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Abstract

Opiate dependence and withdrawal involve neuroadaptive responses in the central nervous
system. A host of studies have previously implicated the A6 noradrenergic neurons of the pontine
nucleus locus coeruleus (LC) as an important mediator of somatic signs observed upon with-
drawal from opiates. Recent studies, however, are showing that noradrenergic neurons of the LC
may not be solely involved in mediating somatic signs of withdrawal. The A2 noradrenergic neu-
rons of the nucleus of the solitary tract (nucleus tractus solitarius [NTS]) in the caudal brainstem
may be another possible site. Neurons in the nucleus paragigantocellularis lateralis (PGi), located
in the rostral ventral medulla, which are known to send collateral projections to both the LC and
the NTS, may co-modulate both noradrenergic nuclei in a parallel fashion, which may represent
an anatomical substrate underlying the behavioral expression of opiate withdrawal. The PGi pro-
vides glutamatergic and opioid innervation to LC neurons. Hyperactivity of LC during opiate
withdrawal arises, in part, from increased glutamate transmission in this pathway. The authors
have recently shown that the excitatory transmitter, glutamate, co-exists with the endogenous
opioid peptide, enkephalin, in a subset of axon terminals in the LC. Decreases in endogenous opi-
oids in afferents to LC and NTS, following chronic opiate administration, may be equally impor-
tant in modulating noradrenergic neurons following chronic opiate exposure, by removing a
neurochemical system that would inhibit noradrenergic neurons. A persistent decrease in opioid
peptide release from afferents during withdrawal would result in glutamate acting on postsynap-
tic targets, in an unopposed fashion. A parallel effect in opioid projections from PGi to the NTS
would potentially support similar actions in this noradrenergic nucleus. The authors’ recent data
show that opioid-containing neurons in the PGi project to the NTS, and that enkephalin levels are
decreased in opioid afferents to the NTS. This review summarizes data that the authors have col-
lected regarding opioid expression changes in brainstem circuits (PGi-LC and PGi-NTS), follow-
ing chronic morphine treatment, which may represent a model for understanding of adaptations
in endogenous opioid circuits during drug dependence and withdrawal.
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Introduction

Opiate withdrawal is characterized by
behavioral and physiological disturbances that
involve numerous regions in the central ner-
vous system (1-4). In particular, the noradren-
ergic system has long been implicated in
mediating symptoms of the opiate withdrawal
syndrome. Evidence in support of this comes
from studies showing that the op-adrenergic
agonist, clonidine, is an effective pharma-
cotherapy for treating physical symptoms of
opiate withdrawal (5). Furthermore, alter-
ations in levels of platelet oz-adrenoceptors in
heroin addicts are found to correlate with the
severity of the opiate withdrawal syndrome
(6). However, elucidating the noradrenergic
loci in the central nervous system mediating
mechanisms of withdrawal has been challeng-
ing. Initially, support for the involvement of
the brainstem noradrenergic nucleus locus
coeruleus (LC), in mediating somatic aspects of
the opiate withdrawal syndrome, was based
on observations that, in opiate dependent rats,
there is a marked increase in the discharge rate
of LC neurons during antagonist-induced
withdrawal (7). The increase in LC neuronal
activity was shown to correlate with the
behavioral expression of the opiate withdrawal
syndrome, and was prevented by clonidine
treatment (8-27). Thus, Aghajanian et al. pos-
tulated that the efficacy of clonidine stemmed
from its ability to reduce noradrenergic activity
of LC neurons via presynaptic stimulation of
op-adrenergic receptors (27). Moreover, bio-
chemical studies indicated that norepinephrine
levels in the hippocampus and cortex, which
arise solely from LC afferents, are increased
following opiate withdrawal (28), and could be
reversed by clonidine preadministration (29).

More recently, however, it is being recog-
nized that additional brain nuclei, other than
the LC, may be more involved in mediating
somatic signs of opiate withdrawal (30-32).
Evidence in support of this comes from experi-
ments showing that chemical lesions of the LC
prior to the induction of dependence do not
attenuate somatic signs observed following
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systemic naloxone (17,31,32), suggesting that
efferent projections of the LC are not necessar-
ily involved in mediating the physical signs of
opiate withdrawal. Thus, profound activation
of LC neurons during withdrawal, observed
following microinjections of opioid antagonists
into the region, may result from modulation of
neighboring nuclei, such as the periaqueductal
gray or Barrington’s nucleus (4). Moreover,
detection of Fos (protein or mRNA), a marker
of neuronal activation (33), has indicated sev-
eral other brainstem nuclei, including the
nucleus of the solitary tract (nucleus tractus
solitarius [NTS]), caudal and rostral ventrolat-
eral medulla, and periaqueductal gray among
others, which are activated following precipi-
tated withdrawal (25,34-38).

