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Abstract 

Tramadol hydrochloride is a centrally acting synthetic analgesic in widespread clinical use. Despite different degrees of opioid-like 
characteristics in preclinical tests, it is characterized by lack of full naloxone reversibility or naloxone-precipitated withdrawal in humans. 
To investigate this apparent discrepancy, the present study measured the affinity of tramadol (and its enantiomers) and an active 
O-desmethyl metabolite (M1) (and its enantiomers) to cloned human opioid receptors of the bt, 8 and K type stably expressed in HN9.10 
neuroblastoma cells. At IX sites, the K i values for tramadol, its (+ )  and ( - )  enantiomers, M1, and its ( + )  and ( - )  enantiomers were 
17000, 15700, 28800, 3190, 153 and 9680 riM, respectively, compared to 7.1 nM for morphine. These results are consistent with the 
suggestion of a non-opioid contribution to the clinical profile of tramadol. 
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1. Introduct ion  2. Materials  and methods  

Tramadol hydrochloride ((1 R S , 2 R S ) - 2 - [ ( d i m e t h y l -  

amino)methyl]-l-(3-methoxyphenyl)-cyclohexanol HC1) is 
the fourth most-prescribed centrally acting analgesic in the 
world. Yet, to date, its mechanism of action is not fully 
understood. With apparent opioid-like activity in some 
preclinical models and antinociceptive and analgesic po- 
tency between that of codeine and morphine (Lee et al., 
1993; Raffa et al., 1992), tramadol was thought, prior to 
about 1990, to produce its effects exclusively through an 
opioid mechanism. More recent studies, however, have 
suggested a contribution from a non-opioid mechanism 
(see Raffa et al.. 1995 for review). The co-existence of 
opioid and non-opioid mechanisms might be explained by 
examining the pharmacologies of  the enantiomers of tra- 
madol (Raffa et al., 1993) and its O-desmethyl metabolite 
(M 1). The purpose of the present study was to measure the 
affinity of tramadol, M1 metabolite, and their enantiomers 
for the recently available cloned human opioid receptors. 

* Corresponding author. Present address: Temple University School of 
Pharmacy, 3307 North Broad Street (602-00), Philadelphia, PA 19140, 
USA. Tel.: (I-215) 707-4976: Fax: (1-215) 707-5228. 

Racemic tramadol hydrochloride (molecular weight 
( M W ) =  344.3), its enantiomers, racemic O-desmethyl 
metabolite (M1) hydrochloride ( M W = 2 8 5 . 8 ) ,  and its 
enantiomers were obtained from Grtinenthal (Stolberg, 
Germany) or were synthesized in-house. ( - ) U 5 0 , 4 8 8  
( t rans -3 ,4 -d i ch loro -N-me thy l -N-[2 - (1 -pyr ro l id iny l ) - cyc lo -  

hexyl]-benzeneacetamide methanesulfonate) and nor-BNI 
(nor-binaltorphimine hydrochloride) were gifts from Insti- 
tut de Recherche Jouveinal (Paris, France). Morphine and 
DAMGO ([D-Ala2,NMe-Phe4,Gly-olS]enkephalin) were 
obtained from the NIDA (National Institute on Drug Abuse) 
drug supply program. CI-977 ( (SR) - (5 ,7 ,S f3 ) -N-me thy l -N-  

[7-(1-pyrrolidinyl)- 1-oxaspiro[4,5]dec-8yl]-4-benzofuran- 
acetamide monohydrochloride, Enadoline) was a gift from 
Dr. John Hunter (Roche Bioscience, Palo Alto, CA, USA). 
DPDPE ([D-Pen2,D-PenS]enkephalin and [D-Ala2,Glu4]de - 
ltorphin were gifts from Dr. Victor Hruby (University of 
Arizona, Tucson, AZ, USA) and [3H]CTOP (D- 
Phe ,Cys ,Tyr ,D-Trp ,Om,Thr ,Pen ,Thr -NH 2) (45.2 Ci 
mmol l), [3H]DAMG O (48.9 Ci mmol l), [3H]U_69,593 
((5oL ,70~ ,813)-( - )-N-methyl-N-[7-(1 -pyrrolidinyl)- l-oxa- 
spiro(4,5)dec-8-yl]-benzeneacetamide) (47.7 Ci mmol-  1), 
[3H]pCI-DPDPE (([Tyrosyl-3,5-3H)[D-Pen2,D-Pen 5]en_ 
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kephalin) (48.6 Ci mmol I) and [3H]diprenorphine (39.0 
Ci mmol 1) were obtained from New England Nuclear 
(Wilmington,  DE, USA). All other compounds were ob- 
tained from commercial  sources. 

