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l. Introduction

Part I of this book includes a number of presentations that describe the
physiological roles of neurons located within the ventral aspect of the medulla
oblongata. Many of these neurons have access from the surface of the ventro-
lateral medulla (VLM) and a surprising number of physiological systems appear
to require input from these neurons for maintenance or modulation of their
normal function. For the most part, experimental studies in each system (e.g.,
respiration, blood pressure regulation) have been performed in isolation with-
out regard for other physiological systems. The outline below, which includes
many of the papers of Part I, shows in brief the diversity of function repre-
sented within small regions of the ventral medulla and points out evidence in-
dicating the importance of the ventral medullary neurons in these functions.
The final (and speculative) section of the chapter asks why so many vital func-
tions involve neurons with easy access to the VLM surface and what the func-
tional significance of these neurons is.
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II. The Intermediate Area

Cooling of the ventral medullary surface using temperatures that block func-
tion of neurons but not of passing axons can result in apnea and in decreased
blood pressure (1-3). The most sensitive surface location for the respiratory
effects, the intermediate area (IMA), lies adjacent to a similar area associated
with potent blood pressure effects (see Ref. 4, this volume, for further discus-
sion). Additional studies using surface application of neuroactive substances
further described potent effects of a variety of these agents on breathing and
blood pressure (see Refs. 4-6).

The specific neuroanatomical locus within the medulla of these effects
due to perturbations of the VLM surface has been controversial. The blood
supply to the brainstem arises at the ventral surface from penetrating arteries,
which, together with their accompanying perivascular spaces, can allow rather
deep penetration within the medulla of surface perturbations. This has been
shown by evaluation of the rate and depth of penetration of small radiolab-
eled and larger molecules applied to the VLM surface (see Ref. 4, this volume,
for discussion).

Ill. Possible Neuronal Substrates of the IMA

Some possible anatomical structures affected by these IMA surface experi-
ments include the retrotrapezoid nucleus, the retrofacial nucleus, the subretro-
facial region (including the C1 group), the nucleus paragigantocellularis later-
alis (PGCL), midline and parapyramidal raphe neurons, the lateral reticular
nucleus, and perhaps aspects of the rostral portion of the ventral respiratory
group including the Bétzinger and pre-Botzinger regions (see Ref. 4, this vol-
ume, for discussion). Here I will give a brief overview of some of these specific
structures as they relate to this chapter.

The retrotrapezoid nucleus was identified by injection of retrograde ana-
tomical tracers into major groups of respiratory neurons, which are located
more dorsally. Labeling of a novel site lying ventral and ventromedial to the
facial nucleus (within a few hundred micrometers of the VLM surface) led to
this new anatomical definition (7). The retrotrapezoid nucleus was then found
to contain neurons with respiratory-modulated as well as tonic firing patterns,
both types increasing their firing rate with hypercapnia (see Ref. 4). Destruc-
tion of the retrotrapezoid nucleus region unilaterally can result in depression
of respiratory output (including apnea) and absent chemosensitivity, suggest-
ing an important role for these respiratory neurons (see Ref. 4). Such lesions
have little effect on blood pressure.

Bilateral (8) and unilateral (9) electrolytic and chemical lesions within the
retrofacial nucleus of the cat can also result in decreased respiratory output and
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chemosensitivity. The retrofacial and subretrofacial regions have neurons with
respiratory-modulating firing patterns, some of which have processes that ex-
tend to the surface of the VLM (10,11). The retrofacial region has known res-
piratory involvement, while the subretrofacial region is important in blood
pressure regulation (see below). At quite discrete sites located more caudally
and deeper, bilateral injections of glutamate receptor antagonists can also pro-
duce apnea in anesthetized animals (12,13).

The PGCL (14,15) lies between the VLM surface and the nucleus ambi-
guus. It extends rostrally from the lateral reticular nucleus to the region medial
to the facial nucleus lying just lateral to the inferior olive. It is essentially just
beneath the center of the IMA. Retrograde tracing experiments have shown
that afferent inputs converge there from a variety of sites, including the spinal
cord, caudal lateral medulla, contralateral PGCL, nucleus of the solitary tract,
Al area, lateral parabrachial nucleus, Kolliker-Fuse nucleus, periaqueductal
gray, and supraoculomotor nucleus (14). Studies of retrograde transport from
injections limited to the juxtafacial portion of PGCL (15) show a different but
also diverse pattern of afferent sources, including the dorsal column nuclei,
inferior colliculus, paralemniscus, paramedian reticular formation, paraolivary
reticular formation, retrofacial PGCL, caudal medullary reticular formation,
and dorsal periaqueductal gray. The PGCL seems to be a source of convergence
of many afferent inputs involved in pain, analgesia, cardiovascular control,
respiratory control, exteroceptive sensation, and arousal. A major source of
efferents from the PGCL is the locus ceruleus, which itself has widespread in-
puts to the higher nervous system and is thought to be primarily involved in
arousal and vigilance (16).