The circuit linking the NTS to the bed
nucleus of the stria terminalis (BNST) has
recently received attention as an important
pathway in mediating the behavioral expres-
sion of opiate withdrawal (32). Local microin-
jections of the P-receptor antagonist,
propranolol, into the BNST, attenuated with-
drawal-induced aversion, as well as reduced
teeth chatters, eye twitches, and wet dog
shakes (35). The presence of c-fos protein and
Fos-related antigens, which is used as a mea-
sure of cell activation in brain (39-41), has
shown an increase in the BNST, which is signif-
icantly reduced in rats pretreated with propra-
nolol (32). The noradrenergic innervation of
the BNST arises primarily from the A2 cell
group, which is located in the NTS. Delfs et al.
(32) also demonstrated that many A2 neurons,
projecting to the BNST, were activated follow-
ing precipitated withdrawal. Thus, there exists
anatomical and behavioral experiments to sup-
port activation of noradrenergic A2 neurons in
the NTS (which project to the BNST), in medi-
ating somatic aspects of the opiate withdrawal
syndrome.

Neurons in the nucleus paragigantocellu-
laris (PGi), located in the rostral ventral
medulla, may be poised for co-activating both
noradrenergic nuclei, by virtue of collateral-
ized projections from PGi neurons to the LC
and the NTS (42). Thus, alterations in the phys-
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iological activity of LC neurons during with-
drawal may be secondary to activation of affer-
ent neurons, such as from its major excitatory
afferent, the PGi (43—45). In support of this, in
vivo studies show that there is an increase in
the release of excitatory amino acids in the LC
from extrinsic afferents, following withdrawal
from opiates (18,44—47). Injections of the
broad-spectrum spectrum excitatory amino
acid antagonist, kynurenic acid, intraventricu-
larly (48), or directly into the LC (22), signifi-
cantly attenuate the activation of LC cells
induced by naloxone-precipitated withdrawal.
Microdialysis studies in the LC reveal
increased excitatory amino acid efflux during
naltrexone-precipitated withdrawal (18,47).
Moreover, lesions of the PGi attenuate the
hyperactivity of LC neurons, seen following
precipitated opiate withdrawal, suggesting
that glutamate afferents from this region par-
ticipate in the altered physiological state of
these noradrenergic neurons (48). In addition
to glutamate, the PGi also contributes the
major opioid innervation to the LC (49).
Changes in neurochemical expression in opi-
oid afferent projections from the PGi to postsy-
naptic targets, including the LC and NTS, may
also be important in modulating noradrenergic
neurons, following chronic opiate exposure.
The authors have shown that the excitatory
transmitter, glutamate, co-exists with the
endogenous  opioid peptide, leucine®-
enkephalin (ENK), in a subset of axon termi-
nals in the LC (50). Thus, alterations in opioid
peptide levels, in medullary neurons project-
ing to noradrenergic nuclei, following chronic
opiate exposure, may contribute to the
observed hyperactivity of LC neurons during
opiate withdrawal. Decreased release of
endogenous opioid peptides from LC afferents
would result in the removal of an inhibitory
neurochemical that causes hyperpolarization
of noradrenergic neurons (51,52). Co-existing
excitatory transmitters, e.g., glutamate, could
then hyperactivate LC neurons in an unop-
posed fashion. A parallel circuit to the NTS
would support similar actions in this nora-
drenergic nucleus. This review presents evi-
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dence of involvement of endogenous opioid
peptides in the adaptive cellular mechanisms
underlying the behavioral and physiological
aspects of the opiate withdrawal syndrome.

