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Abstract:

Recently, there has been growing interest in the opioid regulation of physiological respiratory function. However, evidence for a lo-

cal opioid network that includes endogenous opioid peptides and their receptors is scarce. Tissue samples from patients with lung

cancer were examined by immunohistochemistry to identify the components of the opioid network: �-endorphin (END); its precur-

sor, proopiomelanocortin (POMC); the key processing enzymes prohormone convertase 1 and 2; carboxypeptidase E; and END’s

corresponding opioid receptor, the µ-opioid receptor (MOR). Additionally, we tested pulmonary function parameters in a patient

with advanced lung cancer after inhalation of nebulized morphine. Confocal immunofluorescence microscopy revealed that the

opioid precursor POMC colocalizes with its active peptide END, key processing enzymes and MOR in alveolar macrophages, sub-

mucosal glands, cancerous cells, and pulmonary neuroendocrine cells within the bronchial epithelium. In addition, MOR was identi-

fied on sensory nerve endings within the bronchial epithelium. Furthermore, nebulized morphine improved pulmonary function

parameters in advanced lung cancer. These findings provide evidence of a local opioid network in functionally important anatomical

structures of the respiratory system; this network consists of all the machinery required for POMC processing into active peptides,

such as END, and contains the receptors for END. Our findings indicate a need for further clinical trials to elucidate the modulatory

function of peripheral endogenous opioids in the human lung.
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Abbreviations: ABC – avidin-biotin complex, AUC – area under

the curve, BSA – bovine serum albumin, CgA – chromogranin A,

CGRP – calcitonin gene-related peptide, C��� – maximum concen-

tration, CPE – carboxypeptidase E, DAB – 3’,3’-diaminobenzidine

tetrahydrochloride, DAPI – 4’-6-diamidino-2-phenylindole, END

– �-endorphin, IR – immunoreactive, MOR – µ-opioid recep-

tor, PBS – phosphate-buffered saline, PC – prohormone con-

vertase, PNEC – pulmonary neuroendocrine cell, POMC –

proopiomelanocortin, SP – substance P, T��� – time to maxi-

mum concentration

Introduction

Recently, there has been growing interest in the local

opioid regulation of the tracheobronchial mucociliary

clearance [31, 38] and the smooth muscle broncho-

constrictive response of the lung [3, 40]. Inhalation of

�-endorphin (END) modulates the mucociliary clear-

ance in dogs in a naloxone-reversible manner [38].

Opioid peptides also inhibit bronchial smooth muscle

contractions induced by parasympathetic nerve stimu-

lation; in turn, local naloxone antagonizes this inhibi-

tion suggesting an opioid receptor specific mecha-

nism [15, 31]. Some clinical trials have indicated that

patients might benefit from inhalation of nebulized

opioids, but other clinical trials have not [18]. How-

ever, particularly terminally ill patients, such as those

with lung cancer or end stage lung disease, seem to

have significant relief from their dyspnea after treat-

ment with nebulized opioids [8, 11, 13]. More recently,

Mahler et al. demonstrated that endogenous opioids al-

levate dyspnea during treadmill exercise in patients

with chronic obstructive pulmonary disease [21].

Opioid peptides, their precursors and their recep-

tors are located within the central nervous system.

However, similar to other non-neuronal tissues, such

as the gut, spleen, and skin [25, 27, 37], lung or lung

cancer cell lines also contain some components of the

opioid system. There is evidence for END in cell lines

from human lung cancer [22, 32] and for opioid re-

ceptor binding sites in both human lung [5, 9] and

lung carcinoma cell lines [22]. However, it is un-

known if these components of the opioid system asso-

ciate with functionally important anatomical struc-

tures of the respiratory system, such as submucosal bron-

chial glands, pulmonary neuroendocrine cells (PNECs),

and the nerve fibers of the bronchial epithelium.