Parapyramidal neurons of the midline raphe lie at sites accessible to sur-
face applications at the IMA (17). While the raphe has been studied largely in
regard to cardiovascular control (see Ref. 18, for example), there is evidence
that this region is involved in respiratory control as well (19,20). Parapyrami-
dal cells have also been implicated in the control of breathing by localized sur-
face cooling experiments (21).

Thus, there are a number of defined anatomical structures, accessible to
substances applied to the surface of the VLM, which are likely sites of physio-
logical effects on respiratory and blood pressure regulation. The nomencla-
ture used for these structures has evolved more from an anatomical than a func-
tional rationale. From the studies cited above (and in Ref. 4), it appears that a
rostral-to-caudal column of neurons exists in the VLM with involvement in the
control of respiration and blood pressure (and in other functions discussed
below). Cardiorespiratory neurons in the column appear to be distributed among
a number of these (and other) anatomically designated structures. Much more
detailed examination of the lateral tegmental field has led to a similar conclu-
sion: that respiratory control neurons of the ventral respiratory group are
distributed among a number of discrete anatomical nuclei (22,23).
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IV. Central Chemoreceptors; CO,

The traditional view of central chemoreception has focused on the VLM as the
chemoreceptor locus, based largely on studies that used alterations in surface
pH as the localizing stimulus. Some workers have criticized this interpretation
and much of the evidence for and against this idea is reviewed in Ref. 4.

In my laboratory, we have used microinjections of 1 nL acetazolamide to
produce focal regions of reversible tissue acidosis (see Refs. 4 and 24 for de-
tails). The results indicate that central chemoreception is located at widespread
sites within the brainstem, including (1) the nucleus tractus solitarius, (2) the
vicinity of the locus ceruleus, and (3) within 800 pm of the VLM surface at
sites probably accessible from the VLM surface, as originally proposed. On-
going work suggests the involvement of other sites as well (25).

Of interest in the role of the VLM in chemoreception are the measurements
of tissue pH profiles during hypercapnia induced by injection of hypercapnic
saline into the vertebral artery (26). Surprisingly, at some sites the pH decreased
significantly and at others it did not change. The sites with large pH changes,
proposed as the location of central chemoreceptors, were located in the vicinity
of the nucleus tractus solitarius, within the nucleus ambiguus, and, again, near
the VLM surface as originally proposed.

In this volume, data was presented from brainstem staining for the c-fos
gene product following application of acidic pledgets to the caudal VLM sur-
face (Ref. 27, this volume). The stained regions were surprising in their num-
ber and distribution throughout the caudal to rostral axis of the brainstem.
While it is difficult to evaluate the specificity of such c-fos experiments, the
widespread nature of neuronal stimulation from such a localized surface appli-
cation emphasizes the number of connections of neurons accessible from the
VLM surface. An alternative approach, optical imaging following systemic
changes in CO,, O,, and blood pressure, indicated a rather widespread involve-
ment of VLM neurons with altered function (Ref. 28, this volume). This ap-
proach has value in discerning patterns of involvement of neurons within a
finite distance of the VLM surface and suggests discrete patterns of neuron
involvement that are specific for the different stimuli.

In respect to the VLM, central chemoreception exists within a few hun-
dred micrometers of the VLM surface at sites from the level of the hypoglossal
nerve rootlets rostrally to the level of the trapezoid body. Stimulation by CO,
or H* at these sites can stimulate respiratory output and large numbers of med-
ullary neurons. A small number of observations from my lab suggests that some
central chemoreceptor sites may be specific for blood pressure regulation, others
for respiration (24).

