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SUMMARY

A site-directed alkylating agent was used to inactivate one or more types of opioid
receptor in two bioassay preparations in the presence of type-selective ligands as protec-
tors of other opioid receptor types. Since the pharmacological potency of an agonist is
decreased when the receptor type through which it acts has been inactivated, the method
can be used to characterize the pharmacological selectivity of opioid agonists. All of the
smaller opioid products of the enkephalin gene were found to be §-selective in the mouse
vas deferens, but BAM-12P, BAM-22P, and Peptide E were not. In the same tissue, S.-
endorphin was not u-selective, but in the guinea pig ileum preparation it evidently
combined with u and « receptors. The presence of functional e receptors, however, could
not be ruled out. The approach described here is applicable to any pharmacologically
active receptors of which there are multiple types, and for which site-directed alkylating
agents and type-selective protector ligands are available.

INTRODUCTION

With the recognition of multiple types of opioid recep-
tors (e.g., u, 0, x, ¢, ) (1-3) came the need for reliable
techniques to identify receptor types and to characterize
the type selectivity of ligands. One useful technique is
receptor inactivation, employing the site-directed alkyl-
ating agent 8-CNA? (4). Our first use of the 8-CNA
technique was to inactivate or protect the u and « recep-
tors in GPI (5), and similar studies were carried out
subsequently with MVD (6). In both tissues, dynorphin
A or dynorphin A-(1-13) protected x receptors prefer-
entially. 8-CNA in the presence of appropriate protector
ligands has proved effective in preparing neural mem-
branes enriched in one type of opioid binding site (7),
and we have used such preparations to generate binding
selectivity profiles (i.e., ratios of equilibrium binding
constants at the several types of binding site) for various
opioid ligands (8, 9). 8-CNA, which is a derivative of the
antagonist naltrexone, is sufficiently site-directed toward
opioid receptors for indiscriminate alkylation to be
avoided. This offers the advantage that the same alkyl-
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! The preceding paper of this two-part series (see ref. 9) deals with
Binding Selectivity.

?The abbreviations used are: 8-CNA, S-chlornaltrexamine; GPI,
guinea pig ileum myenteric plexus-longitudinal muscle preparation;
MVD, mouse vas deferens; FNA, g-funaltrexamine; DADLE, [p-Ala®D-
Leu®]enkephalin; DAGO, [D-Ala’,MePhe*,Gly-ol*Jenkephalin.

ating agent can be used not only for binding studies with
membranes [where phenoxybenzamine (10) and N-ethyl-
maleimide (11) have also been employed] but for phar-
macological studies as well, in which widespread alkyla-
tion would interfere nonspecifically with the tissue re-
sponses. For the specific purpose of inactivating u recep-
tors, the u-directed alkylating agent FNA (12) offers an
alternative to the technique described here.

To measure pharmacological selectivity we compare
the potency of an agonist in untreated tissue and in
tissue that has been exposed to 8-CNA with protector
added to preserve the functional capability of the desired
receptor type(s). For example, in MVD, after é protection
(0 and « inactivation), an agonist that produced its
pharmacological effect initially through 6 receptors
would show little or no change in potency, whereas one
that produced its effect through u or « receptors would
show a decrease in potency. The magnitude of the po-
tency shift can be a quantitative measure of pharmaco-
logical selectivity of the agonist for its preferred receptor
type over its next-preferred type. We show here how the
method can be used to characterize the pharmacological
selectivity of an opioid agonist, and also to investigate
the possible presence of a receptor type ordinarily ob-
scured by agonist interaction with receptors of other
types.

