Technical Comments

Steroid Binding at o-“Opioid” Receptors

T.-P. Su et al. reported that several ste-
roids, especially progesterone, can competi-
tively inhibit the in vitro binding of
[*H](+)SKF-10,047 [(+)N-allylnormeta-
zocine] and of [*H]haloperidol to o-
“opioid” receptors on membranes from
guinea pig forebrain and splenocytes (7).
Some of these steroids that are active at the
o receptor have also been reported to pre-
vent the formation of granulomas in rats (2).
This led Su et al. to propose a new link
between the endocrine, nervous, and im-
mune systems and to conclude that o sites
could “mediate some aspects of steriod-
induced mental disturbances and alterations
in immune functions” (1). Although we do
not question the experimental observations
of Su et al., and their conclusions appear to
be consistent with developments in the field
of psychoneuroimmunology (3), several cru-
cial factors need to be clarified.

1) Contrary to the suggestion of Su et al.
(1), the psychotomimetic and other behav-
ioral actions of (+)SKF-10,047 and other
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Fig. 1. Linear relation between total progesterone
in CSF (ordinate) and in peripheral venous serum
(abscissa). The relation was statistically highly
significant: P < 0.001 (y = 0.18 + 0.02 =
0.003). Total (free plus protein-bound) proges-
terone was measured by specific radioim-
munoassay (39) in matched serum and CSF sam-
ples from 25 patients with intact blood-CSF
barriers (12). (Inset) An extrapolation to maximal
serum levels of total progesterone, as would be
seen in the last trimester of normal human pre-
gancy (14). In all these patients the serum levels of
steroids, as well as those of albumin, immuno-
globulin G, sex hormone binding globulin, and
corticosterone binding globulin were within the
normal range reported previously by us (12, 40)
or others (14, 41). Similar values for CSF proges-
terone have been reported (41) and correspond to
those in human saliva (42).
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dextrorotatory benzomorphans, like those
of phencyclidine (PCP) and ketamine, are
more likely to be mediated by blockade of
the N-methyl p-aspartate receptor (NMDA)
(which binds PCP) than by the oy receptor
(4-11). However, none of these steriods
displaced [*H]PCP from brain membranes
(1.

2) We have analyzed the differential per-
meabilities of the blood—cerebrospinal fluid
(CSF) barrier for various classes of blood-
borne substances (12). The concentrations
of progesterone in the CSF were only ~2%
of the total serum concentrations (corre-
sponding to a slope of 0.02 in Fig. 1), a
value that agrees with the calculated and
measured unbound (that is, free) fraction in
serum (13). It is generally accepted that only
the unbound steroid concentration is of
biological relevance (14) because only free
steroids can, due to their lipophilicity, pass
through the membrane of steroid target cells
or endothelial cells of the blood-CSF (or
blood-brain) barrier (15) to reach the central
nervous system. Thus, although the total
serum levels of progesterone can reach
~400 nM in late pregnancy, as noted by Su
et al. (1), the free serum concentration,
which corresponds to the total CSF concen-
tration [extrapolated to be ~8 nM (Fig. 1,
inset)], would barely suffice (16) to occupy
oy sites on peripheral splenocytes or on
neuronal cells in the brain: the apparent
inhibitory constant (Kj) of progesterone was
376 nM for oy sites on splenocytes and 268
nM for oy sites on brain membranes (1).

3) The finding that progesterone dis-
placed [*H](+)SKF-10,047 but not
[PH]PCP suggests specificity, that is, the
selectivity of the steriod for the oy site
relative to the PCP site on the NMDA
receptor. However, recent studies (17-23)
have reported similar phenomena, from
which we infer that at micromolar concen-
trations many steroids can modulate in vitro
postsynaptic membrane-bound neurotrans-
mitter receptors or presynaptic neurotrans-
mitter uptake mechanisms. Figure 2 illus-
trates an example from our experience with
the use of various binding modulators [ste-
roids, cations, guanosine triphosphate
(GTP) analogs, drugs] to “probe” structural
differences between oy and PCP sites on
NMDA receptors and w and 8 opioid recep-
tors, respectively (24). Such chemically and
functionally diverse substances as the dopa-
mine D, receptor agonist 2-bromo-a-ergo-