V. Central Chemoreception; O,

While the primary transduction of a hypoxic stimulus that increases respira-
tion occurs at the carotid body, there are some interesting effects of hypoxia
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which are localized to the VLM. In the ventilatory acclimatization to chronic
hypoxia, the role of central chemoreceptors and the VLM has been controver-
sial. One hypothesis described the prolonged increase in ventilation seen with
acclimatization to acidic changes in cerebral fluids (29). It seems clear that
large-cavity cerebrospinal fluid pH is not acidic under these conditions (30).
But VLM tissue pH in some regions does become acidic under hypoxic condi-
tions (30). For example, in anesthetized cats, 5 min of isocapnic hypoxia such
as to decrease arterial oxygen saturation to 48% results in regional VLM acid-
osis. The pH was decreased at rostral and caudal VLM regions but not at the
IMA (31). This is reminiscent of the regional VLM pH changes observed fol-
lowing vertebral artery injection of hypercapnic saline (see above). It is possible
that such changes participate in the increase in respiration observed in acclim-
atization. Respiration in adult animals is not stimulated by hypoxia (and the
presumed VLM regional acidosis) following denervation of the peripheral che-
moreceptors. But it seems reasonable to hypothesize that central chemoreceptor
stimulation by local hypoxia-induced acidosis may potentiate the hypoxic ven-
tilatory response in animals with intact peripheral chemoreceptors. The sug-
gestion that the response to acute peripheral chemoreceptor stimulation involves
an input from neurons in the VLM region (see Ref. 32, this volume, for discus-
sion) adds support to this hypothesis.

There is evidence suggesting a possible role for VLM neurons in sensing
changes in metabolism, perhaps via tissue hypoxia. First, the stimulation of
respiration produced by infusion of 2,4-dinitrophenol can be blocked by cool-
ing or destruction of the VLM at the IMA (33). Second, immunohistochem-
istry has localized the enzyme involved in nitric oxide metabolism, NADPH
diaphorase, in a 2-mm long column of cells lying lateral to the inferior olive
and medial to the C1 cell group in the rostral VLM (RVLM) (34). Third, speci-
fically identified RVLM neurons involved in blood pressure regulation have
been described that can be stimulated by local injections of sodium cyanide
and by the production of hypoxia (arterial PO, = 27 mm Hg) even following
removal of peripheral chemoreceptor tissue (35). Nearby respiratory neurons
were not excited by these stimuli. These neurons excited by hypoxia appear to
be the source of the central ischemic pressor response.

VL. Airways

Neurons in the caudal VLM stimulated by activation of group III and IV hind-
limb afferents are involved in the decrease in airway resistance observed in
such conditions (see Ref. 36, this volume). Neurons in more rostral sites can
be stimulated by muscle contraction and produce a pressor response (Ref. 36,
this volume). The VLM neurotransmitters involved may include glutamate,
as microinjections of glutamate receptor antagonists attenuate these broncho-
dilator and pressor responses (Ref. 36, this volume).
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Other airway responses can be affected by VLM neurons. Application to
the VLM surface at the IMA of agents that block or stimulate the function of
accessible neurons can alter (1) CO,-sensitive respiratory phasic changes in
nasal patency, (2) hypoglossal nerve activity affecting upper airway patency,
(3) the pharyngeal response to pulmonary irritant receptor stimulation, (4) the
tone of tracheal smooth muscle, and (5) the secretion of tracheal glands (32).

VIl. Breathing

The studies discussed above, which showed profound effects on respiratory
output and chemosensitivity with surface cooling at the IMA and lesions of
more specific anatomical sites beneath the IMA, were performed in anesthe-
tized or decerebrate animals. Of great interest are the results of similar studies
in conscious animals. Conscious cats following bilateral coagulation of the
IMA have decreased respiration and CO, retention and decreased responsivity
to CO, (37,38). Cooling of the IMA in conscious goats also depresses ventila-
tion at rest, in response to hypercapnia, and in exercise (Ref. 39 and H. V. For-
ster, personal communication). In conscious dogs, after unilateral lesioning
of the retrotrapezoid region by kainic acid injections, periods of cluster breath-
ing have been observed (40). In humans with neurological disease of the brain-
stem resulting in unilateral lesions of the RVLM, ventilation and CO, sensitivity
are decreased and apneas during sleep are more common (41). And in victims of
sudden infant death syndrome, some show abnormally few neurons in a region
of the rostral ventrolateral medulla (42). Changes in airway caliber related to
VLM neuronal function have not been evaluated in conscious animals.

Neurons located within a small region of the VLM just medial to the cau-
dal aspect of the facial nucleus, close to the surface (43), and within a region
just caudal to the level of the retrofacial nucleus —the pre-Botzinger region
(44,45)—have been proposed to be the site of respiratory rhythm generation,
at least in the neonatal rat brainstem preparation. This is a difficult preparation
in that it has a hypoxic central core with a viable outside ring of tissue approxi-
mately 800 um in thickness (46). Yet the similarity of the anatomical location
of these proposed regions for respiratory rhythmogenesis and those in adult
mammals where cooling or lesioning have dramatic effects on respiratory out-
put is striking.

