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The present review concerns tolerance to opiate anal-
gesia (for previous reviews, see: Besson et al., 1978; Cox,

1990; Dickinson, 1991; Duggan and North, 1984; John-

son and Fleming, 1989; Kalant, 1987; Kornetsky, 1987;
Mao et al., 1995; Nestler, 1992; Pasternak, 1993; Smith
et al., 1988; Yaksh and Noueihed, 1985). Specifically, we
will evaluate evidence relating to (a) the hypothesis that
no tolerance develops to the action of opiates that allows
these compounds to produce analgesia, and () a System
Theory that defines in an abstract manner the mecha-
nisms whereby the physiological systems that control
pain are able to detect nociceptive stimuli and permit
opiates to exert analgesic effects.

In this article, we will conclude show that tolerance
does not develop to the action of opiates on pain systems
and that tolerance is not a pharmacological property of
the opiates. It will also appear that the simple assump-
tions of System Theory can account for the many, di-
verse and complex features of apparent tolerance to, and
also of dependence on, opiates. These features are pro-
posed to reflect the operating characteristics of the no-
ciceptive and other physiological systems, the function of
which is coregulated by opiate receptors and their en-
dogenous ligands.

I Origin of No-Tolerance Theory
A. No Tolerance to Opiate Drug Discrimination

In a typical drug discrimination (DD)® experiment,
laboratory animals are trained to discriminate the injec-
tion of a particular dose (the training dose) of a partic-
ular drug (the training drug; D) from saline (S) injection.
For example (Colpaert et al., 1976a), food-deprived rats
can be trained to press one of two levers for food in daily,
15-min sessions; arrangements are made so that, at
some time before the sessions, the animals are injected
with either D or S. After D injection, the animal is
required to press one lever (the drug lever (DL)) to
obtain food, and presses on the other lever do not yield
food. After S injection, the animal now is required to
press the other lever (saline lever (SL)), and presses on
the DL then are inconsequential. Training is imple-
mented until the animal reliably selects the appropriate
lever after injections of either D or S. Once trained, the
animals can be used to conduct tests of stimulus gener-
alization. To this end, the animal is administered, before
the test session, a test treatment that can be either
saline, the training dose, any other dose of the training

Abbreviations: DD, drug discrimination; D, training drug; S, sa-
line; DL/SL, saline lever, drug lever; NSAID, nonsteroidal anti-
inflammatory drug; DAGO, p-Ala?-MePhe*-Glyol®-enkephalin; DS-
LET, Tyr-d-Ser-Gly-Phe-Leu-Thr; PaCO,, partial pressure of carbon
dioxide in arterial gas; PV, paraventricularis thalami; 5-HT, hy-
droxytryptamine; 5-HIAA, hydroxyindoleacetic acid; nVT, ventro-
basal thalamic nucleus; A.U., arbitrary units; ACTH, adrenocortico-
tropic hormone; NK, neurokinin; STs, System Theory system; S-R,
stimulus-response.

drug, or indeed any dose of any other drug. In the test
session, it is determined which of the two levers, DL or
SL, the animal selects. If the test treatment makes the
animal select the DL, then it is considered that stimulus
generalization occurred between it and D; it is inferred
that the test treatment produced a stimulus similar to
that produced by D. If the test treatment makes the
animal select the SL, then it is considered that it did not
produce a stimulus that is qualitatively similar to that
produced by D. In this manner, laboratory animals—
and, also, humans— can be trained to discriminate any
of a large variety of drugs from saline (e.g., Colpaert and
Slangen, 1982), including morphine and other opiates.
Drug discriminations typically demonstrate a remark-
able degree of pharmacological specificity: for example,
animals trained to discriminate an opiate from saline
will only show generalization with other opiates,
whereas any nonopiate compound will make them select
the SL. The generalization is reversed by opiate antag-
onists only and is specifically mediated by well defined
opiate receptors.

In a study (Colpaert et al., 1976b) examining tolerance
to opiate DD, rats were trained to discriminate 0.04
mg/kg of the opiate analgesic fentanyl (Janssen et al.,
1963) from saline, and tests were conducted with various
fentanyl test doses to obtain the fentanyl dose-response
curve, or stimulus generalization gradient. The mor-
phine gradient was similarly determined. The dose-re-
sponse data further allowed us to find the EDg, test
doses at which fentanyl and morphine generalized with
the 0.04 mg/kg training dose of fentanyl. The gradients
of fentanyl and morphine were determined repeatedly
throughout a 17-week period, during which regular
training sessions and, thus, injections of the fentanyl
training dose continued to be administered. Despite the
continuation of these injections, and although the appar-
ent analgesic effect of fentanyl had been diminished, the
gradients of both fentanyl and morphine remained un-
changed, and their ED, values for stimulus generaliza-
tion failed to increase. We concluded from these findings
(Colpaert et al., 1976b; see also: Colpaert et al., 1978a)
that tolerance does not develop to opiate DD. This con-
clusion has been contradicted unanimously by numer-
ous studies from other laboratories (for reviews, see:
Young, 1990, 1991; Young and Sannerud, 1989), but a
recent examination of the evidence available to date

- (Colpaert, 1995) has nonetheless allowed us to maintain

our original conclusion.

B. Opiate Drug Discrimination and Opiate Analgesia

The extensive studies that have been made of opiate
DD (for reviews, see: Colpaert, 1977, 1978a, 1982; Her-
ling and Woods, 1981; Holtzman, 1982) have revealed
that the pharmacological features of opiate DD are re-
markably similar to those of opiate analgesia. Specifi-
cally, and as indicated above, both are produced by opi-
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ate agonists, antagonized by opiate antagonists and
stereoselective (Colpaert, 1978a). The doses at which
opiates produce discriminative and analgesic effects in
the rat correlate highly (Colpaert et al., 1976¢), and both
actions are mediated by the same type(s) of opiate re-
ceptors located in the central nervous system. Partial
opiate agonists produce only partial generalization with
a high efficacy agonist (Colpaert et al., 1976d; Colpaert
and Janssen, 1984, 1986), and do so at doses that also
produce only partial analgesic effects (Colpaert et al.,
1976d). The time course whereby fentanyl produces gen-
eralization is similar, if not identical, to that whereby it
produces analgesia in experimentally naive rats (Col-
paert et al.,, 1978b). This far-reaching similarity thus
posed the following problem: if opiate DD and opiate
analgesia are pharmacologically similar, how then is it
possible that tolerance develops to the analgesic but not,
as we argue, to the discriminative effects of opiates?

The latter question is all the more intriguing, as tol-
erance is a pharmacologically defined phenomenon (e.g.,
Fernandes et al., 1977a; Nies, 1990); opiate tolerance
therefore is commonly regarded as a pharmacological
property of the opiates (e.g., Cox, 1990; Johnson and
Fleming, 1989; Sjogren and Eriksen, 1994), and its op-
eration across the different physiological systems medi-
ating different opiate effects must be expected to dem-
onstrate at least some generality. Various hypothetical
answers to this question can, of course, be imagined. But
parsimony has led us to consider the possibility that the
problem itself might be false; the problem disappears if
one is prepared to entertain the admittedly surprising
hypothesis that tolerance also does not develop to opiate
analgesia.

However, tolerance is believed to develop to almost all
effects of opiates (hence the wording “opiate tolerance”;
e.g., Cox and Werling, 1991). There seems to be no
reasonable doubt that opiates can produce analgesia
(hence the wording “opiate analgesia”), and countless
experimental studies have presumably documented and
characterized the concept that tolerance develops to opi-
ate analgesia (Cox and Werling, 1991; Trujillo and Akil,
1991).

Therefore, in entertaining the hypothesis that toler-
ance does also not develop to opiate analgesia, the chal-
lenge upon us has been to devise a theory that maintains
that tolerance does not develop to opiates, while at the
same time allowing that the apparent effects of opiates
can diminish when the drugs are applied repeatedly
and/or for a long period of time. Among the many differ-
ent effects that opiates produce (e.g., Ling et al., 1989),
the theory that we devised (Colpaert, 1978b) for that
purpose specifically addressed the analgesic effects of
opiates, opiate analgesia constituting the most exten-
sively studied and most mechanically useful of the ef-
fects of opiates.

I1. System Theory of Opiates and Pain

The theory that we devised specifies how a nociceptive
stimulus can be detected and how an opiate can dimin-
ish this detection (Colpaert, 1978b). It defines in an
abstract manner the mechanisms whereby the physio-
logical systems of nociception process pain stimuli and is
hence referred to as a System Theory. One explicit as-
sumption that is being made is that tolerance does not
develop to the action, here referred to as the primary
action, whereby endogenous or exogenous opiates can
diminish the detection of a nociceptive stimulus. As in-
dicated above, this assumption was made to test its
feasibility; note, however, that it also constitutes a zero
hypothesis and is therefore most parsimonious. The
mechanisms defined by System Theory were also de-
vised so as to be most simple, making the least possible
assumptions. The theory is represented graphically in
figure 1 and will be elaborated further in a later section
(IV.A)); table 1 provides a glossary of the symbols that
are used in describing the theory.

Any endogenous or exogenous event (here termed ad-
equate stimulation or stimulus) that ultimately causes
pain possesses a magnitude, represented by x along a
physical variable, here termed ¢, (e.g., the temperature
of a thermal stimulus). This magnitude x is larger than
the magnitude n that the variable assumes normally,
i.e., most of the time. For the acute stimulus to ulti-
mately cause pain, it must have some impact on some
relevant physiological variable (¢,; e.g., the firing rate of
a primary afferent or of any other downstream neuron in
a polysynaptic afferent pathway). This impact is repre-
sented by the projection from ¢, to ¢,, yielding a mag-
nitude x’ along ¢,. An account of the System’s operation
through time (7) will be provided below (section IV.A.1.);
suffice it here to specify that the input channel that the
physiological variable constitutes assumes some value
at any time. How can x’ now be detected, i.e., be found
different from the values that ¢, assumes at other
times!? One simple manner in which this could be done
is for the System to establish some integration of the
values that ¢, has assumed during a given, sample,
period of most recently preceding time (hence t,; e.g.,
over the past 40 units of time). In a normal organism
(panel A in fig. 1) to which no stimulus has been pre-
sented over this sample period, the temporal integration
i, will correspond with the projection from magnitude n
along the physical variable. Having thus obtained ,, x’
can now be detected by finding the difference &' that
exists between x' and ,. The values ¢, and & are being

! The reader may find it helpful to consider the analogy of an
observer who continuously monitors a digital display reporting from
a remote sensor. The number being displayed can assume any of a
range of values and can, but does not necessarily change from one
point of time to the next. The observer’s problem thus is to deter-
mine, at any point of time, whether the number that is currently on
display differs from what he usually sees and, hence, to determine
that a special event (a stimulus) has likely impacted on the sensor.
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normal acute TABLE 1
stimulation stimulus Glossary of symbols used
# g . Symbol Definition
A | i P e, effect of an opiate as found by the ratio §'/6"
! e, effect of an opiate as found by the subtraction &' —
'L &
> n the value which ¢, normally assumes
E, Y x" x' P, w weight of ¢, in Equation 2
v L}
} & { x a particular value of ¢,
x' value of ¢, when ¢, assumes the value x in the
absence of a test dose of an opiate
W acute x" value of ¢, when ¢, assumes the value x in the
""‘“ﬁ‘m" stimulus presence of a test dose of an opiate
n g ?, > 8 delta; magnitude of pain sensation; found by
B: chronic opiate S Equation 4
Sl & & produced by a test stimulus in the absence of a
R R test dose of an opiate
: & & produced by a test stimulus in the presence of a
0 test dose of an opiate
- ‘.. P
!' & X ’.‘ P, L, iota tau; temporal integration of ¢,; found by
o S \ ' Equation 2
' m mu; dose or concentration of an opiate agonist
T tau; time
I acute Pa phi alpha, physical activity, adequate stimulation
imulati imub Po phi omicron; physiological activity; found by
9 9 Equation 1
. >
5t Pa
C: chronic nociception i determined continuously, thus allowing the System to
R detect any physical stimulus at any time, and making it
: yield a pain intensity that can vary; this perceived in-
< tensity is proportional to 6 and can thus vary with the
Log x" X @, > magnitude of the physical stimulus.
L 1 By what mechanism can an opiate, given acutely be-
f 1 fore the acute stimulus, now diminish the pain intensity
that the acute stimulus x otherwise produces? The sim-
normal acute plest possible manner whereby this can occur would be
stimulstion stimulation for the opiate to make x no longer yield x’, but a value x”
| % — that is smaller than x'. Note that the projection from ¢,
R o Qg to ¢, has thus shifted by an arc u; because morphine’s
D: chronic nociception ot o analgesic effects are dose-dependent, we will assume
and M ¥ that u is, simply, proportional to dose®. In the presence
chronic opiate of dose p of morphine, then, the difference, §”, between ¢,
: and the projection, now x”, generated by x is smaller
T = X" X O, P> than the value &', which this difference would otherwise
I & — assume. The diminution of this difference from a value

FIG. 1. Graphical representation of theoretical mechanisms
whereby nociceptive stimuli can be detected and whereby this detec-
tion can be diminished by opiates. The different panels consider
different conditions, i.e., that of a normal organism (A); that of
chronic exposure to an opiate (B); that of chronic exposure to noci-
ceptive stimulation (C) and that of chronic exposure to both an opiate
and nociceptive stimulation (D). In each condition, pain is examined:
pain that can be perceived upon the application of an acute stimulus
in the absence (single prime) or presence (double prime) of acutely
injected morphine.

&' to the smaller value & represents morphine’s analge-
sic effect. Note that this diminution can be observed by
an experimenter but is not itself a parameter of the

2 With opiate receptor agonists other than morphine, u will also be
proportional to dose, albeit that the relationship between u and dose
will for every agonist in turn depend on its efficacy, i.e., on the
intrinsic activity that it produces at the receptor. The principles of
molecular pharmacology (Ariéns, 1964) would imply this relation-
ship to be relatively flat and the maximal effect to be relatively small
with low efficacy agonists; with higher efficacy agonists, the relation-
ship will be steeper and the maximal effect larger.
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System; unlike System parameters, it will therefore not
be represented by a Greek letter. Let the experimenter
arbitrarily choose to quantify the diminution by the
ratio of &' to §”; thus, the opiate’s analgesic effect is found
from a ratio®, represented by the symbol e,, so that e, =
§'/8". In the arbitrary units of figure 1, panel A, e, thus
assumes a value of 1.33. As a result, we have a System
that can detect an acute nociceptive stimulus, and that
allows morphine to exert a dose-dependent analgesic
effect; this effect occurs as the result of some primary
action of morphine whereby the physiological impact of a
physically defined stimulus is simply diminished.

Now let us examine how the System would operate
when morphine is being administered chronically: in
particular, when morphine is being administered, at a
dose u, over a period of time long enough to cover the
System’s sample period (panel B in figure 1). In specify-
ing morphine’s mechanism of action above, it was as-
sumed that the opiate causes a shift to the left, by an arc
1, of the projection from ¢, to ¢, ; this shift applied to x,
and parsimony would lead one to have it also apply to
any value of ¢,, including the value n. Thus, having
applied the dose p of morphine, during an entire sample
period, will make the resulting ¢, now be moved to the
left by an arc u along the ¢, axis. Importantly, note that
this shift is effectively by an arc u; we explicitly assume
here that no tolerance developed to morphine’s primary
action. Specifically, we assume that despite its chronic
administration, the same dose of morphine remained
capable throughout of generating the arc u, rather than
any arc smaller than u. Let us now discontinue the
chronic administration of morphine and administer the
acute stimulus. As in a normal organism, x will again
yield x’; however, the difference &' between ¢, and x’ will
now be larger than it is in a normal organism. The
System’s operation here thus predicts that chronic mor-
phine should induce hyperalgesia. Let us then, in this
organism that has been exposed to chronic morphine,
again administer acutely both the dose p of morphine
and the acute stimulus. And let us again assume, as we
did above, that despite its previous, chronic administra-
tion, no tolerance developed to the ability of (dose p of)
morphine to cause the arc u when re-applied acutely.
The 8" that the stimulus in the presence of acutely ad-
ministered morphine now generates is larger than it is
in the normal organism, indicating that the intensity of
reported pain after acute morphine is also larger. In
addition, e, has become 1.25 and, thus, smaller than
what it was in the normal organism. In other words, we
now have a System that assumes that tolerance does not
develop to morphine’s primary physiological action, and
at the same time explains that morphine’s apparent
effect, measured downstream from the primary action, is

3 Another, equally arbitrary, manner for the experimenter to
quantify the same diminution is to subtract §” from &’; the opiate
analgesic effect would then be found from a subtraction, represented
by the symbol e,, so that e, = §' — &".

diminished (which can be rephrased to indicate that
apparent tolerance developed). The System thus fully
satisfies our initial objectives in devising this theory.

Let us now go on and examine this System’s operation
in a condition that is also of clinical interest, i.e., that of
chronic pain. Presumably, the events that cause chronic
pain make the input that most of the time is given to the
System, and is here termed normal, larger than what it
is in pain-free conditions. In panel C of figure 1, n has
thus moved rightward along the ¢, axis, and so does ¢,
along the ¢, axis as a consequence. Application of the
same acute stimulus of value x again yields x’, but the
difference &' between x’ and ¢, is now smaller than it was
in the normal organism. We therefore predict that
chronic nociceptive stimulation is associated with hy-
poalgesia. The acute administration of dose w of mor-
phine, followed by the acute stimulus, will as always
yield x”. However, &" is now smaller, and e, is now larger
(i.e., 1.48) than it was in the normal organism. We there-
fore predict, unexpectedly, that chronic pain is associ-
ated with an apparent increase of morphine’s analgesic
effect. This apparent inverse tolerance occurred while,
again, no change was assumed to occur to morphine’s
primary physiological action.

Let us go even further and examine the System’s
operation in yet another, clinically interesting, condi-
tion, i.e., that in which a chronic pain is being treated,
chronically, with morphine. Let us set up this condition
such that the dose of morphine and the time over which
it is applied constitute a perfect match of the intensity
and the duration, respectively, of the event that causes
the chronic pain. In preparing panels B and C, we in fact
have already anticipated this match. Let the so-called
normal input in panel D thus be the same as that of
panel C. The value n generated by this input is thus the
same as that in panel C and represents chronic nocicep-
tive stimulation. However, because the dose u of mor-
phine is administered at the same time, the projection
from ¢, to ¢, is deflected by the arc u. Naturally, we
continue to assume that no tolerance develops to mor-
phine. After having stopped the chronic conditions, we
again apply the same acute stimulus, yielding x'. But &'
now is larger than it was in panel C, and smaller than it
was in panel B; it is, in fact, identical to what it was in
panel A. We thus predict that chronic pain acts to an-
tagonize the hyperalgesia otherwise associated with
chronic morphine and that chronic morphine acts to
antagonize the hypoalgesia otherwise associated with
chronic nociceptive stimulation. Let us now again,
acutely, administer morphine and, also, the acute stim-
ulus. And, as always, we assume that no tolerance de-
velops to morphine. We see that x” assumes its invariant
position along the ¢, axis, but &" is larger than it was in
panel C and smaller than it was in panel B; & in fact is
identical to what it was in panel A, and so is e,. We thus
predict that chronic nociceptive stimulation acts to an-
tagonize the apparent tolerance otherwise associated
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with chronic morphine and that chronic morphine acts to
antagonize the apparent inverse tolerance otherwise as-
sociated with chronic nociceptive stimulation. We fur-
ther specify that, inasmuch as the chronic morphine
matches the chronic nociceptive stimulation, it should be
possible to treat chronic pain with chronic morphine
without inducing any apparent tolerance. In particular,
and if the match is adequate such as can be the case
when the chronic nociceptive stimulation is also stable,
it should be possible to treat the chronic pain with a
stable dose of morphine that must not be increased as its
administration continues.

It is useful to emphasize here the importance of ade-
quately establishing this match. A mismatch whereby
too little morphine is given will yield unsatisfactory
relief of ongoing pain and apparent inverse tolerance. In
addition, a mismatch whereby too much morphine is
given will generate apparent tolerance.

In conclusion of this section, we have described here a
System that is capable of detecting nociceptive stimuli
and to let morphine exert apparent analgesic effects that
can diminish when morphine is given repeatedly and/or
over a prolonged period of time. Importantly, parsimony
was exerted in devising this system; it would seem dif-
ficult to devise an even less assuming system that would
nonetheless be capable of detecting pain and of allowing
morphine to exert analgesic effects. Note that mor-
phine’s mechanism of action as devised here is not to
directly diminish pain; morphine is hypothesized here
simply to shift the relationship that otherwise exists
between an adequate physical stimulus and the (rele-
vant) neuronal parameter on which that stimulus im-
pacts. This shift is considered to constitute the primary
physiological action of morphine. This primary action as
such does not diminish pain; it is the operational prop-
erties of the System downstream that govern pain per-
ception that will result in the perception (8) of pain being
lesser. It also is not the pharmacological action of mor-
phine that can make the apparent analgesic effects of
the opiate be diminished. This diminution thus does not
imply that tolerance develops to morphine. In fact, in the
framework of our theory, it is because we assume that
tolerance does not develop to morphine’s primary action
that the System’s operational properties can make its
apparent analgesic effects diminish.

The theory would appear to at least have the merit of
parsimony; its few and unassuming mechanisms are
fully summarized in figure 1, panel A. The reasoning
developed in panels A and B of figure 1 has done little
more than to allow us to maintain that tolerance does
not develop to morphine in the face of existing evidence
that morphine can generate analgesic effects that can
apparently diminish. This reasoning thus has done little
more than provide a highly theoretical alternative to the
current and unanimously held theory that opiates pro-

duce analgesia to which tolerance does develop®. But the
theorizing that was developed in panels C and D has
yielded a number of intriguing and innovative predic-
tions for which no evidence was available, at least not at
the time that this theory was proposed (Colpaert,
1978b). The predictions can be summarized as follows:
(1) the chronic (i.e., repeated and/or prolonged) admin-
istration of an opiate should (1.1) induce Ayperalgesia
and (1.2) result in an apparently diminished analgesic
effect of the opiate (i.e., apparent tolerance); (2) condi-
tions that are inducive of chronic pain should (2.1) be
associated with hypoalgesia and (2.2) find the apparent
analgesic effect of an opiate to have increased relative to
that in normal subjects (i.e., apparent inverse tolerance);
(3) when the chronic opiate co-exists with chronic noci-
ceptive stimulation, then they should counteract each
other (3.1) in generating hyper- and hypoalgesia, respec-
tively, and (3.2) in generating apparent tolerance and
apparent inverse tolerance, respectively; (4) the latter
predictions can be specified further to indicate that,
inasmuch as the chronic opiate and the chronic nocicep-
tive stimulation constitute an adequate match of each
other, it should be possible to treat chronic pain with
opiate compounds in a lasting manner.

Prediction 1.2 is the only prediction that our theory
has definitely in common with current theory of opiate
tolerance and opiate analgesia. However, unlike our the-
ory, current theory fails to account for several other
predictions and, in fact, conflicts with some predictions
(i.e., 3.2 and 4). The predictions thus offer a possibility to
test the two theories; they in addition are potentially of
important clinical relevance. We thus have undertaken
to experimentally verify these predictions, particularly
3.2 and 4. These and other studies are discussed in the
following section.

III. Tests of the Theory
A. Experimental Evidence

Different putative animal models of pain and opiates
were used in the initial studies (Colpaert, 1978¢, 1979;
Colpaert et al., 1978c, 1980a; see also Colpaert, 1978b)
that we conducted to test the hypothesis that nociceptive
stimulation counteracts the development of apparent
tolerance to opiate analgesia. The studies also tested the
further hypotheses specified in section II.

One series of studies (Colpaert et al., 1978c, 1980a)
used the fairly short-acting opiate, fentanyl (Janssen et
al., 1963) and applied mechanical stimulation of the
hind paws in rats as a method to produce brief but
repeated nociceptive stimulation. The studies further
used tail withdrawal from 55°C water as an assay (Jans-
sen et al., 1963) to assess the magnitude of opiate anal-
gesia. The studies found that the opiate and the noci-
ceptive stimulation caused hyper- and hypoalgesia,

4 Note, however, that a stimulus processing system that formal-
izes the classical theory has so far not been articulated.
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respectively. The studies also found that repeated fent-
anyl injections diminished, whereas repeated nocicep-
tive stimulation enhanced, fentanyl’s apparent analge-
sic effects in the tail withdrawal assay. Finally, the
repeated fentanyl injections and the repeated nocicep-
tive stimulations counteracted each other in determin-
ing the magnitude of the fentanyl analgesia; thus, the
repeated nociceptive stimulation counteracted the devel-
opment of apparent tolerance to opiate analgesia. The
findings thus verified the hypotheses in experimental
conditions that used brief episodes of nociceptive stimu-
lation. A further experiment (Colpaert et al., 1980a)
showed that the mere exposure to the nociceptive stim-
ulus that was used in the analgesic testing procedure
sufficed to make fentanyl produce an apparently en-
hanced analgesic effect; this enhancement was dose-
dependent, being larger with low than with higher doses
of fentanyl.

