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ABSTRACT

The purpose of our study was to test the hypothesis that 5-hy-
droxytryptamine (5-HT), 5 receptor agonists counteract morphine-
induced respiratory depression. Studies were conducted in anes-
thetized rats, and respiratory activity was monitored with
diaphragm electromyography. Morphine was administered i.v. in
doses that produce apnea. Once apnea was established, i.v.
administration of the 5-HT, 5 receptor agonist drug 8-hydroxy-2-
(di-n-propylamino)tetralin (8-OH-DPAT) at 10 or 100 ug/kg re-
stored normal breathing in each animal (n = 24). This antagonistic
effect of 8-OH-DPAT on morphine-induced respiratory depression
was observed in both spontaneously breathing and artificially

ventilated animals. Results obtained with 8-OH-DPAT were mim-
icked by buspirone (50 ug/kg i.v.), another 5-HT, 5 receptor ago-
nist drug. Pretreatment with 4-(2'-methoxyphenyl)-1-[2'[N-(2'-
pyridinyl]-p-iodo-benzamido]ethyl]piperazine, an antagonist of
5-HT,, receptors, prevented 8-OH-DPAT from counteracting
morphine-induced apnea. These results indicate that activation of
central nervous system 5-HT, 5 receptors is an effective way of
reversing morphine-induced respiratory depression. Most impor-
tant, this is the third model of disturbed respiratory function in
which drugs that stimulate 5-HT, 5 receptors have been shown to
restore breathing to near-normal levels.

The brain serotonergic system has been implicated in the
control and/or modulation of respiratory function in a num-
ber of studies. These data have been discussed in several
review articles (e.g., Bianchi et al., 1995; McCrimmon et al.,
1995) but no clear picture emerges as to whether the seroto-
nergic system, specifically 5-hydroxytryptamine (5-HT), 4 re-
ceptor activation, enhances or diminishes respiratory func-
tion. This issue can be highlighted by focusing on two
published findings. One is the report by Garner et al. (1989)
demonstrating that buspirone, a drug with 5-HT, , receptor
agonist properties (Taylor, 1988), stimulates respiratory out-
put primarily by increasing tidal volume when administered
to anesthetized and unanesthetized decerebrate cats. The
second is the report by Lalley et al. (1994a) demonstrating
that 8-hydroxy-2-(di-n-propylamino)tetralin (8-OH-DPAT),
another 5-HT,, receptor agonist drug (Middlemiss and
Fozard, 1983), inhibits respiratory output culminating in
apnea when administered to anesthetized cats.

We became interested in this problem because of the find-
ings of Lalley et al. (1994b) and Wilken et al. (1997). They
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reported that 8-OH-DPAT and buspirone counteract respira-
tory disturbances (i.e., apneustic breathing) produced by hyp-
oxia, pentobarbital, and antagonists of the N-methyl-p-as-
partate receptor complex, specifically MK-801 (dizocilpine)
and ketamine, in anesthetized cats. In addition, buspirone
was found to reverse apneustic breathing in a pediatric pa-
tient after an operation to remove an astrocytoma located in
the pons and medulla (Wilken et al., 1997). Consistent with
an anti-apneustic effect of buspirone is the recent finding of
Richter et al. (1999) demonstrating that microinjection of
8-OH-DPAT into the pre-Bétzinger area of the ventrolateral
medulla will counteract hypoxia-induced apneustic breath-
ing in cats (Fig. 7 in Richter et al., 1999). In contrast, and in
the same report, these investigators report that 5-HT-in-
duced activation of 5-HT, 4 receptors contributes to hypoxia-
evoked respiratory depression.

In our preliminary studies using the rat as the experimen-
tal animal model, we have found that 8-OH-DPAT and bu-
spirone exert only positive effects on disturbances in respi-
ratory function; that is, 8-OH-DPAT counteracted apnea
produced by dizocilpine (Sahibzada et al., 1999), and 8-OH-
DPAT and buspirone restored breathing to normal levels in
animals subjected to spinal cord injury (Teng et al., 1999). To
further delineate the respiratory conditions under which
5-HT, 4 receptor activation may be of benefit or detriment to

ABBREVIATIONS: 5-HT, 5-hydroxytryptamine; 8-OH-DPAT, 8-hydroxy-2-(di-n-propylamino)tetralin; dEMG, diaphragmatic electromyogram;
iEMG, integrated diaphragmatic electromyogram; p-MPPI, 4-(2’-methoxyphenyl)-1- [2'[N-(2'-pyridinyl]-p-iodo-benzamido]ethyl]piperazine.

704


https://core.ac.uk/display/357597976?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

2000

the organism, we examined the response to agonists of this
receptor on another model of disturbed respiratory function:
morphine-induced respiratory arrest produced in the rat.
Our findings indicate that activation of 5-HT,, receptors
restores breathing in rats with morphine-induced apnea.

Materials and Methods

General Procedures. Results were obtained with the use of 36
Sprague-Dawley adult male rats (Taconic, Germantown, NY) weigh-
ing 270 to 420 g. Anesthesia was instituted with a 3 ml/kg i.p.
injection of a cocktail containing urethane (800 mg) and a-chloralose
(60 mg) dissolved in 3 ml of 0.9% saline. The trachea was cannulated
to provide access to the airway and for instituting artificial respira-
tion when necessary. The left carotid artery was cannulated for blood
pressure recording and for calculating the heart rate from the blood
pressure trace. The right jugular and right femoral veins were can-
nulated for administration of drugs via the i.v. route. Blood pressure
was recorded using a bridge amplifier connected to a MacLab (ADI
Instruments, Milford, MA) data acquisition system. Rectal temper-
ature was monitored and maintained at 37 = 1°C with an infrared
heating lamp.