Posttranslational processing of proopiomelano-

cortin (POMC) into the functionally active peptide

END requires key enzymes such as carboxypeptidase

E (CPE) and prohormone convertase 1 (PC1) and 2

(PC2) [4, 20, 27]. In contrast with the extensively stud-

ied, classical posttranslational processing of POMC in

the pituitary gland [35], little is known about opioid

peptide localization and processing within the human

lung.

Because of the increasing interest in the opioid sys-

tem of the lung, we systematically examined different

areas of lung tissue from lung cancer patients for the

expression of the precursor POMC; its processing en-

zymes PC1, PC2, and CPE; the POMC-derived active

peptide END; and END’s corresponding opioid recep-

tor (µ-opioid receptor, MOR). To illustrate local opioid

effects, particularly in a terminally ill patient with

lung cancer, we examined pulmonary function pa-

rameters after the inhalation of nebulized morphine.

From these experiments, we hoped to provide a compre-

hensive neuroanatomical basis for a local opioid net-

work regulating respiratory functions in the human lung.

Materials and Methods

Patients and preparation of human lung tissue

The study followed the International Guidelines of

Declaration of Helsinki (World Medical Association:

http://www.wma.net) and was approved by the Ethics

Committee of the Nicolaus Copernicus University in

Toruñ, Poland. Human lung tissue samples were ob-

tained from 16 lung cancer patients undergoing lobec-

tomy or pneumectomy at the Department of Thoracic

Surgery and Lung Disease of the Oncology Center in

Bydgoszcz, Poland (Tab. 1). All patients were informed

of the purpose of the study and gave their written con-

sent. The samples (1 cm3 each) were taken from dif-

ferent areas of the lung tissue of these patients (mar-

gins of resected bronchi, lung parenchyma, non-

cancerous and cancerous areas). Immediately after

surgery, tissue samples were fixed and tissue sections

were processed as described previously [25, 27].

Single immunostaining light microscopy

Sections were processed for immunohistochemistry

with a VECTASTAIN avidin-biotin peroxidase com-

plex (ABC) kit as described previously [25, 27]. The
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sections were incubated with rabbit anti-END (Penin-

sula Laboratories). After the enzyme reaction with

3’,3’-diaminobenzidine tetrahydrochloride (DAB), the

slide-mounted sections were counterstained with thionin.

Immunoreactive (IR) cancerous cells were identified

by the following morphological criteria: cell division

figures, nucleus enlargement and chromatin conden-

sation.

Double immunofluorescence staining

Double immunofluorescence staining was performed

as described previously [26]. The sections were incu-

bated with the following antibodies: 1) mouse anti-

POMC (10 µg/ml; BIOGENESIS, Poole, UK) in com-

bination with rabbit anti-END [Peninsula Laborato-

ries], anti-PC1, anti-PC2 or anti-CPE (1:1,000); 2) rabbit

anti-END in combination with guinea pig anti-MOR

(1:1000, Chemicon International, MA), CD68 (Dako,

Germany) or mouse anti-chromogranin A (-CgA) (Ab-

cam, Cambridge, UK); 3) rabbit anti-POMC [Phoenix

Pharmaceuticals] in combination with mouse anti-CgA

(Abcam PLC); 4) rabbit anti-MOR (1:1000) in combi-

nation with guinea pig anti-substance P (SP) (1:1000;

Peninsula Laboratories). After incubation with pri-

mary antibodies, the tissue sections were incubated

with the appropriate secondary antibodies. Nuclei

were then counterstained bright blue with 4’-6-di-

amidino-2-phenylindole (DAPI). Finally, the tissues

were viewed under a Zeiss LSM 510 laser scanning

microscope (Carl Zeiss, Germany).

