
The potent pharmacological effects of opiates have been
recognized by humans since ancient times. Today,
opiates are still used in medical settings for their
analgesic virtue and abused as ‘street’drugs for their
recreational properties. Chronic exposure to opiates
leads to dramatic behavioral and neural changes known
as tolerance and physical dependence. Tolerance
represents a reduced effect following repeated exposure
to the opiate. Physical dependence describes an altered
physiological state caused by repeated opiate exposure.
Cessation of drug administration then leads to a
withdrawal syndrome that is characterized by severe
physiological disturbances and a plethora of withdrawal
signs1. These phenomena probably represent adaptive
changes in neural systems to chronic opiate exposure
and are prominent examples of neural plasticity2,3.

The NMDA receptor has a well-established role in
neuronal plasticity [e.g. long-term potentiation (LTP)4]
and is also involved in opiate-related neural plasticity.
Indeed, the past ten years have seen an explosion of
evidence to indicate that the NMDA receptor plays a
key role in opiate tolerance, dependence and
withdrawal2,3,5–7. Specifically, the opioid system
interacts with NMDA receptors such that activation of
the mu opioid receptor results in Ca2+ influx through
the NMDA receptor channel. The subsequent
activation of various Ca2+-dependent second messenger
system cascades, particularly the activation of nitric
oxide synthase (NOS) [the enzyme responsible for the
production of nitric oxide (NO)], plays a central role in
these phenomena2,7. Although this hypothesis is

supported by broad and persuasive evidence, the data
on which it is based have been obtained exclusively
from the adult animal. Two emerging lines of research
suggest that a different picture might exist early in life.

Ontogeny and modulation of opiate withdrawal

It has long been known that human infants suffer
deleterious effects as a result of maternal opiate use
and, until recently, the only detailed description of
opiate abstinence syndrome in neonates was for
humans8. But the complexity of the human setting
makes it difficult to separate those factors that are
due to opiate use and those that are due to the abuse
of other drugs, poor prenatal care, poor nutrition or
other complications experienced by the mothers of
these children. To overcome the confounding
maternal effects in human infants, various animal
models have been developed8.

Recent animal studies have shown that infant rat
pups, and even the fetal rat, experience opiate
tolerance and/or dependence if the dams are exposed
to opiates during their pregnancy or the pups are
treated directly with opiates9–15. On the basis of these
data, two major conclusions can be drawn: (1) when
the behavioral repertoire appropriate to the age of the
animal is examined, infant rat pups experience opiate
tolerance and withdrawal if the dams are exposed to
opiates during their pregnancy or the pups are
treated directly with opiates; and (2) the withdrawal
syndrome changes during development to the adult
form following weaning (Box 1).

In adult animals, a variety of NMDA receptor
antagonists have been reported to inhibit not only the
development or acquisition of opiate tolerance and
dependence but also the expression of established
opiate dependence – opiate withdrawal5,6. Various
drugs that act on the NMDA receptor or Ca2+-
dependent second messenger systems have been
studied recently in the infant rat. In contrast to data
obtained in adults, NMDA receptor antagonists are
neither effective in blocking the development of opiate
tolerance or dependence16–18, nor effective in
suppressing the expression of opiate withdrawal18,19

in neonatal rats. However, in agreement with the
data from studies in adults, NOS inhibitors suppress
withdrawal in the infant19. Thus, in the infant,
although opiate actions rely on the same second
messenger systems as in the adult, the factors that
activate these systems differ. Of particular interest is
the recent finding that the NMDA receptor
antagonist MK801 is ineffective in blocking both the
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development of morphine dependence and the
expression of morphine withdrawal in the 7-day-old
rat but is partially effective in the 14-day-old rat and
fully effective in the 21-day-old rat18. Thus, there is a
transition age, around the second postnatal week,
when MK801 becomes effective in suppressing
morphine withdrawal18. Preliminary experiments
have extended these findings to the establishment of
tolerance20,21. Neither of the two NMDA receptor
antagonists (MK801 and dextromethorphan) is
effective in blocking the development of morphine
tolerance in the 7-day-old rat, yet both of them are
fully effective in the 21-day-old rat. Therefore, from a
developmental perspective, during early life,
receptors other than NMDA receptors might link to
the same second messenger system as in adult life
and, at a later time, either confer this role to NMDA
receptors or recede to an auxiliary role18.

