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Abstract. Experiments were carried out on male rabbits, anesthetized 
with urethane, bilaterally vagotomized, paralysed and artificially venti- 
lated. The preoptic area (POA) was stimulated at three different levels 
of CO,: in hypo- normo- and hypercapnia under normothermia, moderate 
hyperthermia and hyperthermia. Changes in central respiratory activity 
(monitored by phrenic nerve activity) due to CO? levels, stimulation of 
the POA during normothermia and progressively increased body tem- 
perature were investigated. Results showed that: (i) When body tempe- 
rature was raised and during stimulation of the POA, the frequency of 
phrenic nerve volleys, tidal volume eq. and minute ventilation eq. were 
increased. (ii). The acceleration of the respiratory rhythm was reached 
by shortening of both respiratory phases, inspiratory and expiratory. 
however, the expiratory phase changed more than the inspiratory one 
and there was a close proportional relationship between inspiratory and 
expiratory durations. (iii) Together with the increase in the respiratory 
drive resulting in the combination of influences of both factors, the 
temperature and CO,, the effects of POA stimulation diminished gra- 
dually. 

INTRODUCTION 

Cohen (4) has demonstrated in vagotomized, paralysed and artificially 
ventilated cats, that lowering of the alveolar CO, changes phrenic nerve 
discharges by increasing the frequency and decreasing the amplitude. 
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This phenomenon, called "hypocapnic polypnea" is similar to thermal 
panting. Chapot's experiments (2) also carried out in paralysed and arti- 
ficially ventilated cats have confirmed these observations. A decrease 
in CO, level under normothermic conditions, as well as when body tem- 
perature is elevated elicits a significant increase in frequency which is 
accompanied by diminishing amplitude of phrenic nerve volleys. How- 
ever, in normocapnia, elevated body temperature induces an augmentation 
of the frequency of the phrenic nerve discharges without a decrease (and 
usually with an increase) in their amplitude. Similar results were obtain- 
ed by Pleschka (14) in artificially ventilated dogs. Moreover Karczewski 
et al. (12) and Grieb et al. (10) have shown that thermal panting appears 
only in hypocapnic rabbits. 

On the other hand, it is well known that carbon dioxide in polypneic 
animals induces a "paradoxical effect" since when the CO, level is in- 
creased, the frequency of breathing is diminished (6). These data indicate 
that the rhythm and amplitude of breathing are significantly influenced 
by the level of CO, during excitation of suprapontine structures. 

The basic respiratory rhythm and amplitude are centrally controlled 
by pontomedullary mechanisms. With increasing temperature of the 
body the hypothalamus is also involved in the regulation of respiration 
by initiating thermoregulatory reactions. Under these circumstances the 
actual respiratory rhythm is due to the activation of both of these struc- 
tures. 

To mimic an increased respiratory drive from suprapontine structures, 
electrical stimulation of the POA was applied. We investigated changes 
in central respiratory activity during stimulation of the POA in relation 
to the CO, level in both normothermia and progressively increasing body 
temperature. 

METHODS 

The experiments were carried out with 11 male rabbits weighing 
from 2.2 to 3.3 kg. The animals were anesthetized with urethane (400 mg 
per 1 kg body weight) and paralysed with 2 ml of gallamine (Tricuran - 
1 ml containing 10 mg of active substance). The dose of 10 mg of gal- 
lamine was repeated every 2 hr. The trachea was cannulated and the 
rabbits were ventilated by means of a conventional respiratory pump 
(Medipan). 