VIll. Blood Pressure

Surface manipulations at and near to the IMA often had blood pressure as well
as respiratory effects. Subsequent studies identified a subretrofacial pressor
region (47), also called the C1 region (48), which includes a large portion of
the PGCL. Neurons of this pressor region project to the intermediolateral column
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of the spinal cord, may contain catecholamines, and are thought important in
the origin and maintenance of sympathetic tone to the cardiovascular system.
Conditional pacemaker neurons, thought to be cardiovascular in function, have
been reported here (49), and the link between respiratory and cardiovascular
sympathetic output, whereby a large portion of cardiovascular sympathetic
tone is phasically related to phrenic output, occurs here (50). The neurons in
this rostral pressor region lie just caudal and dorsal to the retrotrapezoid nu-
cleus, within the region ventral to the retrofacial nucleus. Within the RVLM,
there appears to be a functional organization of the neurons into discrete groups
that have specific vascular bed connections (51,52). This rostral pressor region
can also be divided anatomically into three subregions: the midline raphe, PGCL,
and rostroventrolateral reticular nucleus (53). This RVLM pressor region also
has anatomical connections to the periaqueductal gray (18), the lateral para-
brachial nucleus, the locus ceruleus, and the lateral hypothalamic area (54) and
the amygdaloid complex (55). It receives widespread afferents (see Ref. 56, for
example) and it can modulate cardiovascular reflexes at the nucleus tractus
solitarius (57). Bilateral lesions of the C1 region can result in decreased blood
pressure (to spinal levels) and abolish pressor sympathetic outflow (48,58).

Neurons responsive to serotonin receptor agonists (producing a hypoten-
sive effect) lie in the midline raphe and at the parapyramidal region of the RVLM
(59). And a more caudal region of the VLM appears to be involved in depressor
responses (60,61). A single study suggests involvement of neurons in the mid-
line raphe in the control of pulmonary blood flow. Injections of a glutamate
agonist and toxin, ibotenic acid, into the raphe of the rat results in increased
pulmonary artery pressure, hypoxemia, acidosis, hypothermia, and death with-
out any evidence of pulmonary edema (62).

IX. Nociception

Neurons in the rostral ventromedial medulla are part of a network involved
with control of pain transmission. They are located in the nucleus raphe mag-
nus, the nucleus PGCL, and the adjacent reticular network, and they have
been characterized by their projections to spinal cord and their responses to
painful stimuli and opiate analgesic agents. Noxious stimuli to the extremities
result in withdrawal of the paw and either increased (on cells) or decreased (off
cells) firing rates of these neurons (63). The off cells are excited by opiate anal-
gesic agents, suggesting that they have an inhibitory effect on pain transmis-
sion (63). Of particular interest is the fact that increased CO, can increase the
threshold for painful stimuli, possibly via an endogenous opiate-related mech-
anism (64). This effect could well be occurring at this region of the VLM, where
nociceptive and respiratory neurons are in close proximity. Of similar interest
is the observation that application of opiates onto the VLM surface at the rostral
aspect of the IMA can result in respiratory depression (65). And the hypoten-
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sive and respiratory depressant responses to cocaine application on the VLM
surface at more caudal locations can be prevented in part by prior treatment at
these sites with an anticholinesterase (see Ref. 66, this volume for discussion).

A specific role of PGCL neurons, which are easily accessible from the
VLM surface, in the transmission of peripheral pain to the locus ceruleus has
been demonstrated. Injections of lidocaine into the ventromedial PGCL atten-
uate the response of single neurons within the locus ceruleus to foot shock in

the anesthetized rat (67).

X. Vestibular System

The stimulation of vestibular afferents has effects on autonomic and respira-
tory output (see Ref. 68, this volume). Neurons in the VLM rostral pressor
region and the more caudal depressor region with known connections to the
sympathetic preganglionic neurons respond with an increased firing rate to
vestibular stimulation. There is a specificity to the VLM connections in that
their input comes largely from otolith organs and they have a greater response
to pitch than to roll.

XI. Why Are So Many Functions Attributed to Neurons
So Close to Each Other and to the VLM Surface?
What Is the Functional Significance of These
Rostral VLM Neurons?