MATERIALS AND METHODS

GPI (13, 14) and MVD (15) were used as described elsewhere. ECg
is the agonist concentration required to produce half-maximal inhibi-
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tion of the electrically stimulated muscle twitch. We have found that
in GPI (although not in MVD) as much as 70% of the over-all variance
in ECy estimates is due to the variance between tissue preparations.
Accordingly, we routinely compute the potency of a given agonist
relative to that of standard normorphine or dynorphin A measured on
the same preparation. Since pharmacological log dose-response curves
tend to be linear throughout their useful portions, the frequency dis-
tribution of sample ECy, estimates is expected to be Gaussian on the
logarithmic concentration axis. Therefore, we compute ECs, or relative
potency as a geometric mean rather than an arithmetic mean, and
confidence limits are obtained from the standard error of the mean
computed in units of log concentration. We compute potency shift (i.e.,
the ratio of ECy after 8-CNA treatment to ECy, initially) on a prepa-
ration-by-preparation basis when practicable, as a logarithmic differ-
ence, then obtain the geometric mean and confidence limits from these
individual shifts. Data are rounded to two significant figures. After all
initial assays are completed, any protector ligand is added to the tissue
bath, followed 1 min later by 8-CNA, and the incubation is continued
for an additional 20 min at 37°. The bath fluid is changed repeatedly
at 10-min intervals to remove residual 8-CNA and protector ligand
until twitch responses return to normal amplitude (typically 30 min
for MVD, 90 min for GPI); then testing proceeds. The functional
integrity of 5 receptors is preserved at low concentrations of 8-CNA
without need for a protector ligand; nevertheless, for uniformity we
refer to such & receptors, too, as “protected.” To demonstrate effective-
ness of the inactivation and protection, we include as controls in each
experiment a standard agonist selective for each protected receptor
type (a negligible potency shift being required) and also a standard
agonist selective for each inactivated receptor type (a large potency
shift being required). Naloxone K, was determined in GPI by the
method of Kosterlitz and Watt (16). All reagents were Baker reagent-
grade or equivalent. Sources of compounds used were as follows: 8-
CNA, a gift from Drs. P. S. Portoghese and A. E. Takemori; morphine
sulfate, Merck; levorphanol tartrate, a gift from Hoffmann-La Roche;
naloxone hydrochloride, a gift from Endo Laboratories; [Leu]enkeph-
alin, Beckman; [Met]enkephalin and DADLE, Biosearch; dynorphin
A, dynorphin A-(1-13), dynorphin B, peptide F, and morphiceptin,
Peninsula Laboratories; 8.-endorphin, Pierce Chemical Company; Tyr-
c[D-Lys-Gly-Phe], a gift from Dr. P. Schiller; DAGO, a gift from Dr.
D. Romer, Sandoz Ltd.; all other peptides, Bachem.

RESULTS

For which receptor type(s) do the enkephalin gene prod-
ucts have pharmacological selectivity in MVD? In Table
1A are illustrated the results of experiments in which &
receptors were protected, while x and x were inactivated,
in order to assess the pharmacological selectivity in MVD
of several opioid peptides derived from pro-enkephalin
(17). Normorphine and dynorphin A (selective u and «
agonists, respectively) had large potency shifts. The
other dynorphin and neoendorphin peptides showed dis-
tinctly smaller potency shifts than dynorphin A itself,
but more than [Leu]enkephalin. It is interesting that the
actual molar potencies for activating the intact é recep-
tors in treated vas were about the same for dynorphin B
and dynorphin A-(1-8) as for dynorphin A; thus, the
larger potency shift with dynorphin A is attributable to
its higher initial potency at the x receptors and its
consequent greater pharmacological x selectivity. In
sharp contrast to the potency shifts of normorphine and
dynorphin A, there was virtually no shift with [Leu]
enkephalin or with the [Met]enkephalin penta-, hepta-,
or octapeptides. However, there were small but definite
potency shifts with the longer enkephalin peptides BAM-
12P, BAM-22P, and Peptide E. These results indicate

that all of the shorter enkephalin gene products interact
preferentially with § receptors in MVD, but the longer
ones do not.

To determine the receptor type for which the longer
enkephalin peptides are selective, we used the highly u-
selective [D-Ala%, MePhe*,Gly-ol®]enkephalin (DAGO)
(18) to obtain u protection in addition to § protection. If
these peptides were u-selective, their potency shifts
should now be greatly reduced or abolished, but if they
were «-selective, there should be little or no change in
their potency shifts. Table 1B shows that, as expected,
the potency shift for normorphine was nearly abolished.
In contrast, the potency shifts for the dynorphins and
neoendorphins were but little changed. Among the eight
enkephalin peptides, there was no instance in which the
potency shift was reduced by protection of u receptors
(compare Table 1A and 1B), indicating that none of
these agonists is u-selective in MVD. These results sug-
gest that unless they act through some other, unspecified,
receptor type, the larger enkephalin peptides BAM-12P,
BAM-22P, and Peptide E may be selective (but only
weakly so) for « over 6 in MVD. This interpretation
might be tested directly by repeating all of the experi-
ments of Table 1 in x-protected preparations, provided
that suitable conditions could be found for overcoming
the relative resistance of § receptors to inactivation by
B-CNA.

