 analog-to-digital con-
erter, Windaq software, DataQ, Akron, OH, USA) and analyzed
ffline. Raw nerve recordings were full wave rectified and inte-

rated for measurements of burst frequency, determined as bursts
er minute and burst amplitude measured in arbitrary units and
ormalized to baseline.

In Experiment 1, the time from the start of recording until
ischarge from cervical rootlets ceased (time to last burst) was
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ecorded for preparations from P0 to P8 pups. For simplicity, we
efer to the time to last burst as ‘longevity’ for the remainder of the
anuscript. Fictive breathing frequency and amplitude were also
easured in preparations from P0 to P4 pups for a 2-min period

very 30 min, beginning at the start of recording (Time 0) and con-
inuing until discharge stopped. A two-way ANOVA on ranks was
sed to examine the effect of age and preparation type (Factors:
ge and presence of pons) on longevity (not normally distributed
ata). A two-way repeated measures ANOVA was used to exam-

ne the effect of age and time (Factors: age and time, Repeated
actor: time) on both the consistency of frequency and amplitude
ver time within each type of preparation of ages P0–P4. The start-
ng frequency at different ages within each preparation type was
ompared using a one-way ANOVA and the difference in starting
requency between preparation types within the same age was
ompared using a t-test. The masses of brainstems at different ages
ithin each species were compared using a one-way ANOVA.

In Experiment 2, burst frequency was measured over a period
f 5 min at three different time points: (1) at the end of the
0 min stabilization period (baseline), (2) the last 5 min of TTX
r low Ca2+/high Mg2+ and (3) 30 min after pontine transec-
ion or removal. Data from each age group was combined and
ompared between conditions using one-way repeated measures
NOVA.

In Experiment 3, PO2 measurements at each depth were taken as
he average of all values recorded over the entire duration that the
ptode remained at that depth. PO2 measurements from 800 (m
bove the surface of the medulla to 800 (m below the surface, or
hen PO2 reached 0 Torr, were used for statistical analysis. The

ffect of depth and preparation type on PO2 at each mediolateral
evel was examined using two-way repeated measures ANOVA to
ompare the presence of the pons and depth (Factors: pons and
epth, Repeated Factor: depth). The effect of age and the presence

n the pons on PO2 in the medulla was tested using a two-way
NOVA (Factors: age and presence of the pons).

A Student Newman–Kuel’s post hoc analysis was performed
ollowing the ANOVA where appropriate. P < 0.05 was considered
ignificant in all cases.

t
t
w
t

ig. 2. Effect of postnatal age on longevity of rat (A) and hamster (B) Pontomedullary and
nd Medullary preparations decreased with postnatal age beyond P2. Pontomedullary pre
f the same age. (B) Time to last burst (longevity) for hamster Pontomedullary and Medul
4 hamster pups also had significantly reduced longevity. *P < 0.05, Pontomedullary vs. Me
ifference between the ages within the same preparation type in each species. Two-way
Neurobiology 164 (2008) 429–440

. Results

.1. Experiment 1: longevity and respiratory-related motor
utput of en bloc preparations

.1.1. Effect of age and pons on the longevity of en bloc
reparations

To examine the viability of the en bloc preparations at dif-
erent postnatal ages we recorded the longevity (time to last
urst) of rat and hamster preparations with the pons intact (Pon-
omedullary) and the pons removed (Medullary) (Fig. 2). In rats,
ncreasing age significantly decreased longevity of the en bloc
reparations (P < 0.001). P0 and P2 Pontomedullary preparations
ad similar longevity (354.9 ± 37 and 333.8 ± 65 min, respectively)
ut longevity significantly decreased with increasing postnatal age
Fig. 2A). In rat Medullary preparation, the longevity of P2 prepa-
ations was significantly greater than all other preparations. The
resence of the pons also had a significant effect on the longevity
f the preparation (P < 0.001), with pontine removal leading to sig-
ificantly prolonged longevity in P2 and P4 preparations (Fig. 2A).

In hamster en bloc preparations, age also had a significant effect
n the longevity of the preparations (P < 0.001). The longevity
f P0 and P2 hamster Pontomedullary preparations was similar
600.0 ± 118 min vs. 756.0 ± 112 min) and significantly longer than
reparations from older pups (Fig. 2B). In hamster Medullary prepa-
ations, the longevity of P2 preparations was significantly longer
han all other ages. In hamster preparations, the presence of the
ons did not affect the longevity of the en bloc preparations, except

n P4 hamster preparations where the pons reduced the longevity
f the preparation by half (P4 Medullary: 530.5 ± 74.1 min vs. P4
ontomedullary: 208.9 ± 67.1 min, Fig. 2B).