These are speculative questions without proven answers at present. In respect
to the proximity to the VLM surface, one thought is that the projections to the
surface of many neurons lying within the VLM allows them to sense or sample
the cerebrospinal fluid (CSF) coming into contact with the surface as it flows
by in its course through the ventricular system. There are substances in the
CSF that might reflect activity at other more central sites within the neuro-
axis or in blood via entry through regions having a less stringent blood-brain
barrier (see Ref. 69, this volume, for example). These could be sensed at the
VLM surface. This seems to me to be a rather unlikely possibility, given the
incredibly diverse neuronal signaling possibilities in both the anatomical and
synaptic realms. Also, the turnover for CSF is rather slow, giving this idea of
sensing important stimuli via CSF a rather phlegmatic potential in respect to
speed of response. Alternatively, if substances in CSF reflect some time aver-
age of central nervous system events or state, then this type of signaling sys-
tem could be of value, allowing medullary autonomic neurons to monitor higher
cerebral events in a slow, stately manner.

A second possibility to explain the location of these neurons near the VLM
surface relates to the blood supply to the brainstem, which enters from the
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ventral surface via penetrating arteries. Any investigator who has examined
the ventral medullary surface under the operating microscope can vouch for
the impressive number of blood vessels both on the surface and entering into
the parenchyma. These could provide a means for nearby neurons within the
VLM to sample what is happening in the blood. This possible explanation would
have to include an evaluation of the significance of the blood-brain barrier,
which is intact in this region.

Third, the location of all of these important physiological effects to neurons
lying close together within the VLM may just be coincidence. The entire brain-
stem is very compact, and other brainstem regions—e.g., the nucleus tractus
solitarius (NTS) (see Ref. 70, for example) and the lateral tegmental field (22,
23).— are known to have many functions expressed within a small anatomical
region.

I argue here that compelling evidence supports the hypothesis that neurons
within the VLM have a particularly important role in the control of respiration
and blood pressure. In respiratory regulation, specific lesions of small VLM
regions and cooling of larger surface areas (cited above) have dramatic effects
on respiratory output and reflexes even in chronic conscious preparations.
Similar or larger lesions in other medullary (71) and pontine (72) regions known
to be involved in respiratory regulation do not have such effects. In blood pres-
sure regulation, again, specific VLM lesions dramatically reduce cardiovascular
sympathetic outflow, even in chronic conscious preparations (see Ref. 58). The
most effective lesion location for the blood pressure effects is not the same as
that for the respiratory effects, although they are in proximity. While lesion
studies do have problems and recent reviews (70) have downplayed any special
significance of the RVLM in blood pressure regulation, I find the hypothesis
for a specific and significant role for these RVLM cardiorespiratory neurons
to be of interest and worthy of continued investigation.

What are the physiological roles of these RVLM neurons that are impor-
tant in respiratory and blood pressure regulation? Early work on the IMA em-
phasized the word integration —that the IMA is an integrative area (3,37). There
is ample evidence that these neurons receive afferents from many central and
peripheral sources (cited above). In fact, single neurons located near these RVLM
sites have been shown to receive multiple afferent inputs, which converge on
them (73). However, most cardiovascular and respiratory peripheral afferents
have their primary synapse in the more dorsally located NTS. The functional
relationship between the RVLM and the NTS is unclear. Recent evidence (cited
above) has shown that RVLM neurons can modulate specific reflexes at the
NTS. Thus, RVLM neurons may integrate afferent information, and they can
modify reflexes at other medullary sites. This region of the VLM also contains
CO,/H* chemoreceptor function, as shown by studies from my own lab using
1-nL injections of acetazolamide to produce focal acidosis (as well as other studies
reviewed in Ref. 4), and it contains hypoxia-sensitive neurons (cited above).
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I propose that, in addition to receiving afferent information, modifyipg
reflexes at other sites, and containing chemosensitive elements, t.he. cardio-
vascular and respiratory neurons of the rostral VLM provide a tonic input or
drive to the neuronal networks involved in these respecti\{e 'control systems,
an input that sustains these networks in an active sta:ce. ThlS‘ls not a new sug-
gestion (74). And recent work in conscious goats with coohr}g of the rostr_al
VLM surface shows decreased respiratory output in eucapnic, hype.rcapmc,
hypoxic, and exercise conditions but no disruption of rhyth.m gergerahon (qu-
ster H. V., personal communication), observations supporting th}s hypothe31§.
Recent work from my lab has shown significant long-term stimulatlpn of phrenic
activity following single injections of glutamate (100 mAM/; 10 nL) 1{1to the RTN
of the cat (75), again supporting this hypothesis. An analogy for this h_ypothe51s
in a better understood neural network is the driver or P cell for the pyloric rhythm
of the crustacean stomatogastric ganglion (76). Specific destruction of these
cells reduces the rhythmic output of this network into tonic activity. In mam-
mals, there is evidence that afferent input is required for the respiratory cont}'ol
system to maintain a rhythmic output and that there is a tonic respira}ory dr.1ve
independent of the afferent determined rhythmic output (77,78). Is it possible
that the source of this tonic drive is these rostral VLM neurons?
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on Control of Respiration in Humans
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. Introduction

