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Abstract
The classic Hering-Breuer inflation reflex (HBIR) is a widely-held tenet for understanding the
lung volume-related vagal control of respiratory rhythm. Recent evidence, however, has revealed
that the fictive HBIR elicited by electrical vagal stimulation in rats is not static but may be
attenuated centrally by two forms of nonassociative learning (habituation and desensitization) that
continually mitigate the reflex effects with exponential adaptations like a differentiator or high-
pass filter. Desensitization is analogous to habituation but exhibits an explicit short-term memory
(STM) in the form of a rebound response with exponential decay during recovery from
stimulation. To investigate whether such learning and memory effects are lung volume-related and
use-dependent (practice-makes-perfect), we compared the time-dependent changes in inspiratory
and expiratory durations (TI, TE) during and after 1-min or 8-min unilateral lung inflation or high-
frequency/low-intensity vagal stimulation in anesthetized, uni- or bi-vagotomized rats. Unilateral
lung inflation and vagal stimulation both elicited abrupt shortening of TI and lengthening of TE
(HBIR effects) and gradual habituation and desensitization throughout the 1- or 8-min test period,
followed by rebound responses in TI and TE with exponential recovery (STM effects) in the post-
test period. In both cases, the STM time constants for TI and TE were significantly longer with the
8-min test than the 1-min test (17-45 sec vs. 4-11 sec, p<0.01). We conclude that the HBIR and its
central habituation and desensitization are mediated peripherally by lung volume-related vagal
afferents, and that the STM of desensitization is use-dependent. The translational implications of
these findings are discussed.
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Introduction
In 1868, E. Hering and J. Breuer reported that inflation of the lungs in vagi-intact animals
elicited an abrupt inspiration-terminating and expiration-lengthening reflex whereas
deflation elicited the opposite effect (Breuer, 1970; Hering, 1970). For more than a century
thereafter, the Hering-Breuer inflation-deflation reflex (HBIR, HBDR) has been widely held
as a tenet for understanding the vagal proprioceptive control of respiratory rhythm following
abrupt increases or decreases of lung volume (Widdicombe, 2006). In contrast, little
attention has been paid to the complex compensatory responses that might ensue when lung

Correspondence: Dr. Chi-Sang Poon, Harvard-MIT Division of Health Sciences and Technology, Bldg. E25-250, Massachusetts
Institute of Technology, 77 Massachusetts Avenue, Cambridge, MA 02139, Tel: +1 617-258-5405; Fax: +1 617-258-7906,
cpoon@mit.edu.
*These authors contributed equally to this work.

NIH Public Access
Author Manuscript
Exp Physiol. Author manuscript; available in PMC 2010 June 25.

Published in final edited form as:
Exp Physiol. 2009 February ; 94(2): 269–278. doi:10.1113/expphysiol.2008.045344.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



inflation or deflation is prolonged while arterial blood gas tensions and pH are maintained
constant (Stanley et al., 1975; Grippi et al., 1985).

Recently, systematic studies of the central adaptation of the fictive HBIR modulation of
respiratory frequency (f) and expiratory duration (TE) during electrical vagal stimulation in
rats revealed that a component of the adaptation indeed satisfies many of the classic criteria
of habituation (Poon et al., 2000a; Siniaia et al., 2000). In neurophysiological terms,
habituation refers to a progressive depression of the central nervous system's responsiveness
to a continued or repeated stimulus, often with a latent short-term memory (STM) during
recovery from the stimulus (Thompson & Spencer, 1966; Christoffersen, 1997). Habituation
is use-dependent (practice-makes-perfect): a longer stimulus results in greater habituation in
an exponentially decaying manner. It is the most prevalent and well studied form of
nonassociative learning (use-dependent plasticity of the CNS that is induced by a single
stimulus alone), and is distinguished from associative learning (e.g., Pavlovian conditioning)
which requires co-activation with other stimuli (Kandel, 1978; Poon & Siniaia, 2000).

