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Abstract
Opioids can attenuate the peripheral chemoreceptor-mediated hypoxic ventilatory response (HVR)
by acting on central μ-type opioid receptors. Since the medullary raphe region (MRRs) expresses
abundant μ-receptors and participates in modulating HVR, we tested the role of μ-receptors within
the caudal, medial, and rostral MRR (cMRR, mMRR, and rMRR) in modulating the HVR. We
recorded cardiorespiratory activities and their responses to isocapnic hypoxia in anesthetized rats
before and after local microinjection of DAMGO into the MRR, and intravenous administration of
DAMGO (100 μg/kg) alone or coupled with a previous local injection of CTAP. Microinjecting
DAMGO into the cMRR or mMRR but not the rMRR significantly attenuated the HVR. However,
systemic DAMGO-induced HVR attenuation was not significantly affected by pretreating the
cMRR and mMRR with CTAP. Our data suggest that cMRR and mMRR μ-receptors are capable
of depressing the HVR, while their contribution to the attenuated HVR by systemic DAMGO is
limited.
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1. Introduction
Opioids, the most frequently used drugs to relieve pain for almost 200 years, produce some
side effects while acting as therapeutic agents. The most adverse among these side effects is
the marked depression of breathing (Yeadon & Kitchen, 1989), mainly through stimulating
central μ-receptors (Haji et al., 2003; Manzke et al., 2003). It is well documented that
opioids depress the hypoxic ventilatory response (HVR) (Weil et al., 1975; Kryger et al.,
1976; Santiago et al., 1979; Dahan et al., 1998; Colman & Miller, 2002; Romberg et al.,
2003; Modalen et al., 2006) in both animals and humans. The HVR is predominately
initiated by the stimulation of carotid body chemoreceptors (Bisgard & Neubauer, 1995).
Early reports showed that intracarotid injection of opioids inhibited carotid sinus nerve
activity via acting on δ-type opioid receptors in anaesthetized cats (McQueen & Ribeiro,
1980; Kirby & McQueen, 1986). In addition, recent studies point to a central inhibitory
effect of opioids on the HVR in humans (Bailey et al., 2000; Modalen et al., 2006). To date,
however, it remains unknown which central site(s) is/are responsible for the opioid-induced
attenuation of the early HVR.
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The medullary raphe region (MRR) is a critical structure involved in nociception because of
a rich, local distribution of μ-receptors (Pan et al., 1990; Ding et al., 1996; Porreca et al.,
2001; Pinto et al., 2003). The MRR plays an important role in controlling respiratory
chemoreflexes. Although it is debatable, there are considerable studies showing that this
region contains CO2-chemosensitive neurons and is important to hypercapnic ventilatory
response (HCVR) (Bernard et al., 1996; Wang et al., 1998; Nattie & Li, 2001; Wang et al.,
2001; Nattie et al., 2004; Taylor et al., 2005). It was reported that activating local neurons in
the MRR augmented the ventilation via their projections to other respiratory-related nuclei
(Zec & Kinney, 2003; Rosin et al., 2006; Mulkey et al., 2007). The MRR also potentially
participates in the HVR. For example, local lesion or electrical/chemical stimulation have
revealed that the MRR is able to modulate hypoxia-induced hyperventilation (Perez & Ruiz,
1995; Gargaglioni et al., 2003; Penatti et al., 2006; Taylor et al., 2006; Nucci et al., 2008). In
agreement, a earlier study indicated a long-latency evoked potentials in the caudal MRR
following stimulation of the carotid sinus nerve (Miura & Reis, 1969), suggesting a
projection from the carotid sinus nerve to the MRR. These findings along with the recent
results that activation of MRR μ-receptors inhibits baseline ventilation and its response to
hypercapnia in anesthetized rats and conscious goats (Krause et al., 2006; Zhang et al.,
2007), allow us to hypothesize that MRR μ-receptors are capable of modulating the HVR.

