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Abstract

In severe hypoxia, respiratory rhythm is shifted from an eupneic, ramp-like motor pattern to gasping characterized by a decrementing
pattern of phrenic motor activity. However, it is not known whether hypoxia reconfigures the spatiotemporal organization of the central
respiratory rhythm generator. Using the in situ arterially perfused juvenile rat preparation, we investigated whether the shift from
eupnea to gasping was associated with a reconfiguration of the spatiotemporal pattern of respiratory neuronal activity in the ventral
medullary respiratory network. Optical images of medullary respiratory network activity were obtained from male rats (4—6 weeks of
age). Part of the medullary network was stained with a voltage-sensitive dye (di-2 ANEPEQ) centred both within, and adjacent to, the
pre-Bétzinger complex (Pre-B6tC). During eupnea, optical signals initially increased prior to the onset of phrenic activity and
progressively intensified during the inspiratory phase peaking at the end of inspiration. During early expiration, fluorescence was also
detected and slowly declined throughout this phase. In contrast, hypoxia shifted the respiratory motor pattern from eupnea to gasping
and optical signals were restricted to inspiration only. Areas active during gasping showed fluorescence that was more intensive and
covered a larger region of the rostral ventrolateral medulla compared to eupnea. Regions exhibiting peak inspiratory fluorescence did
not coincide spatially during eupnea and gasping. Moreover, there was a recruitment of additional medullary regions during gasping
that were not active during eupnea. These results provide novel evidence that the shift in respiratory motor pattern from eupnea to
gasping appears to be associated with a reconfiguration of the central respiratory rhythm generator characterized by changes in its

spatiotemporal organization.

Introduction

Recent advances in optical imaging techniques using voltage-sensitive
dyes (VSD) have provided unprecedented information of spatiotem-
poral activity patterns within neuronal networks. Optical imaging has
been used successfully to visualize the activity of the somatosensory
cortex in the in vivo rat (Petersen 2003a, 2003b, 2003c; Petersen et al.,
2004; Takashima et al., 2005). However, due to the limited diffusion
and uptake of VSDs, as well as the inherent light-scattering properties
of tissue and blood, optical imaging has been limited to superficial
structures (Grinvald et al., 1988).

Recently, VSDs have been applied to study the mammalian
medullary respiratory network (Fisher e al., 2005; Eugenin et al.,
2006). A series of studies by Onimaru and colleagues (Onimaru &
Homma, 2003; Onimaru et al., 2004; Onimaru & Homma 2005b)
have visualized the spatiotemporal activity of central respiratory
neurons during fictive breathing in vitro using high-resolution optical
imaging. However, to date this approach has been restricted to in vitro
preparations of early postnatal rats, which generate respiratory motor
patterns that differ considerably from those generated by in vivo
neonatal (Fung er al,. 1995; Wang et al., 1996) and mature rats
(St John, 1990). As such, the spatiotemporal activity patterns
previously reported in the neonate may differ from those in more
mature preparations. Therefore, it is of importance to understand the
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spatiotemporal organization of respiratory activity in the fully
developed brainstem.