The endpoint used to detect a respiratory effect of the drugs
studied was diaphragmatic electromyogram activity. The diaphragm
electromyogram (dEMG) was obtained by making an incision below
the chest cavity and inserting a hooked bipolar platinum-iridium
electrode to the right half of the costal diaphragm. The electrode was
coupled to a p511 AC preamplifier (Grass Instruments, Quincy, MA).
The output signal of the amplifier was fed into an audiometer and
displayed on a storage oscilloscope and computer monitor. Data were
stored on computer (Apple Macintosh PowerPC connected to Ma-
cLab) for later viewing and analysis. The dEMG signal and the
software-generated integration GEMG) of the raw signal using a
100-ms time window were continuously recorded and stored for
off-line analysis. Due to the low respiration rates in the present
study, integration at a 100-ms time constant did not change the
representation of the signal from that at a lower time constant (e.g.,
10 or 20 ms).

The cervical vagus nerves were cut bilaterally in 12 of 24 animals
used to determine the effect of 8-OH-DPAT on morphine-induced
respiratory depression. The remaining 12 animals were not vagoto-
mized. An additional 12 animals used for other studies were left with
vagi intact. The purpose of performing vagotomy was to qualitatively
assess whether peripheral receptors located in the lungs (J recep-
tors), which send afferents through the vagus, played an important
role in morphine-induced respiratory depression under our experi-
mental conditions. Willette and Sapru (1982) reported that a signif-
icant portion of the effect of morphine on respiration in the rat is due
to a peripheral action involving J receptors. Although the majority of
animals were studied in a state of spontaneous breathing, some
animals were studied under a condition of artificial respiration when
receiving morphine. The purpose for this was to maintain arterial
blood gases and pH constant. These animals were continuously ar-
tificially respired with room air by a volume ventilator (Harvard
Apparatus, South Natick, MA). All animals were ventilated on en-
tering into apnea. The respirator frequency setting was adjusted to
approximate each animal’s intrinsic respiratory rate as determined
by the dEMG signal. Occasionally, ventilation at the intrinsic rate
was found to decrease the dEMG signal strength; when this oc-
curred, the ventilator rate was reduced slightly (usually no greater
than 5 breaths/min) to increase the amplitude of the dEMG signal.
Respiratory frequency observed in the anesthetized animals used for
this study, although slower than those reported in the conscious rat
(Baker et al., 1979), were similar to those reported in other studies
using an anesthetized animal preparation (El-Bohy et al., 1998).

Experimental Protocols. In the study designed to test the effect
of 8-OH-DPAT on morphine-induced respiratory depression (i.e., ap-
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nea) in spontaneously breathing animals, four groups of six animals
per group were evaluated. One group had their vagus nerves left
intact and received 10 ug/kg i.v. 8-OH-DPAT after morphine over-
dose. A second group underwent bilateral cervical vagotomy and
received 10 pg/kg i.v. 8-OH-DPAT after morphine overdose. Groups
3 and 4 both received 100 pg/kg i.v. 8-OH-DPAT after morphine
overdose, and one group had their vagus nerves left intact and the
other group underwent bilateral cervical vagotomy. These two doses
of 8-OH-DPAT were chosen because they approximate the two dose
ranges of 8-OH-DPAT that Lalley et al. (1994a) described as exhib-
iting distinctly different effects on respiratory activity in anesthe-
tized cats. The 10 ug/kg i.v. dose fits in the dose range that shortens
inspiratory duration and increases respiratory rate without directly
affecting inspiratory drive in the cat. The 100 pg/kg i.v. dose approx-
imates the range of doses that directly abolish all inspiratory drive in
the cat.

Stable baseline measurements of dEMG activity and arterial blood
pressure were obtained for a 10-min period before the experiment
was initiated. Next, for the majority of the experiments, i.v. mor-
phine injections were administered using several different dosing
regimens, with the goal of producing a stable degree of apnea. Mor-
phine was administered using a constant i.v. infusion pump, and
each dose was delivered over 24 to 36 s depending on the weight of
the animal (see Study Drugs). Morphine was administered in doses
of 4 mg/kg (n = 3), 6 mg/kg (n = 19), or 15 mg/kg (n = 2) repeated
once every 2 to 5 min until apnea was produced. No significant
differences in total morphine dose administered were seen between
any of the four treatment groups receiving 8-OH-DPAT. The mean
dose of morphine administered was 21.3 = 2.1 mg/kg for all animals.
Apnea was initially judged to occur when no respiratory activity was
detected for longer than 20 s. During this initial apnea, blood pres-
sure was observed to fall precipitously, and this necessitated placing
animals on a ventilator. Animals were artificially respired for at
least 1 min to restore blood pressure and blood gasses before being
tested for evidence of a stable apnea. A stable apnea was considered
to be present if removal of the animal from the ventilator for 20 to
30 s, during which time CO, would accumulate, did not restore
dEMG activity. If spontaneous breathing returned with removal of
the animal from the ventilator, another morphine bolus dose was
administered, and this cycle was repeated until suspension of arti-
ficial respiration was ineffective in restoring respiratory activity. At
this point, animals were artificially ventilated continuously, and i.v.
8-OH-DPAT in doses of either 10 ug/kg (n = 12) or 100 pg/kg (n = 12)
were administered to attempt to restore respiratory activity. Artifi-
cial ventilation was removed when diaphragmatic activity was ob-
served to return; animals were then allowed to breathe spontane-
ously and were followed for 15 to 20 min after the 8-OH-DPAT
infusion.