Our experiments were carried out in anesthetized and spontaneously breathing rats. The
ventilatory responses to isocapnic hypoxia for 1 min were compared before and after
administering DAMGO [(d-Ala2, N-Me-Phe4, Gly-ol)-Enkephalin], a selective μ-receptor
agonist, locally into caudal, middle and rostral MRR (cMRR, mMRR and rMRR). Because
cMRR and mMRR μ-receptors appeared to attenuate the HVR in our pilot studies, we also
compared the effects of systemic DAMGO on the HVR before and after microinjection of
CTAP (D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH2), a μ-receptor antagonist, into both
the cMRR and mMRR.

2. Methods
Sprague-Dawley adult male rats were quarantined for 2 weeks, and food and water were
provided ad libitum. The experimental protocols adhere to the American Physiological
Society's Guiding Principles in the Care and Use of Animals and were approved by the
Lovelace Respiratory Research Institute (LRRI) Institutional Animal Care and Use
Committee. LRRI is accredited by the Association for Assessment and Accreditation of
Laboratory Animal Care International.

2.1. General animal preparation
Rats (n = 45, 400 – 500 g) were anesthetized with urethane (1200 mg/kg, i.p.), with a
supplemental dose (200 mg/kg, i.p.) administered if needed, to completely eliminate eye-
blink and limb-withdrawal reflex throughout the experiment. The right femoral vein and
artery were cannulated for drug administration and monitoring of arterial blood pressure
(BP) and heart rate (HR), respectively. The trachea below the larynx was exposed through a
midline incision, tracheotomized by blunt dissection, and cannulated. The tracheal cannula
was connected to a pneumotachograph to record airflow. The pneumotachograph had a
linear flow-pressure relationship in the range of 2–20 ml/s, a flow resistance of 0.046
cmH2O ml-1 s, and a dead space of 0.2 ml. Another end of the pneumotachograph was
placed (~5 mm deep) in a plastic tube with a diameter five-fold greater than the
pneumotachograph. A three-way stopcock was attached to the other side of the plastic tube
and connected to a supplemental gases device through a gas mixing flow-meter (GF-3MP,
Cameron Instrument Co., Port Aransas, TX). By turning the switch, the mixed gases to be
inhaled from different gas tanks were controlled. During isocapnic hypoxia, CO2 was added
to maintain the end tidal carbon dioxide pressure (PETCO2) within 2 mmHg deviated from
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the baseline value (Tatsumi et al., 1991). PETCO2 was measured via a carbon dioxide
analyzer (MicroCapStar end-tidal carbon dioxide analyzer, Model 15-10000, CWE, Inc.
USA) connected to a side-port of the tracheal cannula. Animals were placed into a rigid
metal frame with the head fixed and centered in a stereotaxic apparatus (Model 1404, Kopf,
Tujunga, CA). A hole (~10 mm in diameter) was drilled at the midline of the skull for
microinjections into the MRR (detailed below). Their core temperature was monitored with
a rectal probe and maintained at 36.5–37.5°C by a heat pad and radiant heat lamp. Oxygen-
enriched room air (40% O2 balanced with nitrogen) was applied to serve as a baseline
throughout the experiment.

2.2. Microinjection into the MRR
For microinjection, a 0.5-μl microneedle (the tip OD = 0.25 mm, Hamilton, Reno, NV)
prefilled with DAMGO (Sigma-Aldrich, St. Louis, MO) was inserted into the selected MRR
region. DAMGO (0.35 μg/μl) was made in a solution of 0.9% saline containing 1% Chicago
Sky Blue (Sigma Chemical, St. Louis, MO). According to the rat stereotaxic atlas of Paxinos
and Watson (1998) and earlier studies (Zhang et al., 2007), the MRR, extending from 9–12
mm caudal to the bregma, was divided into three subregions – rMRR, mMRR, and cMRR –
located at 9.0, 10.5, and 12.0 mm caudal to the bregma, respectively. The rMRR contained
the magnus nucleus (RMg), the mMRR contained the RMg and its neighboring pallidus
nucleus (RPa), and the cMRR contained the obscurus nucleus (ROb) and RPa. The central
sites for the mMRR and rMRR were localized 9 mm ventral to the cerebellar surface, and
each site received a 100-nl microinjection (35 ng DAMGO). Because the two nuclei in the
cMMR were located separately and distantly, two injections (100 nl each) were given. The
first injection was given when the needle was placed into the site 8.3 mm ventral to the
cerebellar surface, corresponding to the center of the ROb. After this injection, the needle
was advanced 1 mm deeper, corresponding to the RPa, for the second injection.
Strategically, we chose the volume at which the microinjected DAMGO would act on a
large enough number of cells within the raphe sites tested to evoke significant V̇E depression.
According to the rat stereotaxic atlas of Paxinos and Watson (1998), each of the three
subnuclei (RMg, RPa, ROb) covers a relatively large area (approximately 0.7– 1.0 mm3),
centered at the middle. A volume of 100 nl was used because previous studies have
calculated that microinjecting this volume into the brainstem could spread as far as ~1 mm3