Specificity controls

To demonstrate specificity of staining, the following

controls were included as described in detail else-

where [27]: 1) pre-absorption of diluted antibody

against POMC, END, MOR, CPE, PC1 or PC2 with

10 µg/ml purified POMC (Phoenix Pharmaceuticals),

END (Peninsula Laboratories), MOR (Gramsch

Laboratories, Germany), CPE, PC1 or PC2 antigens,

respectively; 2) omission of either the primary or sec-

ondary antibodies.

Functional relevance of local opioid action –

nebulized morphine, a case study

We examined a 67-year-old male lung cancer patient

for the effects of inhalation of nebulized morphine on

blood gases and pulmonary function and for the phar-

macokinetic parameters of morphine and its metabolites.

Six months earlier, the patient had received a diagnosis

of a squamous cell carcinoma of the tracheobronchial
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Fig. 1. Immunohistochemical localization of END in (A) sparse soli-
tary cells (arrows) within the bronchial epithelium (ep) and (B) alveo-
lar macrophage-like cells (arrow) within the alveolar lumen. (C) Im-
munohistochemical localization of END in cancerous cells (arrows).
The image shows cell division (arrows), nucleus enlargements, and
chromatin condensation of cancer cells. Bar = 20 µm
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Fig. 2. Confocal fluorescence micros-
copy of POMC (A, E, I, M) (green fluo-
rescence) with END (B), PC1 (F), PC2
(J) or CPE (N) (red fluorescence) and
CD68 (Q) (green fluorescence) with
END (R) (red fluorescence) double-
immunofluorescence in tissue from pa-
tients with lung cancer. Note that most
of the POMC-IR alveolar macrophage-
like cells express END (C, D), PC1 (G,
H), PC2 (K, L) or CPE (O, P). (S, T) END
immunoreactivity in CD68-IR alveolar
macrophages. (D, H, L, P and T), DAPI
nuclear staining (bright blue). Double-
immunostained cells are indicated
with double arrows. Note that some al-
veolar macrophage-like cells stained
with only POMC (arrow), END, PC1,
PC2, CPE or CD68 (arrow head). Bar =
20 µm

Fig. 3. Confocal microscopy of POMC
(A, E, I, M) (green fluorescence) with
END (B), PC1 (F), PC2 (J) or CPE (N)
(red fluorescence) and END (Q) (green
fluorescence) with MOR (R) (red fluo-
rescence) double-immunofluorescence
within cancerous cells in tissue from
patients with lung cancer. C, D, G, H,

K, L, O, P, S and T are combined im-
ages showing colocalization (double
arrows) of POMC with END (C, D), PC1
(G, H), PC2 (K, L) or CPE (O, P) and
END with MOR (S, T). D, H, L, P and T
show DAPI nuclear staining (bright
blue). Note that some POMC-immuno-
reactive cancerous cells (arrowheads)
do not express END (D), PC1 (H), PC2
(L) or CPE (P). Bar = 20 µm
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Fig. 5. Confocal microscopy of POMC
(A, E, I, M) (green fluorescence) with
END (B), PC2 (F), CPE (J), CgA (N)
(red fluorescence) double immunofluo-
rescence in sparse, solitary PNEC-like
cells. C, D, G, H, K, L, O and P are
combined images showing colocaliza-
tion (double arrows) of POMC with
END (C, D), PC2 (G, H), CPE (K, L) or
CgA (O, P). D, H, L and P show DAPI
nuclear staining (bright blue). POMC-
immunoreactive PNECs identified by
CgA (double arrows) as sparse cells (P).
Note that some POMC-immunoreactive
cells (arrowheads) do not express CPE
(L) or CgA (P). Bar = 20 µm

Fig. 4. Confocal microscopy of POMC
(A, E, I, M) (green fluorescence) with
END (B) or PC1 (F) or PC2 (J) or CPE
(N) (red fluorescence) and END (Q)
(green fluorescence) with MOR (R)
(red fluorescence) double-immuno-
fluorescence within cells of the wall of
the submucosal glands in tissue from
patients with lung cancer. C, D, G, H,
K, L, O, P, S and T are combined im-
ages showing colocalization (as indi-
cated by the yellow color) of POMC
with END (C, D), PC1 (G, H), PC2 (K,