Importantly, the study of Siniaia et al. (2000) also identified a second component of the
central adaptation of the fictive HBIR, termed ‘desensitization’, as a novel form of
nonassociative learning during vagal stimulation. In essence, desensitization is similar to
habituation but with an explicit (instead of implicit) STM in the form of a rebound response
with exponential decay during recovery from the vagal input (Fig. 1). Unlike habituation,
desensitization of the HBIR is abolished after NMDA (N-methyl-D-aspartate) receptor
blockade or lesioning of the Kölliker-Fuse nucleus or medial parabrachial nucleus (Poon et
al., 2000a; Siniaia et al., 2000; MacDonald et al., 2007), which constitute the traditional
‘pneumotaxic center’ in the rat dorsolateral pons (Song & Poon, 2004; Song et al., 2006).
Interestingly, it has been pointed out (Poon & Siniaia, 2000; Poon et al., 2000a; Poon &
Young, 2006; MacDonald et al., 2007) that the decrementing adaptation patterns of
habituation and desensitization bear close resemblance to those of a neural differentiator that
is gated or non-gated to the input (with implicit or explicit STM), suggesting a high-pass
filtering mechanism for preferential transmission of phasic over tonic afferent inputs to the
CNS (Fig. 1).

The purpose of the present study was threefold. First, we investigated whether the
habituation and desensitization of the vagal modulation of f and TE in rats also applied to the
control of inspiratory duration (TI). Second, to obviate the possible pitfalls of vagal
stimulation we examined whether similar differentiator effects could be elicited by sustained
lung inflation. To ensure constant chemical drive during lung inflation, we developed a
unilateral lung inflation technique (Guz et al., 1966) for independent ventilation of the
inflated and non-inflated lungs in anesthetized rats. Finally, and most importantly, we tested
whether the STM effects of desensitization were dependent on the duration of inflation or
vagal stimulation per se, i.e., whether the memory exhibited use-dependent properties as in
nonassociative learning (Castellucci et al., 1978). Our results confirm the presence of
prominent habituation and desensitization differentiator effects in the CNS that continually
mitigate the HBIR modulation of TI and TE with use-dependent STM in anesthetized rats.
These findings provide a new perspective for understanding the complex learning and
memory mechanisms that serve to offset the HBIR during acute or chronic lung inflation in
health and in disease states.

Methods
All experimental protocols had been reviewed and approved by the MIT Committee on
Animal Care in accordance with published guidelines.
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Animal preparation
Experiments were performed on 14 adult male Sprague-Dawley rats (290-400g). The animal
was anesthetized with urethane (1.5 g/kg i.p.) and supplemental doses (0.15-0.3 g/kg i.v.)
were administered periodically where necessary as indicated by changes in blood pressure,
heart rate and respiratory rate. A femoral arterial and vein were cannulated for blood
pressure monitoring and drug administration, respectively. The animals were tracheotomized
and injected with atropine (0.05 mg/kg s.c.) to minimize tracheal secretions. Subsequently,
the animal was paralyzed with pancuronium bromide (Sigma; initial dose 1 mg/kg i.v.,
supplemented every hour at 40-50% of the initial dosage) and ventilated (CWE, Model
AVNS-1 servo-ventilator) with O2-enriched medical-grade air (40% O2). The ventilation
rate was continually adjusted by the servo-ventilator in order to maintain the end-tidal CO2
level constant at 4.5%-5.0% as measured by an infrared CO2 analyzer (CWE, Capstar-100).
A temperature controlled heating pad (CWE, TC-831) was used to regulate the rectal
temperature at 37.5±0.2°C.

