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Abstract The pattern of respiratory activity in abdominal

muscles was studied in anesthetized, spontaneously

breathing, vagotomized neonatal rats at postnatal days 0–3.

Anesthesia (2.0% isoflurane, 50% O2) depressed breathing

and resulted in hypercapnia. Under this condition,

abdominal muscles showed discharge late in the expiratory

phase (E2 activity) in most rats. As the depth of anesthesia

decreased, the amplitude of discharges in the diaphragm

and abdominal muscles increased. A small additional burst

frequently occurred in abdominal muscles just after the

termination of diaphragmatic inspiratory activity (E1 or

postinspiratory activity). Since this E1 activity is not often

observed in adult rats, the abdominal respiratory pattern

likely changes during postnatal development. Anoxia-

induced gasping after periodic expiratory activity without

inspiratory activity, and in most rats, abdominal expiratory

activity disappeared before terminal apnea. These results

suggest that a biphasic abdominal motor pattern (a com-

bination of E2 and E1 activity) is a characteristic of

vagotomized neonatal rats during normal respiration.

Keywords Control of breathing � Motor pattern �
Expiration

Introduction

Many mammalian species, including humans, recruit

abdominal muscles under conditions of high respiratory

drive in order to increase expiratory airflow and sustain

adequate lung ventilation [1]. Recently, rats have become the

most popular animal model for in vivo and in vitro studies of

central ventilatory control. However, the respiratory motor

pattern of the abdominal muscles in neonatal rats in vivo has

not yet been fully described [2–4]. Two of the relevant

publications are abstracts and do not provide details of the

experimental conditions (e.g., body temperature, and kind

and depth of anesthesia) [2, 3]. Both abstracts report that

asphyxia resulted in a change in abdominal muscle activity to

a two-burst pattern, with one burst before and one after the

inspiratory phase (E2 and E1 activity, respectively). Similar

biphasic abdominal muscle activity was also observed under

the opioid-induced respiratory suppression in the vagotom-

ized ketamine-anesthetized neonatal rat [4]. Recently, we

studied abdominal expiratory activity in the adult rat [5].

Under hypercapnic acidosis, the abdominal motor nerve

showed two motor patterns, low-amplitude expiratory

activity that persisted throughout the expiratory phase (E-all

activity), and late-expiratory, high-amplitude activity

superimposed on this steady activity (E2 activity). Thus, E1

activity was not often observed in the adult rat. From these

studies, I hypothesized that the E1 activity of the abdominal

muscles is a characteristic of neonatal rats in vivo under

hypercapnic acidosis. The first purpose of the present study

was to clarify the pattern of abdominal expiratory activity

under hypercapnia in neonatal rats, and compare the results

with those of our previous study using adult rats [5]. Because

the vagal afferents arising from pulmonary mechanorecep-

tors affect the breathing pattern of neonatal rats [6], we

subjected neonatal rats to bilateral vagotomy in order to

establish the basic motor pattern organized by the respiratory

center.

Neonatal mammals can survive for considerable per-

iod in the absence of oxygen [7]. Correlated with this,
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gasping was sustained for a longer period in neonatal