Another series of studies (Colpaert, 1978¢, 1979) un-
dertook to verify the same hypotheses under conditions
of chronic pain. An animal model of chronic pain was not
available at that time, and we undertook to use adjuvant
arthritis as a potential, albeit not at that time validated,
model. Adjuvant arthritis is a pathology that can be
produced in rats by inoculation, into the tail base, with
mycobacterium butyricum and that has pathological and
biochemical features that resemble human rheumatic
disease (Calvino et al., 1987a; Jones and Ward 1963,
1966; Pearson, 1956, 1963; Rosenthale and Capetola,
1982; Ward and Jones, 1962). Adjuvant arthritis has
long been in use as a screening assay for anti-arthritic
drugs (Awouters et al., 1975; Rainsford, 1982). In these
studies, then, it was attempted to match the putative
chronic pain associated with adjuvant arthritis with bez-
itramide, an opiate possessing a particularly long dura-
tion of action on oral administration (Janssen et al.,
1971). The tail-withdrawal procedure was again imple-
mented to assay the apparent magnitude of opiate an-
algesia. It was found that the adjuvant arthritis pro-
duced hypoalgesia and an enhanced analgesic effect of
(apparent inverse tolerance to) bezitramide and, also, of
morphine. The twice daily administration during 1 week
of 1.25 mg/kg of bezitramide produced in normal ani-
mals hyperalgesia and a diminished analgesic effect of
(apparent tolerance to) bezitramide and, also, of mor-
phine. The exposure of other animals to both adjuvant
arthritis and to chronic bezitramide showed the putative
chronic pain and the chronically administered opiate to
counteract each other. In particular, the apparent toler-
ance to bezitramide’s analgesic effects no longer devel-
oped in rats with adjuvant arthritis. These data (Col-
paert, 1979) thus offered the first (experimental)
evidence that chronic pain can be treated with opiates
such that apparent tolerance to the opiate’s analgesic
effects does not develop. There are, however, two caveats
to the latter conclusions. Firstly, we had used adjuvant
arthritis as an animal model of chronic pain, but it

remained to be established that adjuvant arthritis in the
rat is effectively associated with anything resembling a
phenomenon that, even in human patients, is very dif-
ficult to define. Secondly, if adjuvant arthritis were
found to effectively generate chronic pain in rats, then it
would remain to be demonstrated that an opiate can
attenuate this chronic pain. This is what we set out to do
in the research effort that is being considered in section
IIL.B.

These caveats notwithstanding, the studies (Colpaert,
1979; Colpaert et al., 1980a) thus coherently verified
each of the different predictions that were generated by
our theory (section IL.); the data were obtained while
using different methods of nociceptive stimulation and
while implementing different opiates. In the remainder
of the present section, we will consider further experi-
mental studies and findings that have subsequently
been obtained in our and other laboratories.

In addition to the effects we observed in a rat tail
withdrawal assay (Colpaert, 1978¢, 1979), considerable
other evidence has been reported that shows opiates to
produce hyperalgesia (prediction 1.1). Thus, in rats, sys-
temic injections (Kayan et al., 1971) or subcutaneous
implantation of pellets of morphine (Tilson et al., 1973)
generated hyperalgesia as measured in a hot plate and a
flinch-jump procedure, respectively (see also: Kim et al.,
1990; Wilcox et al., 1979). In mice, repeated morphine
injections over 7 days enhanced the writhing response to
intraperitoneal acetic acid (Inoki et al., 1990; Ohnishi et
al., 1990), and foot-lick and jump responses to a 50°C hot
plate were increased after a 7-day infusion of the x-ag-
onist U 50,488 (Teskey and Kavaliers, 1991). Similar
observations have been made in guinea pigs (Mulé et al.,
1968) and cats (Kayan and Mitchell, 1968). In humans,
continuous intrathecal (Morley et al., 1992) or systemic
(Andrews, 1943; Sjogren et al., 1993) infusions of mor-
phine have produced hyperalgesia; the magnitude of
these effects has been so as to cause an allodynia that
has also been referred to as “paradoxical pain” or “over-
whelming pain syndrome” (Morley et al., 1992; see also:
Glavina and Robertshaw, 1988; Potter et al., 1989;
Sjogren and Eriksen, 1994). Tentative explanations of
this hyperalgesia have involved increased calcium entry
(Inoki et al., 1990) and the morphine metabolite, mor-
phine-3-glucoronide (Sjogren et al., 1993).

There is, of course, overwhelming experimental evi-
dence that chronic administration of opiates, to pain-
free animals, can produce an apparently diminished an-
algesic effect of the opiate (prediction 1.2); this evidence
has been the subject of different review articles (Cox,
1990; Pasternak, 1993; Redmond and Krystal, 1984;
Trujillo and Akil, 1991) and will not be reconsidered
here.

That one nociceptive stimulation can reduce the alge-
sic effect of another stimulation, i.e., induce hypoalgesia
(prediction 2.1), in fact constitutes a long-recognized
phenomenon that has variously been referred to as coun-
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terirritation (e.g., Sigurdsson and Maixner, 1994), dif-
fuse noxious inhibitory controls (Le Bars et al., 1979),
autoanalgesia (Yonehara et al., 1983) or antinociception
(Yashpal et al., 1995). Nociceptive counterirritation has
been applied for centuries to treat pain of various etiol-
ogies (Parsons and Goetzl, 1945; Ward-Tetley, 1956).
The phenomenon has been amply demonstrated and
characterized in experimental studies using measures or
reports of acute pain in animal and human subjects (for
review, see Basbaum and Fields, 1984; Roby-Brami et
al., 1987; Rodgers and Randall, 1988; Willer et al., 1984)
and, importantly, in chronic pain patients (Lipman, et
al., 1987). In addition to this behavioral evidence, noci-
ception-induced hypoalgesia has also been extensively
documented by electrophysiological methods (Alarcon
and Cervero, 1990; Bouhassira et al., 1987; Dickinson
and Le Bars, 1983; Fleischmann and Urca, 1989; Fu et
al., 1990; Laird and Cervero, 1989; Le Bars et al., 1981,
1992; Morton et al., 1987; Ness and Gebhart, 1991a,
1991b; Salter and Henry, 1990a, 1990b; Talbot et al.,
1989). Furthermore, sensory stimulation, including mo-
dalities that are nociceptive, increases the expression of
the immediate-early gene, Fos protein product of the
c-fos proto-oncogene (Hunt et al., 1987; for reviews, see
Fitzgerald, 1990; Morgan and Curran, 1991), and the
increased c-Fos expression that repetitive hindpaw
pinch otherwise induced in rat lumbar spinal nocir-
esponsive neurons was recently found (Morgan et al.,
1994) to be inhibited by another, spatially remote noci-
ceptive stimulus (i.e., immersion of the tail in 50°C wa-
ter). Note that the latter study used methods of nocicep-
tive stimulation that were similar to those we used in
some of the initial studies verifying the various predic-
tions of our theory (Colpaert et al., 1978c, 1980a). The
available evidence demonstrating hypoalgesia from
counterirritation thus covers a vast array of both noci-
ceptive stimulations and of methods to assay algesic
effects (Roby-Brami et al., 1987; Willer et al., 1984).
Note, however, that the phenomenon might not be uni-
versal, although it remains unclear why exceptions oc-
cur (Sigurdsson and Maixner, 1994). That the phenom-
enon would not be universal does not detract from the
system portrayed in figure 1. Rather, it suggests that
any number of such systems may exist at different levels
of anatomical organization to converge at yet higher
levels; the multiple systems may be arranged in serial
and/or parallel configurations. Note that a single system
suffices to predict hypoalgesia from counterirritation us-
ing two stimulations that are remote in time but iden-
tical in their anatomical site of impact; and some such
arrangement as that referred to above would be required
anyway if the system’s output is not only to detect pain,
but also to identify its nature and site of impact. Inter-
estingly, some evidence (Yashpal et al., 1995) suggests
that cutaneous nociceptive input originating from differ-
ent dermatomal levels converges at a suprasegmental
level to generate instances of heterosegmental hypoal-

gesia that involve C-fibers and receptors for substance P
and opiates (see also Bouhassira et al., 1995).
Prediction 2.2 requires that nociceptive stimulation
should act to increase the apparent analgesic effects of
opiates (induce apparent inverse tolerance). Implement-
ing adjuvant arthritis as in our initial studies (Colpaert,
1978¢, 1979) to induce nociceptive stimulation, Guilbaud
(co-author of many of the references in this section) and
colleagues have extensively confirmed this prediction
with additional opiates as well as with different methods
to assay their analgesic effects. That is, using vocaliza-
tion in response to mechanical pressure applied to the
paw, and in comparison with control animals, appar-
ently enhanced analgesic effects were found in arthritic
rats with morphine (Kayser and Guilbaud, 1983, 1985,
1990), and with other opiates including the p-agonist
D-Ala?-MePhe*-Glyol®-enkephalin (DAGO), the 8-ago-
nist Tyr-d-Ser-Gly-Phe-Leu-Thr (DSLET), the x-agonist
U-50,488H (Neil et al., 1986), and the partial agonists
tramadol, nalbuphine and buprenorphine (Kayser et al.,
1991). This apparent inverse tolerance was also ob-
served with kelatorphan, an inhibitor of multiple en-
kephalin-degrading enzymes (Kayser et al., 1989), but
not with the enkephalinase inhibitors thiorphan (Kay-
ser and Guilbaud, 1983) and acetorphan (Kayser et al.,
1989). Morphine seemed (Kayser and Guilbaud, 1990) to
produce less of an enhanced analgesic effect (in arthritic
rats) on paw withdrawal as compared with the vocaliza-
tion induced by mechanical stimulation. Also, in rats
with adjuvant arthritis that received a subcutaneous
implantation of morphine pellets, Lérida et al. (1987)
found morphine’s peak analgesic effect in a tail flick
assay to be larger in the arthritic as compared with
normal animals. In addition to this evidence obtained in
arthritic rats, previous exposure to a hot plate enhanced
morphine’s analgesic effects both in drug-naive rats and
in animals that allegedly had been rendered tolerant to
morphine (Sherman et al.,, 1982). Using mechanical
stimulation to generate nociceptive stimulation and tail
withdrawal from heat to assay analgesic drug effects, we
(Van den Hoogen et al., 1989) reported enhanced anal-
gesic effects of epidurally injected sufentanil, suggesting
that apparent inverse tolerance can be obtained at spi-
nal opiate receptors. In rats in which local inflammation
of one hindpaw was induced with either Freund’s adju-
vant or carrageenan, enhanced analgesic effects have
been reported with morphine, with the x agonist
U-50,488H and, also, with the partial a,-adrenergic ag-
onist clonidine (Hylden et al., 1991; Joris et al., 1990;
Stein et al., 1988a). The enhancement of analgesic ef-
fects was limited to the inflamed and did not occur with
the presumably normal, contralateral, paw; the data
suggest an involvement of peripheral opiate receptors
located on local terminals of primary afferents (Stein et
al., 1988a, b) and noradrenergic pathways (Hylden et al.,
1991) in ipsilateral lumbar segments of the spinal cord.
Also, a comparison was made (McLaughlin and Dewey,
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1994) of opiate analgesic effects in tests involving brief,
so-called (Dennis and Melzack, 1979) phasic or longer,
so-called tonic nociceptive stimulation. The tests being
used were tail flick, hot plate and formalin-induced in-
flammation, respectively. The findings again indicated
opiates (i.e., morphine, meperidine, fentanyl, buprenor-
phine) to produce greater analgesic effects in the pres-
ence of the tonic as compared with the phasic stimula-
tions (McLaughlin and Dewey, 1994).

Other than ours (Colpaert, 1979; Colpaert et al.,
1980a), no further studies appear to have addressed the
prediction (3.1) that nociceptive stimulation and opiates
should counteract each other in generating hypo- and
hyperalgesia, respectively. Interestingly, however, Neil
et al. (1986) (see table 1 of this reference) treated ar-
thritic rats repeatedly with either saline or morphine,
and did find the morphine-treated animals to have a
lower threshold for mechanically induced vocalization.

Finally, predictions 3.2 and 4 require that chronic
opiates and chronic nociceptive stimulation should coun-
teract each other in generating apparent tolerance and
apparent inverse tolerance, respectively, to the analge-
sic effects of opiates. Abbott et al. (1981) treated rats for
5 days with either morphine or saline and thereafter
tested the magnitude of morphine’s analgesic effects
against paw elevation induced by subcutaneous injec-
tion of formalin. The formalin injections presumably
produced pain for a duration of time that was compara-
ble to that we had used in one study (Colpaert et al.,
1980a) but shorter than that in another (Colpaert, 1979)
study. The findings did not reveal any difference in the
magnitude of the analgesic effects of a single dose of
morphine and led the authors to suggest that no toler-
ance occurred in the formalin test (Abbott et al., 1981).
However, the single dose of morphine reduced the pain
score to the zero floor in all groups, so that any possible
difference might have been rendered undetectable. Note
also that in the latter study (Abbott et al., 1981), the
chronic opiate treatment was not administered along
with chronic nociceptive stimulation before the time that
analgesic testing was carried out; the data therefore are
perhaps more relevant to the inverse apparent tolerance
that our theory predicts should occur with tonic nocicep-
tive stimulation. Repeated coadministration of mor-
phine and of formalin in rats was carried out, however,
in another study that subsequently assayed morphine’s
analgesic effects in both the formalin and the tail-flick
tests (Vaccarino et al., 1993). The data thus obtained
elegantly confirmed, in both tests, that the apparent
tolerance that otherwise occurred after repeated mor-
phine injections, was counteracted when these morphine
injections were co-administered with repeated formalin
injections (Vaccarino et al., 1993). Mohibur-Rahman et
al. (1993) repeatedly coadministered, in mice, 10 mg/kg
of morphine with injections of either formalin, Freund’s
adjuvant (in the hind paw) or acetic acid (intraperitone-
ally); morphine’s analgesic effects were subsequently

assayed in tail-pinch, tail flick, and acetic acid-writhing
procedures. The nociceptive stimulations counteracted
the development of apparent tolerance to morphine’s
analgesic effects when formalin was used, but less so
when either the adjuvant or acetic acid were used. The
authors contend that the nociceptive stimulants differed
in their intensity and duration of action, with formalin
likely producing the largest nociceptive effects. These
findings (Mohibur-Rahman et al.,, 1993) thus support
the predictions in demonstrating that the extent to
which nociceptive stimulation counteracts the apparent
tolerance that otherwise occurs to a fixed (i.e., 10 mg/kg)
dose of morphine is a function of the intensity and du-
ration of the nociceptive stimulation. Kayser and Guil-
baud (1985) misinterpreted our earlier findings (Col-
paert, 1978¢, 1979) to suggest that apparent tolerance to
opiate analgesia cannot develop in arthritic rats. This
interpretation is obviously incorrect, and the data in
their study, in fact, perfectly confirmed the theory’s pre-
diction. Specifically, arthritic and control rats were
given repeated, subcutaneous injections of up to 160
mg/kg of morphine, and morphine’s analgesic effects
were subsequently assayed in a paw pressure-vocaliza-
tion test. The data showed morphine analgesia to be
larger in arthritic than in control rats, and this was true
both in animals that had or had not received chronic
morphine. Thus, apparent tolerance was counteracted
by the arthritis, and the apparent inverse tolerance that
was otherwise associated with arthritis was counter-
acted by repeated morphine injections. Also, the appar-
ent magnitude of morphine’s analgesic effect in arthritic
rats that had received chronic morphine was smaller
than that in nonarthritic chronic-saline animals at
some, albeit not at all, of the doses of morphine that
were tested. Our theory would suggest this to be attrib-
utable to a mismatch between the chronic morphine and
the nociceptive stimulation that presumably is associ-
ated with adjuvant arthritis. The up to 160 mg/kg doses
of chronic morphine that were used are considerably
higher indeed than the 2.5 to 40 mg/kg doses of subcu-
taneous morphine that appear to be required (Colpaert
et al., 1987) to match the intensity of the chronic pain of
arthritic rats. The Kayser and Guilbaud (1985) study
thus produced data that are remarkably consistent with
our theory (see also: Kayser et al., 1986). Further data
from the same laboratory confirmed chronic morphine to
counteract the apparent inverse tolerance that other-
wise occurs in arthritic rats with morphine and, also,
DAGO (Neil et al., 1986). The apparent tolerance that
opiates can, of course, produce in arthritic rats, was
smaller with tramadol than it was with morphine (Kay-
ser et al., 1991); this suggests tramadol to exert smaller
intrinsic activity at opiate receptors and to perhaps thus
offer a closer match of the chronic pain of adjuvant
arthritis. Finally, Lérida et al. (1987) also found appar-
ent tolerance to the analgesic effects of subcutaneously
implanted morphine pellets to develop to a lesser extent
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in arthritic as compared with control rats. Thus, the
available data confirm the hypothesized, mutual, coun-
teraction of opiates and nociceptive stimulation in gen-
erating apparent tolerance and inverse tolerance, re-
spectively. It would be extremely useful, however, for
further research to obtain systematic, parametric, data
characterizing the intensity and duration of nociceptive
stimulation in its interacting with various doses of opi-
ates as they match, and can mismatch, the nociceptive
stimulation while impairing its algesic effects.

It should be noted here that the studies by Guilbaud
and colleagues used vocalization to paw pressure to as-
say analgesic drug effects in arthritic rats. In arthritic
rats, the limbs are severely inflamed and, of course,
markedly hyperalgesic. The analgesic assay thus in-
volves the use of a hyperalgesic response that compli-
cates the analysis. It is perhaps for this reason that this
preparation has yielded such remarkable findings as
putative hyperalgesia produced by low doses of mor-
phine (Kayser et al., 1987) that generated apparent in-
verse tolerance when administered to nonarthritic ani-
mals (Kayser et al., 1986). Equally puzzling are findings,
also obtained under these conditions, that doses of nal-
oxone that reportedly produce analgesic effects, perhaps
because of weak intrinsic activity, when given alone
(Kayser and Guilbaud, 1981), antagonize the analgesic
effects of higher doses of morphine (Kayser and Guil-
baud, 1983). No coherent explanation of these intriguing
findings has been offered, and the data have not as yet
been reproduced in other laboratories; a recent report
failed to reveal any effect of naloxone on electrical dis-
charges of nociceptive (group III or group IV) afferents
from the acutely inflamed knee joint of the cat (Schepel-
man et al., 1995). Further study of the role of opiate
receptors located in peripheral, especially in inflamed,
tissues (Stein, 1993) may perhaps elucidate these find-
ings. The use of a response that expresses inflammatory
hyperalgesia may similarly have confounded the out-
come of the first of a series of three experiments that
attempted to verify whether chronic nociceptive stimu-
lation alters apparent tolerance to morphine (Gutstein
et al., 1995). The experiments used a unilateral injection
of complete Freund’s adjuvant in the rat hindpaw, thus
inducing inflammation and hyperalgesia, albeit no dem-
onstrated chronic pain. Nine days after this injection,
morphine or placebo pellets were implanted, and pain
responses were examined in a tail flick assay. The find-
ings indicated that the morphine-implanted animals
had shorter latencies, leading the authors to suggest
that chronic pain enhances the development of apparent
tolerance to opiate analgesia. My interpretation of these
data would be that the model perhaps generated
marked, inflammatory hyperalgesia, but too little
chronic pain to constitute an adequate match of the
chronic morphine, which therefore produced hyperalge-
sia in the tail flick assay. The second and third experi-
ments in this series effectively confirmed inflamed ani-

mals to demonstrate hyperalgesia in the tail flick assay
(Gutstein et al., 1995).

In conclusion, it appears that a considerable body of
experimental evidence confirms the various predictions
of our theory. For as far as these predictions concern
chronic pain, adjuvant arthritis in the rat has been the
only model of chronic pain (Colpaert, 1978b, 1978c,
1979) on which these data are based. The following
section therefore addresses the validity of adjuvant ar-
thritis as an animal model of chronic pain.

B. Adjuvant Polyarthritis

The 1978 proposition of adjuvant arthritis in the rat
as an animal model of chronic pain set a daunting chal-
lenge (Colpaert, 1978b, c; see also Colpaert, 1979). To
objectively demonstrate and reliably measure pain in
humans is a difficult enough task that is typically han-
dled by applying psychometric analyzes to the subject’s
subjective pain ratings (Beecher, 1957, 1959; Chapman
et al., 1985; Merskey, 1976); this reliance on the sub-
ject’s self-report persists to date (e.g., Hammond, 1991).
To obtain pain ratings from animals has naturally been
impossible, and all animal research on pain has in fact
relied, explicitly or implicitly, on a convention that the
physiologist Sherrington (1906) proposed and made ac-
ceptable early in this century. Specifically, Sherrington
proposed that a stimulus be considered painful if it
produces what he called the pseudo-affective response;
the latter was defined as a number of plurisegmental
reflexes, or behaviors, involving somatic muscle as well
as a number of branchial and autonomic responses such
as hyperpnea and hypertension (see also: Cannon, 1929;
Sternbach, 1968). The acceptance of (elements of) the
pseudo-affective response as both a demonstration and
measure of pain has since allowed researchers to pro-
pose and experimentally study in animals nociceptive
stimuli and putative pains, the duration of which has
ranged from a few milliseconds (Carmon et al., 1976) to
approximately 2 hours (Dubuisson and Dennis, 1977).
The putative, experimental, pains in animals that have
thus been introduced have been qualified (Dennis and
Melzack, 1979) as being tonic and phasic, respectively.
Sherrington’s pseudo-affective response consisted, of
course, of those reactions that in humans are correlated
with acute, subjectively reported pains and which can be
measured, in an objective and quantified manner, by
methods that do not rely on any subjective report.

Herein lies the limitation of Sherrington’s otherwise
ingenious proposal; it concerned acute pains but could
not, and was not intended to, apply to chronic pains.
Indeed, chronic pain in humans is not, and certainly not
consistently, associated® with the externally observable

5 Note, however, that hyperventilation may constitute an excep-
tion; we will see later in this section that hyperventilation occurs in
response to both acute and to chronic pains, and may, perhaps
uniquely, offer a measure of pains throughout the full range of their
duration (phasic, tonic, chronic).
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signs that Sherrington defined as the pseudo-affective
response. In the uncharted territory of chronic pain,
Sherrington thus left animal research without any guid-
ance as to how to demonstrate and measure the pain. In
the case of adjuvant arthritis, this rather enormous dif-
ficulty was compounded by another problem. Rats with
adjuvant arthritis present with massive and widespread
inflammation involving various tissues (Jones and
Ward, 1966); by definition and in empirical fact, the
inflammation is associated with an equally widespread
hyperalgesia (Rosenthale and Capetola, 1982). Any at-
tempt to demonstrate chronic pain in rats with adjuvant
arthritis should avoid the implication of inflamed tis-
sues. Indeed, hyperalgesia refers to the phenomenon
whereby an acute stimulation yields a greater-than-nor-
mal algesic response (Swingle, 1974; Winter and
Flataker, 1965); it by no means ensures that any pain is
present in the absence of this (superimposed) stimula-
tion. It thus would be misleading to infer the presence of
chronic pain in arthritic rats from hyperalgesic re-
sponses induced by an acute stimulation that is super-
imposed upon the inflammation.

In a decade-long effort to demonstrate the presence of
and measure chronic pain in rats with adjuvant arthri-
tis, we have adopted three different approaches. Adju-
vant arthritis being a long-lasting, ondulating disease,
special care was taken in many of these studies to char-
acterize the evolution of various parameters as a func-
tion of time; observations were thus made every 7 days
for periods of up to 11 weeks.

