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High Sensitivity to Neuromodulator-Activated Signaling
Pathways at Physiological [K�] of Confocally Imaged
Respiratory Center Neurons in On-Line-Calibrated Newborn
Rat Brainstem Slices
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The pre-Bötzinger complex (PBC) inspiratory center remains active in a transverse brainstem slice. Such slices are studied at high (8 –10
mM) superfusate [K �], which could attenuate the sensitivity of the PBC to neuromodulators such as opiates. Findings may also be
confounded because slice boundaries, drug injection sites, or location of rhythmogenic interneurons are rarely verified histologically.
Thus, we first generated PBC slices with defined boundaries using novel “on-line histology” based on our finding that rostrocaudal
extensions of brainstem respiratory marker nuclei are constant in newborn rats between postnatal days 0 – 4. At physiological superfu-
sate [K �] (3 mM), 500- and 600-�m-thick slices with the PBC in the center and the caudal boundary 0.70 and 0.76 mm caudal to the facial
motonucleus generated rhythm for �2 and �4 h, respectively. Rhythm was abolished by low nanomolar concentrations of the �-opiate
receptor agonist DAMGO ([D-Ala 2, N-Me-Phe 4, Gly 5-ol]enkephalin). After spontaneous arrest of bursting, rhythm was reactivated at
clinically relevant or physiological concentrations by 3,5-dihydroxyphenylglycine, thyrotropin-releasing hormone, or rolipram, each
affecting distinct second-messenger pathways. Two-photon/confocal Ca 2� imaging revealed that these agents reactivated the same PBC
neurons initially active in 3 mM [K �]. The data show that “calibrated” PBC slices at physiological [K �] generate rhythm with a high
sensitivity to neuromodulators for extended time periods, whereas spontaneous “in vitro apnea” is an important tool to study the
interaction of signaling pathways that modulate rhythm. Our approaches and findings provide the basis for a pharmacological and
structure–function analysis of the isolated respiratory center in a histologically well defined substrate at physiological [K �].
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Introduction
The pre-Bötzinger complex (PBC) constitutes a pivotal inspira-
tory center. Through microsection of newborn rat brainstems, it
has been identified as a medullary region that extends between
�400 and 600 �m caudal to facial motonucleus and generates
inspiratory rhythm in a transverse slice preparation (Smith et al.,
1991). The hypothesized importance of the PBC for inspiratory
rhythm generation has been confirmed in numerous studies com-
bining electrophysiological PBC recording with microinjection of
neuromodulators in both PBC slices and in vivo (Feldman et al.,
2003; Feldman and Del Negro, 2006). Immunohistochemical stud-

ies have identified putative markers for PBC neurons such as
�-opiate and neurokinin-1-type substance P receptors (Gray et al.,
1999). In turn, targeted lesioning of PBC neurons with substance
P-tagged saporin profoundly perturbs breathing (Gray et al., 2001).

Despite agreement on the significance of the PBC slice model,
it is recognized that the in vitro rhythm differs from respiratory
activity in vivo (Richter and Spyer, 2001; Feldman and Del Negro,
2006). For example, low nanomolar concentrations of �-opiate
receptor agonists abolish inspiratory rhythm in situ (Manzke et
al., 2003), whereas micromolar concentrations are typically nec-
essary to abolish the slice rhythm (Johnson et al., 1994). Such
discrepancies may reflect the routine use of superfusates with
elevated (8 –10 mM) [K�] to study PBC slices. These high [K�]
levels may provide a powerful although nonspecific excitatory
stimulus (Somjen, 2002) that may attenuate the sensitivity of the
isolated PBC to neuromodulators. The original report on the
PBC indicated that slices generate inspiratory activity in superfu-
sate of physiological [K�] (3 mM), but for brief periods only
(Smith et al., 1991). Accordingly, it was a major aim of our study
to examine the basic rhythm and responses to neuromodulators
of PBC slices in physiological [K�].

Received Aug. 3, 2006; revised Oct. 6, 2006; accepted Oct. 9, 2006.
This work was supported by the Canadian Institutes of Health Research (CIHR), the Alberta Heritage Foundation

for Medical Research (AHFMR), the Canadian Foundation for Innovation, and the Alberta Innovation and Research
Investments Program (Alberta Science and Research Authority). K.B. and G.D.F. are an AHFMR Scientist and a Senior
Scholar, respectively. A.R. has been awarded a CIHR studentship (Maternal-Fetal-Newborn training grant).

*A.R. and S.W.S. contributed equally to this work.
‡G.D.F. and K.B. are coauthors.
Correspondence should be addressed to Klaus Ballanyi, Department of Physiology and Perinatal Research Centre,

220 HMRC, University of Alberta, Edmonton, Alberta, Canada T6G 2S2. E-mail: klaus.ballanyi@ualberta.ca.
DOI:10.1523/JNEUROSCI.3357-06.2006

Copyright © 2006 Society for Neuroscience 0270-6474/06/2611870-11$15.00/0

11870 • The Journal of Neuroscience, November 15, 2006 • 26(46):11870 –11880



Furthermore, we exploited the fact that the rhythm would
arrest after some time (Smith et al., 1991; Funk et al., 1993) and
used this “in vitro apnea” as a tool to study reactivation of rhythm
by neuromodulators affecting distinct second-messenger signal-
ing pathways. Incorporation of two-photon/confocal Ca 2� im-
aging to simultaneously monitor the activity of multiple neurons
(Yuste et al., 2006) allowed us to assess whether endogenous and
evoked rhythms involve the same or distinct neuronal assemblies.
The combined electrophysiological/imaging approach will estab-
lish network sensitivity to specific signaling cascades and may
possibly reveal the potential involvement of particular neuro-
transmitter(s), before their putative washout from the slice, in
maintaining network excitability or generating rhythm.

Critical to the success of these experiments was the generation
of consistent PBC slices. For this, we developed “on-line histol-
ogy” using a reference newborn rat brainstem atlas to generate
slices with reproducible and defined rostrocaudal boundaries.
The objective was to establish and analyze sustained inspiratory
rhythm in “calibrated slices” containing the PBC in the middle. Our
rationale was that failure of previous studies to obtain long-term
rhythm in 3 mM [K�] might reflect slice topography. Specifically,
slices with the PBC exposed to one boundary may lack subpopula-
tion(s) of PBC neurons (or dendrites), such that connectivity and
excitatory drive are reduced below levels required for rhythm.