Electrophysiology
To monitor respiratory output, a phrenic nerve was dissected at the C5 level via a ventral
approach and mounted on a custom-made silver-wire bipolar recording electrode (0.01″
OD). Phrenic recordings were sampled at 10,000 samples/sec (Labview, National
Instruments), along with airway pressure and CO2. Phrenic activity was amplified and low-
pass filtered (Axon Instruments, CyberAmp 380) and the resulting raw signal was time-
averaged with a leaky integrator (Paynter filter, time constant ∼15 ms). Both the raw (Phr)
and integrated phrenic nerve activity (∫Phr) were monitored on a Tektronix digital
oscilloscope and recorded digitally (National Instruments, AT-MIO-16E-1) on a computer.
Integrated phrenic data were analyzed using custom-made Matlab programs to detect peak
slopes indicating the start and end of inspiration. Inspiratory and expiratory durations (TI,
TE) were calculated as the time intervals between the onset and the peak of ∫Phr within the
same cycle and between cycles, respectively.

Electrical vagal stimulation
In vagal stimulation experiments, both vagi were sectioned at the cervical level. A bipolar
silver-wire electrode (FHC, 0.125mm OD) connected to a voltage pulse generator (A.M.P.I.,
Master 8) through a stimulus-isolation unit (A.M.P.I., ISO-Flex) was used to stimulate the
central end of a vagus nerve. The stimulation threshold for each animal was defined as the
lowest stimulus current that produced a discernible reflex inhibition of phrenic activity over
a 5-sec interval. Stimulus pulses with currents between 1.5-2x threshold, or roughly 15-70
μA, were applied repetitively (80 Hz, 0.1 ms pulse duration) to the vagus nerve to evoke
HBIR, as described previously (Siniaia et al., 2000). All exposed nerves were protected from
dehydration by immersion in warm paraffin mineral oil pools.

Constant electrical vagal stimulation was applied for either 1 or 8 min once in separate
animals. Each stimulation session was preceded by a 1-min baseline period and followed by
a post-stimulation recovery period of up to 5 min.

Unilateral lung inflation
In unilateral lung inflation experiments, only the left vagus nerve was cut at the cervical
level. A custom-made polyethylene tube (0.048″ OD) with an epoxy occlusion cuff at the
tip, (0.9-1.0″ OD) was inserted into the right bronchus such that the right lung was sealed off
from the trachea by the cuff (Fig. 2). This tube permitted the vagal-intact lung to be inflated
with a pneumatic pump (Harvard Apparatus, Neurophore BH-2) while the vagotomized lung
was independently ventilated to maintain constant end-tidal CO2 levels (4.5-5%). Typically,
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a pump pressure of 34-80cm H2O was needed to elicit the HBIR when only one lung was
inflated as lower pressures (<20 cmH2O) were found to be unstable. The actual inflation
pressure at the lung could not be measured but was bound to be lower because of possible
leaks around the cuff, which varied from animal to animal. Lung inflation was maintained
for 1 or 8 min. An example of an 8-min unilateral lung inflation test (with an airway
pressure of ∼40 cmH20) is illustrated in Fig. 3. The inflation pressure showed an initial
overshoot that stabilized within the first 2-3 breaths, and remained stable throughout the
remaining duration of the inflation. At the offset of inflation the airway pressure dissipated
promptly without any disturbances. In animals where the lung inflation was unstable, the
corresponding data were discarded.

Data analysis
Computed TI and TE for each animal were normalized (with respect to the control values)
and averaged over several breaths within specific moving time windows with bin sizes
varying from 3-5 sec (for periods of fast transients) to 10-20 sec (close to steady state), as
with previous studies (Poon et al., 2000a; Siniaia et al., 2000). The binned data were then
averaged for each test group. The average data were tested against the baseline using two-
way ANOVA with repeated measures for statistical significance of the stimulated response.

Exponential curve fittings of the averaged data were done using nonlinear least squares
regression in OriginPro (OriginLab, Northampton, MA). Equations of the form “y = y0 +
Anexp(-t/τn) + An+1exp(-t/τn+1) + …” were used to fit the data. The curve-fitting results
were presented as means ± SE. The appropriate number of exponential terms to be fitted was
determined by using the F test (p<0.01). Comparison of time constants between the 8-min
and 1-min groups was performed using two-tailed Student's t test (p<0.01).