Loeschcke and his associates were the first to have experimentally demonstrated
augmented ventilation by progesterone administration in male and postmeno-
pausal female subjects (1,2). They further tried to correlate this finding with
central respiratory chemosensitivity by perfusing the ventrolateral surface of
the medulla with progesterone-containing solution (3). The Paco, ventilation
(tidal volume) response curve was shown to shift to the left and the slope to
increase. The possibility of the involvement of peripheral chemosensitivity was
also examined, but the cross-circulation technique used by Mei et al. produced
negative results (4). However, Hannhart et al. (5,6) demonstrated in pregnant
C?.ts that the carotid sinus nerve (CSN) discharge response to progressive hypo-
xia was enhanced, suggesting a directly stimulating influence of progesterone
plus estrogen on the carotid body. However, this does not necessarily mean
the presence of augmented peripheral chemoreceptor activity under natural con-
ditions, because ventilation substantially increases and arterial blood should
be hyperoxemic rather than hypoxemic in pregnancy (7).
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Figure 1 The chemical structures of progesterone and the synthetic progesterones
used in the present study.

Il. Synthetic Progesterone

In our study, we used mainly a synthetic progesterone, chlormadinone acetate
(CMA), which has 10 times the progestational activity of medroxyprogestrone
acetate (MPA) (8). MPA is an agent that has often been used in North America
for respiratory studies and treatment. For comparison with CMA, MPA was
also tested in our study. Since MPA is 15 times more active than natural pro-
gesterone (9), CMA is considered to be as much as 150 times stronger than
natural progesterone. The presence of chlorine in the compound induces poten-
tiation of luteinizing activity. Figure 1 compares the chemical structures of
progesterone, CMA, and MPA.

lll. Effect of Synthetic Progesterones on
Respiratory Activities

A. Outline of Study Methods

First, 16 normal male subjects (25 + 2.7 years of age) were administered CMA,
MPA, and placebo in a randomized double-blind crossover maneuver (10).
CMA and MPA were administered orally at a dose of 25 mg twice a day for
7 days. The placebo tablet, identical in appearance to the test drugs, contained
lactose and was also given twice a day for 7 days. To make sure that the drug
effect had sufficiently worn off, an interval of more than 2 weeks was allowed
between each drug administration run. Just before and agair: on the last day
of drug administration, the subjects were examined between 9 and 10 A.M. for
the following: body weight, oral temperature, heart rate, venous blood sam-
pling to measure various hormones and neuropeptides, arterial blood drawn
to measure blood gas and acid-base balance, pulmonary function, ventilatory
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pattern, metabolic rate measured by Vo, and Vco,, and finally hypercapnic
and hypoxic ventilatory responses (HCVR and HVR) by Read’s rebreathing
method and the progressive isocapnic hypoxia test respectively. To evaluate
the magnitude of the ventilatory drive, both the amount of minute ventilation
and height of occlusion pressure were measured. For the latter item, we used
P, which was the occluded inspiratory airway pressure obtained at 0.2 s after
the onset of inspiration; this was found to be more reproducible than the con-
ventionally used P, (11). Furthermore, a number of patients with prostatic
hypertrophy (12), chronic obstructive pulmonary disease (COPD) (13-15), and

Tablg 1 Body Weight, Body Temperature, Heart Rate, Pulmonary Function,
Arterial Blood Gases, Alveolar Ventilation and Metabolic Rate with Placebo,
CMA, and MPA Treatments (n= 16§

Placebo CMA MPA

Body weight, kg 67.7+1.4 67.4+1.5 67.4+1.4
Body temp, °C 36.5+0.1 36.8+0.1° 36.7+0.1
Heart rate, beats/min 70.1+1.9 67.9+1.4 68.3+1.5
Pulmonary function