cryptine, the steroids 17a- and 17pB-estra-
diol, and cations can inhibit the binding
of the - oglmd rcccptor—sclective ligand
[*H][D - Ala? ,MePhe?, Gly-ol’] - enkephalin
(DAGO) to rat brain membanes. In all but
one of the diverse examples mentioned
above, a single and specific mechanism can
not explain the particular selective activity or
receptor specificity exhibited by a steroid
(17-22). A notable exception is the interac-
tion with nanomolar affinity and structural
stereo specificity, of certain progestins with
the y-aminobutyric acid A (GABA,) recep-
tor (23). This effect explains the sedative and
hypnotic property of many steroids, particu-
larly progesterone congeners (25). Other-
wise, however, a likely common denomina-
tor for relative nonspecific actions of ste-
roids might be their lipid solubility: ex-
changes between steroid and membrane-
embedded cholesterol or other mechanisms
might lead to membrane perturbations such
as alterations in membrane fluidity, which in
turn might afffect receptor affinity (26). In
any event, binding inhibition assays should
be cautiously interpreted (27). Recently, the
inability to distinguish between various
types of receptor interaction on the basis of
inhibition of equilibrium binding alone has
been pointed out (28). Demonstration of
[*H]progesterone binding as well as of the
reciprocal  displaceability by unlabeled
(+)SKF-10,047 (or the other oy-selective
ligands haloperidol, 3-PPP, and DTG)
would be required to demonstrate that pro-
gesterone acts as a competitive inhibitor of
(+)SKF-10,047 at the oy receptor (29-33).
Finally, if progesterone interacts with oy
sites, its agonist and antagonist properties
should be assessed.

4) The in vitro o-inhibitory activity of
the steroids on splenocytes (1) appears diffi-
cult to reconcile with their in vivo granulo-
ma formation—inhibiting activity (2). The
lymphocytic population within oy receptor-
containing splenocytes belongs predomi-
nantly to the B lineage, whereas that of
xenograph-elicited  granulomas  belongs
mainly to the T lineage (34). Even though
there are also oy receptors on peripheral
blood lymphocytes (35), which are mainly T
cells (34), several lines of evidence speak
against the hypothesis put forward by Su et
al. (1). First, the fact that dexamethasone
(which is a potent glucocorticoid agonist)
and corticosterone were active, while andro-
gens and estrogens were not (2), suggests
that the inhibition of granulomas was medi-
ated through glucocorticoid receptors (2),
which are present in all cell lineages of the
immune system (36). Second, the fact that
the three “anti-inflammatory” steroids cited
in (1) were progesterone, 11-desoxycortico-
sterone, and corticosterone is consistent
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These binding asays are

Log inhibitor (M)

described elsewhere (24), but were similar to those given by Su et al. (1). Similar results were obtained
when the 8-opioid selective [PH]DADL was used, except that the rank order of the opioid ligands was
reversed. Only Mn?* and Mg?* ions discriminated between p. and 3 sites: the binding of the 8-selective
ligands [*°H]DADL and [*H]DPDP was enhanced by 1 mM Mn?* and Mg?** (24), whereas that of the
p-selective ligand [PH]DAGO was inhibited (as shown). All of these cations also suppressed the
binding of the ¢ ligands [*H]SKF-10,047, [*H]haloperidol, [*H]3-PPP ((+)3-[3-hydroxyphenyl]-N-
(1-propyl)piperidine) and, to a greater extent, the PCP ligands [*H]PCP and [*H]TCP (1-[1-(2-
thienyl)cyclohexyl]piperidine). As observed by others (43), 17a-estradiol was the most potent steroid
so far found in displacing w and 8 ligands. Less potent or not inhibitory at all were all other steroids
tested. The rank order at a fixed concentration of 100 pM (the upper level of steroid solubility in assay)
was 11-desoxycorticosterone = 11-desoxycortisol = prednisolone = 4-androstene = androsterone =
aldosterone = testosterone = 17a-hydroxyprogesterone = 5a-dihydrotestosterone = dexamethasone
= dehydroepiandrosterone = progesterone = danazol = digoxin, whereby the binding inhibition
found with 11-desoxycorticosterone was only ~25%. The same pattern was seen when a nonselective
opiate agonist like [*H]etorphine or an opiate antagonist like [*H]naloxone was used. In all these assays
100 M phenol, L- or p-tyrosine, (—)- or (+)-isoproterenol were without effect. That 17a-estradiol
was ten times more potent than 17B-estradiol or 17a-ethinylestradiol points to the greater importance
of the stereoconfiguration of the C17 moiety of the steroid D-ring (17a-hydroxyl group) as compared
with the aromatic character of the steroid A ring for interaction with the opioid receptors or their
surrounding lipid environment, respectively. Nalox., naloxone. Bromo., 2-bromo-a-ergocryptine.