Materials and Methods
Preparation and solutions. Experiments were performed on transverse
brainstem slices from Sprague Dawley (SD) and Wistar (W) rats between
postnatal day 0 (P0) and P4. Procedures were approved by the ethics
committee of the University of Alberta. Animals were anesthetized with
2–3% isoflurane until the paw withdrawal reflex disappeared. They were
then decerebrated and the neuraxis isolated at 18�20°C in saline con-
taining the following (in mM): 120 NaCl, 3 KCl, 1 CaCl2, 2 MgSO4, 26
NaHCO3, 1.25 NaH2PO4, and 20 D-glucose (pH adjusted to 7.4 by gas-
sing with 95% O2, 5% CO2). After removal of the cerebellum and trans-
verse sectioning at the pontomedullary junction and just rostral to the C1

cervical segment, the brainstem was glued rostral side down to a metal
plate. Serial transverse sections were made with a vibratome (Leica
VT1000S; Leica Microsystems, Richmond Hill, Ontario, Canada) in
caudal-to-rostral direction starting near the pyramidal decussation
(Schwarzacher et al., 2002). Sectioning was stopped based on appearance
of landmarks identified by on-line histology (see Results). One PBC-
containing slice with rostrocaudal thickness of 500 or 600 �m was cut
and fixed (caudal surface up) with insect pins on the silicone layer cov-
ering the bottom of the recording chamber (volume, 1.5 ml). Superfusate
was administered at a flow rate of 5 ml/min via a peristaltic pump
(Watson-Marlow Alitea-AB; Sin-Can, Calgary, Alberta, Canada). Super-
fusate temperature in the recording chamber was kept at 25�27°C (TC-
324B; Harvard Apparatus, Saint-Laurent, Quebec, Canada).

Agents. Agents were as follows: [D-Ala 2, N-Me-Phe 4, Gly 5-
ol]Enkephalin (DAMGO) (10 –25 nM; stock 100 �M in superfusate), 3,5-
dihydroxy-phenylglycine (DHPG) (0.1–10 �M; stock 10 mM in superfu-
sate), thyrotropin-releasing hormone (TRH) (0.1–100 nM; stocks 1 �M

and 1 mM in superfusate), rolipram (0.25, 1, and 5 �M; stocks 1 and 10
mM in dimethyl sulfoxide), theophylline (0.25 and 2.5 mM; added to
superfusate), glutamate (1 mM; stock 1 M in superfusate), fluo-4 acetoxy-
methyl (fluo-4-AM) (0.5 mM; stock 5 mM in pluronic acid, 20% in di-
methyl sulfoxide), agar–agar (6% in H2O), fixation solution [4% para-
formaldehyde in phosphate buffer (i.e., 1:2 mixture of 0.1 M NaH2PO4

plus 0.1 M Na2HPO4 in H2O, pH 7.2)], and staining solution (1% thionin
acetate in 0.1 M sodium acetate trihydrate plus 0.1 M acetic acid). Agents
were obtained from Sigma (Oakville, Ontario, Canada) except salts for
superfusate, sodium acetate trihydrate, acetic acid (Fisher Scientific, Ot-
tawa, Ontario, Canada), DHPG (Tocris Biosciences, Ellisville, MO), the-
ophylline, naloxone, glutamate (ICN Biomedicals, Costa Mesa, CA), and
fluo-4-AM (TEF Labs, Austin, TX).

Electrophysiological recording. Discharge of ventral respiratory column
(VRC) (Alheid et al., 2004) was recorded extracellularly with a differen-
tial amplifier (DAM 50; WPI, Sarasota, FL) via suction electrodes (outer
diameter, 80 –250 �m) filled with superfusate, positioned on the caudal
slice surface. Signals were amplified (�10k), bandpass filtered (0.3–1
kHz), integrated, and recorded digitally (Powerlab/8SP; ADInstruments,
Colorado Springs, CO).

Two-photon/confocal Ca2� imaging. Rhythmic activity of newborn rat
VRC neurons that express specific sets of voltage-activated Ca 2� chan-
nels (Onimaru et al., 1996, 2003) was visualized with imaging of cytosolic
[Ca 2�] (Yuste et al., 2006). The membrane-permeable Ca 2� sensitive
dye fluo-4-AM (0.5 mM in superfusate) was backfilled into a broken

Figure 1. Constancy of rostrocaudal extensions of “respiratory marker nuclei” in the ventral
brainstem of newborn SD and W rats between P0 and P4. A, The left panel shows two serial,
transverse sections (50 �m thin) of fixed, thionin-stained brainstem tissue from P2 W rat,
which are part of a reference atlas (supplemental material, available at www.jneurosci.org).
The middle panel shows a 100 �m section of living tissue taken at the rostrocaudal level
encompassed by the two fixed sections in the left panel. The right panel is an image of the
section in the middle panel taken after fixation and thionin staining. B, Distances from the
caudal end of VII motonucleus (VIIc) to the caudal (c) and rostral (r) boundaries of specific marker
nuclei (negative value indicating location caudal to VIIc). C, Location, relative to VIIc, of the
boundaries of the most rostral (VIIr) and caudal (IOMc) brainstem marker nuclei. Extensions are
very similar when data are analyzed either from W versus SD rats, animals from both strains at
different ages, or initially fixed (Histo) versus live preparations. The bars in B and C represent
means � SD; values above bars and in parentheses in B represent the number of preparations.
The histology of some marker structures is shown in A. Additional images of marker nuclei are in
Figures 2C and 3 and the supplemental material (available at www.jneurosci.org). DMCC, Dor-
somedial cell column of inferior olive (IO); IOM, medial IO; IOD, dorsal IO; IOP, principal IO;
IOPloop, lateral loop of IOP; LRN, lateral reticular nucleus; LRNdiv, LRN divided in medial and
lateral subnucleus; VII, facial motonucleus; VIImed, medial subnucleus of VII; AP, area postrema;
XII, hypoglossal motonucleus; DMX, dorsal vagal motonucleus.
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patch pipette (outer diameter, 5–10 �m) and pressure-injected (0.7–1.0
psi) for 10 min (Stosiek et al., 2003) into the VRC/PBC from the caudal
surface while inspiratory activity was electrophysiologically monitored
from the contralateral VRC/PBC. Fluorescence signals were measured
using either a confocal microscope and software (20� XLUMPlanF1,
numerical aperture, 0.95, objective; Olympus FV300; Carsen group,
Markham, Ontario, Canada) or a FV300 connected with a Ti:Sa laser (10
W Mira/Verdi; Coherent, Santa Clara, CA) for two-photon imaging (Ni-
kolenko et al., 2003). Within 10 –20 min after injection, labeling revealed
basic neuronal morphology and changes in fluorescence intensity that
oscillated in phase with electrophysiological VRC/PBC activity. Stained
areas were 200 –300 �m in diameter. Ca 2� oscillations, cell bodies, and
primary dendrites could be resolved at tissue depths up to 60 �m for
confocal and 90 �m for 2-photon microscopy. Respiratory neurons were
typically imaged at tissue depths between 30 and 60 �m. Rhythmic Ca 2�

rises were visualized in up to 10 cells (typically 3– 6) in a single xy-image
plane. The stained region was monitored using a 2–3� digital zoom at
reduced settings for y-axis scanning. Compared with full-frame acquisi-
tion (512 � 512 pixels), such “clipped mode” imaging sampled an area of
512 � 100 –220 pixels and provided scan rates of 1.25–1.43 scans/s suf-
ficient to detect 70 –100% of peak respiratory Ca 2� rises. The morphol-
ogy of cell bodies and primary dendrites was revealed by combining
“z-stack” imaging (single z-steps, 0.5 �m) with three-dimensional (3D)
animation using Fluoview software. Fluo-4 fluorescence emission is
weak at low cytosolic [Ca 2�] (Stosiek et al., 2003; Yuste et al., 2006).
Therefore, to improve morphological reconstruction, slices were ex-
posed to glutamate (0.25–1 mM; 5–10 min) after the experiments and
z-stack image series acquired. Glutamate-induced fluorescence signals
were 3–10 times larger than those associated with spontaneous or drug-
induced inspiratory activity.

Histological procedures. Respiratory marker nuclei were mapped in 50
and 100 �m serial brainstem sections. Brainstems and brainstem slices
were kept for �1 h in fixation solution (see above, Agents). For staining,
slices were incubated in phosphate buffer for 2 min and immersed for
45– 60 s in thionin staining solution (see above, Agents). Slices were
consecutively “washed” with 50% ethanol (2 min), 70% ethanol (1 min),
50% ethanol (2 min), and phosphate buffer (2 min). One hundred mi-
crometer sections caudal and rostral to a prospective rhythmic slice were
fixed for at least 15 min and stained for 30 – 40 s with the above solutions.
Sections were transferred on a “hanging drop” glass slide (Fisher Scien-
tific) to a microscope (Standard 16; magnification, 32�; Carl Zeiss, Jena,
Germany) and photographed (PL-A642, 1.3 megapixel; PixeLINK, Ot-
tawa, Ontario, Canada). PBC slices were stained after experiments using
an identical method, except they were immersed in thionin for 90 s.
Stained PBC slices were transferred in phosphate buffer to a Petri dish
and photographed (PL-A686, 6.6 megapixel; PixeLINK) under a stereo
microscope (Zeiss SR15; magnification, 32�).

Data analysis. Inspiratory activity of PBC slices in 3 mM [K �] solution
was continuously recorded at a sampling rate of 1 kHz. Burst rate was
averaged every 20 min over 2 min time windows. “Longevity” of rhythm
was defined as the time from start of recording until the time when the
period between consecutive bursts exceeded 5 min. Burst duration was
defined using ClampFit software (Molecular Devices, Chicago, IL) as the
time interval from when the signal increased above and decreased below
a threshold set at 10% of the peak amplitude for that burst. Pharmaco-
logically reactivated rhythms were described by averaging burst rates
over a 2 min time period at steady state. Values are means � SEM except
for histological analyses (means � SD). Significance ( p � 0.05) was
assessed by one-sample t test using Sigmaplot (Systat Software, Point
Richmond, CA).

Results
Anatomical relationship between neonatal rat brainstem
nuclei and PBC
Inspiratory active medullary slices are most commonly obtained
from rats between P0 and P4. They are generated either in ap-
proximate reference to gross anatomical features, such as the
position of hypoglossal nerve roots or obex, or in more precise

reference to brainstem marker nuclei visualized in transillumi-
nated, transverse brain sections produced during cutting. The
latter approach is more precise, but assumes a constant anatom-
ical relationship between the functionally defined PBC and the
marker nuclei (Schwarzacher et al., 1995) (Figs. 1, 2). We tested
this assumption by comparing the rostrocaudal extensions of
marker nuclei in P0, P2, and P4 SD and W rats. Convenient
ventral marker nuclei include the facial motonucleus, the lateral
reticular nucleus, and, in particular, different subnuclei of the
inferior olive (Li et al., 2001). Less valuable information is ob-
tained from dorsal structures such as the hypoglossal moto-
nucleus or obex as their association with ventral structures is
sensitive to the cutting angle (“tilt”) (Fig. 2A). Ambigual mo-
toneurons do not aggregate to a detectable nucleus in transverse
50 –100 �m sections.

The marker nuclei were first studied in thionin-stained trans-
verse serial sections (50 �m) from 15 agar-embedded fixed brain-