%VC 104.7+3.2 103.6+2.8 101.6+£3.5

FEV, o0 86.1+1.6 86.3+1.4 85.9+1.3
Arterial blood

pH 7.39+0.01 7.40+0.06 7.40+0.01

Paco,, mm Hg 39.4+0.7 35.4+0.7° 36.5+0.8°

Pao,, mm Hg 919+1.4 95.4+1.2 9.4.4+1.5

[Hco;™ ], mM/L 23.1+0.3 21.0+0.3° 21.8+0.4°
Ventilation

Va, L/min 4,36 +£0.20 5.40+0.30° 5.07+0.25°

Vi, liters 0.59+0.03 0.63+0.04 0.63+0.04

f, breaths/min 15.8+1.4 17.1+1.7 17.3+£1.6

Vi/Ty, L/s 0.41+0.02 0.43+0.02 0.44+0.02

Py, cm H,0O 3.7+0.2 3.8+0.3 43+0.3

Vp/Vr 0.32+0.02 0.28 +0.03 0.30+0.0]2
Metabolic rate

VC0,, mL/min 194+7 218+10 213+10

VO0,, mL/min 247+11 273+ 14 274+12

aValues are mean =+ SE. CMA, chlormadinone acetate; MPA, medoxyprogesterone ace-
tate; % VC, vital capacity of the predicted value in %; FEV, o, forced expiratory vol-
ume in 1 s in percent for forced vital capacity: VA, minute alveolar ventilation; Vr, tidal
volume; f, breathing frequency; Ty, inspiratory duration; Py ,, mouth occlusion pres-
sure at 0.2 s after onset of inspiratory effort; Vp/Vr, ratio of dead space to tidal vol-

ume.

bSignificant difference between placebo and MPA or CMA data, P<0.05.
Significant difference between placebo and MPA or CMA data, P<0.01.

From reference 9: reproduced by permission.
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sleep apnea syndrome (SAS) (16) were treated with CMA; a beneficial effect
was seen in a substantial number of cases. The underlying pathophysiological
mechanisms for this improvement were also pursued.

B. Ventilatory Pattern and Ventilatory Responses

Table 1 represents the physical condition, pulmonary function data, blood gas,
and metabolic rate at rest after drug administration. Compared with the pla-
cebo run, the acid-base status of the arterial blood clearly indicates the pres-
ence of respiratory alkalosis by CMA and MPA ingestion, and this was derived
from increases in both V7 and f, resulting in significant augmentation in V,. On
the other hand, no definite changes were detected in body weight, heart rate,
pulmonary function, or metabolic rate.

P:1CO, ventilation response curves shifted to the left and their slopes tended
to increase with synthetic progesterones (Fig. 2). When the subjects were loaded
with inspiratory flow resistance in an amount of 16 cm H,O/L/s at a flow rate
of 1.0 L/s, the drug effect was better demonstrated. Furthermore, the response
curves evaluated in terms of occlusion pressure were found to better represent
the augmented response by CMA and MPA (Fig. 3).

VE \.IE
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------- Placebo emomeas
04
5 CMA 50
—-—-— MPA 2
401 . 40
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10 10+ ..,'.::::-""

v v
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pE"COQ( Torr) pETCOz (TOfr )
Figure 2 Mean ventilatory response (VE) to CO, in unloaded (left) and loaded (right)
conditions. *0.05 < P<0.01, **P<0.05: differences in horizontal intercept of \"E end-
tidal Pco, (PgrCO;,) response line between placebo and chlormadinone acetate (CMA)
or medroxyprogesterone acetate (MPA) data are of borderline significances at a 10%
level and significant at a 5% level, respectively. (From Ref. 9.)
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Figure 3 Mean occlusion pressure response to CO, in unloaded (left) and loaded (right)
conditions. *0.05<P<0.1: difference in horizontal intercept of occlusion pressure at
0.2 s after inspiratory effort end-tidal Pco, (Py,-PgrCO,) response line between pla-
cebo and chlormadinone acetate (CMA) or medroxyprogesterone acetate (MPA) data
are of borderline significance at a 10% level. (From Ref. 9.)
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Fi_gure 4 Mean ventilatory response (VE) to hypoxia in normocapnic (left) and hypocapnic
(right) conditions. Dashed line representing placebo data is the normocapnic response
curve because Paco, was not decreased in this condition. CMA, chlormadinone acetate;
MPA, medroxyprogesterone acetate; Sa0,, arterial O, saturation. (From Ref. 9.)
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Sa0, ventilation and occlusion pressure response Curves exhibited a shift
to the right and increased slope (Figs. 4 and 5). This tendency was pronounced
when tested under normocapnic conditions and was distinct when evaluated by
the occlusion pressure.