The protocol just described was used in spontaneously breathing
animals. In an additional group of rats (n = 5), animals were placed
on artificial respiration at the outset of the experiment, and artificial
respiration was maintained for the duration of the study. Stable
baseline values for amplitude and frequency of dEMG, the iEMG,
and the arterial blood pressure were established over a 10-min
observation period. Morphine in i.v. infusion doses delivered over 24
to 36 s at 4 mg/kg was administered at 2- to 5-min intervals until the
dEMG signal was abolished. One animal received a single bolus dose
of 12 mg/kg morphine, which produced apnea. In all cases, a waiting
period of 2 min was used to ensure loss of the signal; at this point,
8-OH-DPAT in an i.v. dose of 10 pg/kg was administered. The end-
point of the 8-OH-DPAT effect was restoration of the dEMG signal.
In these studies, two of the five rats received buspirone in an i.v. dose
of 50 pg/kg instead of 8-OH-DPAT.

Other studies that we performed investigated the: 1) effects of
8-OH-DPAT alone on cardiorespiratory activity, 2) pretreatment
with an antagonist of 5-HT;, receptors (the antagonist was also
administered i.v. using a constant infusion pump such that a single
dose was administered over 24—36 s) to determine whether the effect
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of 8-OH-DPAT on morphine-induced respiratory depression could be
prevented, and 3) effects of an antagonist of 5-HT,, receptors on
cardiorespiratory activity. The protocols for these latter studies are
described in Results. All experiments were carried out in accordance
with the National Institutes of Health guidelines for the use of
animals in research.

Data Analysis. All respiratory indices (AEMG, iEMG, and arte-
rial blood pressure) were continuously recorded and stored on video-
tape and on computer. Data were analyzed off-line with an Apple
Macintosh PowerPC using the MacLab (ADI Instruments) data ac-
quisition system. Control or baseline values were obtained by aver-
aging values during a 10-s period. Peak effects of each drug were
obtained by noting the maximum change in cardiorespiratory activ-
ity that occurred at 30-s and 1-, 2-, 3-, 4-, 5-, and 10-min time points
after the i.v. infusion of drug had ended. Values obtained at these
time points were taken by averaging data during a period of 10 s. The
EMG signal that was used for our calculation was obtained from the
peak signal of the integrated EMG rather than the raw dEMG signal
due to an occasional large amplitude single spike occurring in the
raw signal, which would be unduly weighted by the data acquisition
software analysis program. Values are given as means = S.E. Anal-
ysis of the change in iEMG amplitude from baseline (percent change)
was accomplished using a Wilcoxon signed rank test. All other data
were statistically analyzed using a one-way repeated measures
ANOVA. Differences between groups were analyzed using a Student-
Newman-Keuls test and were considered significant if P < .05.

Study Drugs. Urethane and a-chloralose were purchased from
Sigma Chemical Co. (St. Louis, MO). Urethane (800 mg) and a-chlo-
ralose (60 mg) were dissolved in 3 ml of 0.9% saline. Morphine
sulfate was purchased from Elkins-Sinn (a division of A. H. Robins
Co., Richmond, VA) and dissolved in 0.9% saline as a 15 mg/ml
solution. The 5-HT, , receptor agonist drugs 8-OH-DPAT and buspi-
rone were purchased from Research Biochemicals Inc. (Natick, MA).
Both drugs were dissolved in 0.9% saline and administered in doses
of 10 or 100 pg/kg for 8-OH-DPAT and 50 pg/kg for buspirone. These
doses were selected based on the previous reports that describe
5-HT,, agonist-induced reversal of apneustic breathing (Lalley et
al., 1994a; Wilken et al., 1997). The 5-HT,, receptor antagonist
4-(2'-methoxyphenyl)-1-[2'[N-(2'-pyridinyl]-p-iodo-benzamido]eth-
yllpiperazine (p-MPPI) was also purchased from Research Biochemi-
cals Inc. and was dissolved in 0.9% saline heated to 50—60°C to
facilitate complete dissolution of the drug. The dose of administered
p-MPPI was either 20 or 40 pg/kg. This produced a p-MPPI/8-OH-
DPAT ratio, on a pg/kg basis, similar to previous reports that dem-
onstrated p-MPPI antagonism of 8-OH-DPAT effects (Allen et al.,
1997; Shaikh et al., 1997; Wolff and Leander, 1997). All drugs, with
the exception of the anesthetic agents (which were administered
i.p.), were administered via polyethylene tubing connected to a 5-ml
syringe driven by a Sage infusion pump. All i.v. drugs were infused
at a constant rate of 0.69 ml/min. Drugs were prepared such that 1
ml of drug solution contained the dose necessary to achieve the
desired dose in a 1.0-kg animal. Thus, the duration of drug infusion
was the principal method used to achieve appropriate final dose in
each animal and, depending on the animal’s weight, varied between
24 and 36 s.

Results

Two 5-HT, 5 receptor agonist drugs, 8-OH-DPAT and bu-
spirone, were tested separately to determine their ability to
reverse morphine-induced respiratory depression. To assess
the effects of 8-OH-DPAT and buspirone on morphine-in-
duced respiratory depression, we first examined the effect of
morphine on cardiorespiratory function.