Figure 2. Ventral respiratory regions and respiratory marker nuclei. A, Schematic sagittal
section showing ventral respiratory regions [modified after Smith et al. (1991); Alheid et al.
(2004)] and marker nuclei of Figure 1 B. The dotted box indicates the mean position of 500-�m-
thick slices with the PBC in the middle (“mPBC”) and mean boundaries at �0.70 and �0.20
mm, respectively (compare Figs. 3, 4). The position of obex (�0.55 VIIc) relative to PBC in
transverse sections depends on sectioning angle (Fig. 3). The horizontal scale is the same as for
B showing means (�SD) of rostrocaudal boundaries of marker nuclei from 15 fixed brainstems.
C, Sample transverse sections from W-P2 reference atlas (supplemental material, available at
www.jneurosci.org) showing marker nuclei in A and B and additional structures. Abbreviations
not used in Figure 1: VRC, ventral respiratory column; BC, Bötzinger complex; RTN, retrotrap-
ezoid nucleus; pFRG, parafacial respiratory group; NA, nucleus ambiguus; VIIdor, dorsal subnu-
cleus of VII; VIIlat, lateral subnucleus of VII; V4, fourth ventricle.
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stems (Fig. 1). The position of each section was defined by its
distance (in millimeters) from the caudal end of facial nucleus
(VIIc) (Fig. 1A, left) (regions caudal to VIIc were assigned nega-
tive values). Living tissue from 11 brainstems was then sectioned
serially (100 �m) in superfusate, photographed (Fig. 1A, mid-
dle), fixed, and stained with thionin, and then rephotographed
(Figs. 1A, right). In these sets of serial sections, the rostrocaudal
extensions of marker nuclei (Fig. 1B), as well as the distance from
the rostral margin of the VII nucleus (VIIr) to the caudal margin
of the medial inferior olivary nucleus (IOMc) (Fig. 1C) was the
same whether compared between rat strains (W vs SD), age
groups (P0 vs P2 and P4), or live versus fixed sections. The ana-
tomical relation of the marker nuclei with respiratory brainstem
regions, specifically the parafacial respiratory group/retrotrap-
ezoid nucleus complex and the VRC including the PBC and Bötz-
inger complex, are shown in Figure 2, A and B. The consistency of
marker nuclei, both in absolute dimension and position relative
to each other, allowed construction from one P2 W rat brainstem
of a “reference atlas” comprising serial, transverse, 50 �m sec-

tions through the neonatal rat medulla
that was applicable to SD and W rats be-
tween P0 and P4 (Fig. 2C; see also
supplemental material, available at
www.jneurosci.org).

On-line histology for generating
calibrated PBC slices
Based on the constancy of brainstem anat-
omy for P0 –P4 rats, we developed on-line
histology, a method for generation and
rapid documentation of PBC slices with
defined boundaries. Brainstem sections
were cut with a vibratome in the caudo-
rostral direction starting at the caudal end
of the inferior olive (Fig. 3). Section thick-
ness was reduced to 100 �m when ap-
proaching the desired level for generating
a rhythmic slice. Prerhythmic live sections
were inspected on-line and photographed.
Varying the focus or condensor aperture
revealed medullary marker nuclei, espe-
cially subnuclei of the inferior olive (Fig.
3A). Sections were compared with the ref-
erence atlas (Fig. 3B) to evaluate, on-line,
the rostrocaudal position. For defining the
rostral border of the rhythmic slice, “post-
rhythmic” sections were cut and photo-
graphed (Fig. 3C). For more detailed
“off-line” analysis of slice boundaries, pre-
rhythmic and postrhythmic “frame” sec-
tions were fixed and stained with thionin
(Fig. 3A,C).

Generation of calibrated 500-�m-thick
PBC slices
We next tested whether on-line histology
facilitates generation of rhythmic slices
with predetermined and consistent ros-
trocaudal borders. We compared the ac-
tual versus desired rostrocaudal bound-
aries of 21 slices (500 �m thick) that were
cut to have the caudal and rostral bound-
aries at �0.70 and �0.20 mm caudal to

VIIc, respectively. This should place the center of the PBC (lo-
cated at about �0.50 mm) (Smith et al., 1991) near the middle of
such slices (Figs. 2– 4), to be described as mPBC[500/�0.70]SD/
W-P0/4 (mPBC, PBC in the middle; 500 indicates thickness in
micrometers; �0.70 refers to caudal boundary relative to VIIc;
SD/W-P0/4, 0- to 4-d-old SD or W rats). Slice thickness was
determined by sectioning a horizontal strip at the level of the
VRC/PBC (Fig. 3D). Values were similar in freshly cut (560 � 12
�m; n � 3) and fixed slices (518 � 38 �m; n � 7) (Fig. 4A),
indicating minimal shrinkage during fixation. Sectioning for
physical thickness also revealed that the dye penetrated �50 �m
into the translucent brainstem tissue (Fig. 3D). Thus, identifica-
tion of transection level based on analysis of stained surface struc-
tures in rhythmic and frame slices should be accurate within 50
�m. Caudal and rostral slice boundaries determined by analyzing
surface structures in the rhythmic slices (Fig. 3D) averaged
�0.70 � 0.05 and �0.20 � 0.09 (n � 21), respectively (Fig. 4A).
Because these values were very close to the targeted values, we
propose that rostrocaudal boundaries of PBC slices can be accu-

Figure 3. On-line histology for generating calibrated PBC slices. The diagram shows newborn rat brainstem glued with rostral
side to metal plate attached to vibratome stage. Serial sectioning in caudorostral direction provides 100-�m-thin prerhythmic
sections (A), which are compared with a W-P2 rat atlas (B) (supplemental material, available at www.jneurosci.org) to determine
cutting level and caudal boundary of the rhythmic slice, in this case �0.70 mm relative to VIIc. As shown for the second-to-last
prerhythmic slice (top row), resolution can be enhanced by adjusting the condensor aperture or focus. Sections are photographed,
fixed for thionin staining, and rephotographed for higher resolution off-line analysis. C, Postrhythmic slices taken after cutting the
rhythmic slice are used for on- and off-line analysis of rostral slice boundary. D, Fixed rhythmic slice stained with thionin to define
caudal (top image) and rostral (bottom image) surfaces. The thickness of the rhythmic slice, here 500 �m, is determined by
sectioning the horizontal strip at level of VRC/PBC. Combined on-line/off-line analysis revealed caudal and rostral slice boundaries
at �0.70 and �0.20, respectively, and that the PBC is close to the middle of the slice (Fig. 2 A). Sections in A, C, and D are from one
individual WP2.5 brainstem. Thus, this calibrated PBC slice is described as “mPBC[500/�0.70]W-P2.5.”
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rately quantified off-line by comparing their surface structures
with those in the atlas.

Comparison of rhythmic slice boundaries with the position of
the last prerhythmic and first postrhythmic slice revealed a ros-
trocaudal gap between surface structures in the rhythmic slice
(“slice image”) and the adjacent prerhythmic or postrhythmic
frame sections of 89 � 24 and 86 � 58 �m (n � 21), respectively

(Fig. 4A). This gap likely reflects tissue transparency, dye entry
into rhythmic and frame slices, and possibly disintegration of a
thin layer of tissue during slicing procedures. This gap has to be
taken into account for generation of a rhythmic slice using on-
line histology.