Both vagus nerves were cut in the neck and the C, root of the phrenic 
nerve was separated and cut at  its distal part. The rabbits were placed 
on a table in a prone position. The head of the animal was fixed in a ste- 
reotaxic apparatus (Medicor), the skull was exposed and the stimulating 
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electrode were inserted into the brain through a small hole drilled at  
the top of the skull. The preoptic area was stimulated unilaterally accord- 
ing to stereotaxic coordinates of Fifkova and Marsala (7) : A=3, L=1.5 
and the electrode was introduced to a depth of 14 do 15 mm from the 
skull surface. The concentric electrode consisted of a steel tube, external 
diameter 0.6 mm and internal diameter 0.3 mm, covered with insulating 
enamel except for the end (about 0.5 mm). An insulated copper wire was 
inserted through this cannula and its bare (about 0.5 mm end was pro- 
truding out 1 mm from the external cannula. The electrode was connec- 
ted through a stimulus-isolation unit to a pulse generator (Tonnies). 
Continuous electrical stimulation by rectangular pulses (0.5 msec of du- 
ration, intensity of 3 v and frequency of 50 implsec) was applied for 
a period of 60 sec. When the typical effect of stimulation (the increase 
in the respiratory rate) was not obvious, the electrode was moved up or 
down until the proper response to stimulation was obtained. After fixing 
the stimulation electrode, the previously prepared phrenic nerve was 
placed on conventional silver electrodes and covered with paraffin oil to 
prevent drying. 

The electrodes were connected through a Tektronix 122 preamplifier 
and integrator (Medipan) with the input of a four channel oscilloscope 
OS 102 ZRK. The "integrated" phrenic nerve activity was recorded on 
the first channel of the oscilloscope and the whole phrenic nerve activity 
on the second channel. The end-tidal CO, was measured with a capno- 
graph (Godart) and recorded on the third channel of the oscilloscope. 
All variables were filmed. Arterial blood pressure was recorded from the 
left femoral artery by means of an electromanometer (Medical Trans- 
ducer 4-82 SE Laboratories). 

Arterial blood oxygen and carbon dioxide tension and pH were 
determined by Astrup micromethode with Radiometer BMS equipment 
in order to control whether artificial ventilation was correct. The animals 
were heated by means of a heating pad and the rectal temperature was 
continously monitored by a germanium thermometer (Elektronika). 

The experiments were connected according to the following protocol. 
Under normothermic conditions. the preoptic area was stimulated at  three 
levels of CO,: in hypo- normo- and hypercapnia. The animals were then 
heated until thermal hyperpnoea (increase in the respiratory rate and 
amplitude of integrated phrenic nerve activity) appeared. The POA was 
then stimulated at  the same levels of CO, as in normothermia. After- 
wards the rabbits were heated until panting occurred (very rapid respi- 
ratory rate and decrease in amplitude of integrated phrenic nerve acti- 
vity) and stimulation of the preoptic area was repeated as previously. 

Hypocapnia was elicited by a 10 min hyperventilation with increased 



frequency of the respiratory pump. Hypercapnia was obtained by ven- 
tilation with a mixture of 6O/a COP in air during 5 min. In the experi- 
ments the following parameters were taken into account: 

1. Frequency of phrenic nerve volleys - f .  
2. Amplitude of integrated activity of phrenic nerve volleys as an 

electrophysiological equivalent of tidal volume - VTeq. (14). 

3. Electrophysiological equivalent of minute ventilation - VEeq pro- 
duct of amplitude of integrated phrenic nerve activity times frequency 
of phrenic nerve volleys (14). 

4. Duration of the phrenic nerve volley as an equivalent of the dura- 
tion of the inspiratory phase - TI. 

5. Duration of a pause between the two subsequent phrenic volleys 
as an equivalent of the duration of the expiratory phase - TE. 

Both inspiratory and expiratory phases were measured in the same 
manner as described by Clark and v. Euler (3). Statistical analysis of 
relative changes in f,  TI and TE during stimulation of the POA was per- 
formed with Student t test. 

RESULTS 

The electrical stimulation of the preoptic area elicited changes in the 
pattern of phrenic nerve activitv corresponding to hyperpnoe that occurs 
in spontaneously breathing animals. In all experiments an augmentation 
of the respiratory rate as well as an increase in the amplitude of integra- 
ted phrenic nerve activity were observed. In addition during stimulation 
of the POA, arterial blood pressure increased from 90-100 mmHg to 
110-130 mmHg. The typical effect of stimulation is shown in Fig. 1. The 
effects of stimulation depended on the level of excitation of the respira- 
tory "centers". 