.1.2. Effect of brain mass on longevity of en bloc preparations

In Figs. 3 and 4, the data shown in Fig. 2 are plotted as a func-

ion of mass rather than age to examine the relationship between
hese two variables. Since mass of both pons and medulla increased
ith postnatal age in both hamsters and rats (Table 1), the rela-

ionship between longevity and mass (Fig. 3) was similar to the

Medullary preparations. (A) Time to last burst (longevity) for rat Pontomedullary
parations from P2 and P4 pups had shorter longevity than Medullary preparations

lary preparations decreased with postnatal age. Pontomedullary preparations from
dullary within the same age in the same species. Same letter indicates no statistical
ANOVA, followed by Student Newman–Kuel’s post hoc test.
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ig. 3. Increasing mass correlated with a decrease in time to last burst (longevity) in
edullary (B2) preparations. There was also a correlation between the mass, prepa
elationship between longevity and age (Fig. 2). In rat and ham-
ter preparations, both with and without the pons, longevity was
nversely correlated to mass (Fig. 3). However, the lowest mass did
ot have the greatest longevity, as P2 preparations had the greatest

l
P

e

ig. 4. (A1) In rats, Pontomedullary preparations (closed symbols) had greater mass and
ymbols). (B1) In hamsters, the relationship between preparation type and longevity was
ongevity of a hypothetical 50 mg preparation taken from the regression line between Pon
t appears that rat preparations from postnatal day 2 had the greatest longevity indepen
reparations (B2). Vertical dashed line in (C1) and (D1) indicates 50 mg.
ntomedullary (A1), rat Medullary (A2), hamster Pontomedullary (B1) and hamster
type and time to last burst in both rats and hamsters.
ongevity, although the mass of P2 preparations was greater than
0 preparations (Fig. 3).

Removing the pons reduced the mass of the preparation but the
ffect on longevity was variable. In general, the longevity of rat en

shorter time to last burst compared to age matched Medullary preparations (open
more variable depending on the age of the preparation. By plotting the estimated
tomedullary and Medullary preparations for each age group in rats and hamsters,

dent of mass (A2), while hamster P0 and P2 preparations lasted longer than older
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Table 1
Mass of brainstem (mg) of rat and hamster neonates at different postnatal ages.

Postnatal age Rat Hamster

Pons Medulla Total n Pons Medulla Total n

0 26.0 ± 1.2 30.1 ± 0.9 56.2 ± 2.0 8 10.6 ± 0.7 18.5 ± 0.9 29.1 ± 0.9 8
2 35.8 ± 1.7* 37.1 ± 0.7* 72.8 ± 1.8* 10 16.7 ± 9.0* 24.5 ± 1.4* 41.2 ± 1.8* 8
4 46.4 ± 1.6* 48.9 ± 1.9* 95.2 ± 2.7* 10 21.0 ± 1.1* 33.9 ± 1.9* 54.9 ± 1.7* 8
6 45.4 ± 1.5* 55.6 ± 0.8* 101.0 ± 1.9* 13 27.1 ± 3.9* 39.1 ± 0.9* 66.2 ± 4.1* 5
8
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49.9 ± 1.1* 66.3 ± 1.4* 116.0 ± 1.9*

ll measurements are expressed in milligrams (mg).
* P < 0.05, compared to previous age, within the same tissue type. One-way ANOV

loc preparations increased with removal of the pons, although this
ffect waned after P4 (Figs. 2A and 4A). In hamster preparations,
he effect of the pons on longevity was less pronounced. Removing
he pons significantly increased longevity only in P4 preparations
Figs. 2B and 4B).

We wondered whether the effect of the pons and age on the
ongevity of the en bloc preparation was simply the result of
dding mass to the preparation. To address this issue, we calcu-
ated the longevity of preparations with a hypothetical mass of
0 mg from the regression lines between mass and longevity for
ontomedullary and Medullary preparations at each postnatal age
or rats and hamsters (Fig. 4A1 and B1). Note that in so doing we
re adjusting more for difference in mass at the rostral end of the
reparation than for mass geometrically distributed throughout the
edulla. With this caveat in mind, in rats, a hypothetical 50 mg

reparation at P2 had the greatest estimated longevity and would
ast more than 200 min longer than P0 preparations of the same
ize (Fig. 4A2) with the estimated longevity declining sharply with
ncreasing age after P2. In hamsters, hypothetical 50 mg prepara-
ions from P0 and P2 pups were estimated to survive for similar
urations (Fig. 4B2). Thus, mass (mainly of the pons) was not a
rimary impediment to longevity, but rather age and postnatal
evelopment were the predominant contributing factors in the
ecline in longevity of the en bloc preparation.