with their direct biosynthetic relationship
and hence with their similar structural prop-
erties (they are all C21 steroids). Finally, the
fact that the glucocorticoid receptor has
considerable affinity for all three of these
steroids (36) makes it likely that progester-
one can efficiently substitute for corticoste-
rone, the major glucocorticoid hormone in
the rat (36), which is consistent with the
concept that antinflammatory actions are
mediated by glucocorticoid receptors rather
than by oy sites. Nonetheless, oy sites on
lymphocytes might be implicated in possible
alterations of immune functions under con-
ditions of drug abuse (37). Likewise, can
toxic concentrations of exogenously admin-
istered steroids produce psychiatric disor-
ders (38)?

In conclusion, we agree that endocrine,
nervous, and immune systems are function-
ally linked and that progesterone and other
steroids can act to communicate among
these systems. However, when one consid-
ers that steroids have an “affinity” for oy
sites two orders of magnitude below their
biologically active concentrations in any
extracellular aqueous compartment of the
body, the involvement of oy receptors and
the specific role attributed to them (1) in
this link seems questionable.

S. ScHwARz
Immunoendocrinology Research Group,
Austrian Academy of Sciences, and

1636

Department of General and
Experimental Pathology,

Faculty of Medicine,

University of Innsbruck,

A-6020 Innsbruck, Austria

D. Ponr

Department of Neurology,

Faculty of Medicine,

University of Innsbruck

G.-Z. Znou

Laboratory of Theoretical and Physical Biology,
National Institute of Child Health and
Human Development,

Bethesda, MD 20892

REFERENCES AND NOTES

1. T.-P. Su, E. D. London, J. H. Jaffe, Science 240, 219
(1988).

2. DP. K. Siiteri et al., Ann. N.Y. Acad. Sci. 286, 384
(1977).

3. R. Ader, Ed., Psychoneuroimmunology (Academic
Press, Orlando, FL, 1981); E. Garfield, Curr. Con-
tents 29, 3 (1986).

4. R. Quirion et al., Trends Neurosci. 10, 444 (1987); P.
C. Contreras et al., Mol. Neurobiol. 1, 191 (1987).
The PCP site on the NMDA receptor [previously
termed the common o/PCP receptor (5)] corre-
sponds to the low affinity (+)SKF-10,047 binding
site. However, PCP binding sites might also be
linked with structures other than the NMDA chan-
nel (6) and psychotomimetic reactions might not
solely be mediated by PCP on the NMDA receptor-
ionophor complex (7). The high-affinity (+)SKEF-
10,047 binding site to which Su et al. are referring
(1) is termed the oy site because it also binds
haloperidol with high affinity, unlike the PCP site
on the NMDA receptor. Other oy-selective ligands

10.
11.

12.

13.
14.

15.

16.

17.