Normothermia (NT) 1 

Generally, the largest response of the respiratory complex 
of the brain stem (monitored by phrenic nerve activity) to 
stimulation of the preoptic area was observed under normothermic con- 
ditions (37.5-38.0°C). At this level of temperature in hypocapnic animals, 
the frequency of the phrenic nerve volleys increased about twice in 
response to the POA stimulation. After restoration to normocapnic con- 
ditions, the respiratory rate rose about 60°/o on the average during sti- 
mulation, but in hypercapnic rabbits the electrical stimulation of the 
preoptic area induced acceleration of the central respiratory rhythm by 
about 40°/o only (Fig. 2). 

We call "normothermia" the control temperature of anesthetized rabbits 
being aware that these values are lower than those of a conscious animals. 
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Fig. 1. Effect of electrical stimulation of the preoptic area on the phrenic nerve 
activity. A, control, start of stimulation; B, after 45 sec of stimulation. Traces from 
top to bottom: end-tidal CO,, integrated phrenic nerve activity, phrenic nerve ac- 
tivity, stimulus marker. Note that during stimula.tion of the POA, the slope 01 a 

integrated phrenic nerve activity is increased. 

Fig. 2. Effects of stimulation of the POA on frequency of the phrenic nerve vol- 
leys in normocapnia (N CO,), hypocapnia (JCO,), hypercapnia (fCO,) in normo- 
thermia (NT), elevated body temperature ( fT)  and hyperthermia (HT). The fre- 
quencies before stimulation of the POA in NT (about 50 volleys/min) are shown 
as 1000/0, control frequencies in f T  and HT are represented as the per cent of 
the control values in N'T. &CO,-end-tidal CO, approx. 2O10, N C02-  end-tidal 
CO, approx. 4010 and fC0,-end-tidal approx. 6O/o. In this Figure and in all the 
following symbols are the ssme. Xote that the effects of stimulation decrease 
with increasing CO, and temperature from 92.5, 59.9, 40.3Oio in normothermia and 

29.8, 26.7, 1 8 . 7 9 ~  in elevated body temperature. 



Fig. 3. Relationship between relative increase in minute ventilation eq. and re- 
lative increase in frequency of the phrenic nerve volleys during stimulation of 

the POA under various experimental conditions. 

As already mentioned, both the frequency as well as the amplitude 
of the phrenic nerve volleys were augmented by stimulation of the POA. 
In normothermic rabbits the increase in VE eq. during stimulation of 
the hypothalamus diminished parallel to the increase in CO,. The re- 
lationship between the percent changes in vE eq. and f are plotted in- 
Fig. 3, showing that during hypocapnia the increase in vE eq. is accom- 
plished by a relatively small increase in f in comparison with amplitude, 
but, as CO, reaches the higher level, the participation of frequency in 
enhancing the vE eq. increases. 

Elevated body temperature (TT) 

Increase in core temperature elicited thermoregulatory responses (di- 
latation of ear vessels and acceleration of central respiratory rhythm 
corresponding to hyperpnea). Electrical stimulation of the preoptic area, 
when the body temperature was around 39-40°C, induced progressive 
increase in the frequency of phrenic nerve discharges. However, it was 
less pronounced in relative values than in normothermia. Similar to the 
normothermia, the influence of electrical stimulation of the hypothala- 
mus on frequency was dependent on the CO, level. With an increase in 
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CO, concentration, the response to stimulation was diminished respective- 
ly. In hypocapnic animals, when frequency of breathing was about double 
that of hypocapnia in normothermia, the increase in frequency during 
stimulation was about 30°in whereas in normocapnia, the central respi- 
ratory rhythm was accelerated by about 27O/o, and in hypercapnia by 
lgO/n only (Fig. 2). 