The AMPA receptor, another member of the
glutamate receptor family, seems to fit such a role for

several reasons. First, the fact that the AMPA
receptor is colocalized with the NMDA receptor in
many cell types22, including NOS-containing
neurons23, suggests that the AMPA receptor, similar
to the NMDA receptor, is involved in neural circuitry
that is activated during opiate withdrawal. Indeed,
chronic morphine treatment elevates levels of GluR1
(a subunit of the AMPA receptor) in the rat ventral
tegmental area24 and morphine withdrawal increases
both the level of AMPA receptor mRNA expression
and [3H]AMPA binding in various brain sites in the
rat25. Second, in adult mice or rats, LY293558, a
competitive AMPA receptor antagonist, attenuates
and reverses morphine analgesic tolerance26,27,
inhibits the development of acute morphine
dependence27 and decreases behavioral signs of
morphine withdrawal28. Furthermore, LY293558
effectively suppresses morphine withdrawal-induced
firing of locus coeruleus neurons, whereas NMDA
receptor antagonists do not28. Thus, the AMPA
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Until recently, the only description of an
opiate abstinence syndrome in neonates
was for human infants. Indeed, early work
suggested that infants were ‘immune’
from opiate withdrawala. However, more
recently, three research groups described
an opiate withdrawal syndrome in the
infant rat, which included behaviors such
as increased separation-induced
vocalizations, head swaying, stretching,
rolling and an inability to stay quietb–h.
Aspects of this syndrome are observed
even in the fetusi, and the withdrawal
syndrome slowly changes during
development to reach, around puberty, the
classic constellation of withdrawal
behaviors so often described for the adult
animalc. These behaviors are specific for
opiate withdrawal because they do not
occur in the absence of an opiate receptor
agonist and antagonist. Opiate withdrawal
in the infant can also be demonstrated in
the isolated spinal cord of the infant ratj,k.
This syndrome occurs following
administration of a variety of opiate
receptor agonists, including fentanyl,
methadone and morphine, given either
directly to the pup or to the dam (and
transferred to the fetus and pup via the
placental blood supply and milk,
respectively). The negative affective state
associated with abstinence appears in the
infant rat, but develops later, at ~14 days of
age, dissociating the unconditioned
‘physical’ withdrawal signs from the
dysphoric aspects of abstinence.

The withdrawal syndrome in the pup
consists of behaviors that are qualitatively
distinct from those of the adult, and lacks
autonomic signs. At least two possibilities
might explain why the infant and adult
behaviors differ. First, it is possible that the
neural circuitries that mediate withdrawal
in the infant and adult are fundamentally
different. Thus, the differing behaviors are a
result of a developmentally unique
physiological change following chronic
opiate treatment. Second, the ‘higher’ brain
circuits that mediate withdrawal might be
the same but the output systems might
differ. This is true for the autonomic system,
which is immature in the preweaning rat,
and for many of the complex motor
behaviors observed in the adult during
withdrawal. In one experiment, the
periaqueductal gray and locus coeruleus,
two structures that mediate withdrawal in
the adult, also mediated withdrawal in the
infantl. Similarly, the spinal cord is involved
in withdrawal in both the adult and the
infantj,k. These data argue for
developmental continuities in the neural
circuits that mediate withdrawal. By
contrast, there are fundamental differences
in the pharmacological underpinnings of
withdrawal in the 1-week-old pup
compared with the adult. 
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Box 1. Ontogeny of opiate withdrawal



receptor has at least a role that is auxiliary, if not
parallel and independent, to the role of the NMDA
receptor in opiate tolerance and withdrawal in adult
animals. In addition, data show that the competitive
AMPA receptor antagonist NBQX [2,3-dihydro-6-
nitro-7-sulfamoyl-benzo(f )quinoxaline] is effective in
suppressing morphine withdrawal and in inhibiting
the development of morphine tolerance in rats as
young as 7 days of age20,21, in sharp contrast to the
ineffectiveness of NMDA receptor antagonists. Last,
but most importantly, the developmental profile of the
AMPA receptor, in contrast to that of the NMDA
receptor, suggests that the AMPA receptor (rather
than the NMDA receptor) might play the dominant
role in these processes in younger animals.

Ontogeny of NMDA and AMPA receptors

Both NMDA and AMPA receptors are heteromeric
receptors composed of multiple subunits. During
ontogeny, the composition of these receptors
undergoes dramatic differential change, resulting in
functionally different receptors.