18.
19.
20.
21

22.
23.

are (—)butaclamol, (+)3-PPP, DTG (1,3-ditoly-
guanadine) and BW-234U (rimcazole), whereas
TCP (thienylphencyclidine) and MK-801 have no
affinity for the oy site (4, 7, 8). The relationship of
the oy site or the PCP site on the NMDA receptor
to the o opioid receptor originally postulated by
Martin et al. (9) is not yet established. The oy site
may participate in the control of motor activity
rather than of mental functions (10). A radically
different view of the role of the oy site has been
lately proposed, indicating that the oy site may
represent a membrane-bound microsomal enzyme
involved in metabolic breakdown of o drugs (11).

. R. S. Zukin and S. R. Zukin, Mol. Pharmacol. 20,

246 (1981).
D. T. Manallack, P. M. Beart, A. L. Gundlach,
Trends Pharmacol. Sci. 7, 448 (1986).

. M. S. Sonders, J. F. W. Keana, E. Weber, Trends

Neurosci. 11, 37 (1988).

. C. W. Cotman and L. L. Iversen, Trends Neurosci.

10, 263 (1987); J. C. Watkins and H. J. Olverman,
ibid., p. 265; J. A. Kemp, A. C. Foster, E. H. F.
Wong, ibid., p. 294.

. W. R. Martin, C. G. Eades, R. E. Thompson, R. E.

Huppler, P. E. Gilbert, J. Pharmacol. Exp. Ther.
197, 517 (1976).

J. M. Walker et al., Neurology 38, 961 (1988); S.
McLean and E. Weber, Neuroscience 25, 259 (1988).
D.J. McKann, R. A. Rabin, S. Rens-Domiano, J. C.
Winter, Pharmacol. Biochem. Behavior 32, 87 (1989).
R. Faessler, S. Schwarz, P. Pohl, Clin. Endocrinol.
23, 349 (1985); S. Schwarz and P. Pohl, Acta
Endocrinol. 120 (suppl. 1), 228 (1989).

J. F. Dunn, B. C. Nisula, D. Rodbard, J. Clin.
Endocrinol. Metab. 53, 58 (1981).

A. W. Norman and G. L. Litwack, Hormones (Aca-
demic Press, New York, 1987); D. C. Anderson,
Clin Endocrinol. 3, 69 (1974); T. G. Brien, ibid. 13,
193 (1981).

W. M. Pardridge, Annu. Rev. Pharmacol. Toxicol. 28,
25 (1988).

800 nM progesterone was shown (1) to be required
to lower the apparent affinity of [*H](+)SKE-
10,047 by a factor not greater than 2. The fact that
CSF levels of cortisol (which normally reaches total
serum levels of =600 nM, similar to progesterone
levels in late pregnancy) were found to be on average
25 nM is consistent with the extrapolation made for
progesterone (Fig. 1, inset). The averaged CSF
levels of all other steroids were below 2 nM, even in
patients with disturbed blood-CSF barriers (12).
Since corticosterone binding globulin, the major
progesterone carrier in serum, rises from ~300 nM
to =600 nM during pregnancy (14), the likelihood
is small that the serum binding capacity becomes
saturated, even at progesterone levels of 400 nM.
Hydrophilic steroid sulfates were found to have
CSF-serum ratios =100 times lower than those of
the lipophilic steroids (12), making an in vivo
interaction with oy receptors even more unlikely.
Pertinent examples are the inhibition by progester-
one of [*H]quinuclidinyl benzylate binding to mus-
carinic receptors (estrogens are ineffective) (18), the
inhibition of extraneuronal catecholamine uptake by
virtually all steroids (19), the presynaptic effect of
17B-estradiol in converting striatal D,-dopamine
receptors into a low-affinity agonist binding state
(20), the insulin resistance syndrome due to cortisol
excess—induced diminished insulin receptor affinity
of postreceptor defects (21) and, similarly, the anti-
inflammatory potency of some glucocorticoids that
in a certain experimental setting correlates with their
potency to diminish the affinity of membrane recep-
tors for tumor necrosis factor (22).

B. Klangkalya and A. Chan, Life Sci. 42, 2307
(1988).

L. L. Iversen and P. J. Salt, Brit. J. Pharmacol. 40,
528 (1970).

D. Levesque and T. Di Paolo, Neurosci. Lett. 88,113
(1988).

C. R. Kahn, I. D. Goldfine, D. M. Neville, Jr., P. De
Meyts, Endocrinology 103, 1054 (1978); J. S. Flier,
Annu. Rev. Med. 34, 145 (1983).