A first approach followed experimental demonstra-
tions by the behaviorist Skinner (1938) that organisms
increase behaviors that are instrumental in either ob-
taining appetitive stimuli (i.e., reward) or in avoiding
aversive stimuli (e.g., electric shock). Pain presumably
being aversive, we thus hypothesized (Colpaert et al.,
1980b, 1982) that a manipulation that produces analge-
sia (e.g., an analgesic compound) should induce this
instrumental behavior in animals exposed to pain, while
being ineffectual in normal animals. Specifically, if ar-
thritic rats are in chronic pain, then they should self-
administer more of an analgesic than do control animals.
The studies examined this hypothesis with suprofen, a
nonsteroidal anti-inflammatory drug (NSAID), and the
opiate fentanyl, and found self-administration to be en-
hanced in arthritic rats with both compounds (Colpaert
et al., 1980b, 1982). Kupers and Gybels (1995) elegantly
confirmed the enhanced self-administration of fentanyl
in arthritic rats and, also, that this enhancement peaks
in week 3 after the inoculation (Colpaert et al., 1982).
Note that the paradigm that was used in those studies
requires that the animal learns, through conditioning, to
associate the taste of the drinking solution containing
the analgesic, with its analgesic effect; this learning
process is known as conditioned taste preference (Garcia
et al., 1955). One of the variants of this learning process
is conditioned place preference (Cappell et al., 1973);

using this latter variant, arthritic rats also exhibited
enhanced place preference with morphine (Sufka, 1994).
Shippenberg et al. (1988) found that, 7 days after inoc-
ulation with mycobacterium butyricum into the plantar
surface of the right hind limb, morphine produced a
place preference in thus inflamed rats, but its magni-
tude was similar to, not higher than, that of normal
controls. Note, however, that at this point of time, rats
had developed inflammation and hyperalgesia, but un-
doubtedly not the chronic pain that in polyarthritic rats
is most prominent 3 weeks after inoculation in the tail
base (Colpaert, 1987). The latter time was also that at
which the fentanyl self-administration by polyarthritic
rats peaked in the first study of this nature (Colpaert
et al,, 1982). The protocol used in our initial studies
(Colpaert et al., 1980b, 1982) of substance self-adminis-
tration in arthritic rats was designed to (a) generate
as little as possible self-administration driven by non-
analgesic effects (e.g., drug-produced reward or eupho-
ria) in normal control animals and (b) associate the
perceptual effects (i.e., taste) of the orally available com-
pounds with their putative analgesic effects. Using a
protocol where normal rats do intravenously self-admin-
ister morphine, presumably driven by euphoria, Lyness
et al. (1989) found that arthritic rats self-administered
morphine less, rather than more, as compared with
normal controls. The latter finding is open to different
possible explanations. One is that opiates are less
addictive in arthritic rats (Lyness et al., 1989); this
hypothesis would be compatible with an earlier sug-
gestion that some drive states may be depressed in
these animals (Colpaert, 1987). Another possible ex-
planation, however, is that any limb movement is
acutely painful in arthritic rats (Chery-Croze et al.,
1985; Colpaert, 1987); the morphine self-administra-
tion in the Lyness et al. (1989) study required the
execution of (fixed ratio 10) bar pressing that itself
may have been painful in, and thus avoided by, rats
with adjuvant arthritis.

The second approach that has been taken in efforts to
validate the adjuvant arthritis model can be viewed as
an analogy to Sherrington’s method. That is, in humans,
the autonomic responses of sympathetic hyperactivity
that accompany (subjectively reported) acute pain de-
crease as the (subjectively reported) pain becomes
chronic, and vegetative signs (e.g., disturbances in sleep,
food intake and weight control), and irritability, often
appear (Procacci et al., 1979; Reuler et al., 1980; Stern-
bach, 1984). The approach thus consisted of determining
whether those physiological and behavioral features
that occur in humans, and that can be assessed objec-
tively, may also occur in arthritic rats. The evidence that
has thus been obtained (Colpaert et al.,, 1982) in ar-
thritic rats indicates that the animals lose weight and
become irritable, but it remains difficult to attribute
specifically these findings to the presence of chronic pain
(for detailed discussion, see Colpaert, 1987). However,
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findings in humans showed that chronic pain from het-
erogenous etiologies is accompanied by chronic hyper-
ventilation (Glynn et al., 1981). It had long been recog-
nized that hyperpnea accompanies acute pain in
animals (Sherrington, 1906) and humans (Comroe et al.,
1962), and ventilation is often taken as an index to
monitor the depth of anesthesia in spontaneously
breathing patients (Clutton-Brock, 1957). Acute pain
may in fact stimulate respiration so as to counteract the
respiratory depressant effects of forane (Eger et al.,
1972) and morphine (Borgbjerg et al., 1996; Hanks et al.,
1981). Also, the threshold for acute nociception to induce
pain can be raised in volunteers by active hyperventila-
tion (Clutton-Brock, 1957), and passive hyperventilation
at some stage has been used (Geddes and Gray, 1959;
Gray and Rees, 1952) as a technique of anesthesia®. The
findings by Glynn et al. (1981) thus seemed to imply
hyperventilation to constitute an exceptional sign of
pain: this is, to our knowledge, the only objective, exter-
nally accessible sign that has been documented to ac-
company both acute and chronic pains in humans. We
have been unable so far to monitor, for 11-week periods
in arthritic rats, arterial pO, and pCO, without the
procedure itself compromising the measurement. Fail-
ing this, a noninvasive whole-body plethysmographic
technique was developed (Colpaert and Van den Hoogen,
1983a) allowing frequency, absolute tidal volume and
minute volume of respiration to be obtained from freely
moving rodents; the technique derives from a barometric
method that was originally devised to measure ventila-
tion in newborn infants (Drorbaugh and Fenn, 1955).
Using this technique, then, it was found (Colpaert and
Van den Hoogen, 1983a) that arthritic rats hyperventi-
late; the hyperventilation followed a time course after
the inoculation that parallels the arthritic disease pro-
cess (Colpaert and Van den Hoogen, 1983b; see also
Wang and Sagen, 1995).

Further studies examining arthritic hyperventilation
as an expression of chronic pain analyzed the possible
role in this hyperventilation of substance P, which acts
as a neurotransmitter in primary afferents processing
nociceptive stimuli (Henry, 1976; Hokfelt et al., 1975;
Lembeck and Zetler, 1962). Thus, it was found that in
arthritic rats, levels of substance P are increased in the
sciatic nerve (Lembeck et al., 1981) as well as in the
saphenous nerve, dorsal root ganglia, dorsal roots and
dorsal spinal cord (Colpaert et al., 1983; Schoenen et al.,
1985). Furthermore, capsaicin had been documented to
first enhance the release and then deplete for long peri-
ods of time substance P from primary afferents (Bucsics
and Lembeck, 1981; Gamse et al., 1980; Theriault et al.,
1979). Paralleling these capsaicin effects on substance P
release, we found (Bervoets and Colpaert, 1984) intra-

6 However, after such maneuvers as thoracic surgery, breathing
itself may cause pain and ventilation might become depressed (Buck-
ley, 1985), the resulting hypoxia being responsive to analgesic treat-
ments (Flecknell et al., 1991).

thecal capsaicin in arthritic rats to first further increase
and then to decrease the hyperventilation. Corroborat-
ing further the role of substance P in the respiratory
response to pain, intrathecal capsaicin in nonarthritic
rats also induced hyperventilation (Bervoets and Col-
paert, 1984; see also Cruwys et al., 1995).

A third approach to validating the adjuvant arthritis
model has consisted of determining whether arthritic
rats demonstrate behavioral or other changes that can
possibly be interpreted as expressions of chronic pain.
As mentioned above, arthritic rats present with a weight
loss (Calvino et al., 1987a; Colpaert et al., 1980b, 1982),
possibly resulting from decreased food intake (De Cas-
tro-Costa et al., 1981) and also with decreased locomotor
and other behavioral activities (Calvino et al., 1987a; De
Castro-Costa et al., 1981). The hypomobility is further
decreased, rather than reversed, by morphine (De Cas-
tro-Costa et al.,, 1981), but morphine also depresses,
nonspecifically, various behaviors in pain-free animals
(e.g., Picker and Yarbrough, 1991). Consistent with a
possible role of chronic pain in these effects, surgical
section of the spinothalamic and spinoreticulothalamic
pathways partly attenuated the weight loss and hypo-
activity of arthritic rats (Dardick et al., 1986). Aggre-
gated arthritic rats hypervocalize (Colpaert et al., 1982),
and this hypervocalization is responsive to analgesic
drugs (Okuyama and Aihara, 1984a; Pircio et al., 1975).
However, little or no hypervocalization occurs in ar-
thritic rats that are housed singly, and vocalization in
arthritic rats can also be induced by touching and han-
dling the animals (Colpaert et al., 1982; De Castro-Costa
et al., 1981). Thus, confining several arthritic rats to a
limited space may provoke the animals to move and to
hence acutely stimulate in a mechanical manner the
inflamed, hyperalgesic, tissue of afflicted limb joints.
The hypervocalization may thus represent an acute pain
that occurs when inflamed hyperalgesic tissue is acutely
stimulated, and there is no further evidence that it
would reflect chronic pain. De Castro-Costa et al. (1981)
found scratching to be increased in arthritic rats and
proposed it to express chronic pain. However, a consid-
erable body of evidence (Colpaert, 1987) converges to
indicate that the chronic pain of arthritic rats is partic-
ularly severe 2 to 3 weeks after the inoculation, although
secondary, acute pains from persistent inflammation
and hyperalgesia might continue to occur for about 8
weeks (see later in this section). A major difficulty with
accepting scratching as a sign of chronic pain in arthritic
rats is that it reaches a peak at weeks 4 to 5 postinocu-
lation (Calvino et al., 1987a; De Castro-Costa et al.,
1981, 1987) and, thus, later than the time at which the
chronic pain is most intense. Morphine depresses the
scratching behavior of arthritic rats (De Castro-Costa et
al., 1981) but, as mentioned before in this section, mor-
phine also nonspecifically depresses various other be-
haviors in pain-free animals. The NSAID acetylsalicylic
acid similarly decreased arthritic scratching (De Castro-
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Costa et al.,, 1987), but others have failed to obtain
similar results with aspirin or other NSAIDs (Mohrland
and Johnson, 1983). Also, the NSAIDs suprofen and
indomethacin, as well as dexamethasone and cortisone
acetate, exerted little or no effect on the hyperventila-
tion of arthritic rats (Colpaert et al., 1987). In mice,
scratching can be induced by pruritogenic substances,
but not by the presumably pain-producing substances
capsaicin and formalin (Kuraishi et al., 1995). Note also
that, in humans, NSAIDs (when given alone) have very
limited effectiveness in relieving the pain of rheumatoid
arthritis (e.g., Ruoff, 1982). Chronic administration of
the antidepressants amitriptyline and imipramine re-
duced arthritic scratching in one study (Butler et al.,
1985), but this reduction was associated with a reduc-
tion of the pathology, and the findings are difficult to
interpret (Butler et al., 1985). Kupers et al. (1988) found
that scratching in arthritic rats can be depressed by
electrical stimulation of the nucleus paraventricularis
thalami (PV), a maneuver which in some instances
seems to alleviate pain in humans (Gybels et al., 1980;
Meyerson, 1983). The PV stimulation further produced
apparent analgesic effects in tail-flick and hot-plate pro-
cedures, although the effects thus obtained in these dif-
ferent procedures did not correlate (Kupers et al., 1988).
However, the PV stimulation that decreased scratching
also decreased biting and grooming and increased sniff-
ing and running (Kupers et al., 1988). It would be inter-
esting for further studies to determine whether mor-
phine, acetylsalicylic acid, other NSAIDs and
corticosteroids can mimick the effects of PV stimulation
in arthritic rats (i.e., decrease scratching, biting and
grooming, and increase sniffing and running); it would
also be of interest to determine how these compounds
and PV stimulation affect the same behaviors in pain-
free animals. Whether scratching in arthritic rats re-
flects chronic pain thus remains a matter of some debate
(Colpaert, 1987; De Castro-Costa et al., 1981, 1987; Ku-
pers et al., 1988). One potential way to reconcile the
different findings derives from the fact that the self-
administration of fentanyl and suprofen by arthritic rats
occurs at periods of time that do overlap, but this self-
administration peaks at times that differ (i.e., weeks 2-3
and weeks 4-7, respectively; Colpaert et al., 1980b,
1982). Two stages have tentatively been identified (see
fig. 1 in Colpaert, 1987) in terms of the pains that may
evolve in rats after inoculation with mycobacterium bu-
tyricum. One consists of a severe, chronic, opiate-respon-
sive pain that is little, if at all, susceptible to NSAIDs
and may therefore be noninflammatory in nature; it
occurs during weeks 2 and 3 postinoculation and abates
over weeks 4 and 5. From week 4 onward, and for a
further period of about 3 to 4 weeks in all, arthritic
animals resume various behaviors and activities while
inflammation and hyperalgesia persist; thus may arise
acute, repeated, inflammation-induced hyperalgesic
pains which are relatively mild, responsive to NSAIDs,

and perhaps absent while the animal is immobile. The
time at which scratching in arthritic rats reaches peak
(Calvino et al., 1987a; De Castro-Costa et al., 1981)
coincides with this second stage. Finally, different be-
havioral responses demonstrating the hyperalgesia of
the various inflamed tissues in arthritic rats have, of
course, been reported, and these responses can readily
be counteracted by both NSAIDs and opiates (e.g., Ca-
petola et al., 1980; Hirose and Jyoyama, 1971; Rains-
ford, 1982; Winter et al., 1979). However, these latter
studies invariably have induced acute responses to acute
pains that do not exist in the absence of the acutely
superimposed stimulation and thus do not constitute
evidence of chronic pain in arthritic rats. It is unfortu-
nate that a confusion often continues to be made in the
literature between these acute pains from inflamed, hy-
peralgesic, and acutely stimulated tissues on the one
hand, and the chronic pain that may perhaps exist in
arthritic rats.

Various biochemical and histochemical changes also
occur in arthritic rats. As mentioned above, levels of
substance P are enhanced in sciatic nerve, saphenous
nerve and in the L4 and L5 dorsal sections of the lumbar
spinal cord (Chery-Croze et al., 1985; Colpaert et al.,
1983; Lembeck et al., 1981). The effects of capsaicin on
spinal cord levels of substance P (Colpaert et al., 1983)
and on the ventilation (Bervoets and Colpaert, 1984) are
consistent with the possibility that substance P medi-
ates the putative chronic pain of arthritic rats. The
time-course of spinal cord substance P levels has also
been studied (Schoenen et al., 1985); the qualitative data
thus obtained on days 15, 30 and 60 after inoculation are
perhaps compatible with the time course of chronic pain
(see Colpaert, 1987), but quantitative data obtained
with a higher temporal resolution are required to char-
acterize this relationship more precisely. Levels of sub-
stance P also increase in the plasma and cerebrospinal
fluid of rats with adjuvant arthritis, but these increases
did not parallel the time course of behavioral manifes-
tations of inflammatory hyperalgesia (Calvino et al.,
1994). A decrease of substance P levels has been re-
ported in ventral sections of lumbar spinal cord, presum-
ably containing gray matter fibers projecting to mo-
toneuron cell bodies (Chery-Croze et al., 1985).

At both 15 and 21 days after inoculation, total serum
tryptophan levels decrease, while plasma-free trypto-
phan levels increase (Weil-Fugazza et al., 1980). Fore-
brain as well as spinal cord levels of tryptophan, 5-hy-
droxytryptamine (5-HT) and 5-hydroxyindoleacetic acid
(5-HIAA) increase at day 15, but return to control or
near-control levels on day 21 (Weil-Fugazza et al., 1980;
see also Sofia and Vassar, 1974). The complex time
course of these changes (Godefroy et al., 1987; Schoenen
et al., 1985; Weil-Fugazza et al., 1980) thus is not simply
parallel to that of the putative chronic pain of arthritic
rats (Colpaert, 1987). It also remains to be established
whether the increased levels of 5-HT in the brain and
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spinal cord are associated with any changes in 5-HT
release (Weil-Fugazza et al., 1984). Finally, at 16 days
after inoculation, morphine further enhances the in-
creased levels of tryptophan and 5-HIAA, but not of
5-HT, in the brain and spinal cord of arthritic rats (Weil-
Fugazza et al., 1979).

Other findings have demonstrated increased levels of
the mitochondrial enzyme, succinic dehydrogenase
(Schoenen et al., 1985), of cholecystokinin (Chery-Croze
et al., 1985) and of norepinephrine and uric acid (Weil-
Fugazza et al., 1986) in the lumbar spinal cord of ar-
thritic rats. There also is considerable evidence (Cesse-
lin et al., 1980, 1984; Faccini et al., 1984; Millan et al.,
1985a, b, ¢, 1986a, b; Yonehara et al., 1983) of marked
changes in endogenous opiate systems of the brain and
of the spinal cord. However, detailed studies of the time
course and physiological specificity of these various
changes are lacking, and the data so far available do not
permit one to unambiguously relate these findings to the
chronic pain as opposed to the mere inflammation or, for
that matter, to the stress and depression of drive states
that perhaps also occur in arthritic rats (Colpaert, 1987).

Electrophysiological experiments have examined the
responsiveness of afferent fibers contained in an articu-
lar ramus innervating an inflamed ankle joint of ar-
thritic rats. As compared with control animals, fibers of
pentobarbitone-anesthetized arthritic animals, 3 to 4
weeks after the inoculation, showed a lowered threshold
for mechanical stimulation (Guilbaud et al., 1985a) and
the occurrence of background activity that was respon-
sive to aspirin (Guilbaud et al., 1985b). In unconscious
arthritic rats that underwent ischemic decerebration by
bilateral carotid ligation, 15 to 43 days after inoculation,
unit activity of dorsal horn neurons in response to cuta-
neous stimulations was also enhanced (Menetrey and
Besson, 1982). That is, superficial dorsal horn cells were
identified exhibiting background activity and enhanced
responsivity to mild, acute, mechanical stimulation;
some neurons in deeper areas responded similarly to
otherwise nonnoxious stimuli (Menetrey and Besson,
1982). A further study (Calvino et al., 1987b) similarly
identified atypical, dorsal horn convergent neurons, the
segmental electrophysiological characteristics of which
were changed; the size of their excitatory receptive fields
was enlarged, and their responsiveness to transcutane-
ous electrical stimulation was enhanced (3 to 5 weeks
after inoculation, under halothane anesthesia; Calvino
et al., 1987b). Furthermore, unitary responses of neu-
rons in the ventrobasal thalamic nucleus (nVT) to so-
matic, acute stimulations applied to the receptive fields
of inflamed tissues were also enhanced in arthritic rats
(3 to 4 weeks after inoculation, under halothane anes-
thesia; Gautron and Guilbaud, 1982). Of 168 cells stud-
ied, only 20 were activated exclusively by intense cuta-
neous stimulation, whereas an atypical proportion of
108 cells were excited by mild stimulations. Somatosen-
sory neurons of the posterior intralaminar region of the

thalamus showed similar characteristics (Kayser and
Guilbaud, 1984). The NSAIDs aspirin (Guilbaud et al.,
1982) and indomethacin (Okuyama and Aihara, 1984b)
as well as morphine (Kayser et al., 1983; Okuyama and
Aihara, 1984b) depressed these responses of nVT neu-
rons to peripheral stimulation under otherwise similar
experimental conditions. Finally, unusual responsivity
to peripheral, acute stimulation of inflamed tissue has
also been found in single, layer V neurons of the first
somatosensory cortex (3 to 5 weeks after inoculation in
halothane anesthetized arthritic rats; Lamour et al.,
1983), with most of the neurons being driven by joint
movement and/or moderate pressure applied to the skin.

The available electrophysiological evidence thus con-
sistently demonstrates unusual unit response character-
istics of articular afferent fibers, spinal dorsal horn and
thalamic and cortical neurons. However, the precise re-
lationship of these findings to the chronic pain of ar-
thritic animals remains to be clarified. All of these find-
ings have, of necessity, been obtained in unconscious,
usually anesthetized, and at times decerebrated, ani-
mals, and it is unclear how chronic pain can be studied
at all under these conditions. The most unassuming
definitions of pain require the subject to consciously
report about its subjective effect (Beecher, 1957, 1959);
to accept findings in unconscious subjects as evidence of
pain would thus require that first there be defined and
accepted measurements of pain that no longer require
these to be validated by whatever such confirmation as
can be obtained in conscious subjects. Also, these elec-
trophysiological studies have been concerned with acute
responses to acutely applied stimulations of inflamed,
hyperalgesic tissues that may possibly be unrelated to
chronic pain. Indeed, chronicity is perhaps not necessary
for these altered response characteristics to be obtained;
Coggeshall et al. (1983) found that during acute inflam-
mation of the knee joint in cats, afferent fibers developed
background activity, enhanced sensitivity to mechanical
cutaneous stimulation and a normally absent respon-
siveness to joint movement. The susceptibility to aspirin
of these altered response characteristics, as demon-
strated at the levels of articular fibers and thalamic
neurons, constitutes further support for these character-
istics to merely reflect acute inflammation. Indeed, any
electrophysiological differences between arthritic rats
and preparations involving acutely inflamed tissues re-
main to be demonstrated.

As indicated in section III.A., various modalities of
acute nociceptive stimulation enhance c-Fos expression
in different afferent systems (Fitzgerald, 1990; Morgan
and Curran, 1991), and enhanced c-Fos expression has
also been documented in the spinal cord of arthritic rats
(Basbaum et al., 1988; Weihe et al., 1990). A detailed
study (Abbadie and Besson, 1992; see also Abbadie et al.,
1994; Sagen and Wang, 1995) confirmed c-Fos expres-
sion to be enhanced in sacral, lower thoracic and cervical
segments, the highest levels being found in the lumbar
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L3 and L4 segments. Measurements were made 1, 2, 3,
11 and 22 weeks after inoculation, the highest value
being obtained at week 3. Whether the latter represents
peak was left uncertain, and it would be interesting for
further work to characterize time points that are inter-
mediate between weeks 3 and 11. Like the self-admin-
istration of analgesic compounds (Colpaert et al., 1980b,
1982) and enhanced ventilation (Colpaert and Van den
Hoogen, 1983a, 1983b), enhanced c-Fos expression oc-
curred in the absence of any additional, experimenter-
produced stimulation. However, the c-Fos expression
was still markedly elevated 11 weeks after inoculation,
i.e., at a time when the self-administration of analgesic
drugs and hyperventilation have reached levels so low
as to be indistinguishable from that of nonarthritic con-
trols. Also, enhanced expression of c-Fos in the dorsal
horn occurs with nonnociceptive as well as with nocicep-
tive sensory stimulation (Hunt et al., 1987), cautioning
further against any direct relationship between c-Fos
expression and chronic pain in arthritic rats. Abbadie
and Besson (1993) found no effect of a single dose of
morphine on c-Fos expression in lumbar spinal cord
neurons in arthritic rats; the single morphine treatment
did, however, counteract the further increase of c-Fos
expression produced by acute mechanical stimulation of
the inflamed ankle joints. As pointed out by the authors
(Abbadie and Besson, 1993), it would be interesting for
further work to examine the effects on c-Fos expression
of an opiate that would be administered chronically
throughout the 2-week period during which arthritic
rats are in severe chronic pain. Finally, c-Fos expression
in the dorsal horn, L4-L5 segments of the rat spinal cord
is also enhanced in the acute carrageenan model of in-
flammatory hyperalgesia and, in this model, is respon-
sive to NSAIDs (Buritova et al., 1995).

The evidence reviewed here suggests that the polyar-
thritis induced by Freund’s adjuvant is effectively asso-
ciated with chronic pain (Colpaert, 1979, 1987). Theories
of behavior (Skinner, 1938) would predict an analgesic
compound to more powerfully reinforce the self-admin-
istration of the analgesic in subjects exposed to pain
than in pain-free subjects. This was confirmed by stud-
ies using the NSAID suprofen (Colpaert et al., 1980b)
and the opiate fentanyl (Colpaert et al., 1982). Also, like
chronic pain patients (Glynn et al., 1981), arthritic rats
hyperventilate (Colpaert and van den Hoogen, 1983a, b),
and hyperventilation may constitute one of the very few,
if not only, objective sign of both acute and chronic pain
that can be measured by noninvasive methods. Finally,
arthritic rats present with various behavioral, biochem-
ical and electrophysiological anomalies, some of which
may perhaps relate to chronic pain; parameters of par-
ticular interest for further research include increased
levels of substance P in primary afferents, increased
scratching behavior, enhanced c-Fos expression in lum-
bar spinal cord neurons and the altered electrophysio-
logical characteristics of neurons throughout afferent

pathways. Each of those various, individual findings
that have been reported in attempts to validate adjuvant
arthritis as an animal model of chronic pain can alter-
natively be explained by one or several other hypothe-
ses. However, the hypothesis that rats with adjuvant
arthritis suffer chronic pain is uniquely parsimonious in
accounting for all of these findings and in explaining the
remarkable coherence that exists in the temporal pat-
tern with which they occur (Colpaert, 1987). It is there-
fore reasonable to conclude that rats with adjuvant ar-
thritis are effectively in chronic pain.