rats than in adults [8, 9]. One of the characteristics of

gasping in the adult mammal is a minimal level or

absence of abdominal expiratory activity [10]; however,

few studies have examined abdominal expiratory motor

activity during gasping in neonates [2, 3]. Janczewski

and Aoki [2] reported that ‘‘After termination of occlu-

sion the rats started to gasp and the EMG expiratory

activity was suppressed’’. In another abstract, however,

the same researchers reported that ‘‘In adults gasping

follows ‘primary apnea’, but in neonatal rats eupneic like

activity reappeared’’ [3]. Using whole-body plethysmog-

raphy, other researchers studied respiratory-related

pressure changes during anoxia-induced gasping in detail

in the neonatal rat [9]. Two types of gasping were

observed. Type I gasping was characterized by an

expiratory pressure change preceding an inspiratory

pressure change and followed by a second expiratory

change. In type II gasping, there was an initial inspira-

tory pressure change followed by a small expiratory

change. During anoxia, the frequency of type I gasping

decreased and was replaced by type II gasping before

terminal apnea. It is possible that Janczewski and Aoki

[3] have reported in one abstract that the initial phase of

gasping consisted of many type I gasps, and in another

abstract, that the later phase of gasping consisted of

many type II gasps [2]. Therefore, the second purpose of

this study was to describe how abdominal activity

changed during anoxia-induced gasping in neonatal rats.

Methods

The experiments performed were approved by the Animal

Research Committee of the Ibaraki Prefectural University

of Health Sciences.

Animals

Eighteen neonatal Wistar rats aged 0–3 days were used.

The rats were anesthetized with 2.0% isoflurane in 50% O2

and 50% N2. The gas mixture was administered at the rate

of 45–60 ml/min through a mask that loosely covered the

face. The rats were placed in the supine position and

breathed spontaneously. Noxious pinches applied to the tail

did not evoke the withdrawal reflex in any rat at this

concentration of isoflurane. Body temperature was moni-

tored with a thermometer placed in the rectum (BAT-12;

Physitemp Instruments, Clifton, USA) and maintained at

37 ± 1�C with a silicone rubber heating pad. Under deep

anesthesia induced in the manner described, the vagus

nerves were sectioned bilaterally at the mid-cervical level.

The wounds were covered with saline-immersed cotton.

Blood gases were examined under 2% isoflurane and 50%

O2 in 10 of the 18 rats. After more than 30 min of anes-

thesia, the common carotid artery was sectioned. Arterial

blood (0.085 ml) was sampled using a capillary tube. Then,

arterial PO2 (PaO2), arterial PCO2 (PaO2), and arterial pH

(pHa) were determined using a blood gas analyzer

(ABL505; Radiometer, Copenhagen, Denmark).

Recordings

To obtain an electromyogram (EMG) of the diaphragm, we

used a method similar to that described by Basmajian and

Stecko [11], except that one wire was inserted into one

needle. Briefly, two fine polyurethane-coated copper wires

(0.05 mm) were inserted percutaneously using two 31 G

needles. Only the cut end of the wire was unsealed. The tip

was bent to a hook shape (about 0.5 mm). Similarly,

activity in the abdominal muscle was obtained by insertion

of two wires into the lateral abdominal wall. The position

of the tip of the wire was adjusted to minimize cross-

contamination from other nonrespiratory and respiratory

muscles. The signals obtained were amplified (gain, 500–

10,000; band pass filter, 150–3,000 Hz) using a high-gain

AC-coupled amplifier (AB-610 J; Nihon Kohden, Tokyo,

Japan). Recordings were stored on a pulse-code modulation

data recorder (PC208A; Sony, Tokyo, Japan) for further

off-line analysis.

Experimental protocols

Electromyograms of the diaphragm and abdominal muscles

were recorded in eight rats. After the inspired gas mixture

was switched from 2% isoflurane to 0%, body movements

were carefully observed and the isoflurane concentration in

the inspired air was switched back to 2% as soon as

spontaneous struggling movements were detected. The

period from removal of isoflurane to the first detectable

movement was dependent on the rat and averaged

533 ± 264 s (n = 8). To examine the pattern of anoxia-

induced gasping in vagotomized rats, 100% N2 gas was

administered immediately after the first detectable strug-

gling movement.