Rhythm in calibrated PBC slices at 3 mM [K �]
Our next objective was to assess the activity of defined mPBC
slices in solution of physiological [K�]. Fifteen mPBC[500/
�0.70]SD/W-P0/4 slices generated regular inspiratory VRC
rhythm for 142 � 13 min (range, 53–221 min) (Fig. 5). Despite
our original premise that rhythmic activity in 3 mM K� might be
limited in slices with the PBC close to the surface, there was no
obvious correlation between slice boundaries and longevity of
rhythm (Fig. 4B). In fact, slices with the PBC near their rostral or
caudal surfaces were among those with the greatest longevity.
Whether longevity is reduced in slices with the PBC at the slice
surface, however, requires additional investigation.

We then characterized whether longevity of rhythm depends
on slice thickness. For this, we generated slices extending an ad-
ditional �50 �m in rostral and caudal directions (n � 11). These
mPBC[600/�0.76]SD/W-P0/4 slices showed rhythm for 240 �
25 min (n � 8; range, 126 –322 min) thus for a notably longer
time period than the above 500 �m slices. In the 500- and 600-
�m-thick slices, mean inspiratory frequencies were 8.8 � 0.8
(n � 15) and 8.1 � 0.5 (n � 8) bursts/min at 20 min of recording.
Burst rate typically remained rather constant until 10 –20 min
before arrest of rhythm (Fig. 6A,B). In 80% of mPBC[500/
�0.70] slices, 1–15 single bursts (“S-bursts”) of relatively uni-
form duration (0.61 � 0.03 s; n � 4) alternated with bursts of
similar amplitude that were of longer duration (0.80 � 0.05 s; n �
4) and appeared to comprise two partially overlapping single,
“intermingled” bursts (“I-bursts”) (Fig. 5). In �60% of those 500
�m slices, the duration of the I- and S-bursts began to decline

Figure 4. Boundaries and dimensions of mPBC[500/�0.70]SD/W-P0/4 slices versus lon-
gevity of rhythm in 3 mM [K �] solution. A, Means (�SD) of rostral and caudal slice boundaries
(slice image) determined in 21 slices in relation to atlas (supplemental material, available at
www.jneurosci.org). Caudal and rostral frame values were similarly obtained from last pre-
rhythmic and first postrhythmic slices, respectively (for details, see Fig. 3). The location and
physical thickness of seven fixed, thionin-stained slices (“fixed slice”) are compared with three
unfixed, unstained slices (“fresh slice”) measured in standard superfusate within 20 min of
preparation. Note gaps between slice boundaries determined from analysis of rhythmic slices
compared with frame sections. B, Plot of rostrocaudal boundaries of slices versus longevity of
rhythm (Fig. 5). Most slices showed a regular inspiratory pattern (dark bars) (Figs. 5, 6), whereas
some showed sigh-like activity (gray bars) (Fig. 7).

Figure 5. Inspiratory rhythm in 3 mM [K �] superfusate. Suction electrode recording of VRC
activity in a mPBC[500/�0.78]W-P0 slice producing regular rhythm. The frequency of VRC
population activity varied between 8 and 13 bursts/min for a time period of 180 min, before
rhythm slowed after 193 min and then stopped after 195 min. The gray circles indicate single
bursts (S-bursts). Nonlabeled bursts are intermingled bursts (I-bursts) comprising two partially
overlapping S-bursts.
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after �1 h and �20 min, respectively (Fig. 6C). The duration of
both types of bursts typically remained stable for �2 h in
mPBC[600/�0.76] slices.

Three of 11 mPBC[600/�0.76] and 6 of 21 mPBC[500/�0.70]
slices developed “sigh-like” activity (Fig. 7A) (Lieske et al., 2000).
Sigh-like bursts, which were larger in amplitude because of the oc-
currence of a second burst during the decaying phase of the initial
burst, occurred at a rate of 2.1 � 0.4 bursts/min (n � 5; at 20 min of
recording) (Fig. 7B). They were often followed by a period of re-
duced activity during which burst amplitude decreased markedly
(sometimes disappearing for brief periods) and then increased grad-
ually during the next 3–12 consecutive intersigh bursts, which oc-
curred with an average frequency of 8.7 � 1.1 bursts/min at 20 min
of recording (n � 5) (Fig. 7B). Longevity of sigh-like rhythm in 500
�m slices was 108 � 12 min (n � 6).

Neuromodulation of PBC inspiratory networks
Inhibition by opiates
Bath application of DAMGO (10 nM), which decreases cellular
cAMP via �-opiate receptors (Ballanyi et al., 1997; Richter et al.,
1997), lowered burst frequency to �20% of control (i.e., to 0 –2
bursts/min in four mPBC[500/�0.70] slices), whereas 25 nM

DAMGO abolished rhythm in mPBC[500/�0.70] (n � 3) and
mPBC[600/�0.76] (n � 3) slices (Fig. 8). In the 600 �m slices,
rhythm was effectively reactivated after combining washout of
the drug with application of the �-receptor antagonist naloxone
(1 �M) (Fig. 8).

Neurostimulants
Our above data show that longevity of rhythm in 3 mM [K�]
superfusate increases with slice thickness consistent with the hypoth-
esis that rundown of bursting reflects washout of endogenous exci-
tatory neuromodulator(s). Given this observation, we assessed in the

Figure 6. Time dependence of inspiratory burst frequency and duration. A, B, Burst rates in
mPBC[500/�0.70] (A) and mPBC[600/�0.76] (B) slices. The digits indicate the number of
slices [out of 15 (A) and 8 (B)] active at indicated time periods. C, Duration of intermingled
bursts (I-bursts, left) and single bursts (S-burst, right). Three consecutive bursts were analyzed
for each time period in each slice. The bars represent means � SEM; digits indicate the number
of slices. *p � 0.05; **p � 0.01.

Figure 7. Sigh-like inspiratory activity. A, In a mPBC[500/�0.73]W-P0 slice, an initially
regular rhythm of small amplitude bursts transformed within 10 min into a pattern of single
augmenting, sigh-like bursts followed by a period in which the burst amplitude cycled from a
low-amplitude burst followed by four to eight bursts of progressively greater amplitude and
one very large amplitude sigh-like burst that seemed to restart the cycle. After spontaneous
arrest of rhythm after 120 min, regular inspiratory bursting was evoked by bath application of
the group-I metabotropic glutamate receptor agonist DHPG and, after washout of DHPG, the
inhibitor of cAMP-specific phosphodiesterase-4 rolipram. B, Time dependence of mean sigh-
like (black boxes) and intersigh (open boxes) burst frequencies in mPBC[500/�0.70] slices. The
bars represent means � SEM; values indicate the number of slices.
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mPBC[500/�0.70] slices the ability to reactivate rhythm of neuro-
stimulants acting on different signaling pathways.