It has been shown that the generation of respiratory activity can be
altered under different behavioural states. For instance, hypoxia shifts
respiratory rthythm patterns from an eupneic, ramp-like phrenic motor
pattern to gasping, which is characterized by a decrementing motor
pattern. Although the mechanisms underlying the shift in respiratory
motor pattern remain unknown, it has been suggested that separate
medullary respiratory centres may generate each motor pattern
(St John, 1990; Fung et al., 1994). Alternatively, the different motor
patterns may arise from a reconfiguration of the central respiratory
activity (Lieske et al., 2000). Therefore, the aim of the present study
was to: (i) image respiratory activity within the ventrolateral medulla
of a juvenile rat with a functionally intact ponto-medullary respiratory
network, which some believe is required for the generation of normal
breathing (Richter & Spyer, 2001; St-John & Paton, 2004), and
(i1) determine whether the shift from eupnea to hypoxic-induced
gasping is accompanied by a change in the spatiotemporal activity of
ventral medullary respiratory neurons. The latter mechanism would
support reconfiguration of central medullary respiratory activity. To
this end, we have employed an in situ artificially perfused rat
preparation that retains the pontomedullary respiratory circuit (Paton,
1996) and permits reversible shifting from the eupneic to the gasping
pattern (St-John & Paton, 2000a). The cell-free perfusate, to minimize
light scattering, along with mechanical stability of the brainstem due
to an absence of cardiac pulsing offered by this in situ approach were
deemed advantageous for optical imaging.
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FI1G. 1. (A) Schematic of experimental and opti-
cal setup for fluorescence measurements from the
ventrolateral medulla. Note, the head of the
preparation was rotated 90° from horizontal and
the camera axis was perpendicular to the brain
surface. Quenching of fluorescence was minimized
by obtaining optical acquisition sweeps triggered
from the onset of phrenic nerve discharge (PND).
A computer generated TTL pulse opened a
mechanical shutter for 1.8 s. See methods for
additional details. (B) Approach used to label
neurons with the voltage-sensitive dye di-2 ANE-
PEQ. Schematic of the exposed medulla showing
cranial roots and surface of the lateral brainstem.
Position of micropipette containing di-2 ANEPEQ
(shaded red) is shown at the level of the rostral-
most rootlet of the hypoglossal nerve. Shaded red
region of the medulla represents approximate
location of the ventral respiratory group (VRG)
including the Pre-BotC. (C) Extracellular popu-
lation activity was recorded from the micropipette
prior to injection of dye to confirm location within
respiratory-related regions of the VRG. (D) Im-
munohistochemical labelling of brainstem from
one preparation illustrating location of injection
site. Labelling of neurokinin; receptors (green)
was used to localize respiratory populations in the
ventrolateral medulla. Note, intense NK; immu-
noreactivity in the ventrolateral medulla ventral of
nucleus ambiguus (NA) extending caudally from
the caudal pole of the facial nucleus (VII). The
location of one di-2 ANEPEQ injection site is
clearly visible within the region of NK; immuno-
reactivity, which exhibited both inspiratory and
expiratory activity (see B). (E) Summary of the
distribution of di-2 ANEPEQ injection sites from
one experiment. This figure consists of computer-
assisted drawings from five sagittal sections of the
medulla (alternate sections, 50-um thick) outlining
the di-2 ANEPEQ labelled region (red). V, trige-
minal nerve; VIII, vestibulocochlear nerve; IX,
glossopharyngeal nerve; X, vagus nerve.

F1G. 2. Change in respiratory pattern from eupnea
to gasping evoked by systemic hypoxia. The main
trace is of the rectified, integrated phrenic nerve
discharge prior to, during and following recovery
from hypoxia. Prior to hypoxia, the preparation
generated a spontaneous eupneic-like respiratory
pattern of incrementing PND (see panel i). Fol-
lowing exposure to a hypoxic normocapnic gas
mixture (10%0,, 5% CO,, balance N,), respiratory
frequency and amplitude initially increased (see
panel ii). However, during prolonged hypoxic
exposure (> 1 min), respiratory frequency declined
and a decrementing pattern of PND became
evident consistent with gasping (see panel iii).
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Materials and methods

Experiments were performed in accordance with the National
Institutes of Health guidelines for animal care and welfare. All
protocols were approved in advance by the Institutional Animal Care
and Use Committee at the University of Missouri.

In situ artificially perfused rat preparation

Experiments were performed on male Wistar rats (60-90 g, n = 4)
using the in situ arterially perfused preparation (Paton, 1996). Briefly,
rats were anaesthetized deeply via inhalation of halothane (5%) until
they failed to show withdrawal responses to noxious pinching of the
tail or a paw. Animals were bisected sub-diaphragmatically and
exsanguinated. A precollicular decerebration was performed and the
cerebellum removed to expose the dorsal surface of the brainstem. The
left phrenic nerve was sectioned at the level of the diaphragm. The
thoracic aorta was cannulated with a double lumen catheter
(16 ga/18 ga, Braintree Scientific) and perfused with a Ringer
solution containing an oncotic agent (Ficoll, 70 kDa, 1.25%, Sigma),
gassed with 95% O, and 5% CO,, warmed to 32-34 °C and filtered
(polypropylene mesh, pore size 40 pm). Pump flow rate was adjusted
to give a perfusion pressure of 65-85 mmHg as monitored via a
pressure transducer (model P23, Statham). Neuromuscular paralysis
was produced by addition of vecuronium bromide (50 pg) directly to
the perfusate. Phrenic nerve discharge (PND) was recorded via a glass
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suction electrode and activity amplified 10 000-20 000 times (Neu-
rolog NL104), integrated (time constant 100 ms; Neurolog NL703)
and filtered (Neurolog NL126; 500 Hz—5 kHz).