.1.3. Effect of age on respiratory-related motor output of en bloc
reparations

We analyzed the frequency and amplitude of respiratory-related
urst discharge of P0, P2 and P4 rat and hamster en bloc Pon-
omedullary and Medullary preparations over the first 4 h of
ecording (Fig. 5). Four hours was chosen as this is the length of

ost studies performed using en bloc preparations both in this

ab and in the published literature. In rat Pontomedullary prepa-
ations, although P2 preparations had a slightly lower starting
requency (Table 2), no statistical difference was found in the
urst frequency over the 4 h duration despite the appearance of

able 2
tarting fictive respiratory frequency (bursts/min) in rat and hamster en bloc prepa-
ations at different postnatal ages.

reparation type Postnatal age

P0 P2 P4

at Pontomedullary 7.1 ± 0.1 (6) 6.6 ± 0.1*,† (6) 7.3 ± 0.1 (6)
Medullary 8.7 ± 1.8 (6) 11.2 ± 0.9 (6) 9.0 ± 1.5 (6)

amster Pontomedullary 4.9 ± 1.5 (6) 1.7 ± 0.4 (5) 5.0 ± 1.0 (6)
Medullary 12.9 ± 1.2† (6) 8.1 ± 1.3*,† (6) 11.2 ± 0.9† (6)

ll values are expressed as bursts/min.
umber in parentheses indicates number of observations in each group.
* P < 0.05 compared to other ages within the same preparation type in the same

pecies. One-way ANOVA, followed by Student Newman–Kuel’s post hoc test.
† P < 0.05 compared within the same age between preparation types in the same

pecies, t-test.
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8 31.0 ± 2.0* 45.7 ± 2.4* 76.7 ± 3.7* 7

lowed by Student Newman–Kuel’s post hoc test.

onsiderable variation (Fig. 5A1). It should be noted that P4 Pon-
omedullary preparations stopped bursting after 150 min (Fig. 5A1).
n rat Medullary preparations, the starting frequency was similar
etween the ages (Table 2) and burst frequency also remained con-
istent with little change over the 4 h period (Fig. 5A2). In rat en
loc preparations, the presence of the pons reduced the starting fre-
uency of P2 but had no effect on P0 and P4 preparations (Table 2).
he respiratory related frequency of Pontomedullary preparations
ad greater variability over time (Fig. 5A1 vs. Fig. 5A2), possibly

ndicating reduced stability in preparations with the pons attached.
The starting frequency of hamster Pontomedullary prepara-

ions was also similar between all three age groups (Table 2),
ith a slightly lower frequency in P2 preparations. Burst frequency
as also consistent over the 4 h duration examined (Fig. 5B1).

n hamster Medullary preparations, the starting frequency was
ignificantly lower in P2 preparations compared to P0 and P4
reparations (Table 2). The discharge frequency over time was
ore variable between the ages, with both P0 and P2 preparations

ncreasing discharge frequency initially (Fig. 5B2). In the hamster
n bloc preparation the presence of the pons reduced starting fre-
uency at all three postnatal ages examined (Table 2).

In addition to frequency, we also examined the amplitude of the
espiratory-related bursts over the first 4 h of recording. There were
o significant changes in amplitude over time in any type of prepa-
ation, although there was greater variability in P4 preparations of
oth species, with and without the pons (Fig. 5C and D).

Therefore, despite some differences in starting frequencies, all
reparations from both species, with or without the pons, from the
ges P0 to P4 were consistent over a 4-h period.

.2. Experiment 2: chemical and physical removal of the pons

As observed in Experiment 1, the presence of the pons inhibited
he starting burst frequency in P2 rats (Table 2). Thus, we examined
hether this effect was due to descending pontine inputs or to the

emoval of pontine tissue mass. We utilized a split chamber (Fig. 1A)
o compare the effect of chemical inhibition of the pons (tissue mass
till present but non-functional) vs. physical removal of the pons.
hysical removal of the pons had no effect on P0 preparations but
ignificantly increased burst frequency in both P2 and P4 prepara-
ions (Fig. 6A and B). Incubation of the pons with TTX had no effect
n burst frequency in preparations of any age (Fig. 6A). Similarly,
ncubation of the pons in low Ca2+/high Mg2+ did not affect burst
requency in P0 or P2 preparations, but increased burst frequency
n P4 preparations (Fig. 6B). The effect of physical transection was
lways greater than the effect of chemical inhibition.
Histological examination of the transection at the conclusion of
he experiment showed that transection was at the level of the cau-
al cerebellar artery (Fig. 6C) and bisected the preparation either
t the rostral pole of the facial nucleus or just rostral of the facial
ucleus (Fig. 6D). This would have preserved the parafacial nucleus
ithin the medullary portion of the preparation.
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Fig. 5. Burst frequency of rat Pontomedullary (A1) and rat Medullary (A2) preparations was consistent over the first 4 h of recording at different postnatal ages. (B1) Hamster
Pontomedullary preparations had consistent burst frequency over the 4 h period at all three ages. (B2) Hamster Medullary preparations had differing patterns of burst
frequency over the 4 h period depending on the age of the preparation. Burst amplitude remained consistent in the rat Pontomedullary (C1), rat Medullary (C2), hamster
Pontomedullary (D1) and hamster Medullary (D2) preparations for all three ages examined. Gray symbols denote significant difference from time 0 (P < 0.05, one way repeated
measures ANOVA, followed by Student Newman–Kuel’s post hoc test).
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Fig. 6. (A) Quantitative changes in burst frequency following chemical inhibition of
the pons by superfusion with TTX and pontine transection of P0, P2 and P4 rat prepa-
rations. (B) Quantitative changes in burst frequency following pontine superfusion
with low Ca2+/high Mg2+ and pontine transection of P0, P2 and P4 rat preparations.
(C) Photograph of an en bloc preparation showing the level of the pontine transec-
tion, and (D) a representative photomicrograph of a hemisection at the cut surface
on the medullary side, showing the rostral pole of the facial nucleus (VII) and the
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Table 3
Effect of age on PO2