F. C. Cull, Jr., Biochem. Biophys. Res. Commum. 153,
402 (1988).

A barbiturate-like agonistic behavior was shown for
3a-HO-5a-dihydroprogesterone, which inhibited
[32S]t-butylbicyclophosphorothionate binding and

SCIENCE, VOL. 246



augmented [*H]flunitrazepam binding to GABA-
benzodiazepine receptor—Cl~ channel complexes
[see M. D. Majewska, N. L. Harrison, R. D.
Schwartz, J. L. Barker, S. M. Paul, Science 232, 1004
(1986); N. L. Harrison, M. D. Majewska, J. W.
Harrington, J. L. Barker, J. Pharmacol. Exp. Ther.
241, 346 (1987); K. W. Gee, W.-C. Chang, R. E.
Brinton, B. S. McEwen, Eur. J. Pharmacol. 136, 419
(1987), A. L. Morrow, P. D. Suzdak, S. M. Paul,
ibid. 142, 483 (1987); S. Schwartz-Giblin, M. Can-
onaco, B. S. McEwen, D. W. Pfaff, Neuroscience 25,
249 (1988)]. By comparison, pregnenolone-sulfate
behaved as a GABA, antagonist [M. D. Majewska
and R. D. Schwartz, Brain Res. 404, 355 (1987)].

24. G.-Z. Zhou, A. G. Katki, S. Schwarz, P. J. Munson,
D. Rodbard, Abstract P28, paper presented at the
International Narcotics Research Conference, Albi,
France, 3 to 8 July 1988; S. Schwarz et al., Abstract
022, paper presented at ibid.; Biol. Chem. Hoppe
Seyler 369, 914 (1988).

25. H. Selye, Proc. Soc. Exp. Biol. Med. 46, 116 (1941);
L. Gyermek, J. Iriarte, P. Crabbe, J. Med. Chem. 11,
117 (1968); L. Gyermek and L. F. Soyka, Anesthesi-
ology 42, 331 (1975).

26. M. Shinitzky, Ed., Physiology of Membrane Fluidity
(CRC Press, Boca Raton, FL, 1984); L. M. Garzia-
Segura, G. Olmos, P. Tranque, F. Naftolin, J.
Steroid Biochem. 27, 615 (1987); J. Rosario, E.
Sutherland, I. Zaccaro, F. R. Simon, Biochemistry
27, 3939 (1988); D. F. Sargent and R. Schwyzer,
Proc. Natl. Acad. Sci. U.S. A. 83, 5774 (1986); S.
W. Fesik and A. Makriyannis, Mol. Pharmacol. 27,
624 (1985); H. Sandermann, Jr., Biochim. Biophys.
Acta. 515, 209 (1978); K. W. Miller, Trends Neuro-
si. 9, 49 (1986).

27. Consider that, as exemplified in Fig. 2, the slopes of
[*H]DAGO binding inhibition isotherms in the
presence of the various nonopiate “competitors”
were quite similar, that the inhibitory constant
(ICsp) of 17B-estradiol was equal to that of Ni**
ions, and that the stereospecificity was the opposite
of what one would expect if estrogens were of
physiological importance to opioid receptors (17a-
estradiol was ten times more potent than the natural
hormone 17B-estradiol).