Native NMDA receptors comprise subunits that
include NR1, NR2A–2D and NR3A. The various
subunits of the NMDA receptor complex undergo
differential maturation during the first few postnatal
weeks of the animal29, resulting in considerably

different functions of the NMDA receptor30. Specifically,
brain levels of NR1 and NR2A subunits are lowest
shortly after birth, increase to reach peak levels by 14
or 21 days of age, and subsequently decrease at 28
days of age. By contrast, the NR2B subunit levels are
highest during early development and decrease as the
animal ages. The NR2C subunit is restricted to the
cerebellum and its presence is undetectable until the
second postnatal week31. The expression of the NR3A
subunit begins just before or during the first
postnatal week32. Thus, in the neonatal brain, the
predominant NMDA receptor subunits are NR1,
NR2B, NR2D and NR3A. Consequently, NMDA-
receptor-mediated Ca2+ fluxes can be rather weak
immediately after birth, and the magnitude of these
responses can increase dramatically during the first
to second postnatal weeks33. Furthermore, it has been
suggested that there are two types of NMDA receptor
in the rat34,35, an immature type and a mature type,
and that a temporal switching of the NMDA receptor
from the immature form to the adult mature form
occurs around the second postnatal week35.

Native AMPA receptors are also heteromeric and
are composed of subunits GluR1–4. Like NMDA
receptors, AMPA receptors also undergo major
developmental changes in subunit expression,
leading to the acquisition of the adult pattern
between postnatal day (P) 7 and P21 (Refs 36,37).
However, unlike the immature NMDA receptor,
which has low Ca2+ permeability depending on the
region in the CNS, the immature AMPA receptor has
high Ca2+ permeability4 and its activation produces a
marked increase (comparable to that triggered by
normal NMDA receptors) in free Ca2+ in the
cytoplasm4,38. In contrast to the initial thought that
NOS was functionally coupled through NMDA
receptors to Ca2+ influx but poorly linked to other Ca2+

pools39, Ca2+ entry through Ca2+-permeable AMPA
receptors activates downstream Ca2+-dependent
intracellular events, such as the activation of NOS
and NO production23. Indeed, the Ca2+-permeable
AMPA receptors can mediate virtually all major
events that the NMDA receptor is capable of
mediating, including the induction of LTP (NMDA
receptor independent) in the hippocampus40 and
amygdala41, activation of the calmodulin–NOS
cascade23, phosphorylation of cAMP response
element-binding protein (CREB)42 and neurotoxicity4.
Two observations that are particularly supportive of a
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Fig. 1. Dynamic roles of glutamate receptors in opiate tolerance, dependence and withdrawal. In both
neonatal and adult animals, chronic opiate exposure could lead to the activation (by phosphorylation)
of both AMPA receptors and NMDA receptors. However, in the adult rat, the AMPA receptor has low
Ca2+ permeability, and thus Ca2+ influx through the NMDA receptor channel is the major trigger
responsible for subsequent biochemical cascades that follow exposure to opiates. In the neonatal rat,
Ca2+-permeable AMPA receptors, which could have no or a very low degree of desensitization23, are
abundant on neurons involved in opiate actions. Activation of these AMPA receptors results in a marked
increase of intracellular Ca2+. The NMDA receptor might not be a crucial component in the neonates
because: (1) the immature NMDA receptors have low Ca2+ permeability; and (2) Ca2+ entry through
Ca2+-permeable AMPA receptors desensitizes colocalized NMDA receptors50. The steep Ca2+ gradient
that results from influx of Ca2+ through NMDA or AMPA receptors activates Ca2+-dependent second
messengers, such as nitric oxide synthase (NOS), which results in further long-lasting effects. Other
glutamate receptor types [such as the metabotropic glutamate (mglu) receptors] could also be involved
in both the neonates and the adult because these receptors can activate various second messenger
systems by other mechanisms. Abbreviations: CaM, calmodulin; CREB, cAMP response element-
binding protein; ER, endoplasmic reticulum; Ins(1,4,5)P3, inositol (1,4,5)-trisphosphate; NO, nitric oxide.
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role for the Ca2+-permeable AMPA receptor in opiate
withdrawal during ontogeny are: (1) the Ca2+-
permeable AMPA receptor is strongly expressed at
early ages at some of the major sites of opiate action,
such as the amygdala41 and spinal cord36,37,43; and 
(2) chronic morphine treatment elevates GluR1 but
not GluR2 expression in the rat ventral tegmental
area24 – elevated expression of GluR1 relative to
GluR2 results in an AMPA receptor complex that is
more permeable to Ca2+ (Refs 4,36,37,44).