(Torr) within the medulla at the level of the PreBötzinger Com-
plex of rat en bloc preparations from pups of different postnatal ages.

Age Preparation type

Pontomedullary Medullary

P2 54.2 ± 11.1 (7) 37.8 ± 14.0 (8)
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ocation of the fourth ventricle (4 V). Arrows indicate direction for dorsal surface (D)
nd midline (M). *P < 0.05, one-way repeated measures ANOVA, followed by Student
ewman–Kuel’s post hoc test. Numbers in the bars indicate number of preparations

n each age group.

.3. Experiment 3: oxygenation of medulla

The results of Experiment 2 did not allow us to clearly determine
hether the inhibition of burst frequency by the pons was due to
escending pontine inputs or due to the presence of the pontine
issue mass. To better examine whether the effect of age, mass or
resence of the pons on burst frequency was due to alteration in
issue oxygenation in the medulla, we directly measured PO2 in the

edulla in various preparations.
.3.1. Effect of pons on PO2 in the medulla
Removal of pontine inputs by chemical and physical transection

nfluenced the frequency of respiratory-like activity in P4 prepa-
ations. We measured the PO2 medulla of P4 preparations with

s
s
p
d
m

4 42.1 ± 17.3 (6) 40.1 ± 3.8 (6)

ll measurements are shown in Torr. Number in parentheses indicates number of
reparations in each group.

nd without the pons attached. The PO2 in the superfusate (bub-
led with 95% O2) at the start of each set of measurements was
54.8 ± 5.8 Torr (n = 12) and began to decrease 300–400 (m above
he surface of the brainstem, becoming significantly different to the
ulk superfusate PO2 200–300 (m above the surface of the brain-
tem (Fig. 7A). This boundary layer effect resulted in an average PO2
t the surface of the brainstem of 273.9 ± 12.4 Torr. The presence
f the pons had no effect on the PO2 measured at the surface at
ny of the mediolateral co-ordinates (Fig. 7A and B). The PO2 in the
edulla decreased significantly with greater depth in the brain-

tem at all mediolateral co-ordinates in both Pontomedullary and
edullary preparations (P < 0.001). The presence of the pons had no

ffect on the PO2 levels at any depth within the medulla, regardless
f the mediolateral co-ordinates (Fig. 7B). PO2 reached zero between
00 and 700 (m below the ventral surface of the brainstem in both
ontomedullary and Medullary preparations.

To better examine the relationship between locations within the
edulla and PO2 , the average of measurements taken at the three
ediolateral tracts within Pontomedullary and Medullary prepa-

ations (shown in Fig. 7) were used to calculate a regression plot.
his regression plot was then overlaid on a drawing of a repre-
entative neonatal rat brainstem section illustrating the location of
espiratory nuclei of interest, as shown in Fig. 8. Regression analy-
is demonstrated a layer of hyperoxygenated tissue throughout the
ediolateral aspect of the medulla, with PO2 decreasing to anoxic

evels with increasing distance from the surface, reaching 0 Torr at
he level of Nucleus Ambiguus. The pattern of oxygenation was the
ame in both Pontomedullary and Medullary preparations. PO2 at
he PreBötC in both Pontomedullary and Medullary preparations
ere similar and ranged between 50 and 140 Torr (Fig. 8).

.3.2. Effect of age on PO2 at the PreBötC
Measurement of PO2 at a single location (1.0 mm from midline,

00 (m depth, the approximate level of the PreBötC) was similar
etween P2 and P4 Pontomedullary and Medullary preparations
Table 3). PO2 at the PreBötC in both Pontomedullary and Medullary
reparations, regardless of age, were similar and ranged between
8 and 54 Torr (Table 3).