Through which receptor type(s) do [Met]enkephalin
and B-endorphin act? In MVD, we preserved é and «x while
inactivating u receptors with 8-CNA. Now an agonist
that acts through u receptors should show a potency
shift, whereas an agonist that acts through é or « should
not. Table 2 shows the expected large potency shifts for
the u agonists morphine and levorphanol, both of which
display greater u selectivity than normorphine. Morphi-
ceptin was also strongly u-selective, although not very
potent, as we found in binding studies (8, 9). The cyclic
peptide Tyr-c[D-Lys-Gly-Phe] (19) was selective for u
receptors, but not strongly so. As expected, [Leu]enkeph-
alin showed virtually no potency shift, nor did the «
agonists dynorphin A and dynorphin A-(1-8).

It has been proposed, although with little supporting
evidence, that while [Leu]enkephalin preferentially ac-
tivates 6 receptors, [Met]enkephalin shows preference
for u receptors (20). The data of Table 2 show, however,
that the potency of [Met]enkephalin was very little
changed by inactivation of u receptors, a decisive dem-
onstration that—at least in MVD—this peptide does not
have pharmacological u-selectivity.

Although g8-endorphin was the first of the larger opioid
peptides to be characterized (21, 22), its receptor selec-
tivity properties have not yet been fully clarified. Table
2 shows that 8.-endorphin did not display a significant
potency shift; thus, it is certainly not selective for u over
o0 or « in MVD. There is evidence that 8-endorphin has
its own unique receptor, ¢, which is present and mediates
a pharmacological effect in rat vas deferens (23, 24) and
which is presumably present in brain as well (25). Our
result suggests that, if ¢ receptors mediate the effects of
B-endorphin in MVD, they share with § receptors a
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TABLE 1
Potency shifts in mouse vas deferens after selective protection of & receptors
ECs, values were obtained with MVD preparations. For A, tissue was treated with 10 nM $-CNA for 20 min, washed for 30 min, and ECs,
values were determined again. Under these conditions, even in the absence of a protecting é ligand, u and « receptors are inactivated preferentially
by B-CNA. For B, DAGO was present at 3 uM during exposure to 5-CNA in order to protect u receptors. Data are geometric means (and 95%
confidence limits) for eight independent experiments with each agonist, except in B, where N = 32 for normorphine, [Leu]enkephalin, and
dynorphin A. ECy is agonist concentration producing half-maximal inhibition of the electrically stimulated muscle twitch, computed as described
under Materials and Methods. Potency Shift is the geometric mean of the set of ratios of ECy values after 8-CNA treatment to those before 8-
CNA treatment in the same tissue preparations; this mean value is not mathematically the same as the ratio of the group means of the ECq

values. For sources of compounds used, see Materials and Methods.