Glutamate and metabotropic receptors
Bath application of 1 �M DHPG, a group-I metabotropic gluta-
mate receptor agonist (Conn and Pin, 1997), reactivated rhythm
with a pattern and frequency very similar to control (Fig.
9A,B,D). At threshold concentration (0.25 �M), rhythm re-
turned at very low frequencies (�1 burst/min), whereas 10 �M

DHPG evoked 17.1 � 1.4 bursts/min (n � 6; maximum, 24) (Fig.
9D). In �50% of cases, 2.5–10 �M DHPG elicited tonic VRC
activity initially (Fig. 9B). Rhythm persisted throughout drug
administration periods of 15–20 min and typically disappeared
within �15 min of starting washout of DHPG (Fig. 9A).

Thyrotropin-releasing hormone
Very similar results were obtained with TRH (Fig. 9A,C,E),
which blocks K� channels via G�q proteins (Chen et al., 2006). At
0.5 nM, TRH reactivated rhythm almost indiscernible from con-
trol. At threshold concentration (0.1 nM), TRH evoked �1
bursts/min, whereas frequency reached 17.2 � 1.1 bursts/min

(n � 8; maximum, 21) at 100 nM TRH (Fig. 9E). In three slices,
10 –100 nM TRH induced tonic activity initially (Fig. 9C) and also
decreased burst strength to 20 –70% of the value of uniform
bursting at lower concentrations in two cases. At all concentra-
tions, the frequency of TRH-induced rhythm remained stable
throughout the application period (15–20 min). In two slices,
rhythm persisted for �1 h after start of washout (Fig. 9A).

Elevation of cAMP levels
We tested next effects of receptor-independent elevation of cel-
lular cAMP induced by the phosphodiesterase-4 blocker rolip-
ram and the less specific blocker theophylline (O’Donnell and
Zhang, 2004). Inspiratory rhythm was reactivated to frequencies
of 1.6 � 0.7 (n � 5) and 5.4 � 0.8 (n � 8) bursts/min by 0.25 and
2.5 mM theophylline, respectively (Fig. 10A,C). Rolipram, at 1
and 5 �M, also reactivated the arrested PBC network in the 500
�m slices, causing burst rate to increase to 6.1 � 0.9 (n � 11) and
6.8 � 2.3 bursts/min (n � 3), respectively (Fig. 10B,C). In six
mPBC[600/�0.76] slices, 0.25 and 5 �M rolipram were compa-
rably effective (6.3 � 0.3 vs 6.9 � 0.6 bursts/min) (Fig. 10D). At
1–5 �M, the action of rolipram persisted between 30 and 120 min
after washout of the agent (Fig. 10B). Theophylline and rolipram

Figure 8. Opiate-induced depression of inspiratory rhythm. A, In a mPBC[500/�0.77] W-P2
slice, bath application of the �-opiate receptor agonist DAMGO depressed frequency, but not
amplitude of inspiratory VRC bursting. Rhythm recovered partially after 25 min of washout. B, In
a mPBC[600/�0.80] W-P3 slice, DAMGO abolished rhythm, which was reactivated within 5
min of simultaneously washing out DAMGO while washing in (bath application) of the opiate
receptor antagonist naloxone. C, D, Bar graphs show effects of DAMGO on frequency and the
recovery of rhythm after washout of DAMGO alone (C) and in the presence of naloxone (D). The
bars represent means � SEM; values indicate the number of slices tested.

Figure 9. Neurotransmitter-evoked reversal of in vitro apnea. A, Control activity in 3 mM

[K �] (left, top trace) spontaneously arrested after 156 min in a mPBC[500/�0.70]SD-P1.5
slice (right). Bath application of DHPG reactivated bursting activity very similar to control, which
again stopped within 9 min of wash. A comparable rhythm was also elicited by TRH. Note that,
in contrast to DHPG, bursting continued for almost 2 h after TRH washout. B, C, In the initial
phases of bath application, DHPG (B) (10 �M; mPBC[500/�0.70]SD-P1.5) or TRH (C) (100 nM;
mPBC[500/�0.70]W-P2) evoked tonic activity, as evidenced by a shift and increased thickness
in the baseline of the integrated VRC signals. D, E, Bar graphs show that the efficacy of DHPG (D)
and TRH (E) in reactivating inspiratory rhythm is strongly dose dependent. Note that 1 �M DHPG
and 0.5 nM TRH evoke a rhythm similar to that observed in control solution. The bars represent
means � SEM; values indicate the number of preparations tested.
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did not typically induce tonic activity. Although lower in fre-
quency, these drugs often elicited more robust and regular burst-
ing than DHPG and TRH.

All neurostimulators also evoked regular rhythm in four slices
with sigh pattern (Fig. 7).

Ca 2� imaging of neuromodulator-induced rhythmic activities in
assemblies of VRC/PBC neurons
Our electrophysiological VRC approach was not suited to study
whether rhythmic behaviors elicited by the above agents stimu-
late the same VRC/PBC neurons. Consequently, we combined
electrophysiological recording with Ca 2� imaging for assessment
within the contralateral VRC/PBC of activity and morphology of
groups of individual neurons. In eight mPBC[500/�0.69] slices,
recordings were done from 17 PBC cells located between �0.60
and �0.58, thus within the caudal PBC boundary and 34 non-
PBC VRC cells located between �0.78 and �0.69 (compare Fig.
2A). Somata of these cells showed Ca 2� rises in phase with VRC/
PBC rhythm (Figs. 11, 12; see also movie in supplemental material,
available at www.jneurosci.org). In �15% of cells, Ca2� oscillations
were also apparent in proximal dendrites. Neurons with higher rest-
ing fluorescence intensity typically showed larger inspiratory-related
Ca2� oscillations. The vast majority of neurons initially active in 3

mM [K�] showed very similar Ca2� rises when rhythm was reacti-
vated with DHPG (87.8%; n � 41), TRH (70.6%; n � 34), rolipram
(84.2%; n � 19), or theophylline (94.1%; n � 17) (Figs. 11, 12).
z-stack image series enabled 3D-animated movies (supplemental
material, available at www.jneurosci.org), which revealed basic mor-
phological features of VRC (Fig. 11) and PBC neurons (Fig. 12) such
as soma shape and number of primary dendrites.