. Discussion

While it is widely recognized that the longevity of the en bloc
reparation decreases with postnatal age, this study is the first to
uantify the relationship between longevity, age and mass of the
reparations, both with the pons-intact and pons-removed in rats
nd hamsters. We found that postnatal development rather than
ass appeared to be the major factor determining the longevity

f the en bloc preparations. This was re-enforced by the similar
elationships between longevity and age in both rats and ham-

ters despite significant differences in brain mass between the
pecies. We also found that pontine inhibition of medullary res-
iratory rhythmogenesis increased with postnatal age and was not
ue to changes in oxygenation at the rhythm generating sites in the
edulla. In en bloc rat preparations, regardless of mass, or pres-
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Fig. 7. Measurement of PO2
(Torr) in the medulla of rat Pontomedullary and Medullary preparations shows a boundary layer of 300 (m over the ventral surface of the brainstem

where P decreased from superfusate levels at all three mediolateral tracts (A). Increasing depth in the medulla resulted in decreasing P until 0 Torr was reached between
6 tween
f n eith
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00 and 700 (m below the ventral surface. No difference in PO2

levels was found be
ound between the PO2

at matching depths in different mediolateral co-ordinates i
he medulla to a depth of 700 (m. The shaded area in panel B indicates the reported

nce of the pons, or age (from P2 to P4), the PO2 at the approximate
evel of the PreBötzinger complex at 27 ◦C was similar and within
he physiological range, indicating sufficient oxygenation of the

edullary respiratory network.

.1. The effect of age and mass on the en bloc preparation

We were interested in evaluating the effect of age-related
hanges in mass vs. developmental effects on the en bloc prepa-
ation. Our study provides a systematic examination of the

ell-established and widely observed phenomenon that longevity

time to last burst) of the en bloc preparation decreases with devel-
pmental age. This reduced longevity has generally been attributed
o increasing tissue mass with age and a corresponding increase in
iffusion distance for oxygen and thus, reduced oxygen availabil-

d
t
m
P
p

O2
the Pontomedullary and Medullary preparations at any depth. No difference was

er preparation types. Panel B shows expanded profiles for PO2
from the surface of

of respiratory neurons in the medulla of the en bloc preparation.

ty to the medullary respiratory network. A number of noteworthy
bservations from our study suggest that the reduced longevity
s likely due to developmental and maturational changes, rather
han just increasing size. First, during the first two postnatal days,
ongevity increased despite increasing total mass. Secondly, while
here was an inverse correlation between tissue mass and longevity
fter P2, the PO2 at the level of the ventral respiratory column (VRG)
n the medulla, including the preBötzinger Complex (PreBötC), did
ot change with increasing age. Lastly, both hamster and rat prepa-
ations exhibited a similar relationship between age and longevity

espite the larger mass of rat brainstems (Table 1). Equally, prepara-
ions from rats and hamsters at different postnatal ages with similar

ass did not have the same longevity. For example, the masses of
8 hamster Medullary preparations (45.7 mg) and P4 rat Medullary
reparations (46.4 mg) are similar, however, the rat Medullary
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ig. 8. Psuedocolored plot of PO2
level within the medulla in Pontomedullary and

edulla. The location of the PreBötzinger Complex (PBC) is indicated in white. The
evels of PO2

within the PBC (50–140 Torr). Abbreviations: IOC, inferior olivary comp

reparations produced spontaneous fictive respiratory activity for
lmost 5 h, while P8 hamster Medullary preparations lasted only
6 min. Rats and hamsters are developmentally equivalent by P8,
ven though hamsters are born more altricial to rats (Finlay and
arlington, 1995; Clancy et al., 2001, 2007). Thus, despite the sim-

lar mass between the P8 hamster Medullary preparations and the
4 rat Medullary preparation, the younger preparation has greater
iability. Taken together, these observations suggest that postnatal
evelopmental is the primary determinant of longevity of the en
loc preparation and the decreased longevity of en bloc prepara-
ions with age is not due to limitation of oxygen diffusion due to
arger size.

.2. The effect of the pons on the en bloc preparation

In the present study, we report that the pons reduced longevity
nd inhibited burst frequency on the en bloc preparation. This
s in agreement with numerous reports of increasing respiratory
requency following pontine removal in the en bloc preparation
Hilaire et al., 1989; Smith et al., 1990; Errchidi et al., 1991;
anabe et al., 2005). In our study, this change in frequency fol-
owing transection was not due to removal of the parafacial
espiratory group, a proposed second respiratory rhythm gen-
rator (Onimaru and Homma, 2003; Janczewski and Feldman,
006). Our level of transection consistently left the facial nucleus
nd therefore, the adjacent pFRG intact within the medullary
reparation (Ruangkittisakul et al., 2007). In addition, chemi-
al inhibition of the pons in P4 preparations produced similar
esults to physical transection (Fig. 6B), suggesting that the increase
n burst frequency was not due to removal of pontine tissue

ass, but rather the removal of pontine inputs. Furthermore,
he removal of the pons did not alter the level of oxygen in
he medulla (see next section). Together, these observations sup-
ort the conclusion that the pons provides direct descending

nhibitory inputs to the medulla (Hilaire et al., 1989; Errchidi et
l., 1991).