Agonist A. Selective protections of & receptors only B. Selective protection of é and u receptors
ECsy before 8-CNA  Potency shift after -CNA  EC, before 5-CNA  Potency shift after 8-CNA
nM nM
Normorphine 520 (250-1100) 60.0 (31-120) 630 (480-820) 3.5 (2.6-4.8)
[Leu]enkephalin 20 (11-38) 1.1 (0.70-1.6) 19 (17-21) 1.7 (1.3-2.1)
[Met)enkephalin 10 (6.0-18) 1.8 (1.2-2.6) 17 (14-22) 1.8 (1.2-2.6)
[Met}enkephalin-Arg-Phe 39 (31-50) 1.3 (0.91-1.9) 21 (15-30) 3.8 (2.9-5.0)
[Met]enkephalin-Arg-Gly-Leu 230 (170-300) 1.3 (0.96-1.8) 63 (45-89) 4.3 (3.1-6.0)
BAM-12P 230 (160-330) 3.2 (2.4-4.2) 53 (43-66) 3.6 (2.5-5.2)
BAM-22P 79 (50-120) 4.9 (3.8-6.3) 480 (310-720) 3.3 (2.3-4.8)
Peptide E 73 (52-100) 4.7 (3.8-5.8) 180 (140-230) 3.5 (3.0-4.3)
Peptide F 270 (200-360) 2.4 (2.0-2.7) 360 (290-440) 1.9 (1.3-2.9)
Dynorphin A 6.3 (4.0-9.7) 34.0 (24-46) 12 (10-16) 19.0 (15.0-24.0)
Dynorphin A-(1-8) 57 (36-91) 3.8 (2.5-5.8) 120 (84-190) 2.2 (1.7-2.6)
Dynorphin B 39 (22-70) 5.8 (3.8-8.9) 66 (52-84) 3.6 (2.7-4.8)
a-Neoendorphin 12 (8.8-18) 5.8 (4.5-7.4) 15 (12-18) 1.9 (1.4-2.5)
B-Neoendorphin 16 (12-19) 3.4 (2.9-3.8) 17 (15-19) 3.4 (2.4-4.6)

relative resistance to inactivation by 8-CNA under the
conditions of our experiments.

The pharmacological selectivity of $-endorphin was
further studied in GPI. Here u and « receptors are known
to be present, each type with a large spare receptor
fraction (6, 26). If & receptors are also present, they must
be relatively sparse, since enkephalins, which act po-
tently upon & receptors in MVD, clearly act through
receptors in GPI (2). For 8.-endorphin in GP]I, in eight
preparations, we found that ICs, = 52 nM (95% confi-
dence interval 24-114), about the same potency as nor-
morphine. Naloxone K, against 8.-endorphin was 12 + 3
nM (mean * SEM), whereas the comparable value
against normorphine was 3.2 + 0.2 nM. Naloxone K,
against dynorphin A or dynorphin A-(1-13) in GPI is
25-30 nM (27). Thus, the result with g.-endorphin is
ambiguous. It could represent a mixed activation of u
and another receptor type (such as x) that is less sensitive
to naloxone. Alternatively, it could represent activation
of e receptors, which (in rat vas deferens) have a naloxone
K. value similar to that found here (28).

We treated GPI with 8-CNA in the presence and
absence of various protecting concentrations of 8.-endor-
phin, then determined the potency shifts for normor-
phine, dynorphin A, and S.-endorphin as agonists. Dif-
ferential protection of the agonist potency of S.-endor-
phin would have been evidence for occupancy of recep-
tors other than u or x. Table 3 shows that at every
concentration §-endorphin reduced the potency shifts
for all three agonists to essentially the same extent.
Evidently, 8-endorphin can occupy u and « receptors in
this tissue.

DISCUSSION

This investigation illustrates the use of the 8-CNA
technique to assess the pharmacological selectivity of
agonists. We showed that several peptide products of the
enkephalin gene displayed pharmacological selectivity
for & receptors in MVD; these included [Leu]enkephalin,
[Met]enkephalin, and the COOH-terminally extended
[Met]enkephalin-Arg-Phe and [Met]enkephalin-Arg-
Gly-Leu, but not the longer extended peptides. BAM-
12P, BAM-22P, and Peptide E contain Argé-Arg’ in
common with dynorphins A and B, and also arginine at
position 10; and Peptide F contains Lys®-Lys’ but no
basic residue at position 10 or 11. We have shown pre-
viously that arginine-7 (but not arginine-6) confers some
degree of « selectivity in the dynorphins and that this
selectivity is greatly enhanced by a basic residue at
position 10 or 11 (8, 29). Accordingly, it is of interest
that (with the possible exception of Peptide F) these
[Met]enkephalin-containing peptides, as judged by po-
tency shifts (Table 1), were not é-selective. That they
displayed similar small potency shifts whether only &
receptors or both § and u receptors had been protected
suggests that in MVD they preferentially activate « re-
ceptors. Thus—at least for this tissue—we have to aban-
don the attractive idea that all of the main products of
the enkephalin gene are d-selective, as the main products
of the dynorphin gene are «-selective (27).