Results
Vagal stimulation vs. lung inflation

Figure 4a shows the time course of the responses in TI and TE to 8-min vagal stimulation
(n=5). Vagal stimulation elicited an abrupt HBIR-like shortening of TI and lengthening of
TE. Thereafter, both TI and TE returned gradually towards the baseline throughout the 8-min
stimulation period. Exponential curve fitting (Table 1) indicated that TI increased towards
baseline with two time constants (τ1 = 13.0 sec, τ2 = 440.3 sec) while TE decreased towards
baseline with two time constants (τ1 = 5.1 sec, τ2 = 82.5 sec). At the end of stimulation, both
TI and TE rebounded in an opposition direction to that at the beginning of stimulation.
Thereafter, TI and TE gradually returned to baseline with a single time constant (τ3 = 16.5
sec for TI and 21.8 sec for TE).

The two distinct time constants of the TI and TE adaptations to the vagal input suggested the
existence of multiple learning processes (habituation and/or desensitization), whereas the
post-stimulation STM indicated the existence of desensitization as defined in Fig. 1.
Because the curve fitting procedure had limited resolution for closely-spaced exponential
terms, we cannot rule out the possibility of additional learning and memory components
which had similar time constants as the ones detected.

As with vagal stimulation, 8-min unilateral lung inflation (n=3) elicited similar biphasic
responses in TI and TE (Fig. 4b). The TI response during unilateral lung inflation comprised
two time constants (τ1 = 9.7 sec, τ2 = 742.0 sec) and the TE response also comprised two
time constants (τ1 = 1.5 sec, τ2 = 56.0 sec). The post-inflation recovery of TI and TE
occurred at a rate comparable to that in the vagal stimulation test, with a time constant τ3 =
16.8 sec for TI and 44.8 sec for TE (Table 1).
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The very fast time constant adaptation component of TE probably reflected in part the rapid
airway pressure overshoot at the beginning of inflation (Fig. 3). The adaptation of TE
eventually converged to slightly below the baseline while its recovery rose slightly above
the baseline, indicating possible residual effects of lung inflation. Despite these limitations,
the overall adaptation patterns for TI and TE were qualitatively similar to those of vagal
stimulation.

8-min vs. 1-min tests
The responses in TI and TE to 1-min vagal stimulation and unilateral lung inflation showed
similar (albeit shorter) biphasic adaptation patterns as in the 8-min tests. Exponential curve
fitting for the adaptation phase (Table 1) yielded only the fast time constant term in this case
as 1 min was not long enough for the long time constant term to be reliably resolved. In the
1-min unilateral lung inflation test, the adaptation time constant for TI also did not reach
significance level because of variability of TI within the relatively short test duration.

In contrast, curve fitting for the recovery phase of the 1-min vagal stimulation and unilateral
lung inflation tests yielded highly significant STM exponential terms (Table 1). In Fig. 5, the
STM time constants for TI and TE are seen to be significantly longer for the 8-min tests than
the corresponding 1-min tests, suggesting that the memory stayed longer following a longer
HBIR challenge (Fig. 5). This use-dependent STM effect of HBIR was consistently detected
in both the vagal stimulation and unilateral lung inflation tests.

Discussion
Critique of preparations

Early studies used electrical vagal stimulation or lung inflation in dogs, cats or rabbits for
studying the central adaptation effects of the HBIR (Bartoli et al., 1973; Stanley et al., 1975;
D'Angelo, 1977; Finkler & Iscoe, 1984; Grippi et al., 1985; Younes & Polacheck, 1985).
Both approaches have drawbacks. Vagal stimulation may activate not only slowly adapting
receptor (SAR) fibers but potentially also those from rapidly adapting receptors (RARs). In
the rabbit, vagal stimulation after dorsolateral pontine lesion has been shown to lengthen
(rather than shorten) inspiration (Takano & Kato, 2003), an effect that is consistent with the
activation of RAR or pulmonary C fibers in this species (Davies & Roumy, 1982; Sibuya et
al., 1993). Lung inflation provides a more physiologic stimulus presumably more specific
for SAR (though not exclusive of RAR) activation, but may be confounded by the
adaptation of the SARs themselves especially when it is maintained over an extended
period. Also, stability of chemical drive and of lung volume during inflation are more
difficult to maintain accurately for quantitative analysis of the learning and memory effects
in accordance with Fig. 1.