The raw EMG from the diaphragm was used to obtain

the respiratory cycle period and the inspiratory and expi-

ratory durations. All variables were obtained from 20

continuous respiratory cycles under 2% isoflurane and

5 min after withdrawal of isoflurane. From 20 cycles under

0% isoflurane, the ratio of E1 activity amplitude to E2

activity amplitude was also obtained using the integrated

EMG of the abdominal muscle (time constant, 0.1 s). An

E2 activity was used as a standard immediately before an

E1 activity. Since the amplitude of the E2 activity was
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large or the time lag between the E2 and E1 activities was

short, the integrated wave did not decline to baseline before

the E1 activity (Fig. 1D). Therefore, the amplitude of the

E1 activity was defined as the difference between trough

and peak values (Fig. 1D). All values are presented as

mean ± standard deviation. The Wilcoxon signed rank test

was used to test the significance of differences in paired

data. The level of statistical significance was set at

P \ 0.05.

Results

Respiratory motor activity in vagotomized neonatal rats

Isoflurane (2%) depressed breathing and resulted in

hypercapnia (Table 1). Typical responses to reduction in

the depth of anesthesia by removing isoflurane from the

inspired gas are shown in Fig. 1. Expiratory bursts late

in the expiratory phase (E2 activity) were observed

Fig. 1 A–D Respiratory activity in a vagotomized neonatal rat.

Electromyograms were obtained from the diaphragm (Dia) and

abdominal muscles (Abd). The integrated electromyogram of Abd

($Abd, time constant 0.1 s) is also shown as the third trace in panel D.

The concentration of isoflurane was decreased from 2 to 0% at the

time indicated in panel A. B–D Portions of recording A above the

horizontal bars marked B–D are shown on an expanded time scale.

The vertical gain in Abd in B is higher by a factor of four compared

with other records. As indicated by the black circle in B, the

inspiratory burst was absent in some respiratory cycles under 2%

isoflurane. The arrows indicate E1 and E2 activities. The amplitudes

of E2 and E1 activities (E2 amp, E1 amp) were measured from the

baseline or trough to the peak
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under 2% isoflurane in seven of the eight vagotomized

rats. The eighth rat showed an identical pattern of

abdominal expiratory activity under light anesthesia, as

described below. Either the inspiratory (black circle in

Fig. 1B) or the expiratory (not shown) burst was skipped

in some respiratory cycles in four and two of the eight

rats, respectively. After removal of isoflurane, the

abdominal expiratory bursts increased in amplitude, and

additional bursts appeared immediately after the termi-

nation of the inspiratory bursts (E1 activity) (Fig. 1C,

D). In most respiratory cycles, E1 activity had a decre-

menting shape and was smaller than E2 activity (Fig. 1C,

D). This biphasic expiratory burst—the combination of

E2 and E1 activity—occurred in all eight rats when the

depth of anesthesia decreased. The E1 amplitude was

significantly smaller than the E2 amplitude (P \ 0.05,

n = 8), and the amplitude ratio (E1/E2) was 0.23 ± 0.16

(n = 8). As shown in Fig. 2, the respiratory cycle period,

inspiratory duration, and expiratory duration were sig-

nificantly prolonged when anesthesia had become light

(P \ 0.05, n = 8).

Effects of anoxia

Typical responses to 100% nitrogen exposure are shown

in Fig. 3. During this anoxic stimulation, the rats typi-

cally passed through five stages: (1) slight enhancement

of respiration; (2) periodic expiratory activity without

inspiratory activity; (3) combination of expiratory and

inspiratory activity; (4) inspiratory burst with weak or no

expiratory activity; and (5) terminal apnea (Fig. 3A).

Similar to a previous study [6], vagotomized neonatal

rats showed mouth-opening, gasp-like respiratory move-

ments before anoxic stimulation. During stages 1, 3, and

4, the rats also showed mouth-opening respiratory

movements synchronous with inspiratory activity. How-

ever, this movement was not observed during stage 2. At

the time of the first inspiratory burst occurring after

stage 2, defined as the onset of gasping (Fig. 3C, black

circle), the latency of gasping was 70.8 ± 28.1 s after

the last inspiratory burst in stage 1. During stage 3, the

inspiratory activity occurred immediately after the

abdominal expiratory burst (Fig. 3Da, b). The occurrence

of inspiratory activity often resulted in a biphasic pattern

of abdominal expiratory activity in all eight rats. This

respiratory motor activity pattern was similar to the

normal respiratory pattern in stage 1 or before anoxic

stimulation (compare Fig. 3B, Da, b). Then, the

abdominal expiratory activity gradually decreased, while

the inspiratory activity in the diaphragm increased.