(Lipski et al., 1988; Mitra et al., 1993). In fact, microinjecting this volume (100 nl) into the
raphe (Nucci et al., 2008) and hypothalamus (Deolindo et al., 2008) of rats has been used by
other investigators recently. DAMGO microinjections were made outside of the cMRR and
mMRR in two rats to further confirm the site-dependence of the evoked responses to the
DAMGO microinjection into the cMRR and mMRR. The microinjections were located at 12
mm caudal to bregma, 1 mm right to midline, and 8 mm and 9 mm ventral to the cerebellar
surface, respectively, in one rat, and at 10.3 mm caudal to bregma, 1 mm right to midline,
and 8.5 mm ventral to the cerebellar surface in another one. To block local μ-receptors,
microinjections of CTAP (100 ng/100 nl containing 1% Chicago Sky Blue), a μ-receptor
antagonist, were made in the cMRR and mMRR (100 nl for each injection).

2.3. Experimental protocols
Study Series I was designed to determine the influence of intra-MRR microinjection of
DAMGO on the cardiorespiratory responses to hypoxia. After stabilization of the
cardiorespiratory baseline values for at least 10 min, 10% O2 (balanced with nitrogen) for 1
min was given before and 5, 60, and/or 120 min after microinjection of DAMGO into the
cMRR, mMRR or rMRR (n = 6 in each group).

Study Series II was performed to evaluate the contribution of MRR μ-receptors to the
inhibition of the HVR by systemic administration of DAMGO. In our pilot experiment the
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activation of μ-receptors in the cMRR or mMRR but not the rMRR could attenuate the
HVR, so this study series was carried out to test whether blockade of μ-receptors in both the
cMRR and mMRR would diminish the systemic DAMGO-induced inhibition of the HVR.
Six rats received the hypoxic challenge before and 5 min after systemic DAMGO (100 μg/
kg), which is similar to our previous study (Zhang et al., 2007). Two hours later, the same
protocols described above were repeated 3 min after CTAP (100 ng/100 nl) was
microinjected into the cMRR and mMRR. Because systemic DAMGO has been reported to
have an approximately 15-min half-life in mammals (Szeto et al., 2001; Zhang et al., 2007),
this 2-h interval would ensure complete recovery from the first DAMGO injection before
performing the second injection.

Study Series III was performed in 21 other rats divided into five groups. To determine
whether the effect of microinjecting DAMGO on the HVR depression was uniquely
mediated by μ-receptors (Group I, n = 4), CTAP was microinjected into the cMRR prior to
local administration of DAMGO. In addition, the effects from microinjecting CTAP alone
into the cMRR and mMRR on the baseline ventilation and the HVR were evaluated (Group
II, n = 2). In order to clarify the specificity of DAMGO (Group III), the respiratory
responses to intravenously administered and subsequently microinjected vehicle into the
cMRR or mMRR were recorded (n = 5 each group). To test the site-dependency of the
respiratory responses to local DAMGO on the cMRR and mMRR (Group IV, n = 2),
DAMGO was microinjected outside of the cMRR and mMRR. The reproducibility of the
HVR's response to systemic DAMGO was examined by repeating systemic DAMGO
injection twice with an interval of 2 h (Group V, n = 3).

2.4. Identification of microinjection sites
After completing the experiment, the brainstem was removed and fixed by soaking in 4%
paraformaldehyde (pH 7.4) for at least 36 h at 4°C and subsequently sectioned at a 40-μm
thickness by a slicing machine (Leica, CM, 1850; Microsystems GMbH, Nussioch,
Germany). Microinjections marked by Chicago Sky Blue were identified microscopically.