L) or CPE (O, P). S and T show that
END immunoreactivity expressed in
MOR-immunoreactive cells of the wall
of the submucosal gland. D, H, L, P
and T show DAPI nuclear staining
(bright blue). Bar = 20 µm



system with an enlargement of the paratracheal and

right hilus lymph nodes. The patient had been treated

with radiotherapy. He complained of breathlessness

on exertion, occasional hemoptysis and dry cough,

and dysphagia. After giving written informed consent,

he received a solution of 5 mg morphine hydrochlo-

ride in 2 ml NaCl (0.9% solution) by pneumatic inha-

lation with a Sidestream nebulizer (MedicAid, UK;

particles ø 2–5 µm) [19]. Spirometric and oxygenation

parameters were determined, and venous blood sam-

ples for plasma morphine concentrations and metabo-

lites were drawn before morphine inhalation and 40, 70

and 130 min after morphine inhalation.

Results

Anatomical and histological identification of

END-IR cells in different areas of human lung

tissue

Light microscope pictures with END immunoreactiv-

ity showed END-IR cells within the anatomical and

histological structure of human lung tissue. END im-

munoreactivity was observed in sparse solitary cells

within the bronchial epithelium (Fig. 1A), in alveolar

macrophage-like cells accumulating within the alveo-

lar lumen (Fig. 1B), and in cancerous cells infiltrating
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Fig. 6. Confocal microscopy of END
(A, E) (red fluorescence) with MOR (B)
or CgA (F) and MOR (I) (red fluores-
cence) with SP (J) (green fluores-
cence) double immunofluorescence in
bronchial epithelium in patients with
lung cancer. C, D, G and H are com-
bined images showing colocalization
of END with MOR (C, D) or CgA (G, H).
END-IR PNECs identified by CgA
(double arrows) as sparse cells (G, H).
Within the epithelium, MOR-immuno-
reactive nerve fibers expressing sen-
sory neuronal marker SP (double ar-
rows) arborize up to the luminal sur-
face (K, L). D, H and L show DAPI nu-
clear staining (bright blue). (L). Bar =
20 µm



the lung tissue (Fig. 1C). There was no significant im-

munoreactivity without the primary antibody or with

an antibody against END that was pre-absorbed with

the respective antigenic peptide (data not shown).

Coexpression of POMC, END, and POMC’s

processing enzymes in different areas of

human lung tissue

Within the lung tissue, double-immunofluorescence

confocal microscopy demonstrated that most of the

alveolar POMC immunoreactivity was present in

macrophage-like cells that also showed END, PC1,

PC2 and CPE immunoreactivity. Only a few alveolar

macrophage-like cells were immunolabeled for POMC,

END, PC1, PC2 or CPE alone (Fig. 2A–P). In addi-

tion, double-immunofluorescence staining of lung tis-

sue using CD68 (a specific marker for macrophages)

and END antiserum confirmed that the majority of

CD68-IR cells contained END. Only a few alveolar

macrophages were immunostained for CD68 alone

(Fig. 2Q–T). Moreover, MOR colocalized with END-IR

alveolar macrophages (data not shown).

In addition, POMC was coexpressed with END, PC1,

PC and CPE in many cancerous cells infiltrating bron-

chial lesions. Few cancerous cells contained POMC,

END, PC1, PC2 or CPE alone (Fig. 3A–P). Interest-

ingly, END immunoreactivity colocalized with END’s

receptor, MOR, in many cancerous cells (Fig. 3Q–T).

Within the submucosal region, both POMC and

END immunoreactivity were detected within the wall

of the bronchial glands. Moreover, these glands

showed POMC and PC1, PC2 and CPE immunoreac-

tivity (Fig. 4A–P); these results indicated that they co-

expressed the precursor POMC with END and with

the key processing enzymes PC1, PC2 and CPE. In

addition, END immunoreactivity was detected with

MOR in the wall of the bronchial glands (Fig. 4Q–T).