As a precaution, we therefore used both vagal stimulation and unilateral lung inflation to
characterize the learning and memory processes associated with the HBIR in the rat. The
latter has been established as an animal model of choice in recent years and much
information has been accumulated in the literature regarding the central and peripheral
neural organization of the HBIR in this mammalian species (Tsubone, 1986; Bonham &
McCrimmon, 1990; Bergren & Peterson, 1993; Hayashi et al., 1996; Seifert & Trippenbach,
1998; Ezure & Tanaka, 2004; Wang et al., 2008). In particular, recent studies have shown
that RAR fibers are rare in the rat (Bergren & Peterson, 1993) and their target relay neurons
in the nucleus tractus solitarius (NTS) are inhibited by a subset of GABAergic neurons
(“inhibitory pump cells”) that receive SAR inputs, such that high-frequency low-intensity
vagal stimulation preferentially activates SAR instead of RAR pathways in the NTS (Ezure,
2004). These unique neuroanatomic characteristics of the rat make it an ideal animal model
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for studying the central integration of SAR inputs resulting from high-frequency low-
intensity vagal stimulation or lung inflation. In the present study, both methods of inducing
HBIR did not provoke any augmented or prolonged inspiratory activity, which are hallmarks
of RAR afferent activation during inflation (Davies & Roumy, 1982; Sant'Ambrogio &
Widdicombe, 2001). The consistency of the results with both methods is reassuring, in that
RAR afferent activations (if any) are unlikely to produce similar adaptation effects in both
cases.

Use-dependent habituation and desensitization of rat HBIR
Current understanding of nonassociative learning and memory and their cellular basis
(Kandel, 1978) is built upon extensive studies conducted in past decades with primarily
invertebrate models – most notably the habituation and sensitization of the Aplysia gill
withdrawal reflex (Pinsker et al., 1970). Although nonassociative learning has been
implicated in a variety of behavioral and brain functions and neurological disorders in
humans (Braff et al., 1995; Poon & Young, 2006), extension of the results from invertebrate
animal studies to humans has been hampered by the lack of a pertinent mammalian model
that is amenable to systematic investigation at multiple levels of organization. We suggest
that the habituation and desensitization of the HBIR in the rat could provide such a
mammalian model.

Stanley and coworkers (Stanley et al., 1975) were the first to demonstrate an adaptation of
the HBIR in dogs during prolonged lung inflation, an effect which they ascribed to a central
“habituation” mechanism since similar adaptation was not seen in pulmonary stretch
receptor single-fiber afferent discharge. Such central adaptation effects have been confirmed
by other investigators using similar single-fiber recordings during lung inflation or no-
inflation in cats (Finkler & Iscoe, 1984; Zhou et al., 1989). However, in none of those
studies were such adaptation effects verified against established criteria of habituation
(Thompson & Spencer, 1966; Groves & Thompson, 1970; Thompson et al., 1973).
Subsequently, Grippi et al. (1985) reported that the central adaptation of HBIR under
constant chemical drive in dogs was followed by rebound changes in TI and TE during
recovery, whereas Younes & Polacheck (1985) found similar rebound effects following
vagal stimulation in cats. In both studies, consistency of the adaptation and rebound effects
resulting from vagal stimulation or lung inflation was not verified in the same animal model.
Nevertheless, the anomalous rebound responses reported in both cases appeared to
contradict the notion of habituation proposed by Stanley et al. (1975). Instead, the notion of
leaky integrators (converse of differentiators) mediating the central processing of vagal
control of TI and TE was proposed (Younes & Polacheck, 1985).