The latter conclusion thus justifies, a posteriori, the
use we originally made in studies of opiate tolerance
(Colpaert, 1978¢, 1979) of adjuvant arthritis as an ani-
mal model of chronic pain. However, those studies spe-
cifically tested our System Theory of opiates and pain
(section II.), and in so doing implicitly assumed opiates
to be efficacious against the chronic pain of adjuvant
arthritis. It thus remained to be demonstrated that the
latter is the case. De Castro-Costa et al. (1981) found the
enhanced scratching of arthritic rats to be depressed by
morphine, but the specificity of this finding warrants
further investigation. The enhanced self-administration
of fentanyl by arthritic rats (Colpaert et al., 1982) is
clearly suggestive of fentanyl exerting analgesic effects,
but alternative explanations are possible (Colpaert,
1987). Perhaps most pertinent, then, is that morphine
counteracts the hyperventilation of arthritic rats (Col-
paert et al., 1987). This opiate effect, in arthritic rats
breathing air, was specific, in that nonopiate drugs
failed to decrease arthritic hyperventilation except when
also producing hypnosis (as was the case with 160 mg/kg
of chlordiazepoxide, see Colpaert et al., 1987). The opiate
effect also was specific in that morphine at these doses
did not decrease the respiration of nonarthritic rats
breathing air (Colpaert et al., 1987). Morphine at these
doses can depress the respiration of normal rats, but
only if the animals are challenged with CO, (Van den
Hoogen and Colpaert, 1986). The latter findings are
coherent with opiates, in normal organisms, decreasing
the apparent sensitivity of central chemoreceptors to
changes in arterial pH that are due to changes in partial
pressure of carbon dioxide in arterial gas (PaCO,)
(Mueller et al., 1982). It would thus appear that opiates
can effectively relieve the severe chronic pain of rats
with adjuvant arthritis.

C. Clinical Chronic Pain

The present section will be concerned with the devel-
opment of tolerance to opiate analgesia in patients with
chronic pain. Despite, and perhaps because of, the over-
whelming belief that tolerance develops to opiate anal-
gesia, few studies have sought to formally examine the
issue in humans. Apparent tolerance to analgesia (Ross-
bach, 1880) and to a range of other opiate effects (Light
et al., 1930; Martin and Jasinski, 1969; see also Martin,
1977) was first documented in studies conducted in opi-

2102 ‘S Jaqwiadag uo Ausianiun pesewwey | ye Bio sjeuinofiadse asswieyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARM
REV

PHARMACOLOGICAL REVIEWS

aspet

370 COLPAERT

ate-dependent subjects. In one study (Houde et al., 1966;
see also Houde, 1985), cancer patients received graded
single doses of morphine before and after 2 weeks of
regular morphine treatment; a rightward shift occurred
in the dose-response curve of the single doses for pro-
ducing pain relief. Also, it has been found that the use of
high doses of opiates in cancer patients is associated
with a relatively rapid increase in opiate dose (Bruera et
al., 1989; Mercadante et al., 1992) and that a relatively
smaller analgesic response is correlated with a greater
degree of previous opiate use (Thaler et al., 1991; Wal-
lenstein et al., 1990). Others (Mueller et al., 1982) ob-
served that the dose of epidural morphine required to
provide adequate pain relief was higher in these pa-
tients who had received larger doses of parenteral opi-
ates before the epidural treatment. It would thus appear
that apparent tolerance to opiate analgesic effects can
develop in humans, including in patients who suffer
pain. These observations are compatible with System
Theory and, also, with the classical theory that tolerance
develops to opiates.

Of course, no study has formally examined in humans
our prediction that apparent tolerance to opiate analge-
sic effects should not occur if the opiate that is being
administered offers an adequate match of the to-be-
alleviated-pain in terms of both the magnitude and the
duration of its effects. However, a wealth of retrospec-
tive surveys and partially controlled studies report that
the dose of opiates that is required in chronic pain pa-
tients to alleviate pain may remain constant for years on
end. Observations to this effect have been made with
both parenteral (e.g., Kaiko et al., 1981; Kanter et al.,
1980) and intrathecal or epidural administration (Arner
and Arner, 1985; Driessen et al., 1989; Onofrio and
Yaksh, 1990; for particularly eloquent data, see Zenz et
al., 1981) of morphine and various other opiates (de
Leon-Casasola and Lema, 1994; Portenoy and Foley,
1986). The observations pertain to pains from malignant
(e.g., Caputi et al., 1983; Mount et al., 1976; Saunders,
1982; Zenz et al., 1989) or nonmalignant etiologies (e.g.,
Pappagallo and Campbell, 1994; Portenoy and Foley,
1986) in patients who are either opiate-naive or on
methadone maintenance (Kantor et al., 1980; Ruben-
stein et al., 1976), and used protocols that have either
physicians or the patients themselves control the admin-
istration of the opiate (Jadad et al., 1992; Ralphs et al.,
1994). Importantly, with respect to the adjuvant arthri-
tis animal model of chronic pain, the opiates codeine and
propoxyphene have been found to provide sustained an-
algesia in patients with rheumatoid arthritis (Thurel et
al., 1991; Vlok and Van Vuren, 1987), albeit that drop-
outs occurred because of side effects (Kjaersgaard-
Andersen et al., 1990). With long-term use, the increases
of the opiate dose that are sometimes required to con-
tinue to alleviate pain often seem to be caused by disease
progression and aggravation of the pain rather than to
tolerance (Arner et al., 1988; Collin et al., 1993; Foley,

1991; Portenoy, 1994b; Twycross, 1974), and some pains
may or may not respond well to opiates, regardless of the
patient’s drug history (e.g., Fitzgibbon and Galer, 1994;
Kupers et al.,, 1991; Markley, 1994; Portenoy et al.,
1990). Such increases of dose are definitely not the rule,
however; for example, Taub (1982) describes 313 pa-
tients in whom no escalation of opiate dose was encoun-
tered during periods of treatment lasting up to 6 years.
Early, pioneering, efforts to relieve clinical chronic pain
have established progressive protocols that carefully ti-
trate the opiate dose to the individual patient’s pain
(Mount et al., 1976; Twycross 1974, 1978; Twycross and
Wald, 1976). These protocols are likely to in effect estab-
lish the matching between opiate and pain that our
theory requires (section II.) for apparent tolerance to
opiate analgesic effects to be avoided. The implementa-
tion, more or less faithful, of these protocols has in
recent years given rise to authoritative clinicians firmly
expressing the opinion that opiate-responsive chronic
pain can effectively be treated with opiates, for open-
ended periods of time, in the absence of any apparent
tolerance to the opiate’s analgesic effects (for reviews,
see Foley, 1991; Portenoy, 1994a, b; Twycross and Mc-
Quay, 1989; Zenz et al., 1992). That oral morphine is
successful in over 90%, but not all, of cancer patients
(Zylicz and Twycross, 1991) may perhaps be attributable
to the matching not always being entirely adequate in
terms of both the intensity (dose) and the duration of the
opiate being used.

The clinical evidence cited above is limited. For obvi-
ous ethical reasons, methodologically rigorous, com-
pletely controlled studies of opiate analgesia and of pain
sensitivity in volunteers who do not and in patients who
do suffer chronic pain have not been conducted. How-
ever, the current analysis of such evidence as there is,
and recent clinical opinion, is consistent with the pre-
dictions that System Theory makes about the relation-
ship between nociceptive stimulation and apparent tol-
erance. In fact, none of the clinical observations and
findings argues against any of these predictions. Most
importantly to the patient suffering chronic pain, it
would indeed appear that apparent tolerance to opiate
analgesia does not develop, and that the chronic pain
can effectively be treated, if the opiate treatment ade-
quately matches the pain. Inasmuch as the development
of tolerance to opiate analgesia constitutes the most
difficult problem in providing clinical pain relief (e.g.,
Kelemen, 1973), this problem would now seem, in prin-
ciple, to have been resolved.

IV. System Theory and Opiate Drug Action

In this section, we will describe a mathematically
formalized model of the System Theory that was pre-
sented above in a verbal manner. We will also examine
to what extent System Theory can accommodate the
major features of putative tolerance to opiate analgesia
as they have been identified empirically by experimental
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studies. Finally, we will explore how System Theory can
apply to opiate effects other than analgesia.

A. Formal System Theory

As specified above (section II.; fig. 1), physical stimuli
impacting on a particular input channel possess a mag-
nitude that is defined along a physical variable termed
¢, Transduction occurs such that the physical stimula-
tion ¢, causes a physiological activity ¢,. This transduc-
tion will be assumed here to be simply linear, but it is
changed in the presence of an opiate agonist, the dose of
which is termed .. For example, in the presence of a dose
of 14 arbitrary units (A.U.) of morphine, a ¢, of 20 A.U.
no longer causes a ¢, value of 20 A.U. but a lower value
that is found by subtraction, i.e., 20 —14 = 6. Equation
1 applies at all points of time:

Po = Pa— M. (1]

The predictions and data that are discussed below are
all derived from numerical, computer-generated, simu-
lations. The values of ¢, and of the doses of morphine
that are used in these simulations belong to the geomet-
rical series. . . 2.5, 3.5, 5, 7, 10, 14, 20,. . .. The System
will often be challenged by a standard test stimulus of 20
A.U. and be administered a standard test dose of mor-
phine of 14 A.U. As indicated in section II, the System
will compute a temporally integrated value, termed ., of
all physiological activity ¢, that has occurred over a
past, sample period of time that precedes immediately
the current point of time. In what follows, the sample
period used to obtain «, will typically span 40 (arbitrary)
units of time; ¢, is continuously computed as the moving
average of the physiological activity ¢, that occurred
over the preceding, discrete 40 units of time. In so doing,
¢, i8 weighted, however, so that more recent inputs have
a greater impact than inputs that are more remote in
time. The weight being accorded decreases linearly from
1.00 to 0.01 over the sample period. Thus, the ¢, value at
the one time unit that immediately precedes the current
time point, is multiplied by 1.00; the ¢, value that oc-
curred 40 units of time before the current time point, is
multiplied by 0.01. ¢, values occurring between these
points of time are multiplied by multipliers that decay
linearly from 1.00 to 0.01 (see fig. 2, insert). At all points

of time, current ¢, (i.e., ¢, at time zero, or 7)) is thus

determined following Equation 2:
1 -1
W) =35 2 Wk eo(n) [2]
k=-40

in which the weight w, of ¢, is found as
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FiG. 2. Temporal dynamics of «.. The data demonstrate how phys-
ical stimulations (¢,) or doses of morphine (u) of varying magni-
tudes, frequency and duration determine physiological activity (¢,)
and its temporal integration «,. Pain sensation is represented by the
difference 5 between ¢, and ¢,. All ordinates express arbitrary units
(A.U.); the abscissa represents time, also in A.U. The insert specifies
how, in the computation of «,, the weight that is being attributed to
¢, varies as a function of time. The calibration marks the sample
period of ¢ i.e., 40 units of time. Data were obtained from computer
simulations of the operations of System Theory.

The difference & will be found by subtracting ¢, from
¢,, and Equation 3 also applies at all points of time:

8=¢o—“r (3]

Analgesia produced by morphine will typically be deter-
mined by finding the 8 produced by the stimulus of 20
A.U. of ¢, in the absence (i.e., §’) and in the presence
(i.e., 8") of a 14 A.U. dose of morphine; it will be calcu-
lated as the ratio e, of &’ to 8" (i.e., e, = §'/8"). Unlike ¢,,
i, and 8, the analgesia index e, is not a parameter of the
System. As noted in section II., e, is an index that the
experimenter can arbitrarily choose to compute from
data on §; it is not being determined at every point of
time.
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1. Operating characteristics of «,. A full comprehension
of System Theory requires one to appreciate the dy-
namic features of the System’s parameters, especially «,,
as they vary over time. Figure 2 specifies how «, changes
over time as the System is being challenged with various
stimuli and injections of morphine.

Initially, no stimulus is being presented, and the
physical activity ¢, is set at zero. We will assume that
only one particular modality of ¢, generates physiolog-
ical activity’ so that initially, ¢, and «, are at zero, each
parameter being expressed in terms of its own arbitrary
units.

A first stimulus lasting one unit of time is presented;
the stimulus has a magnitude of 5 A.U. along ¢, and
yields a physiological activity that also is of magnitude 5
A.U. (along ¢,). Even this short and small stimulus
causes t, to increase (i.e., to 0.12 A.U.); «, then decays to
reach zero again after a period of time that is equal to
the sample period, i.e. 40 units of time after the presen-
tation of the stimulus. The larger stimuli, of magnitudes
10 and 20 A.U. of ¢,, cause ¢, values that are larger (i.e.,
0.25 and 0.50 A.U., respectively) but decay within the
same (40 units long) period of time. The repeated (i.e.,
five times, once every 5 time units) or longer-lasting (i.e.,
during 5 time units) of the magnitude 5 stimulus causes
increases in ¢, that are larger than that produced by a
single, 1-time-unit-long presentation of the stimulus
(i.e., t0 0.47 and 0.59 A.U., respectively). Prolonged (i.e.,
during 80 time units) stimulation at the same 5 A.U.
intensity of ¢, causes an even larger increase in ¢; the
latter increase reaches asymptote (at 2.52 A.U.) after 40
time units have expired since the onset of stimulation; ¢,
then remains at asymptote until the stimulation is dis-
continued. It subsequently decays to reach zero again,
40 time units after the stimulation has been discontin-
ued. It thus appears that any stimulus, however short
and small, causes ¢, to increase. The peak value reached
by i, depends on the intensity, frequency and duration of
the stimulation. Upon discontinuation of the stimulus, ¢,
decays to zero after a lapse of time that is equal to the
sample period.

In the absence of stimulation, the application of an
opiate such as morphine has effects on ¢, and on ¢, that
are a mirror image of those of stimulation. That is,
morphine decreases rather than increases +,; it does so in
a manner that similarly depends on the magnitude of its
dose, and on the frequency and duration of its applica-
tion. Any administration of morphine, however small its
dose and however short its duration, causes ¢, to de-
crease, albeit slowly. Like those of stimulation, the ef-
fects of morphine on ¢, decay so that «, reaches zero again
40 time units after the discontinuation of morphine ad-
ministration.

7 This assumption is being made here for the sake of simplicity; in
a variant of the present model, it would also be possible to assume
that different modalities of ¢, can generate a single modality of ¢,.

The lower panel in figure 2 represents the difference &
that at any point of time can be found according to the
equation 8 = ¢, - ¢,. Discrete stimuli cause increases in
d; & represents the physiological sensation of the (phys-
ical) stimuli (i.e., pain): it can be coupled to an effector
system and then also represents this effector’s activity
(i.e., the pain response). In what follows, we will system-
atically consider positive values of 8 and the activity of
an effector system that is linearly coupled to positive &
values. No consideration will be given to negative &
values, and to the activity of a possible, second, effector
system® that could conceivably be coupled to negative &
values.

The simulations represented in figure 2 thus exem-
plify the dynamic changes that occur with «, when the
System is challenged by either stimulation or morphine.
The following section will specify some of the conse-
quences that such changes in ¢, have to the responses of
the System in conditions of chronic pain and chronic
opiate treatment.

2. Algesia and opiate analgesia. Figure 1 demon-
strated, in verbal terms, how System Theory generated
predictions concerning the effects of nociceptive stimu-
lation and of opiates, on the responsiveness to acute
nociceptive stimulation (algesia) and on the apparent
magnitude of opiate analgesia. Figure 3 presents a com-
puter-generated simulation of the System’s operation as
a function of time, and this while the System is being
challenged with the events depicted in figure 1.

The simulation examines the magnitude of & (per-
ceived pain intensity) in response to an acute, test stim-
ulus that lasts 1 unit of time and is of ¢, magnitude 20;
¢, is being computed as specified above. The stimulus is
being presented in the absence (single prime, left panels)
and in the presence (double prime, right panels) of a test
dose of morphine. The test dose is delivered simulta-
neously with the stimulus; it, too, lasts only 1 unit of
time and is of magnitude 14, thus decreasing by 14 the
activity ¢, generated by any current stimulation ¢,.

In a normal organism (panels A), ¢, is at zero, and the
test stimulus induces a § of magnitude 20 in the absence
(panel A’) and of magnitude 6 (because 20 — 14 = 6) in
the presence (panel A") of the test dose. Chronic admin-

8 Such an effector system might nonetheless be of interest. The
effector system coupled to positive values of § will appear to account
for apparent tolerance and the enhancement of some responses.
However, the enhancement of other responses that is characteristic
of the so-called sensitization that opiates can also produce (Babbini
and Davis, 1972; Goudie and Emmett-Oglesby, 1989; Locke and
Holtzman, 1986; Rauhala et al., 1995) can similarly be generated by
effector systems that are coupled to negative values of §, of ¢,, or to
entities derived therefrom. Negative values of § may at this stage be
as difficult to imagine in physiological terms as it would be to
imagine Kelvin’s zero temperature after having accepted the Celsius
zero. However, electrophysiological evidence will be considered later
(section IV.D.) that opiates can depress the spontaneous activity of
nociceptive afferents, and it has been suggested (Costa and Herz,
1989; Costa et al., 1990) that such ligands as ICI 174864 can activate
& opiate receptors in a so-called inverse manner.
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Fic. 3. Operating characteristics of the System: algesia and opi-
ate analgesia in the four conditions (A to D) specified in figure 1. The
computer simulation examined the effects of a standardized, acute,
test stimulus in the absence (single prime, left panels) and presence
(double prime, right panels) of an acutely administered test dose of
morphine. Four conditions are being considered: i.e., the normal
condition (A), that of an organism having received an opiate chron-
ically (B), that of an organism having received chronic nociceptive
stimulation (C), and that of an organism having received chronically
both an opiate and nociceptive stimulation (D).

istration of an opiate (during 100 units of time; of mag-
nitude 10) as in panels B, and of nociceptive input (also
during 100 units of time; of magnitude 10) as in panels
C, causes «, to decrease and increase, respectively. The
chronic coadministration of both an opiate and nocicep-
tive stimulation as in panels D’ and D" fails to affect ¢,.
Figure 4 displays the numerical values that were thus
generated for 8 and e, (i.e., the ratio of & to §"). The data
indicate the System, in a mathematically formalized
manner, to predict that chronic opiate treatment and
chronic nociceptive stimulation induce hypo- and hyper-
algesia, respectively; the data also show the pain re-
sponse to be normal when these two, matching, condi-

) | algesia

€ opiate —
analgesia

10 -

T

F1G. 4. Numerical values of pain sensitivity (§') and of morphine’s
apparent analgesic effects (e,) generated by the computer simulation
specified in figure 3. §' and e, were studied in the normal condition
(A), as well as in conditions of chronic opiate treatment (B), of chronic
nociceptive stimulation (C), and in a condition in which these two
latter chronic treatments were combined (D).

tions are combined. The data further formalize the
predictions that chronic opiate treatment and chronic
nociceptive stimulation induce apparent tolerance and
apparent inverse tolerance, respectively; and that the
apparent magnitude of opiate analgesic effects is normal
if the two, matching, conditions are combined.

In conclusion, the simulations presented in figure 3
demonstrate that it is possible to mathematically for-
malize, as in the present model, the predictions that
were initially made from the verbal formulation of Sys-
tem Theory that was provided in section II. The numer-
ical predictions derived from this formal model (fig. 4), in
fact, fairly faithfully reproduce empirical data that were
obtained in experiments that examined the effects of
chronic pain and of chronic opiate drug administration,
on pain sensitivity and on apparent opiate analgesia in
arthritic rats (see fig. 3 in Colpaert, 1978b).
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3. Matching and mismatching. One prediction of our
theory that merits particularly to be elucidated further
is that apparent tolerance to an opiate’s analgesic effects
should not develop, inasmuch as the opiate action con-
stitutes an appropriate match of the nociceptive stimu-
lation. In condition D of figure 3, we have fed the system
with both a chronic nociceptive stimulation and a
chronic opiate treatment the magnitudes of which were
perfectly equivalent; both also had an identical duration
and were synchronous. A perfect match was thus estab-
lished between the nociceptive stimulation and the opi-
ate. Figure 5 exemplifies matches, but also articulates
several mismatches.

The simulations portrayed in figure 5 determined the
response & to a test stimulus of magnitude 20 in the
absence (8') and presence (&) of a test dose of morphine
of magnitude 14. Before doing so, the system was ex-
posed to chronic stimulation and to chronic opiate treat-
ments that were of magnitudes 10 or 20 and lasted 40
units of time or longer. The chronic stimulation and the
chronic opiate treatment coincided in some, but not in
other, cases. The magnitude e, of the apparent analgesia
produced by the test dose of morphine was again found
as the ratio of &' to &". The e, values thus found are
provided for each simulation.

The normal magnitude of the morphine test dose be-
ing 3.33, one mismatch causing apparent tolerance (i.e.,

match memetch
Q| o=33 =227
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F1G. 5. Matches and mismatches between chronic nociceptive
stimulation and the chronic administration of an opiate. The various
conditions use nociceptive stimulations that are of (¢,) magnitude 10
or twice as large; they also use doses of a chronic opiate that are of
magnitude 10 or twice as large. The magnitude of e, (i.e., §'/8") was
found, as in figure 3, for a morphine test dose of magnitude 14 that
was coadministered with a test stimulus of magnitude 20; both were
delivered immediately after the discontinuation of the chronic treat-
ment. The measurements (not shown) were carried out using com-
puter simulations. The upper two panels feature mismatching con-
ditions that yield apparent tolerance; the lower two panels feature
mismatching conditions that yield apparent inverse tolerance.

an e, value smaller than 3.33) is one whereby the dose of
the chronic opiate was larger than that required to
merely offset the nociceptive stimulation. A matching
dose that is administered too early or too late (but that
in either case outlasts the nociceptive stimulation long
enough) similarly generates apparent tolerance (fig. 5,
upper panels).

One mismatch that generates apparent inverse toler-
ance (i.e., an e, value larger than 3.33), and this despite
the chronic administration of an opiate, is one where the
intensity of nociceptive stimulation is larger than that
which can be offset by the opiate. Also, a matching
intensity of nociceptive stimulation that begins either
too early or too late (but in either case outlasts the
chronic opiate long enough) again generates apparent
inverse tolerance (fig. 5, lower panels).

It thus appears that intensity, duration and relative
timing constitute the three variables that govern the
matching and possible mismatching that can occur be-
tween (chronic) nociceptive stimulation and (chronic)
opiate treatment. These three variables determine the
magnitude of the opiate’s apparent analgesic effects (i.e.,
e,); this magnitude can either be normal (as is the case
with any matches) or can differ from that seen in un-
treated organisms (apparent tolerance or apparent in-
verse tolerance, as is the case with mismatches).

Although it in this manner seems that matches and
mismatches can be assembled readily, it will in empiri-
cal conditions appear more difficult to construct perfect
matches; this is because of inertia. That is, especially in
conditions where whole organisms are concerned, the
physiological action of the opiate typically will not have
an abrupt onset and offset; most likely, it will be dy-
namic as a function of time. Thus, figure 6 portrays how,
in whole organisms, inertia resulting from such disposi-
tional factors as distribution, metabolism and elimina-
tion causes the intensity of opiate drug action to evolve
as a function of time. Inertia causes the relationship

b

gul of chronic
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dose 8 dose b doss ¢

F1G. 6. Relationship between the dose (a to ¢) of an in vivo ad-
ministered opiate and the intensity of its action as a function of time
(left ordinate). Right ordinate: intensity of a chronic nociceptive
stimulation. Vertical projections delineate the time during which the
intensity of the opiate drug action is adequate to offset the chronic
nociceptive stimulation.
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between this latter intensity and time to assume a shape
that is not rectangular but bell-like; empirical time-
action data (e.g., Wolff et al., 1940) typically show the
curve to be skewed in the manner depicted in figure 6.
Thus, dose “a” causes some effect, but the intensity of
the opiate drug action that it produces is insufficient to
offset the nociceptive stimulation. The maximal inten-
sity of opiate action produced by dose b does match the
nociceptive stimulation and thus causes apparent anal-
gesia, but the latter will likely have a duration too short
for it to be found of any practical significance. Dose ¢
does cause apparent analgesia for an appreciable length
of time, but it generates an overshoot both in amplitude
and in width that in System Theory will contribute to
generate apparent tolerance. Thus, the inertia that oc-
curs, especially in whole organisms, makes it difficult to
construct matches; most difficult to generate are
matches that allow the opiate to relieve entirely and
lastingly the pain that would otherwise be associated
with chronic nociceptive stimulation. Possible solutions
to this problem are more technological than scientific.
The most obvious solution is to generate approximately
rectangular time-action relationships such as those
that, effectively, can be approached by patient-con-
trolled devices of drug delivery (Owen and White, 1992)
or rate-controlled formulations such as patches (Leh-
mann and Zeck, 1992). Thus, matching in empirical
conditions is complicated by inertia, but both experimen-
tal (Colpaert, 1979) and clinical evidence (section III.C.)
suggests that satisfactory matches can be established in
whole organisms.