28. G. Tomlinson, Trends Pharmacol. Sci. 9, 159 (1988).

29. This would be of interest because such a hydropho-
bic pocket (accepting anesthetics or steroids, respec-
tively) on neurotransmitter receptors is hypothetical
(30) in contrast with allosteric cation binding sites
that are typical for a variety of receptors and trans-
membrane signaling components (31). Since there is
only anectotal evidence on low-affinity (K; >100
nM,) steroid binding sites on synaptosomal mem-
branes (32), the most parsimonial interpretation for
the mode of action of “naturally” occurring (=0.1
to 1 nM) concentrations of steroid hormones in any
compartment of the body is the “classical” one: a
steroid, owning to its lipophilicity, permeates the
cell membrane, subsequently activates high-affinity
(K; =0.1 to 1 nM) cytosolic or nuclear receptors and
thus ultimately leads to enhanced or silenced tran-
scription via 5’-upstream—located steroid response
elements of steroid-responsive genes. Compatible
with this mode of action are also all of the known
steroid-induced behavioral effects [“changes in
mood and psychological parameters” in humans
(1) and lordosis behavior in rodents as two exam-
ples], namely, transcriptional regulation of expres-
sion of the various components involved in inter-
neuronal chemical signalling [such as, neurotrans-
mitter receptor molecules, the subunits of the G
proteins, the various postreceptor effector units,
such as adenylate cyclase, and possibly ion channels
as well (33)].

30. N. P. Franks and W. R. Lieb, Trends Pharmacol. Sci.
8, 169 (1987);

31. S.]J. Paterson, L. E. Robson, H. W. Kosterlitz, Proc.
Natl. Acad. Sci. U.S.A. 83, 6216 (1986); A. J.
Blume, D. Lichshtein, G. Boone, ibid. 76, 5626
(1979);

32. A. C. Towle and P. Y. Sze, J. Steroid Biochem. 18,
135 (1983).

33. B. S. McEwen et al., Rec. Prog. Horm. Res. 38, 41
(1982); A. Maggi and J. Perez, Life Sci. 37, 893
(1985); J. S. Meyer, Physiol. Rev. 65, 946 (1985);
V. Halbreich, J. Endicott, S. Goldstein, J. Nee, Acta
Psychiatr. Scan. 74, 576 (1986); K. J. Jones, Metab.

22 DECEMBER 1989

Brain Dis. 3, 1 (1988); M. J. Meaney, Trends
Neurosci. 11, 54 (1988); C. C. Malbon, P. J. Ra-
piejko, D. C. Watkins, Trends Pharmacol. Sci. 9, 33
(1988).

34. J. T. Barrett, Textbook of Immunology (Mosby, St.
Louis, MO, 1988).

35. S. A. Wolfe, Jr., C. Kulsakdinun, G. Battaglia, J. H.
Jaffe, E. B. De Souza, J. Pharmacol Exp. Ther. 247,
1114 (1988).

36. F. Homo et al., J. Steroid Biochem. 12, 433 (1980);
R. Faessler, S. Schwarz, H. Dietrich, G. Wick, ibid.
24, 405 (1986); J. A. Gustafsson et al., Endocrinol.
Rev.. 8, 185 (1987); M. Lippman, K. Huff, G.
Bolan, Ann. N.Y. Acad. Sci. 286, 101 (1977); D.
DiSorbo, F. Rosen, R. P. McPartland, R. J. Milhol-
land, ibid., p. 355.

37. N. Khansari, H. D. Whitten, H. H. Fudenberg,
Science 225, 76 (1984).

38. V. Alcena and G. S. Alexopoulos, J. Clin. Gastroen-
terol. 7, 400 (1985); B. S. McEwen, Envion. Health
Perspect. 74, 177 (1987).

39. S. Schwarz, J. Steroid Biochem. 16, 823 (1982); in
Radioimmunoassay and Related Procedures in Medicine
(International Atomic Energy Agency, Vienna,
1982), pp. 447-524; Clin. Chem. 31, 488 (1985),

40. S. Schwarz, G. Tappeiner, H. Hintner, Clin. Endo-
crinol. 14, 563 (1981).

41. T. Backstroem, H. Carstensen, R. Soedergard, J.
Steroid Biochem. 7, 469 (1976); J. H. Wood, Neuro-
surgery 11, 293 (1982).

42. E. A. Lenton, C. H. Gelsthorp, R. Harper, Clin.
Endocrinol. 28, 637 (1988).

43. F. S. LaBella, in Endocoids (Liss, New York 1985),
pp- 323-328.

44. We thank I. Gaggl, M. Eichhorn, R. Goerz, R.
Gerth, D. Huber, and A. Katki for expert technical
assistance and D. Rodbard, B. Cox, L. Werling, and
G. Wick for critical discussion of the manuscript.