2.5. Data acquisition and statistical analysis
Raw data of the airflow signal, BP, HR, PETCO2, and rectal temperature were digitized,
monitored, and recorded using a PowerLab/8sp (model ML 785; ADInstruments Inc.,
Colorado Springs, CO) connected to a computer employing the PowerLab Chart 5 software.
The airflow signals were integrated to generate tidal volume (VT), respiratory frequency
(fR), and minute ventilation (V̇E). After stabilization, the cardiorespiratory baseline was
determined by averaging the variables for 1 min immediately before administration of
DAMGO. The cardiorespiratory responses to hypoxia were determined by measuring the
variables at the last 10-s period of the hypoxic exposure and expressed by the percent
change from baseline (Δ%). All data are presented as means ± SE. Two-way analysis of
variance (ANOVA) for repeated measures was employed to compare the baseline and
hypoxic cardiorespiratory variables before and after DAMGO administration, and one-way
ANOVA was used to compare the effects of systemic DAMGO on the hypoxic responses (Δ
% change from baseline) without or with CTAP pretreatment. A Student's t-test was used to
compare the effects of microinjection of DAMGO into the MRR on the hypoxic responses.
The Fisher's least significant difference test was used if the overall ANOVA had a P value
less than 0.05. STATISTICA 6.0 software (StatSoft, Inc., Tulsa, OK) was employed for
statistical analysis. Difference is considered significant at a P value < 0.05.
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3. Results
3.1. Effect of microinjections of DAMGO into the MRR on baseline cardiorespiratory
activity and their responses to hypoxia

Microinjecting DAMGO into the cMRR significantly reduced the baseline V̇E by 17 ± 2%. A
typical example and the corresponding group data (n = 6) are illustrated in Figs. 1 and 2,
respectively. This microinjection also inhibited the HVR manifested by three measurements.
First, as calculated from the values presented in Fig. 2A, DAMGO microinjection into the
cMRR decreased the hypoxic V ̇E by 25 ± 4%, which is significantly greater than the
DAMGO-induced decrease in the baseline V̇E (17 ± 2%, P < 0.05). Second, hypoxia after
intra-cMRR microinjection of DAMGO enhanced V̇E by 193 ± 21 ml/min, which was
significantly smaller than that before this microinjection (286 ± 30 ml/min, P < 0.01). Third,
the HVR (Δ% from baseline V̇E). after DAMGO (82 ± 10%) was significantly lower than
that before DAMGO (103 ± 11%, P < 0.05, Fig. 2D). To test whether the depressant effect
of DAMGO on the baseline V̇E and the HVR was uniquely mediated by opioid μ receptors,
CTAP was microinjected into the cMRR prior to local administration of DAMGO (n = 4).
We found that compared to the control (without drug treatment), intra-cMRR microinjection
of DAMGO neither significantly altered the baseline respiration (V̇E , 271 ± 32 vs. 261 ± 31
ml/min; fR, 106 ± 7 vs. 103 ± 6 breaths/min; and VT, 2.5 ± 0.2 vs. 2.6 ± 0.2 ml) nor changed
the hypoxic respiration (V̇E , 609 ± 51 vs. 600 ± 53 ml/min; fR, 158 ± 6 vs. 155 ± 7 breaths/
min; and VT, 3.9 ± 0.2 vs. 3.9 ± 0.2 ml) after pretreating the cMRR with CTAP.
Microinjection of DAMGO into the mMRR did not change baseline V̇E, fR, or VT, but it
inhibited the HVR by 17% due to depressing the VT response (Fig. 3, n = 6). Usually, 60
min after administration, the DAMGO-induced ventilatory depression disappeared (Fig. 1,).
Local vehicle microinjections into the cMRR and mMRR caused no significant changes in
baseline or hypoxic V̇E , fR, or VT (Fig. 4, n = 5 each group).