Effect of Morphine on Respiration in Spontaneously
Breathing Rats. Morphine was administered i.v. to 24 spon-
taneously breathing animals using the dosing regimens de-
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scribed earlier; the effects are given in Table 1. Half of the
animals underwent bilateral cervical vagotomy. A represen-
tative experiment of the effect of morphine in a vagus nerve-
intact animal appears in Fig. 1, A and B. The endpoint of a
morphine effect with each dosing regimen was the occurrence
of apnea. The dose of morphine to produce apnea did not
differ significantly between the vagus nerve-intact and the
vagotomized animals (P > .05). The usual respiratory effect
of morphine before the onset of apnea was a decrease in
respiratory frequency (67 = 3 to 31 = 6 breaths/min, P < .05,
for vagus nerve-intact animals; 51 = 2 to 27 + 6 breaths/min,
P < .05, for vagotomized animals) and a decrease in the
iEMG (in arbitrary units: 101 *= 15 to 75 = 12, P < .05, for
vagus nerve-intact animals; 110 + 14 to 80 * 12, P < .05, for
vagotomized animals). With the occurrence of apnea, all an-
imals were placed on artificial respiration before the admin-
istration of 8-OH-DPAT (see Materials and Methods). Values
for mean arterial pressure and heart rate were obtained and
tabulated just before the administration of 8-OH-DPAT (Ta-
ble 1). Both vagus nerve-intact and vagotomized animals
exhibited a fall in mean arterial pressure after morphine
administration, whereas only the vagus nerve-intact animals
exhibited a statistically significant decrease in heart rate
after morphine administration.

Effects of 8-OH-DPAT on Morphine-Induced Respi-
ratory Depression in Spontaneously Breathing Rats.
The 24 animals described earlier were placed on artificial
respiration once life-threatening respiratory depression de-
veloped subsequent to morphine administration (see Materi-
als and Methods). 8-OH-DPAT was administered i.v. in doses
of either 10 pg/kg (n = 12) or 100 pg/kg (n = 12) over a period
of 24 to 36 s. We found in our study that the 10 and 100 pg/kg
i.v. doses exerted the same effect, namely, reversal of mor-
phine-induced apnea (Table 1 and Fig. 1, C-E). This occurred
regardless of the status of the animal’s vagus nerves. The
time interval between the occurrence of morphine-induced
apnea and the administration of 8-OH-DPAT was 6.3 = 0.5
min, during which the animal was continuously ventilated.
Reversal of morphine-induced apnea occurred in half of the
animals even before the continuous infusion of 8-OH-DPAT
had been completed, and for all animals, it occurred within 2
min of completion of infusion. The time of the peak effect of
8-OH-DPAT on respiratory rate was similar in all animals
and averaged 2.6 * 0.3 min after the completion of i.v.
infusion. Generally, animals were followed for 15 to 20 min
after the administration of 8-OH-DPAT, and within this time
frame, reversal of morphine-induced apnea was still present
in most animals. No important differences were noted be-
tween the effectiveness of 10 and 100 ug/kg doses of 8-OH-
DPAT. We also tested the effectiveness of 1 ug/kg 8-OH-
DPAT in four animals (data not shown) and found that only
one of four animals exhibited a reversal of morphine-induced
apnea when 1 ug/kg 8-OH-DPAT was administered i.v.. We
also noted that the recovery of respiration after 8-OH-DPAT
infusion was more robust once the respirator was switched
off (see, e.g., Figs. 1D and 4E). This increase in dEMG am-
plitude may have been due to the absence of a respiratory
phase conflict between the ventilator and the spontaneous
respiratory drive of the animal.

The efficacy of 8-OH-DPAT to restore morphine-induced
cardiorespiratory depression to normal can be extracted from
data in Table 1; 8-OH-DPAT normalized the amplitude of the
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Fig. 1. Reversal of morphine-induced apnea by 10 pg/kg 8-OH-DPAT i.v. in a spontaneously breathing vagi-intact rat. A, control traces of blood
pressure (BP), dEMG, and iEMG. B, trace obtained 2 min and 20 s after the third i.v. dose of 6 mg/kg morphine. Artificial respiration was instituted
at the time of the onset of apnea. The animal was briefly removed from the ventilator as shown to determine whether CO, accumulation would reverse
apnea and restore respiratory rhythm (see Materials and Methods). Apnea was not reversed after 15 s off the ventilator, pressure was observed to drop
markedly, and the animal was put back on artificial respiration (not shown). C, trace obtained at the conclusion of i.v. administered 8-OH-DPAT. Note
recovery of breathing within 10 s after administration of the 5-HT, , agonist. D, the animal was taken off the ventilator as indicated by the notation
“Off Resp” and allowed to breathe spontaneously for the duration of the experiment. E, cardiorespiratory traces obtained 10 min after 8-OH-DPAT
administration demonstrating the continued effect of 8-OH-DPAT-induced respiratory recovery. Respiration was maintained at this level for the
duration of the experiment (25 min). Horizontal lines at the bottom of each panel represent the time in minutes and seconds from the beginning of
the experimental recording. Each panel represents a 20-s record of the above indices.