Discussion
We have analyzed for the first time endogenous rhythm at phys-
iological extracellular [K�] in brainstem slices containing the
PBC inspiratory center. These slices with well defined rostrocau-
dal boundaries were highly sensitive to neuromodulators. Activ-
ity of localized and functionally identified PBC neurons and
reactivation of their rhythmic discharge via distinct second-
messenger pathways after spontaneous in vitro apnea was
assessed with two-photon/confocal Ca 2� imaging.

Calibrated PBC slices
We found that the rostrocaudal extensions of respiratory marker
nuclei (i.e., facial nucleus, lateral reticular nucleus, inferior olive)
are remarkably constant in newborn rats. This enabled use of a
reference rat brainstem atlas for generation of PBC slices with
predictable and reproducible boundaries. Our on-line histologi-
cal approach is a valuable step toward standardizing slicing pro-
cedures and provides a reference for comparison of results be-
tween laboratories. It will also form a reference for exploring the
modification of PBC function by surrounding brainstem struc-
tures such as the parafacial respiratory group and the retrotrap-
ezoid nucleus, which both overlap with the facial motonucleus
(Fig. 2A) and contain chemosensitive neurons that presumably
drive the PBC (Onimaru and Homma, 2003; Mulkey et al., 2004;
Kawai et al., 2006). Here, we showed that the PBC is capable to
generate rhythm at physiological [K�] without drive from these
areas not included in mPBC[500/�0.70] slices.

High sensitivity to neuromodulators of rhythm in 3 mM [K �]
The original report on the PBC stated briefly that �500-�m-
thick slices can be active at physiological extracellular [K�]
(Smith et al., 1991; Funk et al., 1993). Here, 600- and 500-�m-
thick slices with the PBC in the center generated inspiratory
rhythm for �4 and �2 h, respectively, at frequencies comparable
with those of slices in elevated [K�]. Similar to the in situ per-
fused brainstem preparation (Manzke et al., 2003), the rhythm
was blocked by low nanomolar concentrations of �-agonist,
whereas micromolar concentrations are typically necessary to
abolish slice rhythms in high [K�] superfusate (Johnson et al.,
1994). This indicates that K� counteracts depressant effects of
inhibitory neuromodulators in PBC slices by unspecifically in-
creasing neuronal excitability (Somjen, 2002).

The PBC network in the calibrated slices is also very sensitive
to excitatory neuromodulators. TRH is often used at high nano-
molar to micromolar concentrations to reveal stimulatory effects
on (respiratory) brainstem slices (Funk et al., 1994; Rekling et al.,
1996; Browning and Travagli, 2001). Here, picomolar TRH con-
centrations could already reactivate regular rhythm after sponta-
neous arrest, whereas 0.5 nM TRH mimicked rhythm in PBC
slices before arrest. Regarding the mechanism of action, TRH
targets G�q-protein-linked receptors that may directly block two-
pore-domain K� channels (Chen et al., 2006; Töpert et al., 1998)
that are proposed to contribute to respiratory rhythm generation
(Ballanyi et al., 1999; Smith et al., 2000). While the respiratory
stimulatory action of TRH is established (Hedner et al., 1983;

Figure 10. Reversal of in vitro apnea by cAMP-elevating phosphodiesterase-4 blockers. A,
After spontaneous arrest of inspiratory bursting in a mPBC[500/�0.68]SD-P0.5 slice after 146
min, a low-frequency rhythm was evoked by the nonspecific blocker of cAMP-specific
phosphodiesterase-4, theophylline. A 10-fold increase in theophylline concentration to 2.5 mM

raised frequency �2.5-fold. B, The specific phosphodiesterase-4 blocker rolipram reactivated
rhythm in a mPBC[500/�0.63]W-P2 slice. The stimulating action of rolipram persisted for �1
h after washout. C, Histograms summarizing the dose-dependent stimulatory effects of the-
ophylline and rolipram on quiescent mPBC[500/�0.70] slices. D, Histogram summarizing ef-
fects of rolipram on quiescent mPBC[600/�0.76] slices. Note that nanomolar concentrations of
rolipram reactivate rhythm at rates similar to controls. The bars represent means� SEM; values
indicate the number of slices.
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Bennet et al., 1988), we report for the first
time that DHPG-mediated activation of
metabotropic glutamate receptors induces
PBC rhythm. Locomotor networks in
neonatal rats (Nistri et al., 2006) and re-
spiratory networks in lampreys (Bong-
ianni et al., 2002) are similarly sensitive to
the agent. Furthermore, DHPG augments
L-type Ca 2� channel currents in uniden-
tified VRC/PBC neurons (Mironov and
Richter, 1998) and enhances the excitabil-
ity of respiratory motoneurons (Dong and
Feldman, 1999; Nistri et al., 2006). Our
data suggest that glutamate may act endo-
genously through group-I metabotropic
receptors coupled to phospholipase-C
inositol-1,4,5-triphosphate signaling
(Conn and Pin, 1997) to stimulate
breathing.

The increased longevity of rhythm in
thicker slices is consistent with the hy-
pothesis that in vitro apnea reflects wash-
out of excitatory agents. However, our
findings do not allow the conclusion that
the rhythm arrests because of washout of
glutamate and/or TRH from the slices.
Also, depletion of substance P from pre-
synaptic terminals abolishes the slice
rhythm (Morgado-Valle and Feldman,
2004), whereas substance P reactivates
bursting after its arrest after lowering su-
perfusate [K�] from 8 to 3 mM (Pena and
Ramirez, 2004). Neuromodulator(s) act-
ing through the cAMP–protein kinase A
pathway, such as norepinephrine or sero-
tonin (Richter et al., 1997; Manzke et al.,
2003), may also be among the excitatory
agent(s) that appear to be washed out
from the slices. This is indicated by the
stimulatory effects on the slice rhythm of theophylline and roli-
pram, which both inhibit cAMP-specific phosphodiesterase-4,
resulting in a rise of cellular cAMP (Nikulina et al., 2004;
O’Donnell and Zhang, 2004). While theophylline is commonly
used clinically to reverse apneas in (preterm) infants, the antide-
pressant rolipram (O’Donnell and Zhang, 2004) antagonizes in
vitro respiratory depression in perinatal rats (Ballanyi, 2004; Ru-
angkittisakul and Ballanyi, 2006). Here, theophylline stimulated
the PBC network at low millimolar concentrations, whereas 250
nM rolipram already reactivated rhythm with rates only slightly
lower than in controls. This rolipram concentration may be sim-
ilar to or lower than those exerting beneficial effects on age-
related memory deficits (Barad, 2003) and depression
(O’Donnell and Zhang, 2004). Because rolipram-evoked rhythm
was regular and robust, this or more recent phosphodiesterase-4
inhibitors with fewer side effects (Dal Piaz and Giovannoni, 2000;
O’Donnell and Zhang, 2004) may effectively stimulate breathing
in intact animals or humans.