B. Properties of Apparent Tolerance

So far in section IV, we have further elucidated and
specified formally how System Theory can make some
particular predictions concerning pain sensitivity, or al-
gesia, as well as concerning apparent opiate analgesia.
One of these predictions is that apparent tolerance to
opiate analgesia can effectively be observed under some
conditions. Experimental studies of apparent tolerance
to opiate analgesia have found this tolerance to possess
a number of empirical properties, most of which have in
fact been left unexplained. In the present section, we
will examine whether System Theory can accommodate,
and account for, these empirical properties of apparent
tolerance to opiate analgesia.

1. Dose-dependence. Empirical studies (e.g., Duttaroy
and Yoburn, 1995; Kayan et al., 1973; Stevens and
Yaksh, 1989; Tilson et al., 1973) indicate that the mag-
nitude of apparent tolerance to opiate analgesia is pro-
portional to the dose at which the opiate is being admin-
istered so as to induce the apparent tolerance.

In the simulations that were carried out for this pur-
pose, an opiate was applied, as by infusion, for 40 units
of time at doses that were either 0 (normal control) or
ranged from 5 to 80 A.U. The infusion was not accom-
panied by any nociceptive stimulation. Immediately af-

ter the infusion, a 20 A.U. test stimulus was applied in
either the absence (yielding &') or presence (8") of a 14
A.U. test dose of the opiate. The magnitude e, of the
apparent analgesia produced by the test dose was found,
as before, as the ratio of &' to &".

The simulation found the normal control magnitude of
the analgesia produced by the opiate test dose to be 3.33
(fig. 7, center panel). After the infusion of a 5 A.U. dose
of the opiate, e, decreased to 2.64. As the dose of the
infusion was larger, e, decreased further along an or-
derly function to reach a value of 1.30 at the 80 A.U.
dose. At this latter dose, the apparent tolerance that had
thus been induced amounted to 2.6-fold relative to con-
trol. The simulation data thus demonstrate System The-
ory to accommodate, and account for, the dose-depen-
dence of the apparent tolerance that can be produced to
the analgesic effects of opiates.

2. Duration-dependence. Empirical studies (Gellert
and Holtzman, 1978; Gold et al., 1994; Yoburn et al.,
1985) have indicated the apparent tolerance to opiate
analgesia to be a function of the duration of the opiate
treatment.

In the simulations that were carried out for this pur-
pose, a dose of 10 A.U. of the opiate was applied for a
length of time that either was zero (normal control) or
ranged from 1 to 160 units of time. Immediately after
this treatment, a 20 A.U. test stimulus was applied in
either the absence (yielding &') or the presence (yielding
8") of a 14 A.U. test dose of the opiate. The magnitude e,
of the apparent analgesia produced by the test dose was
found, as before, as the ratio of &' to &".
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F1G. 7. Dose-dependence, duration-dependence and reversibility
of apparent tolerance to opiate analgesia. Data points represent
results obtained in three series of computer simulations of experi-
ments that examined in different conditions the magnitude e, (ordi-
nates) of the analgesia produced by an opiate test dose of 14 A.U.
against a test stimulus of 20 A.U. Assuming that tolerance does not
develop to opiates, and under the modalities of System Theory, the
simulations examined the effects on e, of the dose (center panel;
doses are expressed in A.U.) and of the duration (left panel; time
being expressed in A.U. of time) of chronic opiate treatment. The
simulations also examined the reversibility (right panel) of apparent
tolerance by varying the delay that separated the tests from the
discontinuation of chronic opiate treatment.
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The simulation again found the normal control mag-
nitude of the analgesia produced by the test dose to be
3.33 (fig. 7, left panel). However, pre-exposure, even for
only 1 unit of time, to a dose of 10 A.U. caused e, to
decrease to 3.24. As the duration of this exposure was
longer, e, orderly decreased further to reach a value of
2.27 after an exposure that lasted 40 units of time. This
length of time, of course, corresponds to the length of the
sample period for i, and represents the time for the
latter to stabilize. As a consequence, e, remained at an
asymptotic value of 2.27 with any duration of chronic
opiate treatment that was longer than 40 time units
(i.e., 80 and 160 time units; fig. 7, left panel).

The results from this simulation thus demonstrate
System Theory to accommodate, and account for, the
dependence of apparent tolerance on the duration of
time during which the inducing opiate treatment is ad-
ministered. The results further indicate this relation-
ship between duration and the magnitude of apparent
tolerance to be biphasic. Apparent tolerance initially
increases in a manner that is proportional to duration;
the proportional relationship applies until a duration is
reached that is equal to the System’s sample period.
Beyond this duration, apparent tolerance remains at an
asymptotic value. The fact that the magnitude of appar-
ent tolerance to opiate analgesia is first proportional to
duration and then reaches an asymptotic value, has
been reported by studies examining morphine’s analge-
sic effects in the rat after exposure to morphine in either
a drinking solution (Gellert and Holtzman, 1978) or
subcutaneously implanted pellets (Gold et al., 1994). As
pointed out earlier in this section, the duration required
for the chronic opiate treatment to reach asymptote for
apparent tolerance is identical to the System’s sample
period. By finding this duration, it should thus be pos-
sible for experiments to empirically establish the Sys-
tem’s sample period.

3. Reversibility. Another empirical property of appar-
ent tolerance to opiate analgesia is its reversibility; once
established by an opiate treatment that is then discon-
tinued, tolerance decays with the mere passage of time,
and opiate analgesia recovers to a magnitude similar to
that in untreated organisms (Cochin and Kornetsky,
1964; Goldstein and Sheehan, 1969; Rauhala et al.,
1995; Tilson et al., 1973; Way et al., 1969).

In the simulations that examined reversibility, an
asymptotic magnitude of apparent tolerance was in-
duced by exposing the System to an opiate dose of 10
A.U. for 40 units of time. Tests were performed after
discontinuation of this chronic opiate treatment, with a
delay that varied from 1 to 160 units of time; tests were
also performed after a delay that was indefinitely long.
The tests again used the 20 A.U. test stimulus that was
administered in the absence and in the presence of the
14 A U. test dose of the opiate.

With a delay of only 1 unit of time separating the tests
from the chronic opiate treatment, e, was only 2.27,

indicating that apparent tolerance to opiate analgesia
had developed (fig. 7, right panel). The magnitude of this
apparent tolerance decreased in an orderly manner (i.e.,
e, increased) as the delay increased, reaching the nor-
mal control value of 3.33 at a delay that was 40 time
units long. Any delays longer than the sample period
continued to generate a normal e,.

The simulation thus indicates the System to both ac-
commodate and explain the reversibility as a function of
time of apparent tolerance to opiate analgesia. It also
specifies that the delay since the discontinuation of
chronic opiate treatment that is necessary for apparent
tolerance to decay completely is equal to the System’s
sample period; it should thus be possible for experiments
to empirically establish the System’s sample period by
identifying this delay. Furthermore, the lapses of time
that are required in the left and right panels of fig. 7 for
the magnitude of opiate analgesia to reach asymptote,
are identical. This latter observation suggests that the
time required to induce asymptotic tolerance is the same
as that required for the tolerance to completely decay.

4. Dose-dose transposition. One definition of tolerance
requires that the exposure to one particular dose causes
the effect of that same dose to decrease. A second defi-
nition of tolerance requires that the exposure to one
particular dose causes a shift to the right of the dose-
effect curve. A third definition requires that a higher
dose has become necessary to generate the same effect.
The three definitions are widely accepted and considered
to represent a single and same mechanism (e.g., Cox,
1990). However, for these different definitions to be
caused by a single and same mechanism, it must be
assumed that dose-dose transposition occurs. That is, it
must be assumed that, when tolerance is produced by
exposing the organism to one particular dose, this toler-
ance operates not only vis-a-vis the same dose, but also
vis-a-vis other (i.e., lower and higher) doses, thus gen-
erating a shift to the right of the dose-effect curve. A
large body of empirical data (e.g., Duttaroy and Yoburn,
1995; Stevens and Yaksh, 1989) indicates that such
dose-dose transposition does effectively occur in experi-
ments studying apparent tolerance to opiate analgesia;
however, the mechanism whereby this transposition oc-
curs has not so far been identified.

In the simulations that were carried out to this effect,
a test stimulus (of 20 A.U. amplitude and lasting one
unit of time) was administered in the absence as well as
in the presence of test doses of the opiate that had a
magnitude of either 3.5, 5 or 7 A.U. These tests occurred
either immediately after a chronic opiate treatment or
after no such treatment had been given (normal control).
The chronic opiate treatment consisted of a dose of 5
A.U. that was administered during 40 time units, i.e. the
lapse of time required for apparent tolerance to reach
asymptote. In this manner, the simulations determined
whether under the assumptions of System Theory,
transposition of apparent tolerance would occur to test
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doses that were smaller or higher (i.e., 3.5 and 7 A.U.,
respectively) than that (i.e.,, 5 A.U.) used to induce ap-
parent tolerance.

The data that were thus generated (fig. 8) indicate
that, after chronic treatment with a 5 A.U. dose, appar-
ent tolerance not only developed to the same dose, but
was also transposed to test doses that were either lower
or higher. These results demonstrate the System Theory
to generate dose-dose transposition of apparent toler-
ance, to accommodate the different definitions of toler-
ance and to identify the mechanism whereby apparent
tolerance causes a shift to the right of the dose-effect
curve.

5. Modes of induction. Some effects of some drugs (e.g.,
neophobia; see Goudie et al., 1976) occur on the first
administration of the drug and rapidly dissipate there-
after. Some other effects appear only after the drug has
been administered for a protracted period of time, and
this regardless of the dose being used; examples to this
effect are the decrease by B-adrenoceptor antagonists of
peripheral vascular resistance (Man in’'t Veld et al.,

1.5 -

1.4 -

1.3

1.2 J

I ) 1

35 . 5 7

test dose of opiate

F1G. 8. Dose-dose transposition of apparent tolerance. Data
points represent the results from computer simulations that deter-
mined whether System Theory can allow for dose-dose transposition
of apparent tolerance to opiate analgesia. To this effect, the simula-
tions assessed the magnitude e, of the analgesia produced by test
doses of an opiate that were equal to (i.e., 5 A.U.) or lower and higher
than (i.e.,, 3.5 and 7 A.U.) the 5 A.U. dose that was used to induce
apparent tolerance (closed symbols). Open symbols represent control
data.

1988) and the antidepressant activity of inhibitors of the
neuronal uptake of NA and 5-HT (Baldessarini, 1990). It
is a characteristic and complex feature, then, of appar-
ent tolerance to opiate analgesia that it can be induced
by widely varying modes and can develop in a dynamic
manner. Specifically, empirical studies have indicated
apparent tolerance to opiate analgesia to occur not only
after prolonged exposure (such as by infusion or drug
pellet implantation; e. g., Gold et al., 1994; Stevens and
Yaksh, 1989) but also after intermittent dosing (e.g.,
Cochin and Kornetsky, 1964; Duttaroy and Yoburn,
1995) and after a single, acute administration (e.g., Co-
chin and Kornetsky, 1964; Cox et al., 1968).

The simulations designed to this effect examined the
magnitude e, of the analgesia produced by an opiate test
dose of 14 A.U. against a test stimulus of magnitude 20
A.U. Tests were carried out in control conditions (i.e.,
without previous exposure to the opiate) or after expo-
sures that were either prolonged (during 40 time units),
intermittent (five episodes of 5 time units that were
spaced by 5 time units and during which the opiate was
applied) or acute (a single episode lasting 5 time units);
the opiate dose being applied was 10 A.U. throughout.
The data (not shown) indicated the normal control mag-
nitude e, of analgesia again to be 3.33. Previous expo-
sure to the opiate consistently produced tolerance,
whether the exposure was prolonged, intermittent or
acute (e, was 2.27, 2.58 and 2.95, respectively).

The results thus demonstrate that System Theory can
accommodate the empirical finding that apparent toler-
ance to opiate analgesia can be induced by widely differ-
ing modes of opiate drug administration. The data fur-
ther suggest that apparent tolerance develops during
the action that follows the very first administration of an
opiate. As a consequence, it might perhaps prove impos-
sible for any empirical experiment to directly assess
with perfect accuracy the amplitude of analgesia pro-
duced by even a first opiate drug administration. Indeed,
any drug dose that operates at one unit of time will act
to distort the magnitude of the apparent analgesia that
may be produced at the next time unit. A further diffi-
culty for any empirical study attempting to address this
issue is that we do not know at this stage the resolution
of time® with which the relevant physiological systems
operate.

6. Other features of apparent tolerance. System Theory
also accommodates other features of apparent tolerance
to opiate analgesia that have been demonstrated empir-
ically. Thus, cross-tolerance to different opiate drugs
(e.g., Cox, 1990) can be accommodated by System Theory
by assuming that the action of opiates—whereby the
opiate subtracts a portion of ¢, in the transduction to
¢,—is mediated by opiate receptors. This assumption of
opiate receptor mediation of course is one that almost

® We here have not considered conditions in which opiates would
be applied for a length of time that is shorter than the physiological
resolution of time.
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certainly must be made by any theory of opiate drug
action. Obviously, the assumption explains why cross-
tolerance can be observed with different opiates activat-
ing a same opiate receptor. The assumption also ex-
plains how opiate antagonists can prevent the
development of apparent tolerance (e.g., Bhargava et al.,
1994). This same assumption having been made, and
having demonstrated how the System allows apparent
tolerance to be dose- and time-dependent (fig. 7), it
should further be obvious that System Theory also ac-
commodates the finding that apparent tolerance to opi-
ate analgesia is of similar magnitude when the inductive
treatments are equivalent in acutely inducing analgesia
(e.g., Duttaroy and Yoburn, 1995). That tolerance can be
selective, vis-a-vis one as opposed to another type of
opiate receptor (Cox, 1990) can be accounted for in dif-
ferent ways. One way is to assume that, within a single
system, the same input ¢, can be transduced similarly
by different receptor systems. Another is to assume that
the same input ¢, feeds different, single-receptor sys-
tems that are arranged in a parallel manner, the out-
puts of which converge on a similar, second-order system
that thus is arranged serially. Finally, evidence indi-
cates that apparent tolerance to opiate analgesia can be
conditioned (for review, see Siegel, 1989). Like any the-
ory, System Theory can accommodate this feature by
assuming that its operations are conditional on other
stimulus events.

C. System Theory Beyond Opiate Analgesia

Up to this point, we have considered System Theory as
it concerns the apparent tolerance that opiates can pro-
duce to their analgesic effects as the latter are assessed
by behavioral experiments in whole organisms. In what
follows, we will explore possible expansions of System
Theory as it may concern opiate effects other than an-
algesic that also can be assessed in whole organisms.

1. Differential rate. In addition to analgesia, opiates in
whole mammals produce a host of other effects, includ-
ing so-called respiratory depression, sedation and con-
stipation (Martin, 1984). Apparent tolerance reportedly
develops to many, although perhaps not to all, of these
effects, but then does so at rates that can differ consid-
erably among those different effects (Bhargava et al.,
1994; Fernandes et al., 1977b; Gold et al., 1994; Kayan
et al., 1973; Ling et al., 1989; Pasternak, 1988). For
example, in humans, apparent tolerance develops rap-
idly to the respiratory depressant (Fraser et al., 1957)
and sedative effects of morphine (Eddy et al., 1957;
Twycross, 1974), and more slowly to its emetic and an-
titussive effects (Eddy et al., 1957). For System Theory
to account for the development of apparent tolerance to
those various effects of opiates, it must account for these
empirical, and unexplained, findings that indicate the
rate of the development of apparent tolerance to differ
among different effects.

/L
7

12 3 5710 8N Ve ®
duration of chronic opiate treatment

F16. 9. Differential rate of the development of apparent tolerance
to different physiological effects of opiates. The data derive from
computer simulations in which different systems having different
sample periods and governing different physiological functions that
are coregulated by opiate receptors were similarly exposed to a
previous opiate treatment that lasted zero time (0; normal control) or
had a duration ranging from 1 to 80 time units. The lengths of
sample periods varied from 2 to 2000 time units, as specified. Ordi-
nate: magnitude e, of the analgesic effect produced by a standard test
dose of the opiate.

In simulations testing the ability of System Theory to
generate differing rates of the development of apparent
tolerance, the magnitude (e,) of the effects of a test dose
of 14 A.U. was assessed against a test stimulus of mag-
nitude 20 A.U. The same test stimulus and the same
opiate test dose were administered to five different sys-
tems that were also exposed, before these tests, to the
same opiate treatment. The previous opiate treatment
consisted of a 10 A.U. dose of opiate that was adminis-
tered for lengths of time that ranged from 1 to 80 time
units. Control tests were also run, i.e., in the absence of
any previous opiate treatment. The five different sys-
tems, representing five different physiological systems'®
possessing opiate receptors, differed only in terms of
their sample period; the different sample periods had a
length of 2, 10, 20, 40 and 2000 time units. Except for the
length of their sample period, the different systems were
identical; specifically, in the computation of ¢, the
weight being accorded to values of ¢, decayed linearly in
each system from 1.00 to 0.01 in the course of the sample
period.

The data (fig. 9) indicate that, in the absence of any
previous opiate treatment, the test dose of morphine
produces an effect that is of the same magnitude for each
of the five systems. The data also indicate that previous
exposure to an opiate produces apparent tolerance in
each of the five different systems. The maximal, i.e.,
asymptotic, magnitude of apparent tolerance that was

10 The term physiological system is meant here to represent the
physiological mechanisms that collectively regulate the relationship
that exists between a particular adequate stimulus (e.g., the pH of
arterial blood) and the response of a particular effector (e.g., minute
volume of respiration).
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produced also was the same for the different systems.
Asymptotic tolerance was reached, however, after a du-
ration of previous exposure that was equal to the sample
period and hence differed among the systems; as a re-
sult, apparent tolerance effectively developed at differ-
ing rates. The data can also be taken to state that the
same duration of previous exposure to the same opiate
dose generates a degree of apparent tolerance that can
vary from an apparent absence of tolerance to a toler-
ance that is asymptotic. The results thus demonstrate a
manner in which empirical data can be highly mislead-
ing. For example, after an exposure of 2 time units,
tolerance appears very marked and asymptotic in sys-
tem 2, partial in system 10, and barely detectable in
system 40; with system 2000, it will seem that no toler-
ance whatsoever developed.

System Theory thus can generate, and explain, data
showing apparent tolerance to different effects of an
opiate to develop at different rates. To render the Sys-
tem capable of generating differing rates, it has sufficed
to simply assume that the physiological systems pos-
sessing opiate receptors operate with sample periods
that differ. This assumption would seem reasonable; we
know the whole organism to more readily survive pro-
longed disruptions of some such systems (e.g., gastroin-
testinal motility) than others (e.g., respiration). Note,
though, that various other assumptions not discussed
here can also generate different rates. An additional
implication of these data is that System Theory accounts
for yet another empirical feature of apparent tolerance,
namely that this tolerance not only develops but also
decays (e.g., Rauhala et al., 1995) at rates that differ for
different opiate effects.

Current views of opiate tolerance hold that tolerance
does not develop to some opiate receptor-mediated ef-
fects of opiates (e.g., behavioral stimulant effects: Bab-
bini and Davis, 1972; Esposito and Kornetsky, 1978) and
that the different rates at which tolerance develops to
other effects result from mechanisms that differ (Abbott
et al., 1981). The present simulations more parsimoni-
ously suggest that apparent tolerance develops to all
opiate effects that are mediated by opiate receptors, and
this by a mechanism that is the same but evolves at
different rates.

2. Opiate dependence. Drug dependence is said to oc-
cur when the normal functioning of an organism re-
quires the prolonged administration of the drug; this
requirement is evidenced by the disruption of function
on discontinuation of drug administration or injection of
an antagonist (e.g., Cox, 1990). In the different simula-
tions discussed above in which apparent tolerance to
opiate analgesia was produced, the System was chal-
lenged, after previous exposure to an opiate, with a 20
A.U. test stimulus, and this in the absence (yielding ')
and presence (yielding 8”) of a test dose of the opiate. The
tests thus allowed one to obtain the e, values that we
have considered so far in examining apparent tolerance.

In these various simulations, however, &' consistently
was larger than the normal control value at any point at
which e, was smaller (i.e., where apparent tolerance had
been induced; see later in this section). These aberrant
&' values, reflecting hyperalgesia, are indicative of the
System’s normal function having been disrupted, and
must therefore be taken as evidence of dependence. For
higher-than-normal &' values to reflect dependence is
elegantly consistent with empirical evidence; in fact,
hyperalgesia has been long identified and used as a
measure of opiate dependence (Kayan et al., 1971; Kim
et al., 1990; Tilson et al., 1973; Way et al., 1969; Wilcox
et al., 1979), albeit that its mechanism has remained
elusive (Kayan et al., 1971; Kim et al., 1990; Mao et al.,
1995). Like other signs of opiate dependence, hyperalge-
sia appears either when opiate treatment is discontin-
ued (Kayan et al., 1971; Tilson et al., 1973) or when an
opiate antagonist is administered (Martin et al., 1987;
Wilcox et al., 1979). We will undertake here to deter-
mine whether System Theory also can accommodate the
phenomenon of opiate dependence and can explain its
mechanisms.

Like apparent tolerance to opiate analgesia, opiate
dependence is a function of both the dose and the dura-
tion of the opiate treatment that must be administered
before tests if dependence is to be found; it also decays as
a function of the delay since the discontinuation of the
previous opiate treatment (Andrews and Himmelsbach,
1944; Bliisig et al., 1973; Cheney and Goldstein, 1971;
Gold et al., 1994; Jaffe, 1980; Kim et al., 1990; Kolb and
Himmelsbach, 1938; Tilson et al., 1973; Way et al.,
1969). Data from the simulations discussed above (sec-
tions IV.B.1. to IV.B.3.) should allow one to determine
whether System Theory can generate and explain these
major, empirically established properties of opiate de-
pendence. In parallel to figure 7, figure 10 reports the &’
values that were obtained in these simulations.

The normal (control) algesic response &' to a test stim-
ulus of ¢, magnitude 20 was 20.00 (fig. 10, center panel).
Chronic opiate treatment at a dose of 5 A.U. caused &’ to
increase (to 22.52 A.U.), and &' increased further as an
orderly function of dose at higher doses. Note that the
shape of the dose-response curve that was thus gener-
ated suggests that the hyperalgesia induced by opiates
can be extremely marked at high doses. Opiate treat-
ment, at a dose of 10 A.U., during no more than a single
unit of time, already caused &' to increase (to 20.25 A.U.;
fig. 10, left panel). As the duration of chronic opiate
treatment was longer, &' orderly increased to reach an
asymptote, of 25.05 A.U., after a duration of 40 time
units. This duration corresponds with the 40-time-unit
sample period that was used in calculating ¢,; 8’ then
remained at this, asymptotic, value at any longer dura-
tions of exposure. When assayed immediately after the
application during 40 time units of a 10 A.U. dose of
opiate, &' again was at 25.05 units (fig. 7, right panel). As
the delay separating the test from the discontinuation of
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Fi1G. 10. Opiate dependence: effects of the dose and the duration
of previous opiate treatment, and reversibility. Data points repre-
sent results obtained in the three series of computer simulations of
experiments, the e, data of which are presented in figure 7. Assum-
ing that tolerance does not develop to opiates, and under the modal-
ities of System Theory, the simulations determined the effects on the
response §' to an acute nociceptive stimulus, of the dose (center
panel; doses are expressed in A.U.) and of the duration (left panel;
time being expressed in A.U. of time) of chronic opiate treatment.
The simulations also examined the reversibility (right panel) of the
effects of chronic opiate treatment on the response &' by varying the
delay that separated the tests from the discontinuation of chronic
opiate treatment.

chronic opiate treatment grew longer, &' orderly de-
creased to reach a normal, 20.00 A.U., value after a
delay of 40 time units. Any longer delays continued to
yield normal &' values. The simulation data thus dem-
onstrate that System Theory can accommodate and ex-
plain the empirical findings cited earlier in this section
indicating opiate dependence to be a function of the dose,
of the duration, and of the delay since discontinuation, of
the opiate treatment that induces dependence.

As with apparent tolerance, empirical studies have
shown that opiate dependence can be induced by modes
of opiate drug administration as diverse as prolonged,
intermittent and acute administration (Bhargava et al.,
1994; Gellert and Sparber, 1977; Gold et al., 1994; Kim
et al., 1990; Kosersky et al., 1974; Way et al., 1969). The
&' data obtained from the simulations described in sec-
tion IV.B.5. indicate (not shown) System Theory to also
accommodate these findings. Finally, and again, as with
apparent tolerance, the opiate dependence that different
physiological or behavioral functions may display has
been shown by empirical studies to develop at rates that
differ (Bhargava et al., 1994; Gold et al., 1994; Wei et al.,
1973). The &' data (fig. 11) obtained from the simulations
that also generated figure 9 indicate that System Theory
accommodates these findings, too.