experiment illustrating the ability of buspirone to counteract
morphine-induced apnea appears in Fig. 3. In contrast to the
persistent effect of 8-OH-DPAT, the effect of buspirone began
to diminish within 5 min after administration in both ani-
mals (Fig. 3D). However, repeat administration of 50 ug/kg
i.v. buspirone reestablished the antagonism of morphine-
induced respiratory depression in both experiments.
Effects of p-MPPI Pretreatment on Capacity of 8-OH-
DPAT to Reverse Morphine-Induced Respiratory De-

pression. Four experiments were performed in spontane-
ously breathing animals. The protocol used was as follows:
morphine was first administered using the 6 mg/kg bolus
dose regimen described in Materials and Methods until a
stable apnea was present. Next, p-MPPI, an antagonist of
5-HT, o receptors (Kung et al., 1994), was administered i.v. at
a dose of 40 ug/kg. This was followed by the i.v. administra-
tion of 8-OH-DPAT in a dose of 10 ug/kg. In three of the four
experiments, 10 ug/kg 8-OH-DPAT i.v. failed to counteract
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morphine-induced apnea in animals pretreated with p-MPPI
(note that the time interval between the administration of
p-MPPI and 8-OH-DPAT was 5.2 = 0.6 min). This contrasts
with 12 of 12 animals in which 10 pg/kg 8-OH-DPAT i.v.
counteracted morphine-induced apnea in the absence of p-
MPPI pretreatment (Table 1). One of the four animals did
show reversal of morphine-induced apnea with the 10 ug/kg
i.v. dose of 8-OH-DPAT. In the three animals in which p-
MPPI was administered and 10 ug/kg8-OH-DPAT i.v. was
found to be ineffective, subsequent administration of a 100
ng/kg dose of 8-OH-DPAT did reverse morphine-induced ap-
nea (Fig. 4E). The 100 pg/kg i.v. dose of 8-OH-DPAT was
administered 9.8 = 0.9 min after the 10 ug/kg i.v. dose of
8-OH-DPAT had been administered.

Effect of p-MPPI in Spontaneously Breathing Ani-
mals. The respiratory effects of p-MPPI alone were studied
in three animals. The dose of 40 ug/kg p-MPPI was admin-
istered i.v., and data were obtained at 5 min after this dose
was administered. p-MPPI per se had no important effects on
cardiorespiratory function. Baseline values for respiratory
frequency, mean arterial blood pressure, and heart rate were
72 * 6 breaths/min, 94 + 1 mm Hg, and 407 = 42 beats/min,
respectively. These values were not significantly altered
within 5 min after the drug was administered (67 = 4
breaths/min, 100 = 3 mm Hg, and 420 + 38 beats/min). The
percentage change in amplitude of iEMG was +6 * 3%.
Thus, p-MPPI alone had no significant effect on cardiorespi-
ratory function.

In general, we noted that the recovery of respiration after
8-OH-DPAT infusion was more robust once the respirator
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Fig. 2. Reversal of morphine-in-
duced apnea by 10 ug/kg 8-OH-
DPAT i.v. in an artificially respired
vagi-intact rat. A, control traces for
blood pressure (BP), dEMG, and
iEMG. B, traces obtained 4 min af-
ter 4 mg/kg morphine i.v. produced
apnea. C, traces obtained 1 min af-
ter 10 pg/kg 8-OH-DPAT i.v. was
administered. Note the recovery of
dEMG and iEMG signals. D, traces
obtained 31 min after 8-OH-DPAT
administration. Horizontal lines at
the bottom of each panel represent
the time in minutes and seconds
from the beginning of the experi-
mental recording. Each panel rep-
resents a 20-s record of the above
indices.
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was switched off (see, e.g., Figs. 1D and 4E). This increase in
dEMG amplitude may have been due to the absence of a
respiratory phase conflict between the ventilator and the
spontaneous respiratory drive of the animal.

Discussion

The purpose of our study was to address the question of
whether activation of 5-HT,, receptors results in an im-
provement or deterioration of respiratory function. To an-
swer this question, we evaluated the effects of 5-HT, , recep-
tor agonists 8-OH-DPAT and buspirone on drug-induced
respiratory depression using a model of morphine overdose in
the anesthetized rat. The 5-HT,, receptor agonist drug
8-OH-DPAT administered i.v. counteracted apnea produced
by i.v. morphine. Although the bulk of our data were obtained
with 8-OH-DPAT, we also observed that buspirone, a partial
agonist at 5-HT,, receptors (Taylor, 1988), also reversed
apnea. Evidence that the positive effect of 8-OH-DPAT on
depressed respiratory function was due to an action to stim-
ulate 5-HT, 5 receptors was obtained using p-MPPI, a selec-
tive antagonist of the 5-HT,, receptor (Kung et al., 1994).
Pretreatment of animals with p-MPPI i.v. prevented the 10
ng/kg i.v. dose of 8-OH-DPAT from counteracting apnea pro-
duced by i.v. morphine. Not only did we find that 5-HT,
receptor agonists reverse apnea produced by morphine, but
also our most recent data indicate that 8-OH-DPAT admin-
istered i.v. to rats reverses apnea caused by the antagonist of
the N-methyl-p-aspartate receptor complex, dizocilpine (Sa-
hibzada et al., 1999). In addition, we found that i.p. admin-
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istration of either 8-OH-DPAT or buspirone will restore
breathing to normal in rats with spinal cord injury and
associated disturbances in respiratory function (Teng et al.,
1999).

Our data are consistent with the view that the adminis-
tration of drugs that activate 5-HT, , receptors are of poten-
tial benefit in situations where life-threatening respiratory
depression is present. Our findings fit with those of others
who have studied 5-HT,, agonists, specifically buspirone,
and found a stimulatory respiratory effect of this compound
in anesthetized and conscious experimental animals and hu-
mans (Garner et al., 1989; Mendelson et al., 1990, 1991).
Garner et al. (1989) administered buspirone i.v. to anesthe-
tized cats and reported that a dose of 0.32 mg/kg increased
respiratory rate, tidal phrenic activity, and minute phrenic
activity. Additionally, buspirone decreased the apneic
threshold (determined by reduction in pCO, levels until
breathing ceased) and shifted the CO, response curve to the
left of the control CO, response curve. Mendelson et al.
(1990) administered buspirone to conscious rats in doses of
10 and 20 mg/kg i.p. and monitored respiration by the “baro-
metric technique.” Both doses of buspirone were reported to
increase respiratory rate, tidal volume, and minute ventila-
tion. This group of investigators went on to study buspirone
in humans with obstructive sleep apnea (Mendelson et al.,
1991). They reported that buspirone decreased the number of
apneas by one third in five patients.