While pontine inhibition produced similar results to physical
ransection, chemical inhibition was always less effective than
hysical transaction. The reason for this is not clear. As the level

f the grease gap isolating the chemical inhibition to the pons was
dentical to the level of transection, the tissue that was bathed by
he pontine superfusate was identical to that removed by transec-
ion. It is possible that the chemicals did not penetrate to the deeper
tructures in the pons. Or the concentrations of TTX or Ca2+/Mg2+

w
t
d
B
s

lary preparations overlaid on a coronal schematic representation of a neonatal rat
o difference in the oxygenation profile between the two preparations with similar
A, nucleus ambiguous; PBC, pre-Bötzinger complex; ROb, raphé obscurus.

ay have been insufficient to completely inhibit neuronal activ-
ty throughout the pons. Preliminary experiments showed that the
oncentrations of TTX and low Ca2+/high Mg2+ superfusate were
apable of silencing the medulla when applied to the medulla side
f the split bath, therefore, the same concentrations of chemi-
al was presumed to be sufficient to silence the neuronal activity
f the pons. However, as the medullary structures involved in
espiratory rhythmogenesis are generally more superficial than
he pontine sites known to modulate respiratory activity, these

edullary regions may have had greater accessibility to the drugs.
nother possibility is that the grease covered some of the pontine
entral surface limiting the access of the superfusate (and drug) to
his small portion of the pons, especially regions located close to
he ventral surface, such as the A5 region which is known to par-
icipate in modulation of respiratory rhythm (Errchidi et al., 1991;
ilaire et al., 2004). The potential pontine mechanisms involved in
roviding the inhibition to medullary respiratory networks were
ot examined in the current study but will be the focus of a future
tudy.

.3. Tissue oxygenation in the medulla of the en bloc preparation

Another objective in the present study was to examine the effect
f age, mass and the presence of the pons on oxygenation of the
edulla in the en bloc preparation. It was possible that the effects

f pontine removal on longevity and burst frequency were due to
ncreased oxygenation to the medullary respiratory rhythm gener-
tors as pontine inhibition was not as effective as pontine removal.
ur data, however, show that PO2 measurements in the medulla
ere unaffected by age or the presence of the pons. In particu-

ar, the PO2 in the preBötzinger Complex (PreBötC) did not change
ith increasing age. The distance between the ventral surface and

he ventral edge of the Nucleus Ambiguus was roughly constant
etween P0 and P4 (540–580 (m), placing the PreBötC within a
ell-oxygenated region of the medulla.

A number of postnatal developmental events may contribute to
he reduced longevity of the en bloc preparations. Current evidence
ndicates the appearance of myelin in the brainstem from birth
in spinal trigeminal tract) to appearance after the first postnatal

eek (in pyramidal tract) (Hamano et al., 1998). Myelin continues

o develop over early postnatal period reaching mature levels at
ifferent rates in different regions (Hamano et al., 1998; Butt and
erry, 2000). This postnatal increase in myelin may alter the diffu-
ion of oxygen through the tissue, increasing the distance between
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he ventral surface and the PreBötC or alter metabolism of the brain-
tem. Since the oxygenation of the medullary respiratory network
id not change over this period (P0–P4), our data suggest that the
educed longevity of the brainstem–spinal cord preparation is not
ue to events that alter O2 tissue diffusion by developmental events
uch as postnatal myelination.

PO2 measurements in the medulla in our study are in agreement
ith earlier study (Brockhaus et al., 1993) and the PO2 at the PreBötC

s comparable to data obtained in vivo. Several studies have demon-
trated oxygen tension in different brain regions ranging from 2 to
8 Torr under normoxic conditions in in vivo, anaesthetized rats
Sick et al., 1982; Nwaigwe et al., 2000; Hou et al., 2003; Hare et
l., 2006). Compared to these in vivo values, the superficial regions
up to 400 (m) of the en bloc preparations are hyperoxic, while the
O2 in regions between 400 and 600 (m from the surface, including
he respiratory neurons of the VRG, are similar to those observed
n vivo.

Although the VRG is well oxygenated, regions located deeper in
he medulla, such as the midline raphé, will be situated within an
noxic region. The role of the midline raphé in respiratory rhythm
odulation is well established (Li et al., 2006) and excitatory drive

rom this region is essential for respiratory rhythmogenesis in the
rainstem slice preparation (Pace et al., 2007). The en bloc prepa-
ation continuously produces rhythmic motor output for many
ours with spontaneously active respiratory neurons within the
RG (Suzue, 1984; Smith et al., 1990) indicating that the respi-

atory network is functional in these preparations. This suggests
hat deep regions such as midline raphé is not required for gener-
tion of respiratory rhythm in en bloc preparations. However, it is
ot clear whether the roles of these sites increase during postnatal
evelopment.

One criticism of oxygen probes is that the physical introduction
f the sensor into the brainstem may provide a conduit around the
lectrode for the highly oxygenated superfusate to reach the deeper
epths of the tissue, leading to an overestimation of the PO2 level. To
inimize this possibility, we used optical electrodes with a small

iameter (30 (m) to minimize the size of the opening in the tissue
nd reduce the likelihood of damage and any inadvertent intro-
uction of the highly oxygenated aCSF to the depths of the tissue.
his effect of introducing the electrode would be similar regardless
f age and the presence of the pons and thus, does not alter our
onclusion that PO2 within the medulla is unaffected by presence
f the pontine tissue mass or age. Furthermore, PO2 measurements
rom our study are in agreement with those previously reported by
rockhaus et al. (1993) supporting the PO2 levels measured in our
tudy.