The observation that all agents were comparably effective sug-
gests that rhythmogenic PBC neurons and/or neurons providing
tonic excitatory drive to these cells (Richter et al., 1992; Feldman
et al., 2003) are targeted by multiple signaling pathways (Richter
et al., 1997). This shows that washout of rhythm from PBC slices
in 3 mM [K�] is not necessarily an obstacle to study the neural

control of breathing. Rather, it enables both the identification of
second-messenger pathways that can promote rhythm genera-
tion and the analysis of how these signaling cascades interact to
modulate the rhythm. In that regard, the sigh-like inspiratory
pattern (Lieske et al., 2000) in vitro may be associated with the
hormonal status of pups resulting in an imbalance of endogenous
neuromodulators. Interstitial levels of TRH, which facilitates reg-
ular rhythm in PBC slices, may be lower in poorly lactated ani-
mals (Nillni et al., 2001), resulting in a relative dominance of
endogenous neuromodulator(s) promoting sighs, probably in-
volving substance P (Shvarev et al., 2003).

Imaging of VRC/PBC neurons
Similar to a current lack of knowledge on anatomical slice bound-
aries, the rostrocaudal location of electrophysiologically recorded
respiratory neurons has not been reconstructed in by far most
studies on rodent PBC slices. Accordingly, a significant portion of
cells referred to as PBC neurons possibly comes from regions
outside the PBC. In our study, all active cells at identified rostro-
caudal levels showed Ca 2� rises during inspiratory VRC bursting
with no indication of activity associated with other respiratory
phases. Because no ratiometric Ca 2� dye was used here, no at-
tempt was made to quantify the Ca 2� rises. Because glutamate
evoked notably larger Ca 2� signals, the inspiratory Ca 2� tran-
sients may be rather modest (100 –200 nM) as estimated by fura-2

Figure 11. Confocal imaging of activity and morphology of inspiratory VRC neurons. A, Cells in the VRC region of mPBC[500/
�0.75] W-P3 slice stained after pressure injection with the Ca 2�-sensitive dye fluo-4-AM. Cells showing inspiratory-related
increases of fluo-4 fluorescence, outlined as regions of interest, were located at a depth of 30 �m (i.e., �0.72 mm caudal to VIIc).
B, Eighty second simultaneous recordings in 3 mM [K �] of rhythmic Ca 2� oscillations plotted as fluorescence intensity in arbitrary
units (a.u.) in identified VRC neurons in A and electrophysiological population activity in the contralateral VRC (bottom trace). Note
that fluorescence increases were consistently larger during intermingled (I-bursts; asterisk) compared with single (S)-bursts (see
supplemental movie, available at www.jneurosci.org as supplemental material; compare Figs. 5, 6). After washout of rhythm in 3
mM [K �], VRC bursting and Ca 2� oscillations were consecutively reactivated by TRH, DHPG, or rolipram. Note that cells repre-
sented by the top four traces in the left panel were not monitored during drug application because of a minor shift in focal plane
over time. C, 3D animation (supplemental material, available at www.jneurosci.org) showing gross morphology of VRC inspiratory
neurons and nonrhythmic cells obtained from z-stack (0.5 �m single step) image series encompassing areas starting 7.5 �m
above to 7.5 �m below the image plane of A.
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Ca 2� measurements in unidentified VRC/PBC neurons (Fr-
ermann et al., 1999). Dialysis via the patch electrode with Ca 2�

dye as in the latter study is one potent approach to reveal struc-
tural features of respiratory neurons. A unique advantage of our
approach is that populations of neurons can be imaged after pres-
sure injection of dye (Stosiek et al., 2003) into the VRC/PBC. A
similar approach has been used previously (Koshiya and Smith,
1999), whereas another study loaded PBC slices from mice after bath
application of membrane-permeable Ca2� dye (Thoby-Brisson et
al., 2005). Confocal imaging in our study afforded high spatial reso-
lution and 3D images of neuronal networks within the VRC/PBC
(Figs. 11, 12) as prerequisites for a structure–function relationship of
the PBC.

A most important finding is that the same population of neu-
rons that showed rhythmic Ca 2� rises in 3 mM [K�] solution was
reactivated by the neurostimulants. This suggests either that the
agents (1) reactivate rhythm through a common population of
rhythmogenic PBC neurons, (2) activate distinct pools of neu-
rons that drive a common set of rhythmogenic PBC neurons that
we imaged, or (3) activate distinct pools of rhythmogenic PBC
neurons that converge on a common set of follower neurons that
we imaged. We were unable to distinguish between these possi-
bilities because optical recording in this study was restricted to
tissue depths �70 �m for confocal imaging and �100 �m for
two-photon imaging. The critical rostrocaudal boundaries of the
newborn rat PBC have not yet been determined in slices but its
center is hypothesized (Smith et al., 1991) to be close to �0.50

following the terminology introduced
here (Fig. 2, 3) and extend �100 �m in
rostral and caudal directions. Accord-
ingly, only a subpopulation of cells studied
here represents “real” PBC neurons,
which did not show major differences in
gross morphology (i.e., soma shape and
size or array of primary dendrites among
each other or compared with VRC cells).
Recording from cells in slices with the PBC
more exposed to the caudal or rostral sur-
face may reveal a morphology specific to
rhythmogenic neurons. Additional crite-
ria such as (fluorescent) tagging for PBC
neuronal markers such as characteristic
neurotransmitter receptors and trans-
porters (Gray et al., 1999; Guyenet et al.,
2004; Pagliardini et al., 2005) may facili-
tate the identification and analysis of the
cellular rhythm generator.
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