Although Garner et al. (1989) and Mendelson et al. (1990)
observed pronounced effects of buspirone in normal breath-
ing animals, we did not observe alterations in respiration
with 8-OH-DPAT unless respiratory depression was present.
One possible explanation for this discrepancy is that our i.v.
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Fig. 3. Reversal of morphine-in-
duced apnea by 50 ug/kg buspirone
iv. in an artificially respired vagi-
intact rat. A, control traces for blood
pressure (BP), dEMG, and iEMG. B,
traces taken 5 min after 12 mg/kg
morphine i.v. in a single bolus dose

produced apnea. C, traces obtained 1
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min after buspirone was adminis-
tered i.v. Note recovery of dEMG and
iEMG signals. D, traces obtained 5.5
min after administration of buspi-
rone. At this time, morphine-induced
respiratory depression had been re-
established. Horizontal lines at the
bottom of each panel represent the
time in minutes and seconds from
the beginning of the experimental re-
cording. Each panel represents a
20-s record of the above indices.
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drug doses were relatively low (i.e., 10 and 100 ug/kg for
8-OH-DPAT and 50 ug/kg for buspirone). In our most recent
study of the effect of these drugs on respiratory function of
normal conscious rats, we found that the i.p. administration
of larger doses (i.e., 250 ug/kg 8-OH-DPAT and 500 ug/kg
buspirone) does produce significant respiratory stimulation
(Teng et al., manuscript in preparation). Others have re-
ported that 8-OH-DPAT will produce hypotension in anes-
thetized rats (e.g., Fozard et al.,, 1987). We assume that
8-OH-DPAT was administered as a rapid i.v. infusion in the
study by Fozard et al., whereas we administered 8-OH-DPAT
as a continuous i.v. infusion such that the dose of drug was
administered over a period of 24 to 36 s. In addition, the
mean blood pressures of the rats in the study by Fozard et al.
were much higher than the mean blood pressures of our rats,
but these investigators reported that 8-OH-DPAT lowered
mean blood pressure to a range that coincided with the mean
blood pressures in our study (i.e., 80-100 mm Hg).

In contrast to the findings described previously in which
5-HT,, receptor agonists produce a stimulatory effect on
respiration and are useful in countering respiratory depres-
sion, other investigators have suggested that these drugs
produce a depressant effect on respiration. Richter et al.
(1996) provide evidence that indicate the predominant effect
of local application of 5-HT on respiratory neurons is inhibi-
tion of activity and that this response is mediated through
activation of 5-HT,, receptors. Subsequent to activation of
the 5-HT,, receptor, there is augmentation of potassium
conductances and inhibitory postsynaptic currents. In their
most recent study using phrenic nerve recordings from anes-
thetized cats (Richter et al., 1999), 8-OH-DPAT was admin-
istered i.v. or microinjected into the pre-Botzinger complex,
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Fig. 4. p-MPPI (40 pg/kg i.v.) prevents restoration of respiratory activity by 10 ug/kg 8-OH-DPAT in a rat with morphine-induced apnea. A, control
traces for blood pressure (BP), dEMG, and iEMG in a spontaneously breathing vagi-intact animal. B, traces obtained 8 min after a fifth and final bolus
dose of morphine (total dose administered, 30 mg/kg) demonstrating the occurrence of apnea. Note at this time, the rat was artificially ventilated.
Removal of the rat from the ventilator for periods of 20 s was ineffective in generating respiratory activity. C, traces obtained 3 min after i.v.
administration of p-MPPI; no effect on cardiorespiratory function was observed. D, traces obtained 30 s after administration of 10 ug/kg 8-OH-DPAT
demonstrating the lack of reversal of respiratory depression at a time when this dose of 8-OH-DPAT always reversed morphine-induced apnea in the
absence of p-MPPI. Removal of artificial ventilation also failed to restore respiratory activity, and the animal was put back on the ventilator. E, traces
obtained 20 s after beginning infusion of 100 ug/kg dose of 8-OH-DPAT. This higher dose was able to restore respiration even before the complete dose
was infused, and the animal was removed from the ventilator and allowed to breathe spontaneously for the duration of the experiment with no
recurrence of apnea observed. Horizontal lines at the bottom of each panel represent the time in minutes and seconds from the beginning of the
experimental recording. A-D, a 20-s record of the above indices; E, 50-s record of the above indices.

an area of the ventral respiratory group that is considered to that drugs that act as 5-HT,, receptor agonists, such as

be essential for the generation of respiratory rhythm (Smith
et al., 1991). Intravenous administration of 20 ug/kg 8-OH-
DPAT produced apnea as registered as a total absence of
neural discharge on the phrenic nerve recording. The same
was true when 8-OH-DPAT was microinjected in an amount
of 0.23 nmol unilaterally into the pre-Botzinger complex.
Richter and colleagues (Lalley et al., 1994b; Wilken et al.,
1997; Pierrefiche et al., 1998) made the important discovery

8-OH-DPAT and buspirone, can successfully abolish one type
of respiratory disturbance, namely, apneustic breathing.
Their explanation for this beneficial effect fits with their
conclusion that 5-HT, , receptor agonists exert a depressant
effect on respiratory neurons. In their view, an apneustic
pattern of breathing can be caused by blockade of synaptic
inhibition within the pre-Bétzinger complex (Pierrefiche et
al., 1998), leading to inappropriate and sustained excitation
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of respiratory neurons. The administration of a 5-HT,, re-
ceptor agonist would result in a postsynaptic inhibitory effect
on respiratory neurons due to 5-HT; , receptor-induced acti-
vation of an outward potassium current that would act to
hyperpolarize the membrane. This would counteract disinhi-
bition-induced membrane depolarization of pre-Botzinger
neurons and restore rhythmic respiratory activity (Pier-
refiche et al., 1998).