.4. Conclusion

This study demonstrates that postnatal development has a pro-
ound effect on the longevity of the en bloc preparation. In addition,
ur data support earlier reports of direct pontine inhibition of respi-
atory rhythm and adds that this pontine inhibition increases with
ostnatal development. Finally, we show that, under the conditions
sed in the current study, the VRG is well oxygenated and the PO2
t the PreBötzinger Complex at 27 ◦C is within the physiological
ange of PO2 in vivo and is unaffected by age or the presence of
he pons in en bloc preparations from rats. Taken together, these
ata suggest that the effects of postnatal age or pontine removal
n respiratory rhythmogenesis in the en bloc preparation are not

ue to reduced availability of oxygen at the medullary respira-
ory network. The exact manner by which postnatal development
educes the longevity of the en bloc preparation and the extent to
hich this also applies to even older preparations, remains to be
etermined.

S

S

Neurobiology 164 (2008) 429–440 439

cknowledgements

This work was funded by a grant from the NSERC of Canada
o WKM. DVA was supported by grants from FAPESP and CNPq of
razil.

eferences

rockhaus, J., Ballanyi, K., Smith, J.C., Richter, D.W., 1993. Microenvironment of res-
piratory neurons in the in vitro brainstem–spinal cord of neonatal rats. J. Physiol.
462, 421–445.

utt, A.M., Berry, M., 2000. Oligodendrocytes and the control of myelination in
vivo: new insights from the rat anterior medullary velum. J. Neurosci. Res. 59,
477–488.

lancy, B., Darlington, R.B., Finlay, B.L., 2001. Translating developmental time across
mammalian species. Neuroscience 105, 7–17.

lancy, B., Finlay, B.L., Darlington, R.B., Anand, K.J., 2007. Extrapolating brain devel-
opment from experimental species to humans. Neurotoxicology 28, 931–937.

utschmann, M., Morschel, M., Kron, M., Herbert, H., 2004. Development of adaptive
behaviour of the respiratory network: implications for the pontine Kolliker-Fuse
nucleus. Resp. Physiol. Neurobiol. 143, 155–165.

rrchidi, S., Monteau, R., Hilaire, G., 1991. Noradrenergic modulation of the medullary
respiratory rhythm generator in the newborn rat: an in vitro study. J. Physiol. 443,
477–498.

inlay, B.L., Darlington, R.B., 1995. Linked regularities in the development and evo-
lution of mammalian brains. Science 268, 1578–1584.

uimaraes, L., Dominguez-del-Toro, E., Chatonnet, F., Wrobel, L., Pujades, C., Mon-
teiro, L.S., Champagnat, J., 2007. Exposure to retinoic acid at the onset of
hindbrain segmentation induces episodic breathing in mice. Eur. J. Neurosci.
25, 3526–3536.

amano, K., Takeya, T., Iwasaki, N., Nakayama, J., Ohto, T., Okada, Y., 1998. A quan-
titative study of the progress of myelination in the rat central nervous system,
using the immunohistochemical method for proteolipid protein. Brain Res. Dev.
Brain Res. 108, 287–293.

are, G.M., Harrington, A., Liu, E., Wang, J.L., Baker, A.J., Mazer, C.D., 2006. Effect of
oxygen affinity and molecular weight of HBOCs on cerebral oxygenation and
blood pressure in rats. Can. J. Anaesth. 53, 1030–1038.

ilaire, G., Monteau, R., Errchidi, S., 1989. Possible modulation of the medullary
respiratory rhythm generator by the noradrenergic A5 area: an in vitro study in
the newborn rat. Brain Res. 485, 325–332.

ilaire, G., Viemari, J.C., Coulon, P., Simonneau, M., Bevengut, M., 2004. Modulation
of the respiratory rhythm generator by the pontine noradrenergic A5 and A6
groups in rodents. Resp. Physiol. Neurobiol. 143, 187–197.

ou, H., Grinberg, O.Y., Taie, S., Leichtweis, S., Miyake, M., Grinberg, S., Xie,
H., Csete, M., Swartz, H.M., 2003. Electron paramagnetic resonance assess-
ment of brain tissue oxygen tension in anesthetized rats. Anesth. Analg. 96,
1467–1472, table.

to, Y., Oyamada, Y., Hakuno, H., Yamaguchi, K., 2002. Morphological analysis of
developmental changes in pontine noradrenergic neuronal groups in the neona-
tal rat. Brain Res. 925, 107–109.