POMC, END, and POMC’s prosessing enzymes

in CgA-IR neuroendocrine cells of the bronchial

epithelium

Within the bronchial epithelium, co-localization of

POMC and END was observed in sparse, solitary

PNEC-like cells (Fig. 5A–D). Additionally, solitary

PNEC-like cells that immunostained for POMC also

immunostained for PC1 (data not shown), PC2 and

CPE (Fig. 5E–L). Few PNEC-like cells were stained

for only POMC, PC1, PC2 or CPE (Fig. 5L). Impor-

tantly, we showed that solitary PNEC-like cells that

immunostained for POMC colocalized with markers

for neuroendocrine structures, such as CgA [12, 14].

This finding confirmed that POMC-IR cells within

the bronchial epithelium are most likely PNEC cells.

Only a few POMC-IR cells within the bronchial epi-

thelium did not express CgA (Fig. 5P).

µ-Opioid receptors on END-IR neuroendocrine

cells and SP-IR sensory nerves of bronchial

epithelium

Double-immunofluorescence staining of respiratory

epithelium using END with either MOR or CgA an-

tiserum showed that the majority of END-IR cells

co-expressed MOR or CgA. This finding indicated

that solitary PNECs within the bronchial epithelium

have both MOR and END immunoreactivity (Fig. 6

A–H). However, almost all CgA-IR PNECs expressed

END (Fig. 6H). In addition, double-immunofluorescence

confocal microscopy of respiratory epithelium revealed

nerve fibers coexpressing MOR with the sensory neuron

marker SP and terminating in the luminal part of the epi-

thelium where they formed a fine network of thin nerve

fibers (Fig. 6I–L).
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Tab. 1. Patient demographics

No. Sex Age [years] Diagnosis Surgery

1 M 65 NSCLC Lobectomy

2 M 55 NSCLC Pneumonectomy

3 F 57 NSCLC Lobectomy

4 M 60 NSCLC Lobectomy

5 M 51 Leyomysarcoma Pneumonectomy

6 M 52 NSCLC Lobectomy

7 M 63 NSCLC Lobectomy

8 M 55 SCLC Pneumonectomy

9 M 83 NSCLC Lobectomy

10 M 64 NSCLC Lobectomy

11 F 75 Mesenchymoma Lobectomy

12 M 64 NSCLC Lobectomy

13 M 74 NSCLC Lobectomy

14 M 57 SCLC/NSCLC Lobectomy

15 M 55 NSCLC Lobectomy

16 M 52 NSCLC Lobectomy

M – male, F – female, SCLC – small cell lung cancer, NSCLC – non-
small cell lung cancer



Functional relevance of local opioid action

– nebulized morphine, a case report

Inhalation of nebulized morphine improved pulmo-

nary function parameters such as the ratio of forced

expiratory volume (in one second) to the forced vital

capacity. The ratio improved from 29.64% before

morphine inhalation to 32.98% 20 min after morphine

inhalation and 46.4% 40 min after morphine inhala-

tion (Tab. 2). Subsequently, oxygenation of arterial

blood improved from a pO2 of 67.9 mmHg before

morphine inhalation to a pO2 of 89.1 mmHg 130 min

after morphine inhalation (Tab. 2). In addition, oxy-

gen saturation improved from 93.6% before morphine

inhalation to 94.9% at 70 min and to 96.9% at 130 min

after morphine inhalation. After morphine inhalation,

plasma concentrations of morphine and its metabolite

morphine-6-glucuronide were very low and passed

their maximum after 23 and 26 min, respectively

(Tab. 2).

Discussion

Using a systematic approach, we were able to demon-

strate within the lung tissue of lung cancer patients an

endogenous opioid network that contained the essen-

tial components required for END synthesis and proc-

essing and contained the opioid receptors for END.