Thus, two diametrically opposed views exist for the effect
of 5-HT, , receptor agonists on respiration: one highlighted
by our present data and the data of Garner et al. (1989) and
Mendelson et al. (1990 and 1991) indicating that these drugs
are respiratory stimulants, and the other highlighted by the
data of Richter and colleagues (Richter et al., 1996, 1999;
Pierrefiche et al., 1998) indicating that these drugs are re-
spiratory depressants. At the present time, it is not possible
to explain these contradictory findings as being due to differ-
ences in species, anesthetic regimen, or drug dose studied.
The same species and anesthetic regimen were used in two
studies yielding opposite results (Garner et al., 1989; Richter
et al., 1999). In the present study, we used the same dose
range of 8-OH-DPAT as Richter et al. (1999).

A possible explanation for why 5-HT, , receptor agonists re-
verse morphine-induced respiratory depression can be found in
data from an earlier study of Florez et al. (1972), in which an
interaction between the serotonergic system and morphine was
revealed. These investigators reported that pretreatment of
cats with p-chlorophenylalanine, an inhibitor of 5-HT synthesis,
counteracted morphine-induced depression of CO,-stimulated
respiration and reduced morphine-induced respiratory depres-
sion observed during ventilation with normal levels of inspired
CO,. Another way to inhibit the serotonergic system is by ad-
ministering 5-HT, , receptor agonists. These drugs in the dose
range used in our study have been demonstrated to stimulate
5-HT,, autoreceptors, and this effect completely inhibits the
activity of serotonergic raphe nucleus discharge (Trulson and
Arasteh, 1986; Jacobs and Azmitia, 1992; Veasey et al., 1995)
and presumably the release of serotonin at target sites inner-
vated by the raphe nuclei. Because brainstem raphe neurons
innervate respiratory centers (Lindsey et al., 1998) and because
stimulation of brainstem raphe neurons causes depression of
respiration and apnea (Lalley et al., 1997), it logically follows
that a drug such as 8-OH-DPAT would counteract respiratory
depression because it inhibits raphe neurons. Buspirone also
inhibits raphe neuron firing (Trulson and Arasteh, 1986) and
would therefore exert the same profile of effects as 8-OH-DPAT.
Evidence in support of this idea that 5-HT, , receptor agonists
exert their beneficial effects on depressed breathing by inhibit-
ing central serotonergic mechanisms are findings indicating
that 8-OH-DPAT, buspirone, and pretreatment of animals with
p-chlorophenylalanine all produce respiratory stimulation
(Florez et al., 1972; Garner et al., 1989; Mendelson et al., 1990;
Teng et al., 1999).

We propose that the beneficial respiratory effects of
5-HT, , receptor agonist drugs is due to an effect on somato-
dendritic 5-HT,, autoreceptors leading to the inhibition of
central serotonergic neuronal discharge. In contrast, Richter
et al. (1999) propose that the respiratory depressant effects of
5-HT,, receptor agonist drugs are due to an effect on
postsynaptic 5-HT,, receptors leading to hyperpolarization
of respiratory neurons. Further studies are needed to estab-
lish these proposed mechanisms and/or sites of action, and if

Vol. 292

pursued, they may help to elucidate why both respiratory
stimulation and respiratory depression have been reported
for these drugs.

In summary, our data suggest that drugs that stimulate
5-HT, 4 receptors are effective in restoring disturbances in
respiratory function to normal. Data were obtained with
8-OH-DPAT and buspirone reversal of morphine-induced ap-
nea, but additional preliminary data of ours also show that
these drugs will reverse dizocilpine-induced apnea (Sa-
hibzada et al., 1999), and spinal cord injury-induced respira-
tory depression (Teng et al., 1999). Thus, the positive effect of
5-HT, , receptor agonists on disturbed respiratory function
may be a general phenomenon and not limited to morphine
overdose.

Acknowledgments

We thank Dr. Yvonne Hernandez and Marian Bingaman for many
excellent editorial suggestions.

References

Allen AR, Singh A, Zhuang ZP, Kung MP, Kung HF and Lucki L (1997) The 5-HT 5
receptor antagonist p-MPPI blocks responses mediated by postsynaptic and pre-
synaptic 5-HT;, receptors. Pharmacol Biochem Behav 57:301-307.

Baker HJ, Lindsey JR and Weisbroth SH (1979) The Laboratory Rat: Biology and
Diseases, Academic Press, Orlando, FL.

Bianchi AL, Denavit-Saubie M and Champagnat J (1995) Central control of breath-
ing in mammals: Neuronal circuitry, membrane properties and neurotransmitters.
Physiol Rev 75:1-45.

El-Bohy AA, Schrimsher GW, Reier PJ and Goshgarian HG (1998) Quantitative
assessment of respiratory function following contusion injury of the cervical spinal
cord. Exp Neurol 150:143-152.