Voltage-sensitive dye staining

The hydrophilic dye di-2 ANEPEQ (50 ng/mL, Molecular Probes,
Eugene, OR) was microinjected directly into the ventral respiratory
network from a glass micropipette (10-15 pm o.d.) via a lateral
approach (see Dutschmann & Paton, 2003; Fig. 1A). Briefly, with the
head rotated 90° from horizontal, a portion of the skull (including the
bulla region) was removed to permit direct visualization of the cranial
nerves (see Fig. 1B). Pipettes were orientated perpendicular to the
medullary surface with reference to the rostral-most hypoglossal root
and advanced into the medulla using a stepper motor (Inchworm,
Burleigh). Population activity was recorded through this pipette and
subsequently injections were made from this pipette into regions
exhibiting respiratory-related discharge (Fig. 1B and C). Typically,
microinjections were made at three distinct rostral-caudal sites that all
displayed population respiratory activity. At each site, 50—60 nL of di-2
ANEPEQ was microinjected over a 30-45-s period. The first
microinjection occurred at the level of the rostral-most hypoglossal
root followed by an injection 300 um rostral and 300 um caudal to it.
All injection sites were 800-1000 um below the ventrolateral
medullary surface. Following microinjections of di-2 ANEPEQ,
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FIG. 3. Temporal pattern of optical activity in the rostral ventrolateral medulla and Pre-B6tC during eupnea and gasping obtained from the same preparation. (A and
B) Change in fluorescence from two regions of the medulla (red and blue squares) during eupnea (A) and gasping (B). Left panels show image of lateral brainstem
with superimposed optical signals acquired at peak fluorescence in inspiration during eupnea and gasping. Scale bars represent relative per cent change in
fluorescence (AF/F percentage) with red representing maximal fluorescence. Right panels show temporal changes in fluorescence averaged from ten phrenic nerve-
triggered respiratory cycles in eupnea and from two phrenic nerve-triggered cycles in gasping. Note presence of post-inspiratory activity in eupnea but not gasping.
Red arrows in A and B represent imaged regions analysed in C. (C) Temporal changes in optical activity during the pre-inspiratory period in eupnea and gasping.
Fluorescent activity was greater prior to phrenic onset in eupnea compared to gasping (see inset). (D) Temporal changes in optical activity during the pre-inspiratory
period from two distinct brainstem regions during gasping (see white boxes in panel B). We found that only regions of high fluorescence generated optical signals
prior to phrenic onset. Note, red and blue traces in panel D are the same traces as in B. I, inspiratory phase; Pre-I, pre-inspiratory activity; | PND, integrated phrenic
nerve discharge; XII, hypoglossal nerve rootlets. The vertical scales in A and B show AF/F.
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in situ preparations continued to exhibit eupneic-like breathing
rhythms. In all preparations, basal respiratory frequency did not
change by more than + 5% following 15-30 min of dye injection and
the discharge pattern of the phrenic nerve maintained its ramping
eupneic-like appearance. Together, these findings indicate that the
effect of dye-staining was not detrimental to central respiratory rhythm
and pattern generation.

Optical imaging

The imaging field was focused on the ventrolateral surface of the
medulla with the camera axis perpendicular to the brain surface
(Fig. 1A). Neuronal activity was visualized as a change in
fluorescence of the VSD as recorded using an optical imaging
recording system (MiCAMO02, Brain Vision Inc., Tsukuba, Japan).
The VSD was excited using a 150 W tungsten-halogen lamp (HL-
150) that was collimated, passed through a 510 nm excitation filter,
a dichroic mirror and a 590 nm long-pass absorption filter. A CCD
camera (8.4 mm X 6.6 mm) with high dynamic range (> 66 db),
high quantal efficiency (75% @550 nm, 55% @700 nm) and
maximum time resolution of 3.5 ms per frame detected the changes
in fluorescence. Magnification was provided by a 2X objective
(NA 0.5, Olympus Optical) resulting in an imaging area of
4.2 mm x 3.25 mm.

Acquisition of all optical signals was triggered from the onset of
rectified and integrated phrenic nerve discharge using an online script
file (Spike2, CED, Cambridge, UK). The script generated a TTL pulse
at the onset of the phrenic nerve burst, which was used to trigger the
opening of a mechanical shutter in the tungsten-halogen light source
(refer to Fig. 1A). Each TTL-triggered sweep was 1.8 s in length.
Typically, images were obtained at a frame rate of 3.7 ms per frame
and were averaged over ten sweeps. Based on preliminary experi-
ments, optical imaging of eupnea typically required ten acquisition
sweeps, while optical imaging of gasping required only a single
acquisition sweep. This was likely due to the large amplitude of
fluorescence activity evoked by gasping (i.e. typically 3—5-fold greater
then eupnea). However, it should be noted that when an image was
obtained by averaging a greater number of phrenic cycles (i.e.
50 cycles), the relative amplitude of the optical signal and its
spatiotemporal activity pattern was similar to that obtained using ten
sweeps.

Several analyses were performed on the acquired optical images.
First, the resulting differential image was processed using a two
dimensional spatial filter (3 x 3 pixel) and pseudo-coloured such that
red corresponded to maximal membrane depolarization. Second,
movement artifact, or signal drift due to mechanical vibration, was
removed using smoothing algorithms developed by BrainVision and
finally, pixel intensities that were <10% of the full-scale change in
fluorescence were removed by thresholding to minimize background
fluorescence.