In an attempt to resolve this dilemma, Siniaia et al. (2000) showed that the central adaptation
of the vagal modulation of the respiratory frequency in rats was comprised of two separate
components that were distinguishable functionally, structurally and pharmacologically. One
component was shown to conform with several established properties of habituation, such as
inverse dependence on stimulus intensity or frequency, latent STM, dishabituation and
habituation of dishabituation. The desensitization component was shown to account for the
rebound response during recovery, which was abolished after NMDA receptor blockade or
lesioning of the pneumotaxic center. The NMDA receptor-independent habituation and
NMDA receptor-dependent desensitization effects in f were ascribable in part to similar
effects in TE (Poon et al., 2000a). However, questions remained as to whether these effects
were specific to vagal stimulation and not lung inflation or specific to TE and not TI. Indirect
evidence of such habituation and desensitization effects during lung inflation was inferred in
a recent study in anesthetized rats (MacDonald et al., 2007), in which entrainment of the
respiratory rhythm to a ventilator was transiently disrupted after abrupt application of
positive end-expiratory pressure (PEEP) but the entrainment resumed after a brief adaptation
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period. The adaptation to PEEP was weakened (but not abolished) after electrolytic
lesioning of the pneumotaxic center, in agreement with the postulated pontine
desensitization and extra-pontine habituation of the HBIR.

The present results confirm the notions of habituation and desensitization of the HBIR, by
demonstrating that similar differentiator effects for both TE and TI could be consistently
produced by either vagal stimulation or unilateral lung inflation in the same animal model.
The decrementing adaptation patterns of both TE and TI suggest that the habituation and
desensitization of HBIR were use-dependent. More important, our results show that the
STMs for both TI and TE during recovery were also use-dependent: the longer the
stimulation or inflation, the longer the ensuing desensitization memory. (Corresponding use-
dependent effects for habituation STM were not measurable because the memory was
latent.) These findings provide strong evidence that the central adaptation of the HBIR
elicited by high-frequency and low-intensity vagal stimulation or lung inflation in rats
indeed represented nonassociative learning and memory.

Such use-dependent habituation and desensitization in the rat HBIR provide an important
link between the respiratory neuroscience field and behavioral neuroscience field for
understanding the mechanisms of nonassociative learning and memory in the mammalian
CNS. Because such nonassociative learning and memory behaviors were expressed in both
TI and TE in this study, their cellular correlates likely reside in central relays of vagal
volume-related afferent signals to the rhythm generator(s) that control TI and TE
[presumably via vagally-activated postinspiratory inhibition of inspiratory pacemakers in the
preBötzinger complex (Wittmeier et al., 2008)]. In particular, the localization of the
desensitization component to the pneumotaxic center in previous studies (Siniaia et al.,
2000; MacDonald et al., 2007) paves the way for systematic investigations of its neural
correlates in this brainstem structure in future. It is also highly likely that the habituation
effects may be mediated at least in part by activity-dependent adaptation of certain NTS
“pump cells” where SAR afferents terminate. In support of this hypothesis, it has been
shown that many second-order NTS neurons exhibit NMDA receptor-independent short-
term depression in vitro (Zhou et al., 1997; Poon et al., 2000b), a putative cellular
mechanism of habituation in invertebrates (Kandel, 1978). In addition, the majority of
second-order neurons in the medial NTS also exhibit NMDA receptor-independent intrinsic
long-term depression (i.e., depression of neuronal excitability) (Bantikyan et al., 2008),
which may further contribute to the habituation effects. Similar differentiator effects have
also been demonstrated in the peripheral chemoreflex control of TE during hypoxia or
carotid sinus nerve stimulation (Young et al., 2003; Song & Poon, 2008), suggesting that
these forms of nonassociative learning are prevalent in the respiratory system. To our
knowledge, this is the first mammalian model of habituation and desensitization in a brain
system with tractable central peripheral neural organization and well-defined physiologic
function.