Specifically, we showed the following: 1) identifica-

tion of END-IR cells within different anatomical and

histological structures of the human lung; 2) colocal-

ization of the opioid precursor POMC with END,

PC1, PC2 and CPE within alveolar macrophages, sub-

mucosal glands, cancerous cells, and PNECs within

the bronchial epithelium; 3) identification of MOR on

alveolar macrophages, cancerous cells, submucosal

glands and PNECs containing END as well as on sen-

sory SP-IR nerve fibers within the bronchial epithe-

lium; and 4) the opioid network’s putative functional

role, unmasked by inhalation of nebulized morphine.

Our immunohistochemical findings provide the

first evidence of END within different lung areas of

cancer patients. Using light microscopy, we identified

END immunoreactivity in macrophage-like cells

within the alveolar lumen, in cancerous cells in the

bronchial wall, and in sparse solitary cells within the

bronchial epithelium. These findings are consistent

with an earlier report of the detection of precursor

POMC mRNA in the lungs of healthy subjects and

cancer patients [24, 36].

The results of our double immunofluorescence

staining demonstrate colocalization of the opioid pep-

tide precursor, POMC, with its end product, END, and

key processing enzymes – PC1, PC2 and CPE – in hu-

man lung alveolar macrophages that were clearly

identified by the specific marker CD68. Previously,

only POMC mRNA has been detected in monocytes

and macrophages of the lung [24]. Moreover, we were

able to identify MOR on the same cells (data not

shown). Alveolar macrophages are known to orches-

trate the pulmonary immune response of scavenging

particulates, killing microorganisms and maintaining

the lung parenchyma [17]. The macrophages respond
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Tab. 2. Pulmonary function, oxygenation and pharmacokinetic pa-
rameters before and after inhalation of 5 mg of nebulized morphine

Pulmonary function parameters

FEV1%FVC before morphine 29.6

FEV1%FVC 20 min after beginning of inhalation 32.9

FEV1%FVC 40 min after beginning of inhalation 46.4

FEV1%FVC 130 min after beginning of inhalation 32.4

Oxygenation parameters

pO� before morphine 67.9

pO� 40 min after beginning of inhalation 70.7

pO� 70 min after beginning of inhalation 74.1

pO� 130 min after beginning of inhalation 89.1

Saturation before morphine 93.6

Saturation 40 min after beginning of inhalation 94.0

Saturation 70 min after beginning of inhalation 94.9

Saturation 130 min after beginning of inhalation 96.9

Pharmacokinetic parameters

C��� M [µg/l] 8.54

C��� M3 [µg/l] 42.25

C��� M6 [µg/l] 31.72

T��� M [min] 23

T��� M3 [min] 6

T��� M6 [min] 25

FEV1%FVC, ratio of forced expiratory volume [in one second] to
forced vital capacity; M, morphine; M3, morphine-3-glucuronide; M6,
morphine-6-glucuronide; T���, time to maximum concentration;
C���, maximum concentration; AUC, area under the curve



to a great variety of neuropeptides [17]. The precise

role of opioid peptides expressed in the monocytes

and macrophages of the lung is still unknown; how-

ever, some evidence suggests that opioid peptides can

modulate airway [3] and immune [6] functions by

autocrine and paracrine signaling.

Previous studies have shown END-IR, [3H]etor-

phine binding and POMC mRNA in different cell

lines of the small cell carcinoma of the lung [7, 22,

32, 36]. In our experiments examining cancerous cells

in human lung tissue, we demonstrated coexpression

of POMC with its processing enzymes, the active end

product END, and MOR. It is well documented that

endogenous opioids and their receptors are potent in-

hibitors of cell growth in a variety of human and ani-

mal tumors, including lung tumors [28, 30, 33, 41].