C. Load Compensation Response

Figure 6 illustrates the PgrCO, ventilation response curves before and after CMA
in 10 patients with prostatic hypertrophy without cardiorespiratory complica-
tion. Augmented ventilatory drive response to flow-resistive loading (i.e., in-
creased occlusion pressure response) is the most pronounced feature demon-
strated in this figure. The degree of increased occlusion pressure in response to
flow-resistive loading in 12 COPD patients was plotted on the ordinate axis
and termed the load compensation ratio (LCR) (Fig. 7). The magnitude of
LCR is known to be correlated with higher central nervous system (CNS) activity

Po.2 Po.2
{cm H20) Placebo === =~ (cm H20) Placebo »=-z=~-~
(Normocaphnic)
CMA
20 4 MPA  — =~

10+

) ¥ L

T
70 80 90 100
Sao, (%)

Sao, (%)

Figure 5 Mean occlusion pressure response (Po.2) to hypoxia in normocapnic (left)
and hypocapnic (right) conditions. Placebo responses indicated by dashed lines in both
figures are normocapnic, as explained in Figure 4. (From Ref. 9.)
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Vertilatory response
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Figure 6 Mean ventilatory and occlusion pressure response lines to CO,. Solid line,
response line without loading; dashed line, response line with loading; VI, inspired min-
ute ventilation; CMA, chlormadinone acetate; PgrCO,, end-tidal PCO,; Py, occlusion
pressure at 0.2 s. (From Ref. 11.) '
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load compensation ratio
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Figure 7 Left panel: Changes of inspiratory flow-resistive load compensation with
placebo and CMA therapy. The change of load compensation is expressed as the ratio
of loaded to unloaded AP,,/APCO,. Closed circles and solid lines indicate individual
data; open circle with vertical bar represents mean + SE. Middle and right panels: Rela-
tionship between chemical and neuromechanical drives with placebo against CMA condi-
tions. Subscripts p and ¢ indicate placebo and CMA, respectively; prime indicates the
condition with flow-resistive loading; Sp and Sp’ are the slopes of ventilatory and occlu-
sion pressure responses in unloaded and loaded condition, respectively, with placebo
treatment; Sc and Sc’ are the same as above with CMA therapy. The middle panel shows
the relationship of occlusion pressure response to CO,, and the right panel that of ven-
tilatory response to CO,. (From Ref. 12.)

and is effectively and disproportionately augmented by CMA, as shown in the
middle section of this figure. Since occlusion pressure independently assesses
the ventilatory drive regardless of alterations in mechanical properties of the
airways, we consider LCR to be a good indicator for evaluating the ventilatory
effect of CMA. In 9 SAS patients, parallel increases in both hypercapnic ven-
tilation and occlusion pressure responses were observed in 7 out of 9 subjects
(Fig. 8), and this was found to be a useful indication of improvement in clinical
symptoms (16).

IV. Hormones and Neuropeptides After Administration
of Synthetic Progesterone

Table 2 shows the level of certain hormones and neuropeptides after placebo,
CMA, and MPA administration. Both TSH and ACTH showed a tendency
to be increased by synthetic progesterones, and particularly for augmentation
of TSH was shown to be a significant level by MPA. This is in contrast to the
levels of T, and T, as shown in Figure 9. Figure 10 illustrates a possible mechanism
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Figure 8 Relationship between the amount of change in load compensation ratio
(ALCR) and that in hypercapnic ventilatory response (AHCVR) demonstrated by a vec-
tor. AHCVR in the left and right panels shows the change in hypercapnic ventilatory
and occlusion pressure responses, respectively. Numbers are patient numbers. (From

Ref. 15.)

Table2 Effect of Placebo, CMA and MPA Administration on Certain Hormones
and Neuropeptides

Placebo CMA MPA

(n=13) (n=12) (n=13)
TSH (xU/ml) 1.98+0.21 2.45+0.36 2.72+0.32*
T; (ng/ml) 156.9+8.4 156.2+4.5 164.2+8.0
T, (ug/ml) 9.31+£0.43 9.18+0.32 10.12+0.44
ACTH (pg/ml) 4.70+3.24 8.65+4.71 6.75+3.53
Cortisol (ng/ml) 160.4 +19.8 141.7+19.0 174.7+19.9
Adrenaline (ng/ml) 0.040+0.013 0.032 +0.007 0.035+0.008
Noradrenaline (ng/ml) 0.25+0.03 0.25+0.02 0.26+0.03
Dopamine (ng/ml) <0.2 <0.2 <0.2
Serotonin (ng/ml) 76.9+£9.1 75.5+8.7 81.5+9.8
B-endorphin (pg/ml) 17.3+3.1 17.1+2.4 20.3+2.5

Values are mean+SE.

*P <0.05: difference between placebo and MPA data is significant at 5% level.