3 October 1988; resubmitted 6 February 1989;
accepted 6 April 1989

Response: Schwarz et al. write that psy-
chotomimetic and other behavioral actions
of o opioids, including d-N-allylnormetazo-
cine (d-SKF-10,047), are more likely medi-
ated by phencyclidine (PCP) receptors than
by o receptors. While some behavioral re-
sponses to dextrorotatory benzomorphans
are mediated through PCP and other recep-
tors, others appear to be linked specifically
to o receptors. For example, rats trained to
discriminate d-pentazocine show d-pentazo-
cine—appropriate responses to other o li-
gands in 100% of trials, but they generalize
to PCP in only 50% of trials (7). In this
paradigm, PCP shows about only one-tenth
the potency of d-SKF-10,047. Activation of
Ao mesolimbic dopamine neurons by d-
SKF-10,047 1s blocked by rimcazole (2), a
selective ligand with negligible potency at
PCP receptors (3). Furthermore, at least
seven potential antipsychotic agents that
were efficacious in the preclinical tests share
the ability to bind with high affinity to o
receptors (4). These drugs have negligible
affinity at PCP receptors (4). Finally, drug-
induced locomotor stimulation, which is
selectively antagonized by putative o antag-
onists such as haloperidol, BMY-14,802,
and rimcazole, appears to be mediated
through central activation of o receptors (5).

Schwarz et al. argue that concentrations of
progesterone (extrapolated to be about 8
nM) in cerebrospinal fluid (CSF) would be

insufficient for appreciable occupation of &
receptors in the brain. But because proges-
terone is highly lipid-soluble, it would rap-
idly enter the brain from the plasma and
would most likely show a long half-life in
the brain before entering the CSF. There-
fore, the CSF concentration of progesterone
does not necessarily reflect the “available
free” concentration in the brain or other
tissues. Likewise, although the “available
free” plasma concentration of progesterone
in the latter part of human pregnancy is
about 50 nM (6), which obviously could still
occupy about 12% of o receptors in the
peripheral lymphocytes, the progesterone
concentration in the placenta could reach
approximately 30 wM or even more (7).
Additionally, high concentrations of proges-
terone should be present in the ovary and
adrenal gland. These results suggest that
progesterone may interact with o receptors
on lymphocytes not only systemically but
also when blood cells reach organs, such as
the placenta, the ovaries, or the adrenal
gland, where there is an abundance of pro-
gesterone.

Schwarz et al. argue against the specificity

.of progesterone for ¢ receptors. We contend

that progesterone is relatively more specific
for o than for PCP receptors. We did not
imply that binding of progesterone to other
sites is impossible. Progesterone occupies
50% of o receptors at a concentration of
268 nM. In figure 2 of Schwarz et al.,
steroids 17a-E2 and 17b-E2 are shown to
“saturate” 50% of the delta opioid recep-
tors, but only at extremely high concentra-
tions (30,000 nM and 100,000 nM, respec-
tively). Although there may be instances in
which specific binding is not pharmacologi-
cally meaningful, as is the case with the
steroids binding to delta receptors, the inter-
action of progesterone with o receptors is
not comparable. It would be desirable to
demonstrate [*H]progesterone binding to o
receptors, but the abundance of nonspecific
binding (resulting from the lipophilicity of
progesterone) appears to represent a poten-
tial problem.

Although glucocorticoids are antiinflam-
matory, the mechanism of the glucocorti-
coid-induced immune responses is largely
unknown. We agree that the results in the
granuloma formation test by Siiteri ef al. (7)
might reflect the involvement of glucocorti-
coid receptors. However, the correlation of
the efficacies of preventing granuloma for-
mation with the affinities of steroids at o
receptors is striking. As Schwarz et al. and we
noted, PCP is immunosuppressive; and it is
likely that PCP exerts immunosuppression
through o receptors rather than through
PCP receptors. The relative contribution of
glucocorticoid and of o receptors to the
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