It thus appears that System Theory can accommodate,
and explain, the major properties of opiate dependence
that have been identified, albeit never so far explained,
by empirical studies. Also, it has long been suggested
that both apparent tolerance to and dependence on opi-
ates result from a “common underlying process” (Way et

21 4
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F1G. 11. Differential rate of the development of dependence with
different signs of opiate abstinence. The data derive from computer
simulations (see also fig. 9) in which different systems having differ-
ent sample periods and governing different physiological functions
that are coregulated by opiate receptors were similarly exposed to a
previous opiate treatment that lasted zero time (0; normal control) or
had a duration ranging from 1 to 80 time units. The lengths of
sample periods varied from 2 to 2000 time units, as specified. Ordi-
nate: magnitude 8’ of the response produced by a standard test
stimulus.

al., 1969; see also Cox, 1990, p. 681); System Theory is
the first theory to identify the common mechanism
whereby apparent tolerance and dependence likely de-
velop. System Theory also explains why apparent toler-
ance always occurs when opiate dependence is being
induced (Collier, 1980; Gold et al., 1994; Kim et al., 1990;
Way et al., 1969) and why the two developments coincide
in time (Gellert and Holtzman, 1978). Unlike other ac-
counts (Cox, 1990, p. 682), System Theory further sug-
gests that any opiate treatment, however low its dose
and however short its duration, induces dependence of
all physiological systems, the regulation of which in-
volves opiate receptors. The rate at which these depen-
dencies develop can, however, be very different with
different systems, and so is the magnitude of depen-
dence at any point of time before asymptote is reached
for all systems.

Yet another, so far unexplained, empirical finding
that System Theory elucidates is that the manifesta-
tions of opiate dependence are opposite in sign to opiate
effects in drug-naive organisms, misleadingly suggest-
ing that two “opposing processes” (Kim et al., 1990; Koob
and Bloom, 1988), “compensatory” (Siegel, 1989), or “op-
ponent responses” (Goudie, 1990) are involved. In our
simulations, System Theory made opiates generate both
analgesia (e,) and hyperalgesia (increased §') by a single
set of mechanisms that can be directly inferred from the
System’s operation. The System appears to operate sim-
ilarly in a wide array of other physiological functions,
because further symptoms of opiate abstinence such as
pupillary dilation, increased respiratory rate, diarrhea
and dysphoria (Cheney and Goldstein, 1971; Martin and
Eades, 1964; Ritzmann, 1981; Way et al., 1969; Wei et
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al., 1973) are opposite in sign to the effects of opiates in
drug-naive subjects (Martin, 1984).

It must be pointed out, however, that some authors
have argued that analgesia, apparent tolerance and de-
pendence with opiates are dissociated and are based on
different mechanisms. Jacquet (1979) theorized that the
analgesic effects of and dependence on opiates are me-
diated by different receptors (i.e., endorphin and adre-
nocorticotropic hormone (ACTH) receptors, respective-
ly). The theory is based on findings that local injection of
ACTH, ,, into the rat midbrain periaquaeductal gray
produces no analgesia but can cause signs (e.g., groom-
ing) resembling those of opiate withdrawal. However, it
is likely that when these are a consequence of opiate
dependence, such signs as grooming occur far down-
stream of opiate receptor activation and can also be
elicited by a variety of different other stimuli. To our
knowledge, not a single sign that can occur as a conse-
quence of opiate dependence is one that can be induced
in this manner only, grooming being a case in point.
Kaneto et al. (1986; see also Kaneto et al., 1973) propose
different mechanisms for analgesia and for what was
called acute and delayed tolerance on findings that an
injection of naloxone prevented the acute (and part of
the analgesic effects), but not the delayed, tolerance;
however, the studies failed to determine the relative
kinetics of the morphine and naloxone that were used.
The same authors argue that opiate dependence re-
quires yet another mechanism because the analgesic,
but not the dependence-producing, effects of morphine
were antagonized by naloxone. System Theory would
argue here that the sample period of the systems medi-
ating the withdrawal signs that were assayed in these
studies and that did not include hyperalgesia may have
differed from that of the pain response that was being
monitored to measure analgesic effects. Johnson and
Duggan (1984) dissociate tolerance from dependence be-
cause of findings in spinal dorsal horn neurons showing
that dependent cells remain responsive to the depres-
sant effect of morphine; however, these findings evi-
dently follow the operational characteristics of System
Theory. Wiister et al. (1982) obtained marked apparent
tolerance but not dependence with opiates in the mouse
vas deferens and guinea pig ileum, and speculated re-
garding different mechanisms (i.e., receptors and effec-
tor systems) to be involved. However, a seeming absence
of dependence in empirical data might readily reflect
problems of measurement (section V.E.). Finally, Kim et
al. (1990) contend that different mechanisms may un-
derlie the different signs of opiate withdrawal, because
the signs are so varied and because they appear at
different times after withdrawal. System Theory ac-
counts for these contentions by considering that opiate
receptors are located on a large variety of different phys-
iological systems, the sample periods of which may dif-
fer.

3. Opiates and analgesia. Authoritative scientists
(Cox, 1990; Fields et al., 1991; Herz, 1993; Martin, 1984;
Pasternak, 1993; Reisine, 1995) hold the view that opi-
ates produce analgesia and rightly contend that opiates
continue to offer the most effective of available means to
alleviate pain. However, the data that were generated
by our simulations indicate that, just as reliably and
robustly as they induce analgesia (by decreasing &8”; figs.
7, 9), opiates also induce hyperalgesia (i.e., increase &';
figs. 10, 11). Therefore, for any scientific, albeit perhaps
not practical, purpose, it is not entirely adequate to
denote opiates as analgesics and to describe their action
as analgesia. A less misleading description of their ac-
tion is to state that opiates scramble the detection of
nociceptive stimuli.

By the same token, it is also inappropriate to state, as
is commonly being done, that opiates produce such ac-
tions as constipation, respiratory depression and eupho-
ria; System Theory, supported by the empirical findings
cited above, indicates that, with equal robustness, opi-
ates also produce diarrhea, hyperventilation and dys-
phoria. There is to be no doubt that opiates are useful
clinically in generating analgesic (Jaffe and Martin,
1990) and, also, antidiarrheal effects (Van Bever and
Lal, 1976), and that the respiratory depression that opi-
ates also produce (Martin, 1984) is of genuine concern in
medical practice. However, the scientific understanding
of opiates and organisms probably is not furthered by
describing opiates as inducing analgesia, constipation
and respiratory depression. System Theory accounts for
the available empirical observations by stating that opi-
ates scramble the detection of the exogenous (e.g., noci-
ceptive) and endogenous (e.g., pH of arterial blood) stim-
uli by physiological functions (e.g., pain, respiration),
the regulation of which is codetermined by opiate recep-
tors. Furthermore, in the model that we have considered
so far, opiates have scrambled the detection of pain as an
indirect consequence of the equation: ¢, = ¢, — u. It is
perhaps interesting to point out, then, that some of the
predictions that System Theory appropriately gener-
ates, can also be produced (not shown) when the follow-
ing equation applies: ¢, = ¢, + u (Where the opiate dose
acts to add to, rather than subtract from, the physical
stimulus).

4. Dependence and tolerance: incompatibility. We have
so far found System Theory to establish a relationship
between tolerance and dependence that accords with
empirical findings. In so doing, a fundamental assump-
tion that we have adhered to is that no pharmacological
tolerance develops to opiates; specifically, we have as-
sumed that no tolerance develops to the ability of opiates
to subtract some value from the physical stimulus in its
transduction to relevant physiological activity. This as-
sumption has proven to be extremely powerful in gener-
ating the empirical features of apparent tolerance to and
dependence on opiate compounds. It is, nonetheless, le-
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gitimate to ask how the System would operate if toler-
ance to opiates would effectively develop.

In the simulation that was carried out for this purpose
(fig. 12), the test stimulus of 20 A.U. magnitude in a
normal organism caused a (normal control) &' of 20.00;
testing the same stimulus in the presence of the 14 A.U.
test dose of opiate generated a 8" of 6.00, e, being 3.33. In
an organism that, for 100 time units, was exposed to a
chronic opiate treatment of magnitude 10, and assuming
that tolerance does not develop, the test stimulus, as in
previous simulations, caused a &' of 25.05, indicating
that dependence had developed. Testing, under similar
conditions, the stimulus in the presence of a 14 A.U. test
dose of opiate, and maintaining the assumption that the
previous chronic opiate treatment also did not induce
tolerance to this test dose, we again, as in previous
simulations, obtain a 8" of 11.05. The resulting ratio e, of

I
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chronic opiste ' --I -'-:

|
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FiG. 12. Operating characteristics of System Theory assuming
that tolerance either does or does not develop to opiates. The data
derive from computer simulations in which a test stimulus was
tested in the presence or absence of a fixed test dose of morphine,
thus allowing pain sensitivity and opiate analgesia to be assessed.
Tests were run in the absence (left panels) of any previous drug
treatment, or after a chronic opiate treatment of 10 A.U. magnitude
(center and right panels). In the center panel, it was assumed that
tolerance does not develop to opiates, so that the magnitude of the
effect of the opiate dose (u effect) remained the same; the magnitude
of the test dose also remained unchanged. In the right panel, it was
assumed that tolerance does develop to opiates; as a consequence,
the magnitude of the effect of the 10 A.U. dose that was applied
chronically decayed from 10 to 0 in 10 units of time. Also, the
magnitude of the 14 A.U. test dose that was administered subse-
quently, was decreased by 10 A.U. (i.e., to 4 A.U.).

L

&' to & is 2.27; it is lower than the normal e, of 3.33,
indicating that apparent tolerance had developed. The
same events were simulated again, but while assum-
ing this time that tolerance does develop to opiates.
To this end, a 10 A U. chronic opiate treatment was
again administered; tolerance was simulated by the lin-
ear decay of the effect of the chronically administered 10
A.U. dose from 10 to 0 in 10 time units. Testing the 20
A.U. test dose under these conditions yields a &' of 20
that is normal and thus fails to reveal dependence.
Maintaining the assumption that tolerance develops
now signifies for the 14 A.U. test dose that its effects are
also diminished by 10, so that its effect is now only of
14 — 10 = 4. Testing the 20 A.U. test stimulus in the
presence of the 14 A.U. test dose, the effects of which are
thus diminished, yields a &" of 16; e, now is 1.25, appro-
priately indicating that tolerance had developed.

It thus appears that, under the operational conditions
of System Theory, the assumption that tolerance does
develop to the primary action of opiates can adequately
generate tolerance to opiate analgesia. However, the
assumption fails to generate sustained hyperalgesia
and, thus, dependence. Then, in fact, there is no appar-
ent manner in which opiate dependence can occur. In
contrast, the assumption that tolerance does not develop
to the primary action of opiates appropriately generates
hyperalgesia, dependence on the opiate as well as ap-
parent tolerance to its analgesic effects. The System’s
operation in fact specifies that dependence developed
because tolerance did not. That is, in our System, an
opiate acts to lower ¢, and «, can only remain lowered if
the opiate’s lowering effect is maintained as the treat-
ment is prolonged. The &' that is enhanced after chronic
opiate treatment is larger because the ¢, in the equation
8 = ¢, — ., i8 lower, and not because of any change in ¢,
which remains the same. We therefore conclude that
opiate dependence cannot exist if tolerance develops,
and that the opiate dependence that, in fact, does exist
can develop only because tolerance does not.

As pointed out elsewhere (Colpaert and Shearman,
1988), an eloquent empirical reflection of the fundamen-
tal incompatibility between dependence and tolerance
seems to be offered by the observation in dependent
animals that abstinence symptoms do not occur as long
as the opiate maintenance treatment is maintained (De-
neau and Seevers, 1964; Gellert and Holtzman, 1978).
The observation implies that the maintenance treat-
ment prevents withdrawal symptoms, a prevention that
results from a highly specific, stereoselective and nalox-
one-sensitive opiate action that continues apparently
unabated for any length of time that the treatment is
maintained. In a careful study (Kreek, 1987) of patients
maintained on a single daily methadone dose, no toler-
ance developed to the ability of this dose to prevent
withdrawal. Yet, when the dose was abruptly reduced, a
broad spectrum of withdrawal signs appeared.
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5. New treatment modalities. In System Theory, trans-
duction of a nociceptive stimulation occurs so that ¢, =
®a — I ¢, then both feeds ¢, and gives rise to the sensing
of stimulation using the equation § = ¢, — .. One
pharmacological intervention whereby analgesia can oc-
cur is by detracting from ¢,, as we postulate opiates do
acutely at the level of transduction. We now know that,
in mismatching conditions, the analgesia that is thus
produced dissipates as a function of both time and dose
(i.e., that apparent tolerance develops) and that, because
of inertia, it is difficult in whole organisms to assemble
perfect matches. As suggested elsewhere (Colpaert,
1978b), another, theoretical, possibility for the treat-
ment of pain is to chronically enhance ., so that & is
lowered. Because ¢, depends on ¢, this could be achieved
by a pharmacological agent that mimicks the nociceptive
stimulation ¢, thus acting to enhance ¢, using the
equation ¢, = ¢, — u. Inasmuch as substance P consti-
tutes a neurotransmitter for primary nociceptive affer-
ents (Budai and Larson, 1996; Ding et al., 1995; Henry,
1976; Hokfelt et al., 1975; Lembeck and Zetler, 1962; Liu
and Sandkiihler, 1995; Pernow, 1983), the agent would
be alfubstance P or neurokinin (NK) receptor ago-
nist™".

In a further simulation (fig. 13), we have examined
the effects of administering a substance P receptor ago-
nist while assuming that tolerance does not develop to
these agents, either. The simulation repeatedly estab-
lished the response &' to a test stimulus of magnitude
20.00. In the absence of pharmacological treatment, the
test stimulus caused a 8’ of 20 as shown (fig. 13). Treat-
ment was then instituted at an initial dose that was low
(i.e., of 5 A.U.); this low level was chosen because, at the
earliest time units at which any such agent is applied
initially, it should itself cause a pain that we in the
simulation did not wish to be intense.

The 5 A.U. dose was maintained for 100 time units,
thus allowing ¢, ample time to increase and, after 40
time units, to in fact reach asymptote. At this point, the
test stimulus caused a &' that no longer was 20.00, but
was a lower value (i.e., 17.47 A.U.). The dose of the
chronically administered substance P receptor agonist
was then increased stepwise (i.e., to 7, 10, 14 and 20
A.U., respectively) and caused &' to decrease as an or-
derly function of this dose. The simulation thus suggests
that chronic treatment with substance P receptor ago-
nists causes dose-dependent analgesic effects. Although
such agents may themselves be algesic, the strategy of
progressively increasing doses should make it possible
for them to generate analgesia without the agent itself
causing significant pain, the latter being defined as by
the dotted line in figure 13 (lower panel); System Theory
here can rely on empirical findings. Indeed, it has long

11 This proposition is, of course, paradoxical to the considerable
research efforts that are currently being undertaken to define sub-
stance P receptor antagonists for pain relief (e.g., Yashpal et al.,
19965).

tost stimulus ' f f ' '
25

TIME (1)

F1G. 13. Effects on pain sensitivity of the chronic administration
at incremental doses of a substance P receptor agonist. Data were
derived from a computer simulation that tested the pain response &
to a standard test stimulus. Tests were conducted after episodes
lasting 100 time units and during which the dose being administered
of a hypothetical substance P receptor agonist was incremented from
5 to 20 A.U. The dotted, horizontal, line in the lower panel identifies
the critical value of §, i.e., the threshold value above which 8 is
associated with substantial pain.

been demonstrated (Frederickson et al., 1978; Pernow,
1983) that substance P and other NK receptors agonists
can produce analgesia, albeit this finding has been left
unexplained (Levine et al., 1993; Pernow, 1983). The
present account (see also Colpaert, 1978b) elucidates
this observation and suggests a new avenue for the
treatment of pain.

The suggestion, by System Theory, that nociceptive
stimulation or agents mimicking its effects can cause
analgesia, raises a further issue. The theory indeed sug-
gests that monotonously maintained stimulation causes
a pain that initially is large but then at least partly
decays (figs. 2, 13). This would imply that, in the pres-
ence of a constant nociceptive stimulation, chronic pain
cannot exist (if by “chronic pain” one means a pain that
remains of a same intensity through time). It is inter-
esting, then, that clinical pains of diverse etiologies dem-
onstrate (e.g., Bruera et al., 1992; Folkard et al., 1976;
Pollen and Schmidt, 1979) variations as a function of
time that cannot readily be attributed (Strian et al.,
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1989) to the small diurnal variations in pain perception
that also can be observed in healthy volunteers.

Another, theoretical, manner in which ¢, chronically
can be enhanced is by pharmacological agents, the ac-
tion of which would be the inverse of the action of opi-
ates. Opiates act as agonists at opiate receptors; the
pharmacological agents being proposed here would be
inverse opiate agonists. In the equation ¢, = ¢, — p,
the dose u; of an inverse opiate agonist carries a nega-
tive sign so that ¢, = ¢, — (— p;) = ¢, + p;. The inverse
opiate agonist'? thus would act to dose-dependently in-
crease ¢, and, also, .. However, and in contrast to those
of a substance P agonist, the effects of an inverse opiate
agonist are, in our System at least, additive to any
existing activity ¢,.

Thus, if the inverse opiate agonist continues to be
present at the (poorly predictable) time of nociceptive
stimulation, then it would act to restore the response &’
to this stimulation and make the System fail to take
advantage of the increased 1,'®. Inverse opiate agonists
would nonetheless increase t, and counteract whatever
opiate dependence (i.e., supernormal &’) that previously
had been installed by opiate agonists. Substance P re-
ceptor agonists would act similarly, but then only in
those physiological systems (such as the pain system)
where substance P acts as a neurotransmitter. The in-
verse opiate agonists would have the unique property of
being able to increase ¢, for all the physiological systems
that are coregulated by opiate receptors and therefore
can be rendered opiate-dependent.

In conclusion, two de novo treatment modalities are
being proposed for future research to realize and exam-
ine. One is the chronic administration, in incremental
doses, of agonists at substance P receptors, for the treat-
ment of recurrent pains. The pains being targeted most
particularly are those that are associated with rheuma-
toid arthritis; the empirical studies that have most im-
portantly verified our theoretical positions have indeed
been carried out in the rat with adjuvant polyarthritis
(section III.). A second treatment modality is the chronic
administration, also in incremental doses, of inverse
opiate agonists for the treatment of opiate dependence.

D. System Theory Beyond Whole Organisms

Putative tolerance to opiates was initially observed
using noninvasive techniques in humans (Light et al.,
1930; Rossbach, 1880), and its very definition (e.g., Cox,
1990) and properties (section IV.B.) were similarly de-
rived from observations in whole organisms. It appears

12 Inverse p opiate agonists have never so far been described and
may not currently exist. However, inverse agonists have been de-
scribed at other receptors (Milligan et al., 1995), including ICI
174864, a putative inverse agonist at  opiate receptors (Costa and
Herz, 1989; Costa et al., 1990).

13 Indeed, the temporal dynamics of the analgesia produced by
inverse opiate agonists in inert systems would be similar to those of
the hyperalgesia produced by opiates.

from the preceding sections that System Theory offers a
uniquely parsimonious and coherent explanation of the
many features that define and have been found empiri-
cally to characterize apparent tolerance to, and also
dependence on, opiates in whole organisms.

Whereas System Theory would operate thus at the
highly integrated level of whole organisms, other re-
search has sought and identified the features of toler-
ance and dependence at less-integrated, higher-resolu-
tion levels of analysis. Specifically, several of these
features also can be observed in such cell assemblies as
the myenteric plexus of the guinea pig ileum, in individ-
ual neurons in situ as well as in cultured cells, and with
second-messenger systems (see Collier, 1980). Studies at
these levels have naturally generated numerous hypoth-
eses concerning the putative mechanisms of the depen-
dence and presumed tolerance that occur in whole or-
ganisms. Among these hypotheses (for excellent,
comprehensive reviews see Cox, 1990; Johnson and
Fleming, 1989; Nestler, 1992) are (a) receptor down-
regulation and reconfiguration, (b) receptor sensitiza-
tion and desensitization, (¢) uncoupling of receptors from
G proteins, (d) chronic partial depolarization, (e)
changes in gene expression and (f) altered responsivity
to neurotransmitters (Clouet and Iwatsubo, 1975; Cox
and Werling, 1991; Hughes and Dragunow, 1995; Koob
and Bloom, 1988; Redmond and Krystal, 1984; Take-
mori, 1975; Trujillo and Akil, 1991). Although these
hypotheses have had the important merit of stimulating
a most considerable research effort, the putative cellular
and molecular mechanisms of opiate tolerance, and de-
pendence, remain poorly understood (Collin and Cesse-
lin, 1991; Cox, 1990; Ménard et al., 1995; Rauhala et al.,
1995; Stanfa et al., 1994). However, and as with most
other opiate research, the studies at these levels have
been guided by the fundamental notion that tolerance
develops to opiates and have attempted to identify the
changes that should make this tolerance possible. These
changes, however poorly defined to date (Koob and
Bloom, 1988), are generally thought to represent adap-
tive, or “homeostatic,” changes in the function of effector
systems (Collin and Cesselin, 1991; Cox, 1990; Cox and
Werling, 1991; Johnson and Fleming, 1989; Takemori,
1975; Trujillo and Akil, 1991). However, if, as we argue,
tolerance to opiates does not develop, then it becomes
understandable why these adaptive cellular and molec-
ular changes have remained elusive'. Indeed, perhaps
no such changes exist, and System Theory may operate
instead. In what follows, we will briefly discuss some
findings, relating to opiate analgesia, that suggest Sys-
tem Theory may also operate at these higher-resolution
levels of analysis.

It is generally accepted that opiates exert their anal-
gesic effects by interacting with opiate receptors (i.e., u-,
k- and 8-receptors; Reisine, 1995) for which endogenous

4 For an eloquent example, see Johnson and Duggan, 1984.
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peptide ligands exist (i.e., the enkephalins, dynorphins
and endorphins; Herz, 1993). These receptors are lo-
cated on neuronal cell membranes of the peripheral,
spinal and brain systems that control nociception (Bes-
son and Chaouch, 1987; Fields and Basbaum, 1994; Mel-
zack and Wall, 1965). Although opiates may also inter-
act with the descending, modulatory systems that
originate in the brain (Fields and Basbaum, 1994; Mel-
zack and Wall, 1965) and with an ascending spino-su-
praspinal pathway (Gear and Levine, 1995), their action
on dorsal horn neurons (Le Bars et al., 1976a, 1976b)
constitutes a most likely and now extensively docu-
mented (Duggan and North, 1984, Haigler, 1987), elec-
trophysiologically defined mechanism of the powerful
analgesia (Yaksh and Rudy, 1977; Yaksh and Noueihed,
1985) that opiates can produce by a spinal mechanism.
Indeed, the spinal dorsal horn is where the first synapse
is located in the transmission of nociceptive information
from the peripheral to the central nervous system.