In moderate hyperthermia, minute ventilation eq. was significantly 
less changed during stimulation of the POA in comparison with normo- 
thermia. The contribution of frequency and the amplitude of ,integrated 
phrenic nerve activity in enhancing ventilation was more or less con- 
stant (Fig. 3). 

Hypert herm.ia (HT) 

In hyperthermia (4042OC) with hypocapnia, thermal panting (very 
rapid rhythm and decrease in amplitude of integrated phrenic nerve 
activity) occurred in the majority of experiments. Stimulation of the 
hypothalamus changed the central respiratory rhythm slightly. The 
frequency increased by 14O/n in hypocapnia and 16O/o in normocapnia, 
while in hypercapnia, stimulation of the POA did not evoke any changes 
in the central respiratory rhythm (Fig. 2). Minute ventilation eq. was 
slightly changed by POA stimulation. 

The increase in frequency was similar in hypo- and normocapnia, but 
minute ventilation eq. increased more in hypocapnia than in normocapnia 
as the result of an augmentation of amplitude of the phrenic discharge. 
In hypercapnia the respiratory rhythm was not changed by stimulation 
and the increase in minute ventilation eq. resulted in an increase in 
amplitude (Fig. 3). 

Relationship between TI, TE and V ~ e q .  

Electrical stimulation of the POA evoked an increase in frequency of 
the phrenic nerve volleys resulting from a reduction in the duration of 
both inspiratory and expiratory phases. The 2xpiratory time was changed 
to a larger extent than the inspiratory duration. This reaction was ob- 
served at each level of CO, as well as at each level of temperature (Fig 
4). The exception was hypercapnia in hyperthermia, where the reduction 
of the duration of the expiratory phase and the increase in duration or' 
the inspiratory phase were observed with no net change in frequency. 
Elevation of body temperature elicited a reduction of the duration of 
both phases of the respiratory cycle. Electrical stimulation of the Po11 
at each level of temperature caused further reduction of respiratory 
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Fig. 4. Per cent changes in the inspiratory ( T I )  and expiratory ( T E )  times with 
standard devation during stimulation of the POA under various experimental 

conditions. 

O.' t .HT I - ,  co2 

Fig. 5. Changes in relationship between inspiratory (TI) and expiratory ( T E )  times 
(see) before and during stimulation of the POA. Solid lines, effect of stimulation; 

broken lines, isotherms. 
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Fig. 6. Relationship between inspiratory time TI  (sec) and emplitude -VTeq. (ar- 
bitrary units) before and during stimulation of the POA. 

phases diminishing together with increasing temperature (Fig. 4). The 
relationship between TI and TE before and during stimulation of the POA 
is shown in Fig. 5. With the exception of control values in normothermia, 
the increase in CO, level elicited a decrease in inspiratory time and an 
increase in expiratory time. In the remaining control conditions (i.e., in 
elevated body temperature and hyperthermia as well as during stimula- 
tion of the POA at any temperature), the increase in CO, caused a more 
or less proportional reduction of the duration of both respiratory pha- 
ses. 

Under normothermic conditions, shortening of the inspiratory time 
and increase in the amplitude of integrated phrenic nerve activity 
(VTeq.) occurred in response to an increase in CO, (Fig. 6). On the other 
hand, in elevated body temperature and hyperthermia, an increase in 
CO, concentration induced an opposite reaction - i.e. inspiratory time 
was prolonged as VTeq. increased. Stimulation of the POA at each of 
the levels of CO, and temperature caused an augmentation of VTeq. and 
a decrease in inspirator-y time. These changes were accompanied by an 
increase in the slope of integrated phrenic nerve activity. Figure 6 pre- 
sents the relationship between inspiratory time and amplitude (VTeq.). 
These parameters were calculated for the control values and during 
stimulation of the POA at each temperature and CO, level. The percent 
changes in frequency of the phrenic nerve volleys and in durations of thc 
inspiratory and expiratory phases during stimulation of POA are shown 
in Table I. 