Florez J, Delgado G and Armijo JA (1972) Adrenergic and serotonergic mechanisms
in morphine-induced respiratory depression. Psychopharmacologia 24:258-274.
Fozard JR, Mir AK and Middlemiss DN (1987) Cardiovascular responses to 8-hy-
droxy-2-(di-n-propylamino) tetralin (8-OH-DPAT) in the rat: Site of action and

pharmacological analysis.  Cardiovasc Pharmacol 9:328-347.

Garner SJ, Eldridge FL, Wagner PG and Dowell RT (1989) Buspirone, an anxiolytic
drug that stimulates respiration. Am Rev Respir Dis 139:946-950.

Jacobs BL and Azmitia EC (1992) Structure and function of the brain serotonin
system. Physiol Rev 72:165-229.

Kung HF, Kung M-P, Clarke W, Maayoni S and Zhuang Z-P (1994) A potential
5-HT;  receptor antagonist: p-MPPI. Life Sci 55:1459-1462.

Lalley PM, Benocka R, Bischoff AM and Richter DW (1997) Nucleus raphe obscurus
evokes 5-HT;, receptor-mediated modulation of respiratory neurons. Brain Res
747:156-159.

Lalley PM, Bischoff AM and Richter DW (1994a) 5-HT; receptor-mediated modu-
lation of medullary expiratory neurones in the cat. J Physiol 476:117-130.

Lalley PM, Bischoff AM and Richter DW (1994b) Serotonin 1A-receptor activation
suppresses respiratory apneusis in the cat. Neurosci Lett 172:59—62.

Lindsey BG, Arata A, Morris KF, Hernandez YM and Shannon R (1998) Medullary
raphe neurones and baroreceptor modulation of the respiratory motor pattern in
the cat. J Physiol 512:863—882.

McCrimmon DR, Dekin MS and Mitchell GS (1995) Glutamate, GABA and serotonin
in ventilatory control, in Regulation of Breathing (Dempsey JA and Pack Al eds) pp
151-218, Marcel Dekker, New York.

Mendelson WB, Maczaj M and Holt J (1991) Buspirone administration to sleep apnea
patients. J Clin Psychopharmacol 11:71-72.

Mendelson WB, Martin JV and Rapoport DM (1990) Effects of buspirone on sleep
and respiration. Am Rev Respir Dis 141:1527-1530.

Middlemiss DN and Fozard JR (1983) 8-Hydroxy-2-(di-n-propylamino)tetralin dis-
criminates between subtypes of the 5-HT; recognition site. Eur J Pharmacol
90:151-153.

Pierrefiche O, Schwarzacher SW, Bischoff AM and Richter DW (1998) Blockade of
synaptic inhibition within the pre-Botzinger complex in the cat suppresses respi-
ratory rhythm generation in vivo. J Physiol 509:245-254.

Richter DW, Lalley P, Pierrefiche O and Schwarzacher S (1996) Serotonergic mod-
ulation of respiratory neurons. JJ Physiol 494:14S.

Richter DW, Schmidt-Garcon P, Pierrefiche O, Bischoff AM and Lalley PM (1999)
Neurotransmitters and neuromodulators controlling the hypoxic respiratory re-
sponse in anaesthetized cats. JJ Physiol 514:567-578.

Sahibzada N, Ferreira M, Wasserman AM, Dretchen KL and Gillis RA (1999) 5-HT
receptor activation reverses apnea induced by NMDA receptor blockade in the rat.
Neurosci Abstr 25:378.2.

Shaikh MB, De Lanerolle NC and Siegel A (1997) Serotonin 5-HT;, and 5-HTy;¢
receptors in the midbrain periaqueductal gray differentially modulate defensive
rage behavior elicited from the medial hypothalamus of the cat. Brain Res 765:
198-207.

Smith JC, Ellenberger HH, Ballanyi K, Richter DW and Feldman JL (1991) Pre-
Boetzinger complex: A brainstem region that may generate respiratory rhythm in
mammals. Science (Wash DC) 254:726—-729.



2000

Taylor DC (1988) Buspirone: A new approach to the treatment of anxiety. FASEB J
2:2445-2452.

Teng YD, Bingaman M, Taveira-DaSilva AM, Pace PP, Gillis RA and Wrathall JR
(1999) Treatment with 5-HT, receptor agonists reverses respiratory abnormali-
ties in spinal cord injured rats. Neurosci Abstr 25:538.8.

Trulson ME and Arasteh K (1986) Buspirone decreases the activity of 5-hydroxy-
tryptamine-containing dorsal raphe neurons in-vitro. J Pharm Pharmacol 38:
380-382.

Veasey SC, Fornal CA, Metzler CW and Jacobs BL (1995) Response of serotonergic
caudal raphe neurons in relation to specific motor activities in freely moving cats.
J Neurosci 15:5346-5359.

Wilken B, Lalley P, Bischoff AM, Christien HJ, Behnke J, Hanefeld F and Richter

Morphine-Induced Apnea Reversed by 5-HT,, Receptor Agonists

713

DW (1997) Treatment of apneustic respiratory disturbance with a serotonin-
receptor agonist. o Pediatr 130:89-94.

Willette RN and Sapru HN (1982) Peripheral versus central cardiorespiratory effects
of morphine. Neuropharmacology 21:1019-1026.

Wolff MC and Leander JD (1997) Differentiation of 5-HT; 5 receptor ligands by drug
discrimination. Eur J Pharmacol 333:113-122.

Send reprint requests to: Niaz Sahibzada, Ph.D., Department of Pharma-
cology, Georgetown University Medical Center, 3900 Reservoir Rd. NW, Wash-
ington, DC 20007. E-mail: sahib@idsonline.com