Dynamic roles of glutamate receptors in opiate actions 

Several models have hypothesized a role for glutamate
in opiate tolerance, dependence and withdrawal in the
past few years2,7,45. These models position the NMDA
receptor, Ca2+ influx through this receptor and the
subsequent activation of Ca2+-dependent second
messenger systems as indispensable steps for the
establishment of opiate tolerance and dependence3.
Although the role of the NMDA receptor in opiate
tolerance and dependence in adult rodents has been
firmly supported, these models might need to be
expanded to take into consideration the fact that the
infant acquires and expresses withdrawal in the
absence of fully mature NMDA receptors. On the one
hand, opiate tolerance, dependence and withdrawal
can be induced in the infant rat; on the other hand,
NOS inhibitors, but not NMDA receptor antagonists,
are effective in suppressing these processes. Thus, we
hypothesize that the essence of the existing models,
which focus on the role of the second messenger
system, including the influx of Ca2+ into the cell and
the production of NO, might still hold in the infant.
However, in younger animals, the Ca2+-permeable
AMPA receptor plays the dominant role in gating Ca2+

influx, and later in development (in the rat, during the
second postnatal week) the AMPA receptor matures
rapidly, loses Ca2+ permeability and confers this role to
the NMDA receptor (which gains Ca2+ permeability)
(Fig. 1).

Given that opiate tolerance, dependence and
withdrawal are complicated phenomena and involve
adaptive changes that encompass cellular,
anatomical, systemic, behavioral and psychological
levels, multiple mechanisms for these processes
might exist. Indeed, it is unlikely that a single
mechanism works in isolation. Thus, the present
model does not exclude the possible roles of other
glutamate receptor types, such as the kainate
receptor and the metabotropic glutamate receptors,
nor does it exclude the possible roles of other
neurotransmission systems in these phenomena.
These receptors and systems might interact with
various second messenger systems and directly or
indirectly lead to the long-lasting plasticity that is
characteristic of opiate tolerance and dependence. For
example, Crain and Shen have proposed a model that
highlights the importance of sustained activation of
sensitized excitatory Gs-coupled, GM1 ganglioside-
regulated opioid receptor functions in opiate

tolerance, dependence and withdrawal46.
Unfortunately, there are no data that address the
interaction of the stimulatory opioid mechanisms
described in their model and the role of any glutamate
receptor in the chronic effects of opiates; nor do we
know whether or not there is differential
developmental regulation of Gi- and Gs-coupled opioid
receptors. Of course, the seminal work on the 
Gs-coupled opioid receptors by Crain and Shen was
developed in fetal explants, which are probably in an
immature state. Thus, age differences in opiate
actions, particularly the existence of a transition
period for NMDA receptor antagonists in inhibiting
both dependence18 and tolerance20,21, cannot be
explained easily by any possible Gs-coupled opioid
receptor differences between different ages. The
interaction between glutamate receptor functions and
excitatory Gs-coupled opioid receptor functions, which
might also account for the age differences in opiate
actions outlined above, represents an unexplored field
and requires further study47. Finally, the model
described in this article might apply to opiate
withdrawal induced by chronic administration
(chronic withdrawal) instead of a single injection
(acute withdrawal) of opiates because chronic and
acute opiate administration have opposing effects on
second messenger systems1. Thus, not surprisingly,
although NMDA receptor antagonists have been
found to be ineffective in attenuating chronic opiate
withdrawal, they suppress acute morphine
withdrawal in the infant rat48,49.

Concluding remarks

Although the role of the NMDA receptor in the
development and expression of opiate tolerance,
dependence and withdrawal is well established in the
adult (e.g. mice deficient in NMDA receptors do not
show tolerance), very different mechanisms might
exist in the infant. Although the establishment of
opiate tolerance and dependence, and the expression of
withdrawal might rely on the same second messengers
(e.g. Ca2+ and NOS) during development, different
glutamate receptor types are linked to these cascades
during ontogeny. Consequently, in the infant very
different therapeutic approaches might be necessary
for the treatment of the clinically adverse effects of
opiates from those used in the adult. Determination of
the dynamic roles of glutamate receptors in opiate
tolerance, dependence and withdrawal will
significantly further our understanding of these
phenomena as a whole. It is expected that our
understanding of the role of glutamate-mediated
neurotransmission in opiate tolerance and withdrawal
will benefit from two lines of research: (1) the
development of simpler model systems (e.g. the dorsal
horn of the spinal cord), where multiple levels of
analysis can be carried out (e.g. behavioral,
anatomical, cellular and molecular); and (2) the use of
various glutamate receptor subunit knockout animals
in developmental studies on opiate actions.
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LY293558: (3S,4aR,6R,8aR)-6-[2-(1(2)H-tetrazole-
5-yl)ethyl] decahydroisoquinoline-3-carboxylic
acid

Chemical name