Peak fluorescence was quantified by averaging pixel values of a
10 x 10 pixel square positioned over the region of maximal fluores-
cence. Pixel values below threshold were not included in this
calculation.

Generation of hypoxic-induced gasping

The shift from a eupneic-like respiratory motor pattern to gasping was
produced by changing from the perfusate reservoir aerated with
carbogen (95% O,, 5% CO,) to one gassed with a hypoxic mixture
(10% Oy, 5% CO,, balance N,). Gasping was defined as lower

frequency (relative to eupnea) decrementing discharges of phrenic
nerve activity that followed after a biphasic response of excitation and
depression. Carbogen gassed perfusate was switched back after 45—
55 s. At least 15 min elapsed between repeated exposures to hypoxia.
Typically, we were able to shift from eupnea to gasping reversibly 4—
6 times per experiment.

Immunocytochemical detection of neurokinin, (NK;) receptors

Following each experiment, the brain was removed and fixed in 4%
paraformaldehyde in 0.1 M phosphate buffer at 4 °C for 2448 h.
This was followed by cryoprotection using 30% sucrose for 12—
18 h at 4 °C or until the brain sank. The brain was then trimmed to
retain the medulla (including the VRG), blocked in OCT and
sagittal sections of the brainstem (50-pum thick) were cut using a
freezing microtome (MicroM, mode D6900). Sections were washed
(4 x 10 min) in PBS (pH 7.4) at room temperature and blocked
with 5% normal donkey serum (Jackson ImmunoResearch) in 0.3%
Triton X in PBS. Sections were then incubated with rabbit
polyclonal anti-NK; (1 : 1000, Novus Biologicals) overnight on a
shaker at room temperature. After washing (4 X 10 min) with PBS,
sections were incubated for 2 h in anti-rabbit NK; secondary
antibody conjugated with Oregon Green (1 : 3000, Jackson Immu-
noResearch). Finally, sections were washed (3 X 10 min) in PBS,
transferred onto plus-coated slides and coverslipped with Vecta-
shield (Vector Laboratories).

Histological reconstruction and imaging

A set of 50-um-thick sagittal sections was examined using an
Olympus BX-51 microscope equipped with epifluorescence and
appropriate excitation/emission filter set (excitation —545 nm; emis-
sion —610 nm; dichrotic —570 nm). Images were captured using a
cooled monochrome CCD camera (OCRA ER, Hamamotsu) and
analysed using commercially available software (Neurolucida, Micro-
Brightfield). Computer-assisted drawings of the injection sites were
made with a motor-driven stage and Neurolucida files were analysed
using NeuroExplorer software (MicroBrightfield).

Data and statistical analyses

Values are given as mean + SEM. Significant differences (P < 0.05)
was determined using Student’s #-test for paired samples.

Results

Functional localization and Pre-BotC verification
of recording sites

The approach and location of dye injections was functionally
confirmed online by extracellular recordings (population activity;
Fig. 1C), as well as posthoc with immunocytochemical analysis
(Fig. 1D). Each injection site in all preparations was chosen at
which either inspiratory, early expiratory (post-inspiratory) or both
inspiratory and early expiratory activity was recorded. Furthermore,
our immunocytochemical analysis indicated that injections were
located in regions of the respiratory column that contained
significant NK, receptor immunoreactivity (Fig. 1D), which has
been used as a marker for the pre-Botzinger region (St-John &
Paton, 2000b; Gray et al., 2001; Guyenet et al., 2002; Stornetta
et al., 2003). An example of the topographical distribution of di-2
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TABLE 1. Characteristics of the respiratory motor pattern during eupnea and
gasping

Eupnea Gasping F-value P-value
Ti (ms) 703 £ 25 371 £22 100.24 0.0001
Te (ms) 1376 + 163 2320 + 192 14.01 0.0096
Ttot (ms) 2079 + 186 2690 + 207 4.84 0.0702
Freq (Hz) 0.49 £ 0.08 0.38 £ 0.03 5.01 0.0664

n = 4; Mean + SEM. Statistical comparisons between eupnea vs. gasping. Ti,
inspiratory time; Te, expiratory time; Ttot, respiratory duration; Freq, respir-
atory frequency.

ANEPEQ staining in the medulla from one experiment is shown in
Fig. 1E. Computer-assisted reconstruction of sagittal brainstem
sections indicated that injections were located caudal to the facial
nucleus (400-500 um) and ventral to the nucleus ambiguus (NA)
200400 pm. Injection sites therefore encompassed both the pre-
Botzinger and rostral VRG regions.