Translational implications
The HBIR is pronounced in human neonates and its strength decreases during the first year
of life (Rabbette et al., 1994). In adults, the HBIR has been generally thought to be rather
weak particularly in the awake state, except at lung volumes well above functional residual
capacity (Widdicombe, 1961; Guz et al., 1964; Guz et al., 1970; Clark & von Euler, 1972;
Hamilton et al., 1988; Hamilton et al., 1990). However, human subjects do exhibit normal
SAR discharge during eupneic breathing (Guz & Trenchard, 1971). Studies have shown that
abrupt airway occlusion at end-inspiration prolongs TE (Gautier et al., 1981; Tryfon et al.,
2001) whereas occlusion at end-expiration shortens TI (Polacheck et al., 1980), indicating
significant phasic volume-related feedback modulation of the eupneic rhythm in humans.
Similar phasic modulations of TI and TE have also been demonstrated in awake subjects
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during the first breath of assisted ventilation or PEEP before significant changes in chemical
drive or conscious perception begin to develop (BuSha et al., 2002; Haberthur & Guttmann,
2005). Indeed, mechanically ventilated patients (while awake or under anesthesia or non-
REM sleep) often entrain their spontaneous respiratory rhythm to the ventilator cycles
(Graves et al., 1986; Simon et al., 1999), an effect that is contingent on phasic volume-
related feedback (Muzzin et al., 1989).

Why do adult subjects display weak HBIR response despite apparently normal phasic
volume-related modulation of the respiratory rhythm? A new perspective for this paradox in
light of the present findings is that adult subjects might habituate and/or desensitize rapidly
to static lung inflation above the tidal volume but not to normal phasic volume-related
feedbacks, which are preferentially transmitted to the respiratory controller. In other words,
the high-pass filtering effects of habituation and desensitization (Fig. 1) might be even more
effective in humans than in experimental animals. This hypothesis warrants further
investigation in relation to the effects of PEEP on patient-ventilator synchrony during
mechanical ventilation or the stability of spontaneous breathing during weaning from
mechanical ventilation (Putensen et al., 2006;MacDonald et al., 2007).

Another interesting question is whether patients with chronic elevation or depression of lung
volume due to increases or decreases in lung compliance demonstrate abnormal HBIR or
phasic volume-related feedback compared with healthy subjects. Previous studies have
shown that phasic modulations of TI and TE are attenuated in patients with increased lung
compliance (as in chronic obstructive pulmonary disease) and augmented in those with
decreased lung compliance (as in restrictive lung disease) (Polacheck et al., 1980; Gautier et
al., 1981; Tryfon et al., 2001). It has been hypothesized that a possible mechanism for such
disease-dependent effects is central adaptation to continued volume-related afferent traffic
(van Lunteren, 2001). In agreement with this hypothesis, the present findings raise the
possibility that use-dependent memory of the habituation and desensitization to chronic lung
distension might eventually blunt the respiratory sensitivity to phasic volume-related
feedbacks, whereas chronic lung restriction might produce the opposite effects. Such
potential longterm learning and memory effects of the HBIR in humans deserve further
study.