PGi as Co-Regulator of
Noradrenergic Function

The PGi is a functionally heterogeneous
region of the medulla. Neurons in the medial
aspect of the PGi have been implicated in pain
and analgesia processes (53); neurons in the
lateral aspect of the PGi subserve functions
related to blood pressure control (54,55). In
addition, a growing body of evidence supports
a role for PGi neurons in mediating the behav-
ioral expression of opiate withdrawal. Several
lines of evidence point to alterations in PGi
neurons during precipitated withdrawal.
Increased c-fos expression has been reported in
the PGi of morphine-dependent rats that are
subjected to naloxone-precipitated withdrawal
(37). Increased neuronal activity of presumed
adrenergic neurons of the C1 cell group, in the
rostral ventral medulla, has been reported dur-
ing naloxone-precipitated withdrawal (56).
Lesions of the PGi have been shown to attenu-
ate the hyperactivity seen following precipi-
tated opiate withdrawal (48). Recent reports in
conscious, unrestrained, nonopioid-dependent
rats have shown that electrical stimulation of
the PGi causes a characteristic series of behav-
iors, which resemble those seen during nalox-
one-precipitated withdrawal from dependence
on opioid agonists (57). These data suggest
that activation of the PGi by electrical stimula-
tion can elicit behaviors similar to those
observed during opioid withdrawal. Taken
together, these data suggest a critical role for
circuits originating from the PGi in the behav-
ioral and autonomic expression of withdrawal.

The authors previously provided anatomical
evidence that PGi neurons send axonal collater-
als to both the LC and to the NTS (42). Five rep-
resentative levels throughout the rostral —
caudal extent of the PGi, including the juxtafa-
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cial, retrofacial, and caudal PGi subregions,
illustrate the pattern of retrogradely labeled
neurons observed from the LC and NTS (Fig. 1).
Overall, neurons retrogradely labeled from LC
were located more ventrally, and were scattered
throughout the medial — lateral extent of the
PGi, compared to those labeled from NTS. Cau-
dally, at the level of the lateral reticular nucleus,
LC- and NTS-projecting neurons are interdigi-
tated; however, no doubly labeled neurons were
identified (Fig. 1A). More rostrally, doubly
labeled neurons were observed predominantly
in the lateral retrofacial PGi ventral to the
nucleus ambiguus (Fig. 1B,C,D). In the juxtafa-
cial PGi, although retrogradely labeled neurons,
from LC and NTS, were present, few doubly
labeled neurons were identified (Fig. 1E). Using
a combination of epifluorescence microscopy
and bright-field microscopy, a doubly labeled
neuron is shown in Fig. 2. Approximately 25%
of the neurons projecting to the LC were found
to send collaterals to the NTS, demonstrating
that activity in a significant number of neurons
in the PGi, which project to the LC, will simulta-
neously influence the NTS, and, conversely, a
substantial amount of PGi activity that affects
NTS function simultaneously has an impact on
the LC.

Hyperactivity of LC neurons, following
precipitated opiate withdrawal, may be sec-
ondary to activation of afferent nuclei, such as
from the PGi (12,18,22), which trigger a cas-
cade of reactions via dual modulation of these
two brainstem noradrenergic nuclei. To test
this hypothesis, elucidating alterations in
known neurochemicals in these pathways
should provide insight into the neuroadapta-
tions, which may occur following chronic
morphine treatment.

Decreases in Endogenous ENK
Peptides Following Chronic
Morphine Treatment

Although much attention has focused on
changes in intracellular messengers in LC neu-
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rons (26,68-61), and on glutamatergic afferents
to the LC (18,44-47), little is known regarding
adaptations in endogenous opioid peptides in
this brain region, following chronic morphine
treatment. The authors have previously identi-
tied the PGi and nucleus prepositus hypoglossi
(PrH), in the dorsomedial medulla, as robust
endogenous sources of ENK to the “nuclear”
or “core” portion of the LC (49). A high propor-
tion (approx 60%) of the neurons in the PGi
and PrH, projecting to the LC (as identified by
retrograde transport), exhibited immunolabel-
ing for ENK (49). The authors also showed, in a
separate set of studies, that ENK-immunoreac-
tive axon terminals form heterogeneous-type
synapses (excitatory- and inhibitory-type) with
noradrenergic dendrites in the LC (62), and
that a subset of these exhibit immunoreactivity
for y-aminobutyric acid (63) and glutamate
(50). The authors also have generated data to
indicate that ENK neurons in the PGi promi-
nently target the commissural portion of the
NTS, which supports the authors” hypothesis
that PGi neurons, and specifically opioid neu-
rons, collateralize to both the LC and NTS (64).
Retrogradely labeled neurons from the LC and
NTS were also found in the dorsomedial
medulla, in the area of the medial PrH (not
shown, but see ref. 42). Labeled neurons in the
dorsomedial medulla were most numerous
where the medial longitudinal fasciculus
meets the fourth ventricle, but could also be
seen scattered more ventrally along the lateral
borders of the mlf in the perifascicular reticular
formation. The percentage of LC-projecting
neurons sending collaterals to the NTS was
fewer in the dorsomedial medulla, compared
to the PGi. Approximately 12% of neurons pro-
jecting to the LC sent collateral projections to
the NTS (42).