anczewski, W.A., Feldman, J.L., 2006. Distinct rhythm generators for inspiration and
expiration in the juvenile rat. J. Physiol. 570, 407–420.

ron, M., Morschel, M., Reuter, J., Zhang, W., Dutschmann, M., 2007. Developmental
changes in brain-derived neurotrophic factor-mediated modulations of synap-
tic activities in the pontine Kolliker-Fuse nucleus of the rat. J. Physiol. 583,
315–327.

i, A., Zhou, S., Nattie, E., 2006. Simultaneous inhibition of caudal medullary raphe
and retrotrapezoid nucleus decreases breathing and the CO2 response in con-
scious rats. J. Physiol. 577, 307–318.

iu, Y.Y., Wong-Riley, M.T., 2001. Developmental study of cytochrome oxidase activ-
ity in the brain stem respiratory nuclei of postnatal rats. J. Appl. Physiol. 90,
685–694.

ellen, N.M., Milsom, W.K., Feldman, J.L., 2002. Hypothermia and recovery from
respiratory arrest in a neonatal rat in vitro brain stem preparation. Am. J. Physiol.
282, R484–R491.

waigwe, C.I., Roche, M.A., Grinberg, O., Dunn, J.F., 2000. Effect of hyperventila-
tion on brain tissue oxygenation and cerebrovenous PO2 in rats. Brain Res. 868,
150–156.

nimaru, H., Homma, I., 2003. A novel functional neuron group for respiratory
rhythm generation in the ventral medulla. J. Neurosci. 23, 1478–1486.

ace, R.W., Mackay, D.D., Feldman, J.L., Del Negro, C.A., 2007. Role of persistent
sodium current in mouse preBotzinger Complex neurons and respiratory rhythm
generation. J. Physiol. 580, 485–496.

uangkittisakul, A., Secchia, L., Bornes, T.D., Palathinkal, D.M., Ballanyi, K., 2007.
Dependence on extracellular Ca2+/K+ antagonism of inspiratory centre rhythms
in slices and en bloc preparations of newborn rat brainstem. J. Physiol. 584,
489–508.
ick, T.J., Lutz, P.L., LaManna, J.C., Rosenthal, M., 1982. Comparative brain oxygena-
tion and mitochondrial redox activity in turtles and rats. J. Appl. Physiol. 53,
1354–1359.

mith, J.C., Greer, J.J., Liu, G.S., Feldman, J.L., 1990. Neural mechanisms generating res-
piratory pattern in mammalian brain stem-spinal cord in vitro. I. Spatiotemporal
patterns of motor and medullary neuron activity. J. Neurophysiol. 64, 1149–1169.



4 ogy &

S

T

T

Viemari, J.C., Burnet, H., Bevengut, M., Hilaire, G., 2003. Perinatal maturation of
40 A.Y. Fong et al. / Respiratory Physiol

uzue, T., 1984. Respiratory rhythm generation in the in vitro brain stem-spinal cord

preparation of the neonatal rat. J. Physiol. 354, 173–183.

anabe, A., Fujii, T., Onimaru, H., 2005. Facilitation of respiratory rhythm by a mu-
opioid agonist in newborn rat pons–medulla–spinal cord preparations. Neurosci.
Lett. 375, 19–22.

attersall, G.J., Milsom, W.K., 2003. Hypothermia-induced respiratory arrest and
recovery in neonatal rats. Resp. Physiol. Neurobiol. 137, 29–40.

Z

Neurobiology 164 (2008) 429–440
the mouse respiratory rhythm-generator: in vivo and in vitro studies. Eur. J.
Neurosci. 17, 1233–1244.

immer, M.B., Milsom, W.K., 2004. Effect of hypothermia on respiratory rhythm gen-
eration in hamster brainstem–spinal cord preparations. Resp. Physiol. Neurobiol.
142, 237–249.


	Respiratory rhythm of brainstem-spinal cord preparations: Effects of maturation, age, mass and oxygenation
	Introduction
	Methods
	Brainstem-spinal cord preparation
	Experiment 1: longevity of respiratory-related motor output of en bloc preparations at different ages
	Experiment 2: chemical inhibition of the pons vs. pontine removal or transection
	Experiment 3: oxygenation of the medulla
	Effect of the presence of the pons on oxygenation of the medulla

	Histology
	Data and statistical analysis

	Results
	Experiment 1: longevity and respiratory-related motor output of en bloc preparations
	Effect of age and pons on the longevity of en bloc preparations
	Effect of brain mass on longevity of en bloc preparations
	Effect of age on respiratory-related motor output of en bloc preparations

	Experiment 2: chemical and physical removal of the pons
	Experiment 3: oxygenation of medulla
	Effect of pons on PO2 in the medulla
	Effect of age on PO2 at the PreBotC


	Discussion
	The effect of age and mass on the en bloc preparation
	The effect of the pons on the en bloc preparation
	Tissue oxygenation in the medulla of the en bloc preparation
	Conclusion

	Acknowledgements
	References