When we inactivated u receptors while protecting both
4 and « in MVD, large potency shifts were observed for
known u agonists. Among these was morphiceptin (30),
which contains the NH,-terminal sequence of S-caso-
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TABLE 2
Potency shifts after selective protection of 6 and « receptors (u
inactivation) in MVD

For each agonist, estimates of ECy, were obtained on vasa from the
same animal, one treated with 3 nM 8-CNA in the presence of 100 nM
dynorphin A (“treated vas”), the other with 100 nM dynorphin A alone
(“control vas”). This procedure takes advantage of the fact, noted
earlier, that in MVD a low concentration of 8-CNA has little or no
effect on the potency of [Leu]enkephalin or [Met]enkephalin, whereas
it produces a large potency shift for normorphine. Thus, since dynor-
phin A protected the x receptors, u receptors were selectively inacti-
vated. Data are geometric means and 95% confidence limits, as in Table
1, for the number of independent experiments given under N. For
meanings of ECy and potency shift, see legend to Table 1. Here mean
potency shifts and confidence intervals are computed from the individ-
ual potency shifts for pairs of vasa from the same animal. Some
agonists did not inhibit muscle twitch of 8-CNA-treated vas by as
much as 50% even when used at highest practical concentrations,
presumably because nearly all u receptors were inactivated. In these
cases, ECy values are listed as greater than the highest concentration
tested, and potency shift is stated as greater than the lower 95%
confidence limit. For sources of compounds used, see Materials and
Methods.

Agonist N ECs in Potency shift in
control vas treated vas
nM
Normorphine 21 410 (270-610) 35.0 (26—48)
Morphine 4 650 (230-1800) >57.0
Levorphanol 4 120 (59-220) >310.0
Morphicepti 4 1900 (1300-2800) >36.0
Tyr-c[D-Lys-Gly-Phe] 8 32(24-43) 6.4 (4.5-8.9)
[Leu]enkephalin 16 8.1 (6.2-10) 1.2 (1.0-1.4)
[Met)enkephalin 6 2.0 (1.2-3.2) 1.8 (1.4-2.3)
Dynorphin A 6  55(27-11) 2.2 (1.2-3.9)
Dynorphin A-(1-8) 12 77 (48-110) 1.2 (0.79-1.8)
B.-endorphin 12 59 (40-86) 1.7 (1.2-2.3)
TABLE 3

Potency shifts in GPI after protection with B.-endorphin
ECi values were obtained with GPI; see Materials and Methods for
details. The concentration of 8-CNA was 30 nM. Data are geometric
means (and 95% confidence limits) of the potency shifts, based on four
independent preparations for each concentration of S.-endorphin as
protector.

Concentration of Potency shift for test agonist
Be-endorphin as - . .
protector Normorphine Dymorphin A B.-Endorphin

uM
0 27.0 (12.0-59.0) 38.0 (16.0-90.0) 23.0 (11.0-48.0)
0.3 9.7 (6.1-16.0)  20.0 (10.0-40.0) 14.0 (7.0-26.0)
1.0 7.7 (3.6-17.0) 14.0(5.9-34.0) 9.4 (4.7-19.0)
3.0 1.9 (0.79-4.4) 4.7(1.3-16.0) 2.2 (1.3-3.7)

morphin found in milk (31). Morphiceptin is the only
naturally derived peptide agonist we have found with
significant pharmacological selectivity for u receptors. A
modest degree of u selectivity has been reported recently
for the proenkephalin-derived peptide metorphamide
(32). Neither [Met]enkephalin nor 8-endorphin is a se-
lective p agonist in MVD.

An interesting finding was that, after inactivation of «

receptors in MVD, dynorphin A was much less potent
than the enkephalins, whereas in untreated MVD it
was—as shown very early (33)—about 3 times more
potent. This demonstrates very clearly that dynorphin A
is not an indiscriminately nonselective agonist with high
potency, as proposed by Iversen (34), but owes its high
potency in the vas (as in GPI) to its selectively high
affinity for « receptors.