Microinjection of DAMGO into the rMRR did not change baseline or hypoxic V̇E , fR, or VT
( Fig. 5, n = 6). Similarly, microinjections of DAMGO 2 mm lateral to the raphe test sites in
two other rats (Figs 6A, B) did not evoke significant changes in either baseline or hypoxic V̇E

(271 ± 43 vs. 264 ± 51 ml/min; 554 ± 76 vs. 544 ± 79 ml/min, respectively), fR (113 ± 24
vs. 114 ± 26 breaths/min; 153 ± 25 vs. 156 ± 27 breaths/min, respectively), or VT (2.4 ± 0.6
vs. 2.3 ± 0.8 ml; 3.6 ± 0.6 vs. 3.5 ± 0.9 ml, respectively). The microinjection locations in the
MRR and outside of the MRR are shown in Fig. 6. Generally, the spread of an injection
marked by Chicago Sky Blue was approximately 1.0 mm (Fig. 6D). With respect to the
cardiovascular activities, the baseline and hypoxic BP and HR were not markedly changed
by microinjection of DAMGO into the cMRR, mMRR, or rMRR (data not shown).

3.2. Effect of systemic DAMGO on HVR
Intravenous administration of DAMGO significantly decreased baseline V̇E and fR but not
VT, and it also reduced the V̇E, fR, and VT responses to hypoxia (Fig. 7A, n = 6). Systemic
DAMGO lowered the hypoxic V̇E by 27 ± 4%, which was significantly greater than the
DAMGO-induced decrease in the baseline V̇E (17 ± 2%, P < 0.05). Hypoxia after systemic
DAMGO injection increased V̇E by 207 ± 31 ml/min, which was significantly smaller than
that before DAMGO (319 ± 36 ml/min; P < 0.01). More importantly, the HVR (Δ% from
baseline V̇E). after DAMGO (93% ± 11%) was significantly lower than that before DAMGO
(120% ± 13%; P < 0.05) due to the depressed VT response. The hypotension response to
hypoxia was not affected by systemic DAMGO (38 ± 4% vs. 36 ± 5%, P > 0.05).
Intravenous injection of the vehicle (0.9% saline) produced no change in the baseline
cardiorespiratory activities or their responses to acute hypoxia (not shown).
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3.3. Influence of blocking MRR μ-receptors on the systemic DAMGO-induced attenuation
of HVR

The baseline V̇E depression produced by systemic DAMGO injection alone disappeared after
intra-cMRR and -mMRR microinjection of CTAP, a selective μ-receptor antagonist (Fig.
7A, n = 6). This pretreatment had a tendency to reduce systemic DAMGO-induced hypoxic
ventilation depression by affecting the VT response, but this ventilatory change failed to
reach significance (27% vs. 15%, P > 0.05, Fig. 7B). Systemic DAMGO significantly
depressed baseline BP (124 ± 9 vs. 104 ± 11 mmHg, P < 0.05), and this depression was not
changed by pretreatment with CTAP (119 ± 8 vs. 103 ± 9 mmHg, P < 0.05). As there was a
2-h interval between application of the first and second systemic DAMGO, we tested the
reproducibility of the HVR over this period to rule out the effect of time-course (n = 3) and
found that the effects of the first and second systemic DAMGO on the HVR were not
remarkably different (-22 ± 3% vs. -20 ± 4% for V̇E; 25 ± 4% vs. 23 ± 4% for fR; -46 ± 5%
vs. -45 ± 6% for VT). In addition, microinjection of CTAP alone into the cMRR and mMRR
(n = 2) did not remarkably affect the baseline V ̇E (275 ± 75 vs. 282 ± 81 ml/min), fR (105 ± 6
vs. 109 ± 10 breaths/min), or VT (2.6 ± 1 vs. 2.5 ± 1 ml); or the hypoxic V̇E (585 ± 94 vs. 591
± 98 ml/min), fR (150 ± 13 vs. 152 ± 14 breaths/min), or VT (3.9 ± 1 vs. 3.8 ± 1 ml).