The present findings also have important implications in certain neurological diseases such
as Rett syndrome, a neurodevelopmental disorder caused by mutations in the X-linked
methyl-CpG binding protein 2 (MECP2) gene (Amir et al., 1999) with breathing
abnormalities and mental retardation in females (Hagberg et al., 2002). Recent data show
that MECP2 mutant mice experience pronounced apneas in response to vagal stimulation or
activation of the Kölliker-Fuse nucleus with decreased habituation and increased
sensitization of the fictive HBIR (Poon & Song, 2007; Stettner et al., 2007). The present
findings raise the possibility that impaired habituation and desensitization of the HBIR and
their use-dependent STM may contribute to the breathing arrhythmias in these mutant
animals and perhaps Rett Syndrome patients.
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Figure 1.
Habituation and desensitization as gated and non-gated neural differentiators. Ordinate
indicates response; abscissa indicates time. The initial response to a sustained or repetitive
stimulus (shaded region) decays exponentially over time due to habituation, desensitization
or both. (A) Habituation is monophasic with abrupt termination of response at end of
stimulation. Short-term memory (STM) effect of the habituation is directly gated to the
stimulus and is not observable once the stimulus ceases. (B) Desensitization is biphasic. A
rebound occurs at the end of stimulation and it exponentially returns to the baseline with an
explicit short-term memory (STM) that is not gated to the stimulus. (C) The sum of
habituation and desensitization has two time constants during adaptation and a single time
constant during STM. The response patterns for habituation and desensitization resemble a
differentiator or high-pass filter. Adapted from Poon & Young (2006).
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Figure 2.
Experimental setup for unilateral lung inflation in rats. The right lung is sealed from the
ventilator and is inflated. The left lung is ventilated to control end-tidal CO2.
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Figure 3.
Recordings in an 8-min unilateral lung inflation trial. From top to bottom: raw and
integrated phrenic discharge, airway CO2 level, and airway pressure. The expanded views
(insets) show the same at the beginning and end of lung inflation. Changes in the CO2 trace
at the onset and offset of lung inflation were pressure artifacts. Note the slowing of the
respiratory rhythm at the onset of inflation reflecting the HBIR and its rebound acceleration
at the offset indicating STM.
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Figure 4.
Normalized TI and TE responses to 8-min electrical vagal stimulation (n=5) and unilateral
lung inflation (n=3). Data are average values for each group (error bars not shown). The
group data during the test and recovery phases for each experiment were all highly
significantly different from the corresponding baseline values (p ≪ 0.01, 2-way ANOVA
with repeated measures) except the recovery from 8-min lung inflation, which was marginal
(p=0.04). Solid lines indicate exponential curve fits. The appropriate number of exponential
functions to be fitted was determined by F-test (p<0.01). Corresponding group data and
curve fits for the 1-min tests demonstrated similar significance levels (not shown).
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Figure 5.
Comparison of STM time constants for 1-min and 8-min tests. Use-dependent STM of
HBIR desensitization is revealed by the significantly longer time constants in the 8-min tests
than the corresponding 1-min tests for both vagal stimulation and unilateral lung inflation (*
indicates p<0.01, two-tailed Student's t test).
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Table 1

Curve fitting results in the 1-min and 8-min electrical vagal stimulation and unilateral lung inflation tests.

Vagal Stimulation Lung Inflation

8min (n=5) 1min (n=3) 8min (n=3) 1min (n=3)

TI

Adaptation

A1 -0.52 ±0.08 -0.24 ±0.01 -0.36 ±0.09 -0.17 ±0.08

τ1 13.0 ±1.7 13.2 ±1.9 9.7 ±2.0 25.7 ±29.1*

A2 -0.10 ±0.01 -0.20 ±0.01

τ2 440.3 ±55.9 742.0 ±74.6

STM
A3 0.12 ±0.02 0.09 ±0.01 0.21 ±0.04 0.32 ±0.07

τ3 16.5±4.0 4.35 ±1.19 16.8 ±4.2 9.2 ±2.7

TE

Adaptation

A1 1.02 ±0.28 2.8 ±0.4 0.56 ±0.01 0.59 ±0.08

τ1 5.1 ±1.5 2.6 ±0.4 1.5 ±0.2 3.2 ±0.8

A2 0.20 ±0.04 0.05 ±0.01

τ2 82.5 ±23.9 56.0 ±15.0

STM
A3 -0.12 ±0.01 -0.15 ±0.01 -0.20 ±0.01 -0.25 ±0.04

τ3 21.8 ±3.4 8.15 ±1.3 44.8 ±7.2 11.3 ±2.3

Equations of the form “y = y0 + Anexp(-t/τn) + An+1exp(-t/τn+1) + …” were used to fit the data. A1 and A2 are the magnitudes (normalized) of
the fast and slow adaptation components; τ1 and τ2 are corresponding time constants (in sec). A3 and τ3 (in sec) are the magnitude and time
constant of STM.
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