The mouse hippocampal  neuroblastoma cell line HN9.10 
(Lee et al., 1990) was transfected via calcium phosphate 
precipitation with cDNAs that encode either human ix-, 8- 
or K-opioid receptors subcloned into pcDNA3 that was 
kindly provided by Dr. Lei Yu (Indiana University School 
of Medicine,  Indianapolis,  IN, USA) Qx), Dr. Brigitt Kief- 
fer (Ecole Sup&ieure de Biotechnologie,  lllkirch, France) 
(B) and Dr. Eric Mansson (Ohmeda Pharmaceuticals,  Mur- 
ray Hills, NJ, USA) (K). Transfectants were selected with 
l m g / m l  G418 (Gibco BRL, Gaithersburg, MD, USA). 
Clonal cell lines that exhibited a stable expression of the 
opioid receptors based on radioligand binding analysis (see 
below) were used for further analysis. Cells were main- 
tained in 5% fetal calf serum, 5% newborn calf  serum, 
90% DMEM, 1 mM k-glutamate, 100 U / m l  penicillin and 
100 Ixg /ml  streptomycin. Membranes were prepared from 
cell cultures by harvesting cells in ice-cold 50 mM Tris 
buffer (pH 7.4). The cells were homogenized and immedi- 
ately centrifuged at 48000 × g at 4°C for 30 min. The 
pellet was resuspended by homogenization in ice-cold 
buffer and the protein concentration was determined by the 
Lowry method (Lowry et al., 1951). All assays were 
carried out in duplicate in 50 mM Tris, 5 mM MgC12, 
0.5% bovine serum albumin and 0.1 mM phenylmethyl-  
sulfonyl fluoride (pH 7.4). All incubations were carried out 
at 25°C for 3 h in a total volume of 1 ml. Saturation 
analyses were carried out using 12 concentrations each of: 
[3H]DAMGO (0.06-10.2  nM) for the human ix-opioid 
receptor, [3H]pC1-DPDPE (0.01-4.25 nM) for the human 

8-opioid receptor, [3H]U69,593 (0.01-3.63 nM) for the 
human K-opioid receptor and [3H]diprenorphine (39.0 Ci 
mmol 1; NEN) for all three receptor types. Non-specific 
binding was defined by the binding of the radioligand in 
the presence of l0 o.M naloxone. For competit ion assays, 
at least 10 concentrations of each ligand were used. The 
incubations were terminated by rapid filtration and the 
radioactivity in the samples was determined by liquid 
scintillation counting. The data were analyzed by non-lin- 
ear regression analysis using GraphPad lnplot. The K i 

values were calculated from the 1Cs0 values, based on the 
Cheng and Prusoff equation (Cheng and Prusoff, 1973), 
from at least two independent experiments. The statistical 
significance of a one-site or two-site model for a particular 
competit ion analysis was determined by an F test (95% 
confidence level). 

3 .  R e s u l t s  

Stable expression of the three cloned human opioid 
receptors was achieved in the hippocampal neuroblastoma 
cell line HN9.10. This cell line has been used previously to 
generate transfected, stable cell lines that express high 
levels of the murine K-opioid receptor (Lai et al., 1994). 
Initial screening of  cells transfected with each of the three 
human opioid receptor cDNAs identified three clones that 
expressed high levels of specific binding of the non-selec- 
tive opioid antagonist [3H]diprenorphine ( K d values ranged 
from 260 pM to 590 pM). These three cell lines also 
showed high affinity, saturable binding of the selective 
agonists [SH]DAMGO (Ix), [3H]pCI-DPDPE (8) and 
[ 3 H]U69,593 (K), respectively (Table 1A). Further analysis 