4. Discussion
4.1. Activation of μ-receptors in the cMRR and mMRR can depress HVR

Recent studies in humans point to a central inhibitory effect of opioids on the HVR. For
example, intravenous administration of frakefamide, a peripherally acting μ-receptors
agonist, failed to alter the HVR (Modalen et al., 2006). Intrathecal administration of
morphine attenuated the early HVR (Bailey et al., 2000). Because morphine is hydrophilic
and largely retained in the cerebrospinal fluid after intrathecal administration, the authors
believed that a stronger depression of the HVR by intrathecal compared to intravenous
administration suggested a central effect from opioids on the HVR. However, the central
sites capable of exerting this opioid-induced inhibition of the HVR have not been fully
identified. We found that microinjection of DAMGO into the cMRR or mMRR, but not the
rMRR, attenuated the early HVR by ~20%, providing the evidence that among the MRR,
cMRR, and mMRR μ-receptors are capable of attenuating the carotid body-mediated early
HVR. It is worthy to note that this HVR attenuation is independent of the depressed baseline
V̇E because intra-mMRR DAMGO microinjection did not depress the baseline V̇E, but it
significantly attenuated the HVR. Moreover, the results from the three different
measurements that subtracted or normalized the DAMGO-induced change in the baseline V̇E

(see Results, Section 3.1) point to a depressed HVR by intra-cMRR administration of
DAMGO.

Our new finding that cMRR and mMRR μ-receptors are capable of attenuating the carotid
body-mediated early HVR is indirectly supported by previous studies. The neurons in the
MRR reportedly express abundant μ-receptors (Pan et al., 1990; Ding et al., 1996; Porreca et
al., 2001; Pinto et al., 2003) and participate in modulating the HVR (Perez & Ruiz, 1995;
Gargaglioni et al., 2003; Penatti et al., 2006; Taylor et al., 2006; Nucci et al., 2008).
Activation of cMRR and mMRR μ-receptors have been shown to depress the HCVR
(Krause et al., 2006; Zhang et al., 2007). Moreover, studies indicated a pathway between the
MRR and the nucleus tractus solitarius (Humphrey, 1967; Miura & Reis, 1969) where the
peripheral chemoreceptor afferents make their first synapses. Our results show that μ-
receptors in the cMRR and mMRR, but not in the rMRR, are capable of attenuating the
HVR. Because the nuclei within the three MRR regions are reportedly involved in the HVR
(Lalley, 1986; Gargaglioni et al., 2003) and the rMRR also expresses μ-receptors in the
MRR (Ding et al., 1996; Kalyuzhny & Wessendorf, 1997), it is questionable why
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microinjecting DAMGO into the rMRR fails to alter the baseline V̇E and the HVR. Our
interpretation is that μ-receptors in the rMRR may be involved mainly in nociception (Pan et
al., 1990; Ding et al., 1996; Porreca et al., 2001; Pinto et al., 2003) with a limited effect on
modulating respiration as compared to those in the cMRR and mMRR. Actually the
different responses in the caudal-rostral plane was also observed in other study in which
focal acidosis leads to a larger ventilatory response when applied to the caudal nucleus
tractus solitarius (NTS) than the rostral NTS (Nattie & Li, 2002).