To test the hypothesis that chronic morphine
treatment alters the expression of endogenous
opioids in these brainstem pathways, adult
rats were implanted with two morphine pellets
each (National Institute of Drug Abuse: 75 mg
morphine base) for a period of 5 d prior to
transcardial perfusion (for immunocytochemi-
cal studies) or decapitation (for Western blot
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Fig. 1. Camera lucida plots of five representative levels from caudal medullary levels (A) to rostral levels (E),
showing PGi neurons that are retrogradely labeled from the NTS (circles) or LC (triangles). Neurons containing
both retrograde labels are illustrated as squares. Insets: The level from which the high-power plot was drawn.
Sol, solitary nucleus; 10, inferior olive; py, pyramidal tract; sp5, spinal trigeminal tract of V; Sp5, spinal trigem-
inal nucleus of V, pars caudalis; icp, inferior cerebellar peduncle; Amb, nucleus ambiguus; mlf, medial longitu-
dinal fasciculus; VII, facial nucleus; VCA, ventral cochlear nucleus, anterior division; Sp5I, spinal trigeminal
nucleus of V, pars interpolaris; Spr50, spinal trigeminal nucleus of V, pars oralis. (Adapted from ref. 42).
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Fig. 2. Photomicrographs showing a single PGi neuron containing two retrograde tracers: FG, which was
placed into the LC, and WGA-apoHRP-AU, which was placed into the NTS. Left panel: Ultraviolet epifluores-
cent-illuminated photomicrograph, showing a PGi neuron that contains FG from an injection placed into the
LC. The middle panel shows a bright-field photomicrograph of the same cell containing the protein gold tracer,
WGA-apoHRP-AU, which was placed into the NTS. The panel to the right is a double exposure of the same PGi

neuron, which is dually labeled. (Adapted from ref. 42).

analysis). Fresh tissue samples included
micropunches of either the LC/peri-LC area
(pLC) or NTS regions. Control rats received
placebo pellets. This dosage has been shown to
yield physical dependence to the drug (3). Two
antisera, a polyclonal antiserum (directed
against Met>-ENK) that recognizes several opi-
oid derivatives of the preproenkephalin (PPE)
A and B precursor, and a monoclonal anti-
serum (Leu®-ENK) that selectively recognizes
the C-terminal extended Met>-ENK hexapep-
tides and the extended heptapeptide (-Arg-
Phe-OH), but does not recognize other
endogenous opioid peptides (such as B-endor-
phin and dynorphin), were selected to examine
the distribution of ENK, using immunocyto-
chemistry and Western blot analysis in the LC
of morphine- and placebo-treated rats. In addi-
tion, the NTS region was microdissected and
Western blot analysis conducted, to examine
ENK protein levels.

Tissue sections were processed for peroxi-
dase localization of Met>-ENK for light micro-
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scopic analysis (Fig. 3). In sections obtained
from placebo-treated rat brains, peroxidase
labeling for Met>-ENK (Fig. 3A,B) was moder-
ately distributed within the portion of the LC
containing noradrenergic cell bodies (nuclear
LC “core”), and was densely distributed in
pLC, including the dorsolateral pLC, immedi-
ately ventral to the superior cerebellar pedun-
cle, as previously described (62; Fig. 3).
Immunolabeling of Met>-ENK, in sections
through the LC obtained from morphine-
treated rats (Fig. 3C,D), was decreased in both
LC and pLC, as seen using bright-field
microscopy. Decreases in ENK were quantified
using bright-field microscopy densitometry.
Light-level densitometric analysis confirmed
that immunoperoxidase-labeling for ENK was
decreased in sections obtained from morphine-
treated rats, and that the core of the LC
exhibited a greater decrease in Met>-ENK
immunoreactivity, compared to pLCs (65).