We investigated whether GPI contains functional e
receptors, in addition to its well-known complement of
u and «, by using as protector the putative ¢ ligand 8-
endorphin. No differential protection of B-endorphin
potency as compared with normorphine or dynorphin A
potency could be achieved. However, it is very difficult
to rule out the existence of a minor receptor type. Even
high affinity of an agonist for a preferred minor receptor
type could be outweighed by the potency-enhancing ef-
fect of a large u or x receptot reserve (see below). Thus,
a minor type could be present but not have the oppor-
tunity to be activated by its selective agonist, if a full
biological response is elicited through the superabundant
u or « receptors. To unmask a minor receptor type would
require inactivating virtually all of the u and « receptors,
but none of the receptors of interest. The problem is
similar to that of demonstrating the presence of cryptic
6 receptors in GPI. There is evidence for the presence of
6 binding sites (35); furthermore, a small number of
functional § receptors has been observed in morphine-
tolerant GPI (36) and after destruction of u receptors by
B-FNA (37). With the availability of highly selective &
protectors and agonists, such as the cyclic penicillamine
derivatives of enkephalin introduced by Mosberg et al.
(9, 38), it may be possible to demonstrate functional &
receptors by the technique described here. However, a
complement of cryptic receptors (e or §) could be present
and functional at a small number of synapses, yet be
undetectable by our method.

Pharmacological selectivity differs in principle from
binding selectivity, which concerns relative affinities of
ligands for receptor types (8, 9). Potency depends upon
an agonist’s affinity for a receptor, its intrinsic activity
(39) [or “efficacy” (40)], and the receptor reserve (40,
41). In a single tissue, affinity and intrinsic activity may
vary independently from agonist to agonist. Receptor
reserve (and possibly affinity and intrinsic activity) may
vary between tissues, even for the same agonist-receptor
pair. The pharmacological selectivity of an opioid agonist
can only be stated for a specified tissue, meaning that
the agonist produces its effect in that tissue through
preferential activation of a particular receptor type. In
another tissue it might be selective for a different recep-
tor type, as exemplified by the enkephalins, which are §-
selective in MVD but u-selective in GPI. Moreover, an
agonist need not even produce its biological effect
through the same receptor type at which it binds with
highest affinity; i.e., pharmacological selectivity need not
correspond to binding selectivity. Thus, comparing po-
tencies of several agonists in a single tissue or of a single
agonist in several tissues cannot, in general, yield valid
information about agonist selectivity. An exception
arises when a receptor type is abundant in one tissue but
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scarce or absent in another, as with & receptors in MVD
and GPI, respectively. An agonist with a high degree of
o selectivity will, indeed, have a high ratio of potency in
MVD to potency in GPI (42), but MVD is not in ahy
sense a special “5 tissue.” Moreover, a low ratio of po-
tency in MVD to potency in GPI does not necessarily
indicate u selectivity [as suggested by Kosterlitz et al.
(42)] but is ambiguous, since both u and « receptors are
abundant in both tissues (16, 26). The 8-CNA technique
described here has the merit of providing unambiguous
information about the pharmacological selectivity of an
opioid agonist in a given tissue.

Protection of a given receptor type can provide evi-
dence that a certain agonist is or is not selective for that
type. If there is no significant potency shift, while other
agonists do show a shift, one may conclude that the
agonist in question is selective for the protected receptor
type. If there is a shift, while agonists known to be
selective for the protected type do not display a shift,
one may conclude that the agonist was selective for some
unprotected receptor, and the magnitude of the shift
suggests the degree of selectivity. The receptor type in
question can only be identified conclusively by protecting
it and abolishing the potency shift.

For testing unknown substances, inactivation rather
than protection of the receptor type of interest offers an
advantage. After protection, a substance that causes a
non-opioid pharmacological effect mimicking that of
opioids would continue to do so, thus falsely appearing
to be a selective ligand of the protected receptor. Some
additional test of opioid specificity, such as naloxone
blockade, would then be required. After receptor inacti-
vation, however, such a non-opioid compound will be
distinguished from a selective agonist of the inactivated
receptor, since it will not display a potency shift. This
procedure could obviously be used to search for an en-
dogenous ligand with high selectivity for the u opioid
receptor.
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