During the disappearance of expiratory activity, E1

activity with no corresponding E2 activity was observed

in five of eight rats (Fig. 3Dc, d). Expiratory bursts

completely disappeared in seven of eight rats before

terminal apnea. In one case, only three gasps occurred

and periodic expiratory activity continued after termina-

tion of the inspiratory gasping activity. The duration of

gasping (from the first inspiratory burst occurring after

stage 2 to the last inspiratory burst before terminal

apnea) ranged from 75.0 to 1,310.6 s among individual

rats, with a mean ± standard deviation of

714.9 ± 478.8 s.

Table 1 Mean ± standard deviation of arterial pH, PCO2, and PO2

in vagotomized neonatal rats (n = 10)

Value

pHa 7.07 ± 0.07

PaCO2 (mm Hg) 118.6 ± 24.4

PaO2 (mm Hg) 139.5 ± 20.3
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Fig. 2 Effects of the depth of

anesthesia on respiratory

parameters. The cycle period,

expiratory duration, and

inspiratory duration were

measured under 2 and 0%

isoflurane (Iso). For 0%

isoflurane, data were obtained

about 5 min after the

concentration of isoflurane was

switched from 2 to 0%. All

three parameters were

significantly prolonged by

removal of isoflurane (P \ 0.05,

n = 8)
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Fig. 3 Effects of anoxia. A–D Electromyograms obtained from the

diaphragm (Dia) and abdominal muscles (Abd). Numbers 1–5 in A
indicate the stages following anoxic stimulation (100% N2) referred to

in the text. In B and C, the portions of recording A above the

horizontal bars marked B and C are shown on an expanded time

scale. D The portions of recording A indicated by the letters a–f are

shown on an expanded time scale. After the inspired gas was switched

to 100% N2, the inspiratory bursts in the diaphragm were depressed

transiently and then increased gradually (C). The first inspiratory

activity that occurred after the transient disappearance is indicated by

a black circle, and this time was defined as the onset of gasping. The

expiratory activity disappeared before terminal apnea (e and f in panel

D)
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Discussion

Basic pattern of abdominal respiratory activity

in vagotomized neonatal rats

Under deep anesthesia, abdominal muscles showed

activity just before the inspiratory activity of the dia-

phragm (E2 activity). When the depth of anesthesia was

gradually reduced; however, additional activity occurred

just after the termination of the inspiratory bursts (E1

activity). E1 activity had a decrementing shape, and was

significantly smaller than E2 activity. Since E1 activity

is not observed frequently in adult rats [5], it seems

likely that this biphasic activity in abdominal muscles is

a characteristic of neonatal rats. A recent study in ket-

amine-anesthetized, midbrain-decerebrate, vagotomized,

spontaneously breathing rats at postnatal days 7–13

showed that abdominal muscle activity had two compo-

nents: decrementing or tonic activity during the E1 phase

and phasic burst activity during the E2 phase [12]. This

tonic component during the E1 phase may correspond to

the E-all activity in adult rats [5] and may be different

from the decrementing E1 activity. Although that study

did not refer to the relationship between age and the type

of activity during the E1 phase, it is possible that the

motor pattern matured during postnatal days 7–13.

In an in vitro system prepared from neonatal rats, the

abdominal muscles showed biphasic burst activity, one

before and one after the inspiratory phase [4, 13]. This

motor pattern appears similar to that observed in the neo-

natal rat in vivo. However, the E2 activity was smaller and

often absent in the in vitro preparation [13], whereas the E2

activity was significantly larger than the E1 activity in the

neonatal rat in vivo. The reason for this difference remains

unknown. Differences in the experimental conditions might

explain it. First, the in vitro preparation is kept at a low

temperature (around 25�C). However, Fukuda [8] found

that under such hypothermia, the phrenic nerve showed

eupneic nerve discharges in anesthetized neonatal rats.