Table 1 
Cloned human Ix- (HMOR), 8- (HDOR) and K- (HKOR) opioid receptors expressed in nem-oblastoma cells (HN9.10) 

( A )  Saturation analysis of subtype-selective agonists 

Receptor Ligand a K d (nM) h B,na× (pmol/mg) ~' 

HMOR [~H]DAMGO 2.99 (I.72-4.63) 0.03 _+ 0.01 (n = 3) 
HDOR [aH]pC1-DPDPE 0.47 (0.35 0.65) 3.04 ± 0.03 (n = 2) 
HKOR [~H]U69,593 0.27 (0.12-0.45) 4.42 + 0.97 (n = 4) 

~' Ligand concentration ranges: [~H]DAMGO (0.06-10.2 nM); [3H]pC1-DPDPE (0.01-4.25 nM: and [~H]U69,593 (0.01 3.63 nM). 
h The range of K d values is given in parentheses. ~ B,,,~ values are expressed as mean _+ S.E.M. 

(B) K i values of opioid ligands 

Competitor HMOR ~ HDOR t, HKOR ~ 

( K  i, n M )  nh d ( K  i, n M )  n h ( K  i , n M )  ]1 h 

DAMGO 0.76 0.91 429 0.75 1 8 4  0.83 
CTOP 0.98 ~ 1.36 n.d. ~ n.d. 
Morphine 7. I 0.96 150 0.86 14.7 0.93 
DPDPE 1860 0.82 1.39 0.87 14 200 0.94 
[I>Ala 2 ,Glu4 ]Deltorphin 3390 0.77 2.46 0.87 28 600 1.15 
CI977 272 1.07 91)0 0.72 0.11 1.09 
Nor-BNI 34.5 1.22 63.2 0.84 0.13 1.44 
( - )U50,488 n.d. 1 I 100 0.66 1.08 I. 10 

~' vs. [3H]DAMGO (3.2 _+ 0.8 nM). h VS. [3H]pCI-DPDPE (694 + 25 pM). ~ vs. [~H]U69,593 (326 _+ 5 pM). a Hill coefficient. L. K d  value determined 
from saturation analysis. All data were best-fit (F test) by one-site model. J n.d.- not determined. 
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Table 2 

K i values of tramadol, its o-desmethyl metabolite (M1) and each enantiomer for cloned human ix- (HMOR), g- (HDOR) and K- (HKOR) opioid receptors 
expressed in HN9.10 neuroblastoma cells 

Competi tor  HMOR HDOR HKOR 

( K  i, nM) a ( K  i, nM) b ( K  i, riM) " 

Tramadol 17 000 n.c. d 49 700 

( + ) Enantiomer 15 700 n.c. 71 500 
( - ) Enantiomer 28 800 n.c. 125 000 

O-Desmethyl  metabolite (M 1 ) 3 190 6 660 1 910 

( + ) Enantiomer 153 2 780 910 
( - ) Enantiomer 9 680 118 000 50 800 

,~.h.c Concentrations of radiolabeled ligands the same as those in Table 1. All data were best-fit ( F  test) by a one-site model, d n.c. = no inhibition up to 1 

mM. 

using selective ligands (Table 1B) confirmed that the 
characteristics of the three opioid receptors expressed in 
these cell lines, based on radioligand binding analysis 
shown here, were in good agreement with that obtained 
previously (Mannson et al., 1994; Raynor et al., 1995; 
Simonin et al., 1994, 1995) and were consistent with that 
of the classified IX-, ~- and K-opioid receptors. These cell 
lines were termed HMOR (p~-opioid receptor), HDOR 
(8-opioid receptor) and HKOR (K-opioid receptor). 