Switching from the eupneic to gasping pattern

The respiratory response to hypoxia is shown in Fig. 2. Following
exposure to hypoxia there was an initial excitation of the respiratory
network shown by an increase in PND frequency and amplitude
(see Fig. 2, i and ii), a period of respiratory depression and then a
characteristic decrementing phrenic discharge pattern (see Fig. 2,
iii). It was associated with a significant decrease in inspiratory time
(Ti), an increase in expiratory time (Te), and a reduction in
frequency. Similar changes in the respiratory pattern were observed
when switching from eupnea to gasping in all four preparations (see
Table 1). This time course and pattern of response was identical to
gasping that has been described previously in this preparation
(St-John & Paton, 2000a).

Temporal activity patterns of optical responses from the
medullary respiratory network during eupnea and gasping

A representative example of the temporal activity patterns of optical
responses recorded from regions of the medulla during eupnea and
gasping is shown in Fig. 3. We imaged two areas of the medulla — a
region of high and low optical activity. Both areas showed the same
qualitative response pattern. During eupnea, temporal changes in
fluorescence were found during late expiratory or pre-inspiratory,
inspiratory and post-inspiratory (e.g. early expiratory) phases of the
respiratory cycle (Fig. 3A). Thus, the temporal patterns in optical
activity were first detected immediately prior to the onset of phrenic
discharge. Optical signals intensified progressively in amplitude
during neural inspiration reaching a peak coincident with the end of
the inspiratory phase. At the beginning of expiration, fluorescence
remained elevated coincident with the post-inspiratory phase and
then decremented throughout the interphrenic discharge interval.
These temporal activity patterns were observed in all preparations
studied.

In contrast, the temporal pattern of optical activity during gasping
was characterized by a very rapid onset that appeared to coincide with
the onset of phrenic activity (Fig. 3B). Fluorescence activity then
decayed rapidly throughout inspiration. Unlike eupnea, optical signals
were virtually absent immediately following inspiration but increased
monotonically throughout expiration. A comparison of the optical
activity patterns during eupnea and gasping prior to the onset of phrenic
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discharge is shown in Fig. 3C. As these regions were spatially distinct
(see arrowhead in Fig. 3A and B), this meant that we were imaging from
different areas of the medulla. From the regions displaying peak optical
activity during inspiration, we found that fluorescence increased to a
greater extent during eupnea in the pre-inspiratory period compared to
gasping (see inset Fig. 3C). However, during gasping (Fig. 3D) it was
possible to find medullary regions (not active during eupnea) that also
exhibited fluorescence in the pre-inspiratory phase (see inset Fig. 3D).
The magnitude of pre-inspiratory optical activity during gasping was
significantly less then during eupnea (0.051 +0.007 vs.
0.232 £ 0.055%, n = 4, P < 0.05, gasping vs. eupnea).

Spatial activity patterns of optical responses from the medullary
respiratory network during eupnea and gasping

The spatial patterns of optical activity during eupnea and gasping
appeared to be distinct. During eupnea (Fig. 4A, i—v), respiratory-
related optical activity appeared throughout the respiratory cycle in
regions receiving dye injection, which corresponded to the rostral
ventral respiratory group/pre-Botzinger complex (Pre-BotC) as
defined by its position relative to the rostral-most hypoglossal root
and subsequently confirmed histologically (see Fig. 1B and D). The
activity rapidly propagated in the dorso-ventral and rostro-caudal
directions throughout inspiration and slowly retracted during expir-
ation. In contrast, during gasping (Fig. 4B, i—v) the level of optical
activity prior to phrenic onset was significantly reduced (0.051 + 0.007
vs. 0.232 £ 0.055%, n = 4, P < 0.05, gasping vs. eupnea) and peak
fluorescence activity occurred at a much earlier phase of the inspiratory
burst (35 + 10 vs. 497 + 67 ms, gasping vs. eupnea, n = 4, P < 0.05).
Following onset of the inspiratory gasp, optical activity rapidly
retracted and almost fully decayed back to baseline level at the end of
inspiration. Medullary regions emitting fluorescence during gasping
extended more caudally and dorsally with respect to eupnea, and the
area occupied by peak fluorescence tended to be larger. The centre core
of fluorescent activity during gasping shifted dorsally and the spatial
boundaries extended dorso-caudally to include areas just caudal to the
rostral-most rootlet of the hypoglossal nerve.

The peak level of optical activity during inspiration also differed
significantly (Fig. 4C). During gasping, peak inspiratory fluorescence
was approximately 270% greater then the peak level generated
during eupnea, although during early expiration fluorescence levels
remained relatively low during gasping compared to those measured
at the same time of the respiratory cycle during eupnea
(0.106 + 0.064 vs. 0.370 + 0.052%, n =4, P <0.05, gasping vs.
eupnea).