4.2. The contribution of cMRR and mMRR μ-receptors to the inhibition of HVR by systemic
DAMGO is limited

In the present study, DAMGO administered systemically and microinjected locally into the
MRR (cMRR and/or mMRR) results in a nearly identical reduction of both baseline V̇E (17%
vs. 17%) and hypoxic V ̇E (27% vs. 25%). Therefore, one might reason that the entire effect of
systemically injected DAMGO is mediated by the cMRR and mMRR. To verify this
assumption, we evaluated the role of cMRR and mMRR μ-receptors in the respiratory
responses to systemically injected DAMGO. Surprisingly, pretreating the cMRR and
mMRR with CTAP prevented the baseline V̇E depression after systemic DAMGO
administration, but it failed to significantly alter the systemic DAMGO-induced HVR
depression. This result raised two interesting questions. First, why is the systemic DAMGO-
induced HVR depression not significantly affected by blocking the local μ-receptors
although local DAMGO microinjection inhibits the HVR? To address this issue, we tested
whether DAMGO exerts its inhibitory effects via acting on other types of opioid receptors
instead of μ-receptor. As a result, DAMGO microinjected into the cMRR did not
significantly alter either baseline V̇E or the HVR after blockade of local μ-receptors,
indicating that the DAMGO-induced respiratory inhibitions are mediated by μ-receptors. An
alternative explanation is that different from local microinjection, the DAMGO
concentration in the MRR generated from systemic administration is not sufficient to
significantly depress the HVR. In other words, other respiratory-related nuclei that are more
crucial to the HVR and more sensitive to systemic DAMGO may dominantly contribute to
the systemic DAMGO-induced HVR depression. Indeed, the nucleus tractus solitarius,
known to be critical to the HVR (Housley & Sinclair, 1988), expresses higher μ-receptors
compared to the MRR (Ding et al., 1996; Porreca et al., 2001). More importantly, we
recently observed that the V̇E response to pure N2 for 10 s was completely blocked by
microinjecting DAMGO into the nucleus tractus solitarius at a volume much smaller than
that used in this study (Zhang et al., 2009). Second, why does local blockade of μ-receptors
prevent the eupneic V ̇E depression caused by systemic DAMGO administration with little
effect on the HVR depression? It is well-established that eupneic breathing is maintained
predominantly by CO2 rather than O2, and the MRR is critical in controlling the HCVR with
relatively less importance placed on the HVR (Schlaefke, 1981; Taylor et al., 2005). Thus, it
is reasonable to assume that activating MRR μ-receptors with systemic DAMGO
administration significantly contributes to inhibiting the eupneic breathing and HCVR, with
limited impact on the HVR. In fact, we have reported that the inhibitory effect on the HCVR
from systemic DAMGO administration was diminished by 53% by microinjecting the same
volume of CTAP into the cMRR (Zhang et al., 2007).

In the present study, systemic DAMGO administration depressed fR during eupneic
breathing, and inhibited both VT and fR during hypoxia. This inconsistency may be related
to the fact that the pool of neurons involved in maintaining eupneic breathing and in the
evoked HVR are not the same. For example, CO2-chemosensitive neurons are mainly
responsible for maintaining eupneic breathing with limited effect on the HVR. Therefore,
the possibility that μ-receptors on a different pool of neurons differently impact the
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breathing pattern may contribute to the result that systemic DAMGO administration inhibits
fR at rest, and both VT and fR during hypoxia.

4.3. Methodological Consideration
Due to technical difficulty, we were unable to determine the precise diffusion of the
DAMGO microinjections into the MRR. Howerer, based on the diffusion of Chicago Sky
Blue, the injection spread appears to be not larger than 1.0 mm (see Fig. 6D). Again, our
data showing that DAMGO microinjections into the regions 1.0 mm outside the cMRR or
the mMRR had no remarkable effect on V ̇E support the conclusion that the spread was
considerably limited. Consistent with our study, several investigators have previously
calculated that microinjection of a volume of 100 nl into the brainstem could spread as far as
1.0 mm (Lipski et al., 1988; Mitra et al., 1993). However, we still cannot rule out the
possible involvement of the vicinity of the MRR in the DAMGO-induced depression of the
HVR.

4.4. Conclusion
In summary, our results show that the HVR was significantly attenuated by DAMGO
administered systemically and microinjected locally into the cMRR and mMRR,
respectively, in anesthetized rats. However, blockade of cMRR μ-receptors did eliminate the
local DAMGO-induced HVR depression, but this blockade coupled with blocking mMRR
μ-receptors did not significantly alter the systemically administered DAMGO-induced HVR
attenuation. We conclude that cMRR and mMRR μ-receptors are capable of attenuating the
HVR, but their role in systemically administered DAMGO-induced depression of the HVR
seems to be limited.
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Fig. 1.
Experimental recordings of the cardiorespiratory responses to 10% O2 for 1 min before
(left), 5 min (middle), and 60 min after (right) DAMGO was microinjected into the cMRR.
Traces from top to bottom are arterial blood pressure (BP), tidal volume (VT), respiratory
frequency (fR), minute ventilation (V ̇E)., and end-tidal pressure of carbon dioxide (PETCO2).
BPM= breaths/min. Sighs in VT, fR and V ̇E traces are truncated to focus on the changes in
these respiratory variables. The bars at the bottom reflect 1-min exposures to 10% O2.