Opioid peptides interact with opioid receptors on tu-

mor cells to repress growth in a stereospecific fashion

[10, 41], and more importantly, the blockade of en-

dogenous opioids by the receptor antagonist naltrex-

one accelerates tumor proliferation [41]. Therefore,

our present findings provide a morphological basis for

a regulatory role of local endogenous opioids in can-

cer cells in the human lung.

Submucosal bronchial glands are mainly responsi-

ble for the secretion into the tracheobronchial system

of liquid containing antibacterial substances and mu-

cin [2, 39]. This secretion is under the control of choliner-

gic; adrenergic; and non-cholinergic, non-adrenergic

nerves (containing substance P and Vasoactive Intesti-

nal Peptide, VIP) [34, 39]. Many receptors such as

muscarinic, cholinergic, adrenergic, substance P and

VIP receptors have been demonstrated on bronchial

glands [16, 29, 34]. In this functionally important ana-

tomical structure of the lung, we also found evidence

for an opioid network, i.e., the coexpression of POMC,

END, its processing enzymes, and MOR.

Other functionally important anatomical compo-

nents of the respiratory system are the PNECs within

the bronchial epithelium. In these cells, which were

clearly identified by CgA, a specific marker for neu-

roendocrine PNEC cells [12], POMC is co-expressed

with END and the enzymes PC1, PC2 and CPE. PNECs

are part of the diffuse neuroendocrine system within

the bronchial epithelium, display endocrine and para-

crine secretory mechanisms, and are associated with

a dense network of sensory nerve fibers (for review

see [1]). We also identified MOR not only directly on

PNECs but also on numerous SP-IR sensory nerve fi-

bers next to the PNECs and branching from there up

to the apical part of the bronchial epithelium. There-

fore, our findings suggest that PNECs are possible tar-

gets of endogenous opioids.

To test the functional role of the local opioid net-

work described in our investigation, we tested the ef-

fects of inhalation of an exogenous opioid, nebulized

morphine, on a patient with advanced lung cancer.

This patient suffered from dyspnea after exertion, oc-

casional hemoptysis, dry cough and dysphagia. When

pulmonary function and oxygenation parameters were

measured before treatment, they were clearly lower

than reference values. Following the inhalation of

nebulized morphine, the patient showed improved

pulmonary function and oxygenation. Although the

literature on the clinical benefits of nebulized mor-

phine is controversial [18], it seems that nebulized

morphine relieves dyspneic symptoms in some termi-

nally ill patients, such as patients with lung cancer or

end stage lung disease [8, 11, 13]. There appears to be

a peripheral mode of opioid action after morphine in-

halation considering the efficacy of very low doses of

nebulized opioids (e.g. 25 µg fentanyl or 2.5 mg mor-

phine) [8, 11, 13, 23] and the corresponding very low

plasma concentrations of morphine (morphine 10 µg/l)

and its active metabolites. However, more research is

needed to clarify the role of this local opioid network

that possibly regulates respiratory functions particu-

larly in terminally ill cancer patients.

In summary, our present study demonstrates the

presence in the respiratory system of POMC,

POMC-derived peptides, and the crucial enzymes

(PC1, PC2 and CPE) required for POMC processing

into the biologically active peptide END. These com-

ponents of an opioid network were present within

functionally important anatomical structures of the

respiratory system, e.g., alveolar macrophages, bron-

chial glands, and PNECs of lung cancer patients. In

addition, we identified MOR on alveolar macro-

phages, cancerous cells, bronchial glands and PNECs

containing END and on a network of SP-IR sensory

nerve fibers within the bronchial epithelium. To un-

cover a putative functional role of this local opioid

network, we also showed that inhalation of nebulized

morphine improved pulmonary function and oxygena-

tion in one patient with advanced lung cancer. Taken

together, these data provide a comprehensive neuro-

anatomical basis for a peripheral opioid network of hu-

man lung possibly regulating respiratory functions.
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