To compare the spatial relationship between eupnea and gasping,
regions of peak inspiratory optical activity obtained from the same
experiment were superimposed (Fig. 5A). Distinct regions of intense
inspiratory fluorescence overlapped minimally. In fact, the core of
peak inspiratory fluorescence during gasping shifted caudally and
dorsally with respect to the core of peak fluorescence during eupnea.
This shift in spatial activity was observed in all preparations. To track
changes in spatiotemporal activity over the respiratory cycle (i.e.
1.11 s of the 1.8 s acquisition sweep), a series of pixel images was
obtained along a narrowly confined region of the medulla extending
caudally from a point rostral of the hypoglossal rootlets (indicated by
the solid lines in Fig. 5A). During eupnea (Fig. 5, Bi, upper panel),
optical signals appeared to be restricted to a compact rostro-caudal
region of the medulla. In contrast, fluorescence activity during gasping
extended into a region caudal of the rostral-most hypoglossal rootlet
(indicated by horizontal dashed lines in Fig. 5, Bi, lower panel). A
second example illustrating a similar shift in the spatiotemporal pattern
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FIG. 4. Spatial activity maps of optical activity during eupnea and gasping.
(A) During eupnea, fluorescence activity was present prior to phrenic onset and
spread in the rostrocaudal and dorsoventral planes reaching maximal spread at the
end of inspiration. Fluorescence then retracted gradually during expiration. The
blue trace under each panel represents rectified and integrated phrenic nerve
activity, while the red bar and numerical value represents the time at which the
image was obtained relative to the respiratory cycle. The vertical white dashed
line represents the approximate location of the rostral-most hypoglossal rootlet.
(B) During gasping, the area of fluorescence was typically larger and extended
more dorsally and caudally. Unlike eupnea, the optical activity retracted rapidly
throughout inspiration and reached a nadir in early expiration. The schematic
diagram shows that the area of the brainstem imaged that was the same for eupnea
and gasping.(C) Average peak fluorescence evoked in inspiration during eupnea
and gasping. *Significant difference between eupnea and gasping (P < 0.05).
VII, facial nerve; XII, hypoglossal nerve rootlets.

of optical activity from a different experiment is shown in Fig. 5, Bii.
In addition, there was a clear absence of optical activity prior to
inspiration during gasping.

There were several key differences in the spatial activity pattern
when contrasting eupnea and gasping. First, in the same region of
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F1G. 5. (A) Maximal spread of optical activity during eupnea and gasping.
The dashed lines outline the extreme spatial boundaries of optical activity in
inspiration during eupnea (white dashed line) and gasping (red dashed line).
The spatial activity maps overlapped minimally. (B) Spatiotemporal map of
optical activity during eupnea (upper panel) and gasping (lower panel) obtained
from two separate preparations (Bi and Bii). Vertical white lines represent
inspiratory (I) phase. During eupnea, regions of optical activity were present
throughout the respiratory cycle (i.e. pre-inspiration, inspiration, expiration). In
contrast, the majority of the fluorescence during gasping occurred early in
inspiration and decayed rapidly. In addition, regions of fluorescence extended
more caudally and dorsally during gasping. Note, C and R represent ‘caudal’
and ‘rostral’ directions, respectively. XII, hypoglossal nerve rootlets; *level of
rostral-most hypoglossal rootlet.

the rostral ventrolateral medulla, optical signals were present
throughout the respiratory cycle during eupnea, albeit at different
levels of optical intensity. In contrast, the same medullary region
during gasping was intermittently active (i.e. the region was active
in early inspiration and showed very low activity during late
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inspiration and early expiration). In addition, optical activity
propagated dorsally and caudally to a much greater extent during
gasping compared to eupnea. Together, these findings suggest that
medullary regions quiescent during eupnea may have been recruited
during gasping, or alternatively, that optical signals using our
imaging system may have been undetectable in these regions during
eupnea.

Discussion

In the present study, we incorporated the voltage-sensitive dye, di-2
ANEPEQ, and fast optical imaging to examine changes in the
spatiotemporal activity of the respiratory network in the rostral ventral
respiratory group and the Pre-B6tC during eupnea and hypoxic-induced
gasping. We found that relative to eupnea, gasping was associated with
changes in both the temporal and spatial patterns of optical activity. In
particular, optical activity obtained from a small, confined region of the
medulla (presumably containing the Pre-B6tC) occurred throughout
inspiratory and expiratory cycles during eupnea, whereas the activity
during gasping occurred predominately during early inspiration. This
confirms previous electrophysiological studies reporting that this region
contains a heterogeneous mixture of inspiratory, expiratory and phase-
spanning neurons (Rekling & Feldman, 1998; Smith ez al., 2000). We
also found that the medullary regions displaying peak fluorescence were
distinct with minimal overlap during eupnea and gasping (see Fig. SA).
Similar findings have been reported in the adult cat and rat (Fung et al.,
1994; Ramirez et al., 1998). It should be noted that although some
optically activity regions did overlap, these areas comprised only a very
small portion (~15%) of the total active area. Together, these findings
indicate that the medullary respiratory network can be reconfigured
temporally and spatially under extreme states. Our data also suggest that
distinct regions of the rostral ventrolateral medulla may be recruited
during gasping.