Competition analysis using tramadol, its enantiomers, 
M1 and its enantiomers against the binding of 
[3H]DAMGO, [3H]pCI-DPDPE and [3H]U69,593 showed 
low affinity of tramadol for any of the three cloned human 
receptors (Table 2). The enantiomers of tramadol also had 
low affinity for these receptors, with the ( + )  enantiomer 
having a slightly greater affinity than the ( - )  enantiomer 
(Table 2). M 1 and its enantiomers had a greater affinity for 
the receptors than did their corresponding parent com- 
pound (Table 2). As was the case for tramadol, the ( + )  
enantiomer of M I had a greater affinity for opioid recep- 
tors than did the ( - )  enantiomer (Table 2). 

4. Discussion 

Displacements of isotopically labeled agonists by tra- 
madol, its O-desmethyl metabolite, and their enantiomers 
were monophasic. Out of 48 randomly selected clones that 
had been transfected with the cDNA for the ~-opioid 
receptor, the highest expression level was substantially 
lower than that obtained with clones that expressed the 8- 
or K-opioid receptors, despite similar experimental proce- 
dures. The reason for this is unclear at present, but the 
finding is not surprising. Because agonist binding is influ- 
enced by the interaction of the receptors with G-proteins, it 
is possible that the observed low percentage of receptors 
that exhibited high affinity for the agonists was the result 
of unavailability of requisite G-proteins in the HN9.10 
cells. Alternatively, the low number of high affinity bind- 
ing sites might result from the distribution of the receptors 
in the cells. Nevertheless, labeling of the receptor sites 
with selective agonists, as done in the present study, 
measured tramadol affinity for only those sites that exhibit 
high affinity for the respective subtype-selective agonist. 

Racemic tramadol had highest affinity for ~-opioid 
receptors (17000 nM), with greater than 4-fold weaker 
affinity at K sites and no measurable inhibition of 8 
binding. Since the K~ values for morphine were 7.1, 150 
and 14.7 nM at ix, ~ and K sites, respectively, the highest 
affinity of racemic tramadol for any opioid receptor was 
less than 1/1000th that of morphine. The affinity of the 
racemate was between that of its enantiomers. The ( + )  
enantiomer displayed a greater affinity than did the ( - )  
enantiomer at the Ix site, in agreement with results using 
rat brain homogenates (Raffa et al., 1993). The nature, or 
extent of the contribution of the O-desmethyl metabolite 
(M1) to tramadol-induced analgesia is not fully known. In 
the present study, racemic M1 had only p~M affinity for 
any of the receptor types. Although the ( + )  enantiomer of 
M1 had the highest affinity (153 nM at the ix site) of any 
of the tramadol or metabolite compounds tested (more than 
an order of magnitude less than morphine), M1 does not 
appear to play a dominant role in tramadol-induced analge- 
sia in humans (Collart et al., 1994; Lee et al., 1993) and 
data from rodent and human studies suggest that M1 has 
difficulty penetrating the blood-brain barrier (unpublished 
data). Together, these findings are consistent with the 
clinical experience that: (i) tramadol-induced analgesia in 
human volunteers is not reversed by naloxone, (ii) tra- 
madol-induced analgesia in human volunteers is substan- 
tially attenuated by non-opioid antagonists, (iii) naloxone 
does not precipitate significant withdrawal signs in patients 
on long-term tramadol treatment, and (iv) the epidemiolog- 
ical history of tramadol suggests lack of substantial abuse 
(see Raffa et al., 1995 for review). 

In summary, tramadol and its enantiomers bound with 
only weak affinity to cloned human p,-opioid receptors (K~ 
values in the I.zM range) expressed in neuroblastoma cell 
line HN9.10, and with even less affinity for human 8- or 
K-opioid receptors. The M l metabolite and its enantiomers 
bound with higher affinity than the parent compounds at 
p,-opioid receptors (albeit still with much lower affinity 
than morphine) and, similar to tramadol, with less affinity 
for 8- or K-opioid receptors. M1, therefore, might con- 
tribute to (or be a major source of) the opioid component 
of tramadol-induced antinociception or analgesia. Overall, 
these results are consistent with a duality of mechanism of 
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action, including a contribution from some non-opioid 
component, to the analgesic action of tramadol in humans 
that might help explain its reported favorable clinical 
attributes (Lee et al., 1993). 
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