Therefore, a difference in the temperature would not

explain the difference in the expiratory motor pattern.

Second, the in vitro preparation lacked blood circulation,

and the tissue deep in the brainstem became hypoxic [14].

Such an abnormal condition may lead to reorganization of

respiratory networks and forced expression of the respira-

tory motor pattern in vitro.

The importance of E1 activity is not clear. In general,

the E1 phase is thought to be a passive expiratory phase

effected by the elasticity of the ribcage [15]. During the E1

phase, the expiratory airflow is controlled (slowed) by the

resistive action of the activated adductor muscles in the

larynx [16, 17]. The presence of activity during the E1

phase could indicate that passive expiration is not enough

for appropriate lung ventilation in neonatal rats. The pas-

sive mechanical time constant of the respiratory system in

neonatal rats was found to be 0.148 ± 0.012 s [18],

slightly greater than that in adult rats [19]. However,

Mortola et al. [20] found that the dynamic expiratory time

constant of the respiratory system in neonatal rats was

0.109 ± 0.013 s. Because the late portion of the expiratory

flow volume curve was linear in most neonates, Mortola

et al. suggested that the respiratory muscles were relaxed,

and this may be explained by a dynamic reduction in lung

compliance. When neonatal rats need greater minute ven-

tilation, abdominal E1 activity may be important in

providing appropriate lung ventilation.

Abdominal activity during anoxia-induced gasping

in vagotomized neonatal rats

The present study extends a previous study that used

whole-body plethysmography and examined anoxia-

induced gasping in neonatal rats [9]. In general, the

respiratory response of mammals to anoxia displays four

characteristic stages: hyperpnea, primary apnea, gasping,

and terminal apnea [21, 22]. The rats used in the present

study typically passed through five stages during anoxia:

(1) slight enhancement of respiration; (2) periodic expira-

tory activity without inspiratory activity; (3) a combination

of expiratory and inspiratory activity; (4) an inspiratory

burst with weak or no expiratory activity; and (5) terminal

apnea. Although the rats did not show mouth-opening

gasp-like movements during stage 2, periodic abdominal

activity was observed. It remains unknown whether stage 2

corresponds to primary apnea. Stages 3 and 4 correspond to

gasping. Gozal et al. [9] described two different types of

gasping. Type I gasping was characterized by an expiratory

pressure change preceding an inspiratory pressure change,

and then a second expiratory change. In type II gasping,

there was an initial inspiratory pressure change followed by

a small expiratory change. Type I and II gasps are con-

sistent with the gasps observed during stages 3 (Fig. 3Da,

b) and 4 (Fig. 3De, f), respectively, in the present study.

Thus, the present study confirms that the expiratory pres-

sure change in type I gasping was partially executed by

active contraction of the abdominal muscles.

The period of anoxia-induced gasping in the present

study was shorter than that in a previous study [9]. It is well

documented that lower ambient or body temperature pro-

longs the period of gasping [7, 23, 24]. Although the body

temperature was maintained at 37�C in the present study,

the ambient temperature was maintained at 30, 3–4�C

below the thermoneutral range of the animals used in the

previous study [9]. We surmise that the difference in body

temperature accounts for the difference in the period of

anoxia-induced gasping.
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In conclusion, the E1 activity in the abdominal muscle is

a characteristic of the neonatal rat and would be expected

to decrease during postnatal development, since the E1

activity is not often observed in adult rats [5]. The biphasic

expiratory motor pattern is not the same as in the in vitro

preparation from neonatal rats, since the E2 activity was

greater than the E1 activity in neonatal rats in vivo.
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