The present study is the first to optically image medullary
respiratory activity during eupnea and gasping in a mature mammal.
It demonstrates the feasibility of the approach which until now has
been restricted to reduced preparations of the neonatal rat (Onimaru
et al., 1995; Onimaru et al., 1996; Onimaru & Homma, 2003;
Onimaru & Homma, 2005b). We wish to point out a number of
limitations with the present study that should be borne in mind. First,
dye loading was limited due to the number of injections and the spread
of dye from these sites. In preliminary experiments, we varied the dye
concentration (5, 50, 100 pg/mL) and found that optimal images were
obtained when dye concentration was 50 pg/mL. At dye concentra-
tion of 100 pg/mlL, central respiratory and phrenic activities declined
rapidly suggesting that this dose was toxic to respiratory neurons. In
contrast, central respiratory and phrenic activities persisted for several
hours following dye injections using 50 pg/mL. It was inevitable that
this technique of dye delivery would not encompass the entire
respiratory network. Nevertheless, we found that the injected dye
reached parts of the respiratory network coinciding with the rostral
ventral respiratory group and Pre-B&tC. Second, dye loading via
injection was uneven with higher concentrations centred at the site of
each injection. This will bias optical measurements some what. It
should be possible in the future to load the dye by diffusion after
restrictive topical application. Indeed, removal of the lateral edge of
the ventrolateral medulla as described previously (Dutschmann &
Paton, 2003) may also assist dye penetration into the respiratory
network. Finally, a problem inherent with the optical imaging
technique concerns the depth over which we were sampling. We
cannot be completely confident as to the volume of tissue we were
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sampling from. However, we are confident that we sampled from
regions rich in respiratory neurons based on the population
activity recorded prior to each dye injection (see Fig. 1C) and the
subsequent respiratory-related nature of the optical signals recorded.

We employed the in situ model as this preparation is capable of
generating a respiratory motor activity that, albeit at a slower overall
frequency, is similar to the pattern generated by in vivo models
(St-John & Paton, 2000b). During eupnea, we reported that
respiratory-related changes in fluorescence occurred within a confined
region of the ventrolateral medulla throughout inspiration and
expiration. This area was localized well within the area loaded with
dye (see Fig. 1D). Based on our anatomical reconstruction of the dye
injection sites, the imaged regions were typically located 300400 pm
caudal of the facial nucleus and ventral to the compact formation of
the nucleus ambiguus. The region of dye labelling extended in the
rostrocaudal plane 200-300 pm and in the mediolateral plane 250—
300 pm. Thus, the majority of the recorded optical activity appeared
to reside in a portion of the VRG that corresponded to its rostral extent
and the Pre-BotC region (Stornetta et al., 2003). It has been suggested
that the Pre-BotC in vitro predominately contains inspiratory neurons,
some of which possess pacermaker-like properties (Feldman ez al.,
1990; Smith et al., 1991). However, in vivo it has been shown that the
Pre-BotC is composed of a heterogeneous population of respiratory
neurons that also contain inspiratory cells that lack pacemaker-like
properties (Schwarzacher et al., 1995) along with neurons possessing
expiratory-related firing patterns (St-John & Paton, 2000b). Indeed,
from the recordings we made prior to each dye injection, both
inspiratory and early, decrementing expiratory related population
activity was recorded routinely. Together, these data support our
optical findings that imaged regions, which included the Pre-Bo6tC,
contain both inspiratory and early expiratory neurons.

An interesting finding from the present study was the relatively
high level of optical activity in early expiration (presumably post-
inspiration) during eupnea. This is in contrast with recent studies
that have utilized similar optical imaging techniques to record
central respiratory activity in the neonate rat in vitro (Onimaru &
Homma, 2003; Onimaru & Homma, 2005a). In these studies,
optical activity was found in spatially similar regions of the
ventrolateral medulla. However, the temporal pattern of activity was
restricted to inspiration. This difference is unlikely to be related to
developmental changes of the respiratory network between neonate
and juvenile rats, as we have previously recorded post-inspiratory
activity from the ventrolateral medulla in the in sifu neonatal rat
(Dutschmann & Paton, 2003). The presence of post-inspiratory
activity may reflect a functional pontine respiratory circuit in the
in situ arterially perfused preparation that contributes to the
generation of respiratory patterns and rhythms in this model that
is absent in the in vitro slice or medullary en bloc preparation; this
remains controversial and needs to be validated.