One key assumption that is being made by System
Theory, then, is that opiates act indiscriminately; the
(inhibitory) effect of morphine on the transduction of ¢,
is the same, regardless of whether the ¢, represents an
experimenter-controlled stimulus or normally ongoing,
so-called background activity (fig. 1). The operation, in
spinal dorsal horn neurons, of System Theory would
thus require opiates to depress not only their excitation
induced by impulses in primary afferents, but also their
spontaneous activity. Electrophysiological evidence sug-
gests this to be the case; Kitahata et al. (1974) found
intravenous morphine to inhibit the spontaneous firing
of (laminar I and V) cat dorsal horn neurons, this inhi-
bition being antagonized by naloxone (Toyooka et al.,
1977). Also, intravenous morphine also inhibits the ex-
citation of dorsal horn neurons by electrical stimulation
of slowly conducting (AS and C) fibers, this effect again
being antagonized by naloxone (Le Bars et al., 1976a, b;
Woolf and Wall, 1986; Zieglginsberger and Bayerl,
1976). Furthermore, in keeping with the relationship
that System Theory specifies between apparent toler-
ance and dependence, naloxone, when given in these
experiments after the intravenous morphine injection,
increased firing to greater-than-spontaneous levels (Le
Bars et al., 1976a), indicating hyperresponsiveness (i.e.,
enhanced &'; see also Rohde et al., 1996). Similar depres-
sions of both stimulus-evoked and spontaneous firing
rate have been demonstrated with endogenous opiate
peptides as well as with micropipette delivery of the
compounds near the cell bodies of dorsal horn neurons
(Duggan et al., 1977; Randic and Miletic, 1978; Satoh et
al., 1979). Spinal dorsal horn neurons can also display
opiate dependence as measured by their hyperrespon-
siveness after withdrawal, and, importantly, this depen-
dence occurs while the neurons remain responsive to
morphine’s depressant action (Johnson and Duggan,
1984). The current evidence obtained from extracellular
and intracellular recordings (Duggan and North, 1984)

suggest these opiate effects to represent a direct action
on the cell in which activity is being recorded. The inhi-
bition by morphine both of the response to nociceptive
stimulation and of spontaneous activity also occurs in
the locus ceruleus (Aghajanian and Wang, 1986; Korf et
al., 1974) as well as in other brain areas (Duggan and
North, 1984; Haigler, 1987). System Theory further
specifies that opiates initially decrease 8, but should
induce hyperexcitability thereafter (figs. 2 and 10). Elec-
trophysiological recordings do indeed indicate (Haigler,
1987) the typical response to morphine in different areas
of the brain to consist of an initial decrease in sponta-
neous firing with a gradual recovery and hyperexcitabil-
ity. The hyperexcitability occurs both with single neu-
rons (Fry et al., 1980; Haigler, 1987) and with cell
assemblies mediating polysynaptic reflexes (Goldfarb et
al., 1978). Finally, System Theory specifies that when
levels of adequate stimulation are high, opiates should
generate apparent effects that are larger than they are
otherwise (inverse apparent tolerance). As indicated
above (section III.B.), the spontaneous firing of spinal
dorsal horn neurons is enhanced in rats with adjuvant
arthritis; morphine more powerfully depresses this fir-
ing when primary afferent fibers are left intact than
after deafferentation (Lombard and Besson, 1989a).
Furthermore, System Theory defines several entities
(i.e., ¢,, i, and 8) that each respond both to adequate
stimuli and to morphine, but that do so in different
manners. It is legitimate to ask whether subcellular,
molecular entities can be identified whose characteris-
tics in responding to stimuli and opiates resemble those
of these System Theory entities. It is a key characteristic
of ¢, and §, then, that their response to an opiate never
changes!®; in the transduction equation ¢, = ¢, — u, the
influence of wu on ¢, never fades because it is assumed
that tolerance does not develop to opiates. Molecular
entities thus may exist whose response to morphine
never changes, regardless of whether the entity has or
has not been exposed previously to morphine. Our anal-
ysis of the available evidence suggests adenylate cyclase
may resemble ¢, or 8. Opiates inhibit adenylate cyclase,
and decrease cyclic adenosine monophosphate levels, in
homogenates of brain (Collier and Roy, 1974) and in
cultured neuroblastoma X glioma hybrid cells (Collier,
1980; Sharma et al., 1975; Traber et al., 1975). In mem-
branes prepared from rat locus ceruleus cells, acute mor-
phine decreased the activity of adenylate cyclase to the
same extent, regardless of whether the animals had
been exposed or not to a previous, chronic, opiate treat-
ment that produced dependence (Beitner et al., 1989;
Duman et al., 1988); thus, previous treatment did not
detract from the ability of morphine to inhibit adenylate
cyclase activity. After previous chronic opiate treatment,

16 This is true for & if the opiate effect is expressed as e,, not if it
is expressed as e, (table 1).
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basal’® adenylate cyclase activity was enhanced. System
Theory does not specifically predict, nor explain, that ¢,
should increase after chronic treatment, but it does spec-
ify such an increase for 8 (see fig. 2).

The response characteristics of ¢, are most peculiar.
Like ¢, and §, ¢, can respond quickly to stimulation, but,
depending on the sample period, its response cannot
quickly disappear; with constant, prolonged stimulation,
its response reaches asymptote well after the onset of
the stimulation, and the response persists long after the
adequate stimulus is discontinued (fig. 2). Also, mor-
phine can prevent the occurrence of an ¢, response to an
adequate stimulus (fig. 3), but cannot acutely break the
response down once it has been established. Second-
messenger systems activate protein kinases that in turn
phosphorylate neuronal proteins (e.g., Bronstein et al.,
1993); the protein phosphorylation is short-lived, its
lifespan being limited by neuronal phosphatases to no
more than minutes (Cohen, 1992). Whereas, as dis-
cussed earlier in this section, these systems have re-
sponse characteristics that may perhaps fit those of ¢ or
3, they possibly may not fully account for those of «, that
empirical evidence would suggest to operate with sam-
ple periods of hours, possibly months. Immediate-early
genes may more likely mediate responses that reach
their peak late after the onset of stimulation and last
longer than minutes (for review, see Hughes and Dra-
gunow, 1995). It is interesting, then, that c-Fos expres-
sion in spinal dorsal horn neurons possesses several of
the characteristic response features of «,. That is, dorsal
horn c-Fos expression is enhanced by acute, peripheral,
nociceptive stimulation, and this response can be pre-
vented by morphine (Tolle et al., 1990). The rise in
dorsal horn c-Fos expression that occurs in arthritic rats
(Abbadie and Besson, 1992) parallels the chronic pain
(Colpaert, 1987) and reaches its peak well after the
onset of this pain; it then decays, and, as discussed
above (section III.A.), this decay would appear to be
delayed relative to that of the chronic pain. As in normal
rats (Tolle et al., 1990), morphine in arthritic rats atten-
uates the acute rise in dorsal horn c-Fos expression that
can be produced by a superimposed, acute, nociceptive
stimulation (Abbadie and Besson, 1993); also, acutely
administered morphine does not depress the enhanced
dorsal horn c-Fos expression once it is established as the
likely consequence of persistent nociceptive stimulation
(Abbadie and Besson, 1993). For further research, it
would be interesting to determine, with higher temporal
resolution, the decay of enhanced dorsal horn c-Fos ex-
pression in arthritic rats and, also, whether chronic mor-
phine can depress this expression in normal rats'’ and

16 These studies use the wording “basal” for an adenylate cyclase
activity that is measured in the absence of opiate compound, but is
nonetheless stimulated (e.g., by forskolin).

17 This possible depression may prove difficult to obtain experi-
mentally because basal levels of spinal dorsal horn c-Fos expression
are low.

in animals in which arthritis is being established. Also,
it would be very interesting to determine whether en-
hanced c-Fos expression can in some manner act to
decrease basal adenylate cyclase activity.

In conclusion of this section, the characteristic fea-
tures of apparent tolerance occur not only in whole or-
ganisms, but also with cell assemblies and single neu-
rons; System Theory thus seems also to operate at these
less-integrated, higher-resolution levels of analysis. One
well documented instance to this effect is the actions of
opiates on the firing rate of spinal dorsal horn neurons.
At the subcellular level, it would seem that entities exist
that may similarly reflect the operation of defined pa-
rameters of System Theory. The failure of previous opi-
ate treatment to diminish morphine’s ability to decrease
adenylate cyclase activity in membranes prepared from
locus ceruleus neurons makes adenylate cyclase resem-
ble §; also, remarkable similarities exist between the
response characteristics of c-Fos expression in spinal
dorsal horn neurons, and the peculiar, highly character-
istic, response features of «,. Therefore, although System
Theory perhaps also may apply at the molecular level of
analysis, further work is required to more specifically
identify the corresponding molecular entities.

Inasmuch as spinal dorsal horn neurons may consti-
tute the initial site of impact for opiates in producing
spinal analgesia (Besson et al., 1978; Besson and Cha-
ouch, 1987; Duggan and North, 1984; Le Bars et al.,
1976a, 1976b), it is not certain that any subcellular
entity will ever be identified at the spinal level that can
account for durations of apparent tolerance to opiate
analgesia that, even after a single morphine dose, can be
of more than 1 year (Cochin and Kornetsky, 1964). This
difficulty can be overcome, however, if System Theory
would effectively operate, as the present section sug-
gests it may, at different levels of the integration of
information and by assuming that its operation at these
different levels is arranged in a serial configuration.
Thus, the outcome 8 generated by a, first, System The-
ory system (STs) that operates at the level of primary
afferent neurons and has a short sample period, would
serve as the adequate stimulus ¢, to a second STs that
operates at the level of a spinal dorsal horn cell assembly
and has a longer sample period. This serial arrangement
could exist in several layers until an n*® STs is reached
that operates at the most integrated level of whole or-
ganisms and operates with the very long sample periods
that are required to account for the 1 year or longer that
apparent tolerance to opiate analgesia can last.

V. Further Issues
A. Opiate Addiction
Addiction to opiates has proven difficult to understand
and even more difficult to treat effectively (Jaffe, 1980).

System Theory sheds light on opiate addiction that may
help one to grasp the immensity of the problem; specif-
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ically, three notions may concur so as to make addiction
virtually inaccessible to existing treatments.

The first is that, just as robustly and reliably as opi-
ates produce one effect (i.e., decrease 8" so that &" is
smaller than §'), they also produce the paradoxical effect
(i.e., increase &'; section IV.C.2.). In acting upon the
physiological system of nociception, these opiate effects
are empirically apparent as analgesia and hyperalgesia,
respectively. Opiates are widely recognized to produce
an analgesia that is said to be profound; however, the
data in figure 10 (center panel) suggest the magnitude of
the paradoxical effect can also be very large. Other than
acting upon the physiological systems of nociception,
opiates also act upon the physiological systems of re-
ward and are thought to (in that manner) produce eu-
phoria (for review, see Koob and Bloom, 1988). System
Theory would hence indicate that opiates produce dys-
phoria just as reliably'® as they produce euphoria, and
that this dysphoria can be extremely large.

A second point to be made is that, although in differ-
ent physiological systems the “first order” effect (i.e.,
decrease of 8") of a given opiate dose occurs in the same
instant and with the same amplitude (fig. 9), the time
necessary to obtain the “second order,” paradoxical, ef-
fect (i.e., increase of §') may differ greatly among sys-
tems (fig. 11). This is because the sample period with
which the different systems operate may differ. It fol-
lows that, while both analgesia and euphoria may occur
early upon the administration of the opiate and be very
marked, asymptotic dysphoria may require much more
time to develop. Dysphoria might thus arise insidiously;
its growth rate can be so small as to be barely noticeable,
providing little opportunity for any early, warning signs
to become apparent.

The third notion derives from the unique role that
System Theory, through «,, accords to time. The effects of
any variable (e.g., ¢,, 1) that through ¢, can influence «,,
will always be unstable for a subsequent period of time,
the duration of which is equal to :,’s sample period.
Thus, no other known intervention can substitute for the
mere passage of time; unlike any previous account of
putative tolerance to and dependence on opiates (Cox,
1990; Johnson and Fleming, 1989) or of pain processing
(Besson and Chaouch, 1987; Fields and Basbaum, 1994;
Melzack and Wall, 1965), System Theory identifies time
as an independent variable in its own right; also, this
time, as indicated earlier in this section, can be long. Let
us take system 2000 in figure 11 as a model for the
physiological system mediating reward. The system’s
immediate response to an opiate will be euphoria, but to
peradoxically build asymptotic dysphoria in this system
would require much time. However, once built, only the
pessage of much time can act to make the dysphoria
decay. Also, to suffer from dysphoria, even as it slowly
decays, for such a long period of time might be just as

18 For data to this effect in humans, see Bickel et al., 1988.

difficult as it is to suffer, for example, from an oncolog-
ical pain, the intensity of which can only be matched by
the “profound” analgesia that high-efficacy opiates can
also produce. Of course, the administration of an opiate
at this stage, assuming as we do that tolerance does not
develop to opiates, will act to decrease §” and thus offer
a brief relief from the dysphoria. However it will also act
to reset the timer that ticks off the decay of the dyspho-
ria that persists.

System Theory thus portrays the addiction to opiates
as a consequence of the dysphoria that opiates produce
just as reliably as they produce euphoria. The dysphoria
occurs within a time frame that is much unlike that with
which such other opiate effects as analgesia and, also,
euphoria are apparent. The dysphoria develops insidi-
ously but can reach a very large magnitude. At that
stage, only the mere passage of time, a long time during
which the subject suffers from very severe distress
(Wikler, 1973), can make the addiction decay. Time not
being compressible, it is not surprising that the treat-
ment of addiction to opiates remains essentially inacces-
sible to date. Note, however, that the inverse opiate
agonists portrayed in section IV.C.5. would act to, in
effect, compress time.

B. Opiate State

It is a characteristic feature of current accounts of
putative tolerance to and dependence on opiates that
they express the apparently firm belief that, in some
way or other, the changes that are involved must serve
some so-called adaptive or homeostatic purpose. This is
especially the case with cellular and molecular accounts
(e.g., Ammer and Schulz, 1996; Collin and Cesselin,
1991; Cox, 1990; Cox and Werling, 1991; Johnson and
Fleming, 1989; Nestler, 1992; Takemori, 1975; Trujillo
and Akil, 1991), although Koob and Bloom (1988) note
that these adaptive changes and purposes remain poorly
defined. Similarly, behavioral accounts (Goudie, 1990;
Siegel, 1989, 1990) propose that adaptation and ho-
meostasis are achieved by the organism’s learning of
so-called compensatory, or opponent, responses (e.g., hy-
perthermia) that presumably counterbalance the direct
effects of opiates (e.g., hypothermia). In our account so
far, there is no perspective of adaptation or homeostasis.
Opiates are held to bind to opiate receptors and to exert
an action, their primary action, to which tolerance does
not develop. For the physiological system(s) that possess
opiate receptors, the primary opiate action essentially
acts to scramble the system’s input; it both decreases &”
and increases §'. The effects and processes that follow
this initial impact give rise to apparent tolerance and to
genuine dependence; with the passage of time, and all
other factors remaining equal, the system returns to its
original position. From these operations of a single STs,
there is little reason to ascribe any adaptive or homeo-
static quality to System Theory. This might be all the
more worrying, because endogenous ligands exist for
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and act upon opiate receptors (Herz, 1993). However, the
following points shed an interesting light on the down-
stream consequences of System Theory.

One is that within a single STs, an opiate acts, indi-
rectly, to change the relationship between the adequate
stimulus ¢, that serves as the input to the system, and
the outcome & that constitutes the system’s output or
response (i.e., the stimulus-response (S-R) relationship).
Indeed, the sustained'® administration of (a particular
dose of) the opiate defines an S-R relationship that is
different from the normal relationship and rather
unique; there is, in fact, at this point no readily conceiv-
able way whereby this particular S-R relationship can be
reconstructed through the manipulation of independent
variables other than opiates.

A second point is that, systemically administered, opi-
ates interact with not just one STs, but with a large
number of such systems that are coregulated by opiate
receptors and govern such diverse physiological func-
tions as nociception, respiration, gastrointestinal motil-
ity, vision, skeletal muscle tone, reward, and many oth-
ers (Martin, 1984). Thus, opiates can act to redefine a
new and particular S-R relationship with each of these
many and important physiological functions; they do so
with a particular set of functions, that is, with those
systems that are coregulated by opiate receptors.

A third point is that, in interacting with their envi-
ronment, whole organisms learn about and respond to
this environment through the use of various sensory and
motor systems; at least some and probably several of
those physiological systems that are being mobilized in
any condition are coregulated by opiate receptors. For
example, when a food-deprived rat learns to press an
operant lever to obtain food pellets, a coordinated assem-
bly is to be constructed de novo between such opiate
coregulated physiological systems as those that govern
vision, reward and skeletal muscle tone. When carried
out under conditions of opiate receptor activation, the
assembly that is thus constructed is largely unique be-
cause it, for some, and possibly considerable part, uses a
set of systems, the S-R relationships of which are pecu-
liar and definitely different from their normal definition.
Under opiate receptor activation, assemblies can thus be
constructed that apply exclusively while opiate recep-
tors are being activated. Once constructed, these assem-
blies might not even be available for recall in the ab-
sence of receptor activation, if only because the sensory
systems involved can no longer generate the same out-
put & as that which prevailed during acquisition. The
theoretical possibility thus arises that, after systemic
opiate administration or mobilization of endogenous opi-
ate systems, whole organisms construct acquired assem-
blies that are unique to this opiate state.

19 By sustained is meant for a period of time long enough to cover
the System’s sample period.

This latter possibility, in fact, is more than merely
theoretical. Both physiological and behavioral studies
have demonstrated the existence of a phenomenon that
is currently referred to as state-dependence (e.g., Over-
ton, 1974). That is, when an organism acquires some
response (i.e., establishes de novo some S-R relationship
at the whole organism level) while under the influence of
some drug, it may appear that the recall of this response
(specifically: the execution of this S-R relationship) is
hampered, partially or completely, when the organism is
in a different (e.g., the so-called normal) state. State-
dependency can occur for different S-R relationships; it
also can occur with different, exogenously administered,
drugs and, also, with endogenous mediators. It also has
been demonstrated with opiates (Belleville, 1964).

Therefore, it would seem that the (temporary) activa-
tion of opiate receptors can generate an opiate state that
allows an organism to establish unique S-R relation-
ships in interacting with its environment; the S-R rela-
tionships that are in this manner established apply only
when opiate receptors are being activated again. It is in
this notion of the opiate state that arguably can reside
the “adaptiveness” of the primary action of opiates and
of its downstream effects. That is, the occurrence and
recurrence of opiate, and other, states throughout ontog-
eny allows the organism to learn about, and subse-
quently deploy, S-R relationships that are appropriate
in particular conditions?° only, the same S-R relation-
ships being less appropriate under other conditions. In
this rather astonishing, imaginative manner, state de-
pendence would allow an organism to vastly multiply
the capacity that it has available to learn and to deploy,
but also to contain, the results of experience.

The above, highly speculative, reasoning meets with
at least two concerns. One is that the opiate state can
only operate as suggested if no tolerance develops to the
ability of opiates to create, and recreate, the opiate state.
Ongoing experiments (Bruins et al., unpublished) indi-
cate that operant lever pressing for food in rats can be
rendered dependent on the morphine state; using proce-
dures used previously with benzodiazepines (Colpaert,
1990), the experiments also indicate that tolerance does
not develop to morphine’s ability to create, and recreate,
the state upon which this acquired response was ren-
dered dependent. These latter findings are, of course,
consistent with our more general assumption that toler-
ance does not develop to opiates. A second concern is
that, whereas learning and memory are recognized to
interfere with pain perception (e.g., Waschulewski et al.,
1994), it is unusual to invoke learning and memory with
several other of the physiological systems that are co-
regulated by opiate receptors, respiration being a case in
point. However, the effect that opiates exert on respira-
tory function is not simply to depress respiration; opi-

20 Such as, perhaps, chronic pain (see Lombard and Besson,
1989b).
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ates decrease the ventilatory response to the enhanced
acidity of arterial blood, such as the response that can be
brought about by increases in PaCO, (Mueller et al.,
1982; see also Van den Hoogen and Colpaert, 1986). In
most mammalian species, including humans (Chernick,
1978), the fetus before birth executes apparently chaotic
breathing movements that are unrelated to its arterial
PaCO,; prepartum, it is the mother’s respiratory func-
tion that responds to and regulates the acidity of the
fetus’ arterial blood. Immediately after birth, the breath-
ing of the newborn remains erratic at first to only grad-
ually, in the course of weeks, become regular and appro-
priately responsive to the PaCO, of the newborn’s own
arterial blood (for reviews, see Mortola, 1987; Rigatto,
1992). Because the notion of learning encompasses any
change that occurs in the relationship between a stim-
ulus and a response (Grossman, 1967), it follows that the
coupling that comes about postpartum between breath-
ing movements and arterial PaCO,, is to be considered
as an instance of learning (see also Mortola, 1987, p.
195). It also follows that the subsequent execution in
adult life of this, so acquired, S-R relationship requires
the organism to recall®! this particular relationship. It
would, in fact, be interesting to examine whether, in
infants who have been exposed to an opiate pre- and
postpartum, the then-normal responsiveness to CO, is
or is not preserved on withdrawal of the opiate. The
account offered above would suggest this withdrawal to
paradoxically cause respiratory dysfunction??. Failing
experimental data, it is interesting to note that infants
born to opiate-addicted mothers present with neonatal
abstinence syndrome (Desmond and Wilson, 1975), in-
volving respiratory distress and, in some instances, so-
called early death (Kandall et al., 1977). Specifically,
these infants demonstrate tachypnea to alkalosis (Klain
et al., 1972).

C. Tolerance With Nonopiate Drugs

Apparent tolerance and dependence also occur with
such nonopiate agents as benzodiazepines, ethanol, bar-
biturates, nicotine, amphetamines, histamine-releasing
agents and many other compounds (see Cox, 1990). Part
of the tolerance that is observed with some agents (e.g.,
pentobarbital) is due to dispositional mechanisms (e.g.,
induction of metabolic enzymes), but these mechanisms
fail to account (Cox, 1990; see also section IV.B.) for the
general features that characterize tolerance across dif-
ferent agents and different mechanisms. Indeed, such
features as dose-dependence, duration-dependence, and
reversibility also apply with the putative tolerance, and

2 Interestingly, in the French language, the apparent depression
of respiration that opiates produce in adult organisms used to be
referred to as “un oubli respiratoire,” meaning the subject forgets to
breathe.

22 Such studies may also be relevant to sudden infant death, the
causes of which remain poorly understood (Byard, 1991) but might
involve a dysfunction of cardiorespiratory control (see Hunt, 1992).

dependence, that develop with many classes of nonopi-
ate drugs (Cox, 1990). Although acknowledging that
nonopiate drugs act through molecular mechanisms
other than the activation of opiate receptors and affect
sets of physiological systems that may not or only in part
coincide with those that also possess opiate receptors,
the question arises whether the fundamental mecha-
nisms can be the same. That is, can the assumption that
tolerance does not develop and can the operation of
System Theory similarly account for the apparent toler-
ance and dependence that develop with nonopiate
agents?

To exhaustively address this issue is beyond the scope
of this article. Suffice it here to briefly consider two
examples. The first concerns the dependence that devel-
ops to benzodiazepines (Martin et al., 1982; Ryan and
Boisse, 1983) and, in particular, the state dependence
that they produce. While under the influence of a ben-
zodiazepine, food-deprived rats were trained to press an
operant lever for food (Colpaert, 1990). Once estab-
lished, the recall of the response was fully adequate
when tests for recall were made after an additional
benzodiazepine injection. Recall failed, however, when
tests occurred after the injection of saline; the animals
had thus been rendered dependent on benzodiazepines
in that their ability to recall this response had effectively
become dependent upon the presence of a benzodiaz-
epine. This dependence appeared after approximately 10
sessions had expired during the acquisition of the re-
sponse and, thus, after 10 benzodiazepine injections.
Overtraining with benzodiazepine so that animals re-
ceived no less than 50 injections of a large, 40-mg/kg,
dose of chlordiazepoxide failed to destroy the state de-
pendency. As indicated before (section IV.C.4.) with opi-
ates, these data demonstrate that, at least for this par-
ticular case of (state) dependence, dependence cannot
develop if tolerance occurs (Colpaert, 1990). This evi-
dence of incompatibility constitutes further empirical
support for our theories that tolerance does not develop
(to opiates, to benzodiazepines), and that dependence
can only develop if tolerance does not.

A second example concerns the so-called drug resis-
tance that can occur with antibiotics and anticancer
compounds. Specifically, previous exposure of whole or-
ganisms (i.e., patients: Georges et al., 1990; Pastan and
Gottesman, 1991) or of cells in culture (Clynes, 1994;
Skovsgaard et al., 1994) can reduce the therapeutic and
cytotoxic activity, respectively, of chemotherapeutic
agents. There is evidence that this resistance depends
on the dose (in vivo: Goldie et al.,, 1972; or in vitro
concentration: Hill, 1986; Schoenlein, 1993) and on the
duration (Calabro-Jones et al., 1982; Goldie et al., 1972)
of the drug exposure and that the resistance may be
reversible (Dahllof et al., 1984; Lothstein and Horwitz,
1986). Dose-dose transposition occurs in that the resis-
tance can be identified either as the same dose produc-
ing a smaller effect, as a shift to the right of the dose-
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response curve, or as a higher dose being required to
produce the apparently same effect (Hosking et al.,
1994; Kartner et al., 1983; Volm et al., 1988). The resis-
tance can occur after prolonged drug administration
(e.g., by infusion: Calabro-Jones et al., 1982; Goldie et
al., 1972), but also after intermittent doses (Hosking et
al., 1994; Whelan and Hill, 1993) or after a single expo-
sure (Gupta, 1985; Rath et al., 1984). The rate at which
resistance to one particular agent develops can differ,
depending on the cell line or tumor type (Belvedere and
Dolfini, 1993). The resistance established to one partic-
ular drug may be associated with a decreased apparent
efficacy of other agents and is then referred to as mul-
tidrug resistance (Gerlach et al., 1986). Finally, and not
unlike the enhanced analgesic effects of opiates in or-
ganisms exposed to nociceptive stimulation, the appar-
ent inhibitory effect of chemotherapeutic agents on cell
proliferation may be larger in cycling as opposed to
quiescent cells (Hill, 1982). Drug resistance thus seems
to also possess the key empirical features of apparent
tolerance to opiates, suggesting that System Theory may
apply to this resistance. The latter suggestion would
have several interesting implications. One is that che-
motherapeutic agents?>® may not, as is commonly be-
lieved, act by their killing cells (i.e., by a cytotoxic action)
but by inhibiting some adequate stimulus for cell prolif-
eration, and this according to the equation ¢, = ¢, — u.
Another is that the tumor growth that occurs after ap-
parent resistance has been established may not be
caused by the cells having in any way become resistant
or tolerant to the drug. This at times virulent and fatal
growth may instead be caused by dependence; much as
opiates induce hyperalgesia, chemotherapeutic agents
may increase &', i.e., enhance the cell’s response to ade-
quate stimuli for cell proliferation. Analogous to appar-
ent tolerance perhaps constituting the major problem in
the treatment of pain (Kelemen, 1973), drug resistance
arguably constitutes the major problem of cancer ther-
apy (see Pastan and Gottesman, 1991). It would be of
interest for future studies to examine whether the es-
tablishment of matches (section IV.A.3.) may help to
resolve this problem.