Relative changes in frequency of phrenic nerve volleys ( Y o  f), inspiratory time (%TI) and 
- -- -- - - - - - - - -- - - - - - - - - 

Hy pocapn~a 
- - 

I 
-- N o m o -  - -- - 

Frequency Insplratory tlme ( Exp~ratory tlme I Frequency 1 - - - - - _ ___ - 

-- - 
I I I I I I 

Elevated body 129.80 1 <0.01 - 10.28 / N S  < 0.01 +26.70 < 0.01 ' 
temperature f 16.24 n-7 114.18 1 n = 7 1 ;::::: 1 11 = 7 *15.73 / n = 8 1 - - - 

Hyperthermia i 14.00 NS 1 -5.28 NS -18.64 < 0.01 +15.70 1 
1 2 2 . 7 8  n = 9  1 122.63 n = 9  1 1 1 5 . 4 5  r = 9  1 118.601 n - 8  

-- 

The values are means + standard deviation. For each result the corresponding p-values 

DISCUSSION 

Cohen and Hugelin (5) and Hugelin and Cohen (11) have shown that 
electrical stimulation of the mesencephalic and diencephalic reticular 
formation in the cat changes three parameters of the phrenic nerve 
discharge: an increase in amplitude, steeper slope of the integrated phre- 
nic nerve activity and a reduction of the expiratory phase. These para- 
meters have functional meaning in ventilation, and these changes, taken 
together, produce an augmentation of minute ventilation. Similar chan- 
ges in phrenic nerve pattern were found in the present experiments 
which could suggest a similar influence from both the reticular activa-. 
ting system (RAS) and POA on the respiratory complex in both species. 
This may also be confirmed by the results of Kruk and Sadowski (13) 
with local heating of the POA, as well as data of Hugelin and Cohen (11) 
and Cohen and Hugelin (5) with electrical stimulation of the RAS, that 
the appearance of respiratory responses was always accompanied by 
EEG desynchronization - the index of excitation of the reticular activa- 
ting system. According to Cohen and Hugelin (5, ll), the EEG arousal 
accompanied by changes in the respiratory activity pattern is a part of 
the general excitatory state. 

In the present study it was found that the effectiveness of the sti- 
mulation of the POA was diminished with increasing CO, levels, inde- 
pendently of body temperature. Gill (8) has found that direct action 
of C02 at the spinal cord level is to reduce the excitability of phrenic 
motoneurons. It might be suggested, therefore, that the respiratory 
response to increasing central drive is dependent, among others, on the 
level of phrenic excitability. Neurons laying in the reticular formation 
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expiratory time (%Tp during stimulation of preoptic area under various experimental conditions. 
- 

capnia I 
-- - 

Hypercapnia - 
1 Inspiratory time / Expiratory time 1 Frequency I Inspiratory time Expiratory time 

are presented. NS means p > 0.05 

extended as far rostrally as to the mammillary level of the hypothala- 
mus are sensitive to CO, (1). A lowered CO, level may elicit similar 
changes in the respiratory neurons of the reticular formation and create 
a situation in which, in the absence of an excitatory stimulus f o ~  respi- 
ration (e.g., CO,), all other stimuli evoke far larger responses of the 
respiratory neurons than when the chemical drive is normal or increased. 

Clark and von Euler (3) have shown that there is a relationship 
between the duration of the inspiratory phase - TI and tidal volume - 
VT. This relationship is characterized as a shortening of the inspiratory 
duration and an increase in tidal volume as CO, increases. There is a li- 
near relationship between inspiratory duration TI and expiratory dura- 
tion TE. However after vagotomy, the inspiratory duration remains 
essentially constant. 