During gasping, we found that phasic increases in fluorescence
occurred only during inspiration suggesting that the respiratory
network shifted to a predominantly inspiratory-driven motor pattern
with a loss of post-inspiratory activity. These findings are in
agreement with previous studies that reported the onset of gasping
was associated with a generalized depression of expiratory neuronal
activity (Remmers et al., 1986; Richter et al., 1987; St John et al.,
1989; Richter et al., 1991; Thuot et al., 2001). We also reported that
the amplitude of peak fluorescence was 2.5 times greater during
gasping than eupnea. This could be explained by: (i) increased
depolarization rate and level of active inspiratory neurons; (ii)
recruitment of neurons which were normally quiescent during eupnea
and/or (iii) recruitment of expiratory neurons to depolarize during
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inspiration. Evidence for the latter mechanism has been reported
previously (Busselberg er al., 2001; Markstahler et al., 2002;
Dutschmann & Paton, 2002). It has also been shown that post-
inspiratory activity is lost during hypoxic-induced gasping (Dutsch-
mann & Paton, 2005) and that post-inspiratory neurons shift their
phase of activation to coincidence with inspiration (Paton et al.,
2006). These previous results, in conjunction with the present data,
support the notion that a shift from eupnea to gasping results in a
reconfiguration of the respiratory network (i.e. from an inspiratory-
post-inspiratory-expiratory driven pattern to an exclusively inspira-
tory driven pattern) that is dependent, in part, on a hypoxic-induced
reduction of synaptic inhibition within the respiratory network.

We found that during hypoxic exposure there was a slow,
progressive increase in optical activity reflecting membrane depo-
larization throughout the respiratory cycle, which was not observed
during eupnea (compare Fig. 3A and B). This deserves a brief
comment. Currently, we can only speculate on the cause(s) for this
change in baseline fluorescence. Prolonged hypoxic exposure is
likely to affect membrane conductance causing neuronal depolar-
ization, perhaps by inactivation of an outward potassium current
(Girard & Lesage, 2004), or by the failure of inhibitory processes
intrinsic to the respiratory network such as GABAergic and
glycinergic inhibition (Richter & Spyer, 2001; Gao et al., 2004;
Paton & St-John, 2005a, 2005b). Both of these mechanisms are
essential in coordinating respiratory motor outputs to cranial and
spinal targets (Richter & Spyer, 2001). We propose that any
combination of these mechanisms could account for this drift in
basal fluorescence during hypoxia.

We found that the magnitude of pre-inspiratory activity was also
curtailed during hypoxia and consistent with a recent study (Paton
et al., 2006). This is suggestive of a tighter synchronization of the
neuronal elements involved in mediating the burst discharge of
gasping. Indeed, these optical signals are consistent with cellular data
demonstrating that pre-inspiratory firing recorded from pre-inspiratory
neurons was of greater duration during eupnea than during hypoxic-
induced gasping (St-John & Paton, 2003). We submit that in the
present study, some of the pre-inspiratory (or late expiratory) optical
activity may also have originated from tonic and augmenting
expiratory neurons. However, we feel that this was likely limited by
the paucity of augmenting expiratory neurons in this region of the
medulla.

In the present study, we also found that regions of peak fluorescence
during inspiration were distinct and non-overlapping in eupnea and
gasping. During gasping, inspiratory optical signals shifted caudally
and dorsally relative to activated inspiratory regions during eupnea.
This spatial shift is consistent with the location of chemical lesions that
have been shown to abolish gasping but spared eupnea in in vivo rats
(Fung et al., 1994; Huang et al., 1997) and cats (Ramirez ef al., 1998).
This finding may indicate the recruitment of additional neurons during
gasping. However, we cannot rule out that this region may have also
been active during eupnea but its activity was below the sensitivity
level of our imaging system to detect changes in fluorescence.
Nevertheless, this provocative finding waits future testing as to whether
different neuronal pools are employed for gasping.

In conclusion, our study has shown that voltage sensitive dyes can
be used to visualize optical respiratory activity from the rostral ventral
respiratory group and Pre-BotC in the ponto-medullary intact in situ
juvenile rat. The shift in respiratory pattern from eupnea to gasping is
associated with a dramatic alteration in the spatiotemporal pattern of
fluorescence suggesting a profound reconfiguration of neuronal
activity within the central medullary respiratory network. Thus,
voltage sensitive dyes together with high-speed optical imaging can be

used to provide information on the spatiotemporal dynamics of the
mammalian respiratory network in situ during changes in behavioural
state.
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