Zhang et al. Page 11

Respir Physiol Neurobiol. Author manuscript; available in PMC 2012 September 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Group data showing minute ventilation, V ̇E (A); frequency, fR (B); and tidal volume, VT (C)
during 40% O2 and 10% O2 and their responses to hypoxia (D) before and after intra-cMRR
microinjection of DAMGO. Data are mean ± SE; n = 6; * P < 0.01 compared between 40%
O2 and 10% O2; † P < 0.05 between before and after DAMGO under a given condition
(40% O2 or 10% O2); ‡ P < 0.05 between the percent change (Δ%) change from baseline
before and after DAMGO.
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Fig. 3.
Group data showing minute ventilation, V ̇E (A); frequency, fR (B); and tidal volume, VT(C)
during 40% O2 and 10% O2 and their responses to hypoxia (D) before and after intramMRR
microinjection of DAMGO. Data are mean ± SE; n = 6; * P < 0.01 compared between 40%
O2 and 10% O2; † P < 0.05 between before and after DAMGO under a given condition
(40% O2 or 10% O2); ‡ P < 0.05 between the percent change (Δ%) change from baseline
before and after DAMGO.
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Fig. 4.
Group data showing minute ventilation V ̇E, frequency fR, and tidal volume VT during 40% O2
and 10% O2 before and after intra-cMRR (A) and intra-mMRR (B) microinjection of
vehicle. Data are mean ± SE; n = 5 in each group; * P < 0.01 compared between 40% O2
and 10% O2.
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Fig.5.
Group data showing minute ventilation, V ̇E (A); frequency, fR (B); and tidal volume, VT (C)
during 40% O2 and 10% O2 and their responses to hypoxia (D) before and after intra-rMRR
microinjection of DAMGO. Data are mean ± SE; n = 6; * P < 0.01 compared between 40%
O2 and 10% O2.
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Fig. 6.
Diagram exhibiting the sites where the microinjections occurred within the caudal (cMRR),
middle (mMRR), and rostral (rMRR) medullary raphe regions, respectively. The cMRR (A):
the microinjections were made -11.6 to -12.3 mm caudal to bregma and either 8.3 mm (■)
or 9.3 mm (▲) ventral to the cerebellar surface in six rats. Two other microinjections
represented by “x” were made outside the cMRR in one rat. The mMRR (B): the
microinjections (■) were confirmed at -10.04 to -10.52 mm caudal to the bregma and 9 mm
ventral to the cerebellar surface in six rats with one microinjection outside the mMRR
expressed by “x” in one rat. The rMRR (C): microinjections (■) were made in the rMRR
-9.16 to -9.30 mm caudal to the bregma and 9 mm ventral to the cerebellar surface. Panel D
displays a representative slice containing the mMRR, in which the microinjection was
stained by Chicago Sky Blue. Amb, ambiguus nucleus; 7, facial nucleus; IRt, intermediate
reticular; LPB, lateral parabrachial nucleus; NTS, nucleus of solitary tract; Pr5VL,
ventrolateral part of principal sensory 5 nucleus; RMg, raphe magnus nucleus; RPa, raphe
pallidus nucleus; ROb, raphe obscurus nucleus; RPa, raphe pallidus nucleus; Sp5O, oral part
of spinal 5 nucleus.
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Fig. 7.
Comparison of the effects of systemic DAMGO and CTAP + DAMGO on respiratory
variables before and during hypoxia (A) and their percent change (Δ%) response to hypoxia
(B). CTAP + DAMGO represents microinjection of CATP into the caudal and middle
medullary raphe region (cMRR and mMRR) prior to systemic DAMGO. Data are mean ±
SE; n = 6; In panel A, * P < 0.01 compared between 40% O2 and 10% O2, † P < 0.05
between before and after DAMGO or CATP + DAMGO under a given condition (40% O2
or 10% O2). In panel B, ‡ P < 0.05 between the Δ% response to hypoxia before and after
DAMGO or CATP + DAMGO; § P < 0.05 between the Δ% response to hypoxia in
DAMGO and CTAP + DAMGO.
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