In the disscussed experiments involving vagotomized rabbits under 
control conditions, in normothermia, an increase in the chemical drive 
elicited still a shortening of the duration of the inspiratory phase. A si- 
multaneous lengthening of the expiratory phase gave a reverse relation- 
ship between TI  and TE. Elevated body temperature as well as stimula- 
tion of the POA caused a marked increase in the respiratory rate. Both 
phases of the respiratory cycle were reduced; however, the inspiratory 
duration was shortened to a lesser degree than the expiratory phase. 
With progressive increased body temperature, regulation of the respira- 
tory rate was shifted toward larger changes in the duration of the expi- 
ratory phase in relation to changes in the duration of the inspiratory 
phase. On the other hand, under these conditions when the respiratory 
rate was high, an increase in CO, level produced a decrease in the respi- 
ratory rhythm, the so-called "paradoxical" effect of CO, (7). Both phases 



of the respiratory cycle were lengthened but TE was lengthened to 
a considerably larger extent than TI. These results suggest that the 
respiratory drive, which is strongly increased by the duration of tho 
expiratory phase, may not entirely depend upon the preceding inspira- 
tory duration, but might also change more or less independently. The 
expiratory phase is more sensitive to stimuli than the inspiratory phase. 
This is emphasized by the fact that in hyperthermia, during stimulation 
of the POA, the inspiratory time was almost unchanged, whereas the 
expiratory time was reduced significantly. There was one exception for 
hypercapnia when the expiratory time was insignificantly shortened. 
Moreover, it should be stressed that during stimulation of the POA at 
each level of CO, and temperature, changes in the expiratory time were 
statistically significant, with the one exception mentioned above, whereas 
changes in the inspiratory time were statistically insignificant in the 
majority of cases (Table 1). 

The relationship VT-TI described by Clark and von Euler (3) showed 
three different ranges. At the level up to two times the eupneic values 
of VT, TI  remained approximately constant as VT increased in response 
to increasing concentration of CO, (range 1). At larger volumes there 
was a reduction of TI together with increasing volume (range 2) and a t  
the largest tidal volumes, TI was lengthening as VT increased (range 3). 

The analysis of VTeq. given in the present work shows that, with 
reference to the rabbit, a differentiation of the VT-TI relationship to 
three ranges does not seem justified. Under normal temperature the 
increase of CO, concentration causes shortening of the inspiratory phase 
as amplitude (VTeq.) increases. When the body temperature increased 
or during stimulation of the POA, VTeq. increases, but the duration of 
the inspiratory phase increases as the CO, level is elevated (this range 
is a modification of Clark and von Euler's range 3). These results suggest 
that CO, exerts different influences on the central respiratory rhythm 
according to the level of central excitation. In the absence of increased 
respiratory drive, in normothermia, carbon dioxide exerts stimulating 
effects on the respiratory complex influencing the phases of the respira- 
tory cycle and the tidal volume. An increase of CO, produces a recruit- 
ment of new units in the phrenic nerve discharge and an increase in the 
discharge of the units already active (9). This is illustrated by the in- 
crease in slope and amplitude of the integrated phrenic nerve activity, 
leading to an increase in inspiratory activity. These effects have a phy- 
siological meaning in the increase in air flow and tidal volume (5). 
Stimuli of the central origin (e.g., temperature and stimulation of the 
POA) lower the excitability threshold of the central respiratory neu- 
rons. On the other hand, in conditions of the increased respiratory 
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drive, the rise of CO, exerts an opposite effect on the excitability 
threshold of respiratory neurons without inhibitory action on a f a c t o ~  
determining the tidal volume. The result of that action is a decrease 
in frequency of breathing simultaneously with an increase in tidal vo- 
lume. To summarize, temperature and CO, seem to exert the same 
influence on VT and an  opposite effect on the inspiratory and expira- 
tory phases of the respiratory cycle. 

The general observation from the experiments is that together 
with the increase in respiratory drive as a result of combined actions 
of temperature and CO,, respiratory neurons respond to additional sti- 
muli less and less (this applies to all examined parameters: f ,  TI,  T E ,  
'VTeq. and vEeq.). I t  may be suggested that increasing higher levels 
of excitation reached by respiratory neurons simultaneously diminished 
their sensitivity as the result of approaching the very maximal level 
of excitation in which every subsequent information will be left without 
any response. 
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