D. Inadequacy of Tolerance

The notion of tolerance can, of course, explain that the
analgesic effects of opiates diminish in certain condi-
tions. However, and unlike System Theory, it fails to
account for many other empirical findings that have
been obtained with opiates (e.g., inverse apparent toler-
ance) and is incompatible with the phenomenon of opiate
dependence. However, the inadequacy of the notion of
tolerance goes beyond these observations.

Thus, it is now apparent (sections II. and IV.A.) that
the changes in opiate effects that so far have been as-
cribed to putative tolerance to opiate receptor ligands

23 Those agents to which drug resistance develops.

COLPAERT

reflect (at best; see later in this section) properties of
physiological systems rather than of these ligands. Fur-
thermore, the effects of adequate stimuli that also affect
these systems will represent the mirror image (fig. 2) of
those of opiates. It follows that tolerance would be as
much a property of adequate stimuli as it would be of
drugs; also, the same attribution would have to be made
with regard to dependence. The notion of tolerance thus
becomes uninformative; it adds nothing to the statement
that opiates, like adequate stimuli, can produce effects.
This uninformative attribute would have to be accorded
to many classes of drugs other than opiates.

The notion of tolerance and, in particular, of it reflect-
ing so-called cellular adaptive sensitivity changes (see
Johnson and Fleming, 1989), also does not elucidate how
whole organism effects of opiates can remain un-
changed. Instances of such effects that now appear to
have been well established are the discriminative (Col-
paert, 1995) and the analgesic effects of opiates (provid-
ed the opiate matches the nociceptive input; section C.).

The notion of tolerance as one that reflects a loss of
effect also disregards a phenomenon revealed in section
IV.C.2. That is, just as much as there is a loss of effect,
there inextricably also is a gain in effect; opiates do not
have on initial administration, but acquire and then
maintain with chronicity, the ability to prevent with-
drawal. Specifically, the opiates first establish a depen-
dence that causes a withdrawal to occur that the opiates
are then able to prevent.

Yet another manner in which the notion of tolerance
appears inadequate is with opiate analgesia. That is, for
apparent tolerance to opiate analgesia to be obtained, it
is necessary to not administer nociceptive stimulation; it
is necessary to not let the opiate exert analgesic effects.
If (matching) nociceptive stimulation is administered so
that the opiate can display its analgesic effects, then no
apparent tolerance develops (section III.). Also, even to
state that tolerance to opiate analgesia develops in mis-
matching conditions is to disregard the paradoxical ef-
fect that also occurs; that is, a growing hyperalgesia
then is equally well being induced by the opiate.

Finally, in our simulations, we have computed the
opiate effect as the ratio e, of &' to 8" and have found
that, in so doing, System Theory can account for appar-
ent tolerance. However, if we had chosen to compute this
effect by subtraction (i.e., as e, where e, = &' — &"; see
section I1.), then we would not have found even apparent
tolerance (see fig. 1). Note that, of course, the computa-
tion of e, rather than of e, would have made no differ-
ence?* whatsoever to the System’s (apparently ade-
quate) operations.

Thus, tolerance is not a property of opiate drugs, and
what we so far have referred to as apparent tolerance
might not be even a property of the physiological sys-

24 Note in particular that dependence persists; &' in condition B of
figure 1 is larger than &’ in condition A, regardless of the method by
which the comparison is made.
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tems that are coregulated by opiate receptors. Arguably,
apparent tolerance is at best a property of an arbitrary
method of computations applied to empirical data. An-
other, equally arbitrary, method renders even apparent
tolerance nonexistent.

Thus, these observations demonstrate the inadequacy
of the notion of tolerance; they do not, however, detract
from System Theory, i.e., from a perhaps more accurate
understanding of the modalities whereby physiological
systems operate.

E. Limitations of System Theory

It should be noted that the results generated in the
computer simulations described in section IV. do not
claim to offer an exact numeral fit of any particular set
of empirical data. The results that have been generated
are to reflect, at best, ordinal measurement of a depen-
dent variable (i.e., the response §) as it varies as a
function of the independent variable that is being ma-
nipulated (e.g., ¢,). Specifically, the results do not a
priori possess the value of the interval and ratio mea-
surements with which dependent variables are typically
assayed in empirical experiments.

It should also be noted that the numerical model in
some instances (not shown) produced meaningless re-
sults (e. g., negative values of e,). This occurred when
large values were entered for the dimensions ¢,, u, 7,
and combinations thereof; thus, results were meaningful
only within a limited, amorphous space defined by these
dimensions. Interestingly, this space could be enlarged
along several dimensions if it were assumed that the
system was continuously fed by some modest magni-
tude?® (e.g., 5 A.U.) of ¢,. The further assumption that u
did not, whereas activation of some other receptor could,
detract from this ¢, endowed the System with response
properties that may not be unlike those of cells on which
several different receptors are colocalized. Greater
mathematical sophistication of the otherwise most sim-
ple equations also enlarged the space within which the
System generated meaningful results and endowed the
System with somewhat different response properties.
However, all of these maneuvers required additional or
more complex assumptions; these were not made here
because the model, in its most unassuming format, pro-
vided the adequate data described in section IV. It also
is uncertain whether the validity of any such theoretical
model needs to be limitless. For example, a cutaneously
applied thermal stimulus generates a sensation of pain
that is intensity-dependent within a particular range of
temperatures. At excessive temperatures, the stimulus
in fact destroys the sensor, and the initial relationship
between stimulus and response effectively becomes

meaningless.

25 Rhythmic harmonic oscillations occur in the discharges of spi-
nal dorsal horn neurons during background activity (Sandkiihler
and Eblen-Zajjur, 1994).

Note also that it may prove difficult, perhaps impos-
sible, for empirical data to verify all of the predictions
that the System can make. We have, parsimoniously,
assumed all the relationships between ¢,, ¢, ¢, and & to
be simply linear and, importantly, that the relationship
between 8 and the effector yielding the to-be-measured
response is also linear. The latter assumption may
readily prove oversimplistic, if only because “floor” and
“ceiling” effects occur in empirical measurements (for
discussion, see Vierck and Cooper, 1984). An elegant
case in point is the inflammatory hyperalgesia that Gut-
stein et al. (1995; experiment 3) found when a low-
intensity stimulus was used, but did not find with a
higher-intensity stimulus (1995; experiment 1).

Finally, the output variable § of the System permits
responses to be graded, as is the case with the sensation
of pain that varies quantitatively from small to larger
intensities. However, some responses of single cells or of
whole organisms (e.g., the action potential, the drug
discriminative response), are quantal (i.e., of an all-or-
none nature). Note, therefore, that the graded variable &
can be transformed into a quantal response by the ap-
plication of some criterion value §, such as that repre-
sented by the dotted line in the bottom panel of figure
13. The optimal setting of such criterion values consti-
tutes the object of other theories (i.e., Signal Detection
and Decision Theories; Green and Swets, 1966; Swets,
1964; Vickers, 1979) that have been applied to studies of
pain (e.g., Clark and Yang, 1983).

F. Opiates: Myth and Misnomers

To conclude, as we will, that tolerance does not de-
velop to opiates raises the question as to how it has been
possible that over the past 50 years, one of the most
massive, sophisticated research efforts ever in neurobi-
ological science has been misguided. While it is difficult
to fully grasp the magnitude of what may well be this
century’s largest neurobiological myth?®, three points
seem to merit consideration.

First, the earliest authoritative statements of putative
opiate tolerance (Light et al., 1930; Rossbach, 1880) are
derived from clinical, uncontrolled, observations in hu-
mans. However, even with respect to the therapeutically
most valuable of opiate effects, this statement rarely has
been followed up by rigourous, methodologically sound
scientific studies. As recently as this decade, it has been
noted that “There are remarkably few clinical studies
that systematically address the issue of tolerance.. . ”
(Fields et al., 1991), that “In man, the development of
analgesic tolerance. . . has not been measured with any
precision. . . ” (Foley, 1991), and that “The most glaring
deficit in this field is the absence of research— of actual
data.... ” (Hammond, 1991). Nonetheless, “. .. it is
generally agreed that tolerance does occur for opiate

26 The use of the term myth in regard to opiates has been intro-
duced recently (Dubner, 1991; Zenz, 1991; see also Gourlay, 1994).
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analgesia” (Fields et al., 1991), that “Chronic use of
[opiates]. . . invariably leads to... tolerance” (Paster-
nak, 1993) and that “there is no limit to tolerance”
(Foley, 1991; see also Foley, 1989; Rosow, 1987).

Second, this powerful impetus that clinical observa-
tions have given to the notion of opiate tolerance has
been followed since the 1950s, by well-controlled labora-
tory studies in animals and other preparations that
seemed to scientifically prove beyond any reasonable
doubt that tolerance develops to opiates, and to opiate
analgesia in particular (Kalant, 1987; Kornetsky, 1987;
Smith et al.,, 1988). However, this research on opiate
analgesia has invariably been conducted in animal prep-
arations that did not suffer pain. Arguably, therefore,
these studies were not about analgesia; they could ob-
serve only apparent tolerance because no pain was being
implemented. This in turn may have followed from the
limitation of Sherrington’s legacy to acute pain (section
IIL.B.) and from the other commonly held belief that
chronic pain is simply a pain that lasts a long time. It
has not been until our studies using chronic (Colpaert,
1979) or repeated (Colpaert et al., 1980a) nociceptive
stimulation that opiates were studied experimentally for
their effects on ongoing pain. As noted above (section I.),
these studies were explicitly designed to test the hypoth-
esis that tolerance does not develop to opiates and, very
specifically, that no apparent tolerance to opiate analge-
sia should develop if the opiate matches the pain that is
to be treated (Colpaert, 1978b; section II.). The studies
provided sound empirical data to this latter effect, but
their impact so far on opiate theory and practice has
been limited. This may be because the tolerance myth
has grown to all-encompassing dimensions.

Third, the account given in the present article of opi-
ates and pain would indicate the subject is indeed com-
plex. The complexity is not with the opiates, however;
these simply act to diminish the impact of ¢, in the
transduction equation ¢, = ¢, — u. The complexity
arises from the paradoxical responses (i.e., decreased &,
increased &’) that physiological systems generate when
an opiate is given. Adler (1987) may thus have been
proven right in contending that “The lasting legacy of
research on [opiate] tolerance and dependence may be in
our. . . understanding of brain mechanisms.”

The impact of the myth of opiate tolerance is difficult
to overestimate. Scientifically, for decades, the myth has
misguided opiate research toward identifying the elu-
sive mechanisms whereby opiates supposedly lose their
efficacy (Cox, 1990; Johnson and Fleming, 1989); thus,
little physiological understanding has been achieved
(Collin and Cesselin, 1991; Cox, 1990; Loh and Smith,
1990; Nestler, 1992; Rauhala et al., 1995). Effects of
opiates have been considered as pharmacologically spe-
cific only if tolerance to them can be demonstrated (Sh-
annon and Holtzman, 1976). Also, experimental pain
models that failed to demonstrate tolerance to opiates
have been considered misleading and have been aban-

COLPAERT

doned (see Abbott et al., 1982). Therapeutically, the
opiate myth for over a century has led (see Foley, 1991)
to what has been referred to as a badgering mismanage-
ment of chronic pain patients (Larue et al., 1995; Mc-
Givney and Crooks, 1984; Reuler et al., 1980; Walsh,
1984; Zenz, 1991). So-called opiophobia (Hill, 1994; Zenz
and Willweber-Strumpf, 1993), doctrinaire pronounce-
ments (Portenoy, 1994a), prejudices (Zenz and Sorge,
1991), biases (Portenoy, 1991) and misapprehensions
(Warncke et al.,, 1994) continue to prevail and have
spilled over to several other drug classes to which toler-
ance allegedly also develops (Cox, 1990). However, a
glimmer of hope arises from recent clinical statements
that opiates can lastingly relieve chronic pains (section
II1.C.), provided the opiate treatment constitutes an ap-
propriate match (Foley, 1991; Melzack, 1992; Portenoy,
1994a) of the pain that is to be treated.

Several misnomers have also come about as a direct or
indirect consequence of the tolerance myth to opiates.
Opiate tolerance is a foremost misnomer; it misleadingly
suggests that tolerance develops to opiates and we pro-
pose the wording apparent tolerance to opiates be used
instead. Tolerance theory naturally failed to observe
that the apparent effects of opiates can also be en-
hanced, so that inverse apparent tolerance is to be pro-
posed de novo. Dependence is real and can exist only if
tolerance does not develop. However, it is inappropriate
to refer to whole organisms (as is often done) as being
dependent on, or, for that matter, apparently tolerant to,
opiate drugs. Opiates interfere with only some rather
than all physiological systems. In addition, the depen-
dence and apparent tolerance develop and decay at un-
equal rates with these different systems and may not
occur at all with some of these. That is, adequate, match-
ing stimulation of one or several systems will prevent
these developments. For example, the chronic pain of
cancer patients may prevent the nociceptive systems®’
from developing apparent tolerance and dependence,
whereas these developments proceed normally with
other opiate-sensitive systems mediating other opiate
effects. As discussed elsewhere (section IV.C.3.), the
term opiate analgesia is also inappropriate, a more ad-
equate wording being analgesic effects of opiates; also,
opiates equally well generate hyperalgesic effects. In a
similar manner, opiates do not produce respiratory de-
pression (section V.B.), although they can decrease or
increase respiratory responses (to arterial PaCO, in par-
ticular). Opiate addiction is a particular and specific
case of dependence; it perhaps evolves as an amplified

27 Conceivably, the dysphoria of organisms suffering chronic pain
might similarly prevent the development of apparent tolerance and
dependence with the physiological systems mediating reward (see
Lérida et al., 1987; Lyness et al., 1989). Some (Portenoy, 1994a),
although not all (Maruta et al., 1979), clinical observations suggest
opiate addiction to be only mild in chronic pain patients receiving
chronic opiate treatment.
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ability of opiates to produce dysphoria and remains a
truly unresolved medical problem.

VI. Summary

Two decades ago, and of course in spite of the over-
whelming evidence to the contrary, we (Colpaert, 1978b;
Colpaert et al., 1976b) theorized that tolerance does not
develop to opiates and does not, as is commonly believed,
constitute a pharmacological property of these com-
pounds. We also devised a theory that wholly attributes
any changes in the apparent effects of opiates, to the
physiological systems that mediate these effects and to
the biometric methods by which the latter are analyzed
in empirical studies. The theory is hence termed System
Theory; it specifies in an abstract manner the mecha-
nisms whereby the physiological systems controlling
pain are able to detect nociceptive stimuli and permit
opiates to exert analgesic effects (Colpaert, 1978b). This
article constitutes the second of two in which we evalu-
ate the theory that tolerance does not develop to opiates.
The first review (Colpaert, 1995), which appeared in the
December 1995 issue of Pharmacological Reviews, ex-
amined whether tolerance develops to the ability of opi-
ates to act as discriminative stimuli; although studies of
opiate drug discrimination have almost unanimously
claimed to demonstrate the contrary (for review, see
Young and Sannerud, 1989), this recent evaluation of
the evidence confirms our earlier conclusion (Colpaert et
al., 1976b) that tolerance does not develop to opiate drug
discrimination (Colpaert, 1995). The present, second,
review concerns the analgesic effects of opiates; it exam-
ines whether System Theory can account for findings
that these effects can apparently change while assuming
that tolerance does not develop to opiates.

System Theory of nociception generated specific pre-
dictions concerning pain sensitivity and the analgesic
effects of opiates under conditions in which organisms
are exposed to chronic nociceptive stimulation and
chronic opiate treatment (Colpaert, 1978b; section IIL.).
That is, the chronic administration of an opiate should
induce hyperalgesia and apparent tolerance to the anal-
gesic effects of opiates; chronic nociceptive stimulation
should induce hypoalgesia and apparent inverse toler-
ance. Furthermore, chronic opiate treatment and
chronic nociceptive stimulation should counteract each
other in producing these effects; as a consequence, it
should be possible to adequately control chronic pain
with opiates without inducing apparent tolerance, pro-
vided the treatments match each other.

The available experimental evidence bearing on these
predictions (section III.A.) confirms initial animal stud-
ies (Colpaert, 1979; Colpaert et al., 1980a) demonstrat-
ing these effects of chronic opiate treatment and of
chronic nociceptive stimulation on pain sensitivity and
on the apparent analgesic effects of opiates. As it applies
to chronic pain, this experimental evidence relies criti-
cally, however, on the adjuvant polyarthritis that was

introduced (Colpaert, 1978c) as a model of chronic pain
to verify these hypotheses. Because of limitations in
Sherrington’s legacy on the identification of pain in lab-
oratory animals, an extensive, imaginative effort has
been required to generate methods allowing putative
chronic pain to be identified, and measured, in animals.
The evidence that is now available (section III.B.) sup-
ports the validity of adjuvant arthritis in the rat as an
animal model of chronic pain; however, the inflamma-
tory hyperalgesia that is also associated with adjuvant
arthritis has complicated the interpretation of some
data, and it remains desirable that at least one alterna-
tive model be developed.

For understandable reasons, clinical investigations
have not offered entirely adequate, scientific evidence
relating to all of the specific predictions that were made.
However, such evidence as there is, and authoritative
clinical opinion, appear to be consistent with these pre-
dictions (section III.C.); specifically, and provided the
opiate matches the pain, it is now acknowledged (e.g.,
Portenoy and Foley, 1986) that chronic pains of malig-
nant and nonmalignant etiologies can be treated ade-
quately with opiates without any tolerance developing.
Our review of the evidence thus is compatible with the
theory that tolerance does not develop to the primary
action of opiates that allows them to produce analgesic
effects; it also suggests System Theory can account for
the apparent tolerance, and apparent inverse tolerance,
that opiates can generate under some circumstances.

Having reached this latter conclusion, section IV ex-
amines whether the reach of System Theory can be
taken further. Empirical studies have shown, albeit
never explained, the apparent tolerance to opiate anal-
gesic effects to be characterized by a number of partic-
ular properties; we thus examined whether System The-
ory can accommodate, and account for, these empirical
properties. To this end, a mathematical model of System
Theory was devised (section IV.A.) allowing that numer-
ical, computer-generated, simulations be made of its
operation under various conditions. Data generated by
these simulations indicate that System Theory can ef-
fectively accommodate and explain the major, empiri-
cally established, properties of apparent tolerance to
opiate analgesia (i.e., dose-dependence, duration-depen-
dence, reversibility, dose-dose transposition and the dif-
ferent modes whereby it can be induced; section IV.B.).

Furthermore, System Theory accommodates the ap-
parent tolerance that can develop to opiate effects other
than analgesic and elucidates the mechanism whereby
apparent tolerance develops and decays at different
rates with different opiate effects. System Theory also
accommodates and explains dependence on opiates and
elucidates the relationship that exists between apparent
tolerance to and dependence on opiates. Beyond the
highly integrated level of whole organisms, System The-
ory also appears to operate at such higher-resolution
levels of analysis as cell assemblies and single neurons.
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Thus, while System Theory was originally devised for
the special case of the pain and analgesia that are as-
sessed in whole organisms, evidence now suggests that
its operation can be generalized to other opiate actions,
as well as to less-integrated biological systems. Finally,
System Theory coherently explains a multitude of find-
ings on apparent tolerance and dependence that never
have been accounted for; it thus satisfies the many and
complex prerequisites that have been defined (Cox,
1990, p. 666) for a theory of the apparent tolerance to
and dependence on opiates.

Empirical tests of the predictions that were initially
derived from System Theory, were derived to pit two
theories against each other. One is the common theory
that tolerance develops to opiates and constitutes a
pharmacological property of these agents (e.g., Cox,
1990). The other theory holds that tolerance does not
develop to opiates, and that whatever changes, de-
creases or enhancements that may (but do not necessar-
ily) occur in the apparent effects of opiates do not result
from any change in the opiates’ primary action (Col-
paert, 1978b). That is, these changes result from the
particular manner, specified by System Theory, in which
physiological systems operate and are found if a partic-
ular, arbitrarily chosen method is used to evaluate the
systems’ output. It appears, then, that System Theory
can account for all of the empirical evidence and data
from computer simulations that we have considered
here. The classical theory that tolerance develops to
opiates, can also account for some of the results (in
particular, for the development of apparent tolerance to
the analgesic effects of opiates). The classical theory,
however, provides no explanation for further findings
(such as inverse apparent tolerance) and is incompatible
with others (e.g., dependence). Having thus compared
the two theories, we now conclude that tolerance does
not develop to the pharmacological action that allows
opiates to exert analgesic effects. Having concluded else-
where (Colpaert, 1995; Colpaert et al., 1976b) that tol-
erance also does not develop to opiate drug discrimina-
tion, we now conclude further that tolerance does not
develop to opiates. The Basis of Pharmacology (Cox,
1990, p. 639) specifies that “Drug tolerance is a. .. de-
creased responsiveness to the pharmacological effect of a
drug as a result of prior exposure. . . ”; we suggest that
the pharmacology of opiates can no longer rest on this
basis.

System Theory is a highly abstract theory that at-
tempts to explain the relationships that exist in physi-
ological systems between their adequate stimulation ¢,
and the action p of opiates on the one hand, and the
System’s response & (in particular; §' and &") on the
other. It invokes the existence of a relevant physiological
activity ¢, and of the temporal integration ¢, of this
activity. Most remarkably, it appears that a set of three
utterly simple equations (section IV.A.) relating ¢,, u,
¢ L, 0 and, also, time, can account for the many and
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often highly complex empirical findings that are avail-
able. System Theory is uniquely parsimonious and co-
herent in providing this account; no other theory or sets
of theories have been offered to date that would explain
these findings while making fewer assumptions. It is for
further work to more adequately identify the biological
substrates of System Theory, to refine its operations
through more sophisticated mathematical models, or to
possibly challenge its validity.

The evidence and analyses discussed in this review
elucidate the actions of opiates but also those of the
neurobiological systems governing pain. Moving beyond
Sherrington’s legacy, methods have been devised de
novo to identify and measure chronic pain in animals,
and adjuvant arthritis in the rat has been introduced
and uniquely validated as a laboratory animal model of
chronic pain. The mechanisms and response character-
istics whereby nociceptive systems operate have been
specified in an abstract manner, thus providing a frame-
work in which to interpret the wealth of behavioral,
electrophysiological, biochemical, and molecular evi-
dence that is available from empirical studies. These
abstract mechanisms identify the mere passage of time
as an indispensable, independent variable in its own
right. Thus, a novel notion to the physiology of pain is
introduced: that of some entity, represented here by «,,
that is capable of making an integration over time of
relevant physiological activity.

Should endogenous opiate systems operate in accor-
dance with System Theory, then this would shed an
astonishing light on the role of such opiate systems
throughout the organism’s ontogeny. State dependence,
controlled by endogenous opiates, would allow the or-
ganism to vastly multiply its capacity to acquire and to
deploy, but also appropriately to contain, the results of
previous experience (section V.B.). These mechanisms
could conceivably govern the host of physiological sys-
tems in which endogenous opiates are involved, includ-
ing digestion, respiration, motor movement, secretion of
anterior pituitary hormones and, also, the perception of
pain.

The System Theory proposed here challenges the per-
vasive theory of opiate tolerance that, over the past 50
years, has guided one of the most massive, sophisticated
research efforts ever in neurobiological science. It iden-
tifies a singular process that appears to operate with
different physiological systems and at different levels of
integration. In so doing, System Theory suggests new
avenues for future research in such areas as pain and
endogenous opiate systems. The theory also offers scien-
tific support to the efforts of clinicians to adequately
match with opiates the chronic pains that are so much in
want of treatment.
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