To further quantify decreases in ENK lev-
els, microsamples were collected through the
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Fig. 3. Photomicrographs showing peroxidase labeling for ENK in the LC cell body (LC) region (also
defined as “nuclear” or “core” of the LC) and peri-LC (pLC) areas (region containing noradrenergic dendrites of
LC neurons) of placebo- and morphine-treated rats. Low-magnification micrographs showing peroxidase-
labeling for ENK in varicose processes in LC and pLC areas in a placebo-treated rat (A) and morphine treated
rat (C). Varicose processes are distributed throughout the region of the LC, as well as in pLC areas, known to
contain noradrenergic dendrites of LC neurons. (B and D) High-magnification micrograph showing a decrease
in peroxidase immunoreactivity for ENK in the LC region (LC), as well as in the pLC ventral to the superior
cerebellar peduncle (scp), in morphine-treated rats (D), compared to placebo-treated rats (B). Arrows point
medially (M) and dorsally (D). IV, fourth ventricle; scp, superior cerebellar peduncle. Bar for A and C = 250
um; bar for B and D = 175 um.

LC and NTS, and further processed for West-
ern blot analysis, using antibodies raised

morphine-treated rats in the NTS (Fig. 4).
Similar results were obtained in the LC (65).

against either Met>- or Leu®-ENK. The top
band (located at approx 40 kDa) probably rep-
resents the proenkephalin-like opioid pep-
tide. This peptide exhibited a reduction in
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These data suggest that chronic exposure to
morphine decreases the amount of endoge-
nous opioid peptides in both noradrenergic
nuclei (65; Fig. 4).
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Fig. 4. Western blot analysis of samples obtained from the NTS (boxed region in schematic; adapted with
permission from the rat brain atlas of Paxinos and Watson [88)) of placebo (P) and experimental (E) morphine-
treated rats. Expression of the primary antibody directed against Met>-ENK was readily detected in microsam-
ples obtained from the NTS. Multiple bands were detected on the gel; however, proteins that migrated close to
40 Kda (arrow) most likely represent the migration of proenkephalin-like opioid peptides. Expression was
reduced in samples of the NTS obtained from morphine-dependent rats (E), compared to placebo (P) rats. gr,
nucleus gracilis; AP, area postrema; co, central canal; A2, noradrenergic neurons.

Decreases in Endogenous Opioid
Peptides Arise from Alterations
in PPE mRNA

To test whether decreases in opioid peptide
protein  expression were mirrored by
decreases in gene expression, Northern blot
analysis was conducted using a probe con-
taining the entire coding region of rat PPE
cDNA (generous gift of Dr. Sabol, National
Institute of Mental Health). Northern blot
analysis identified a band of approx 950 bp on
samples obtained from the medulla, striatum,
and heart (control sample) of rats receiving
placebo or morphine pellets for 5 d. In heart
and striatum samples obtained from mor-
phine-treated rats, PPE mRNA was similar to
that of samples obtained from placebo-treated
rats. In contrast, medullary regions obtained
from morphine-treated rats exhibited a
twofold decrease in PPE mRNA expression,
compared to morphine-treated rats (65).
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These results suggested that the effects of
morphine on ENK levels in the LC could be
the result of changes in gene expression of
PPE mRNA.

To further specify the distribution of neu-
rons exhibiting a decrease in PPE mRNA, in
situ hybridization (ISH) was conducted in
medullary regions. ISH revealed a high posi-
tive signal within PGi (not shown, but see ref.
65) and PrH (Fig. 5) neurons of saline treated
rats. Morphine treatment significantly reduced
the expression of PPE mRNA in both the PGi
(not shown, but see ref. 65) and the PrH of mor-
phine-treated rats (Fig. 5).

Functional Implications

Convergent lines of evidence show a
decrease in opioid peptides in afferents to LC
and NTS areas of opiate-dependent rats. The
decrease in mRNA for PPE in medullary
regions, such as the PGi and PrH, known to
provide opioid input to the LC and NTS, sug-
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Fig. 5. Brain sections through the medulla oblongata of morphine- and placebo-treated rats were processed
for ISH of mRNA for PPE, using a plasmid generously provided by Dr. S. Sabol from NIH. (A) Graphic illustra-
tion depicting the effects of morphine treatment on average optical density for ENK mRNA hybridization signal
in the PrH. (B) Representative example of medullary sections containing the PrH and PGi processed for ISH of
ENK mRNA expression in placebo- and morphine-treated rats. Arrows indicate location of PrH in the dorsal
medial medulla and PGi in the ventral medulla. Expression of mRNA for PPE is reduced in samples obtained

from morphine-treated rats.

gests that opioid peptide gene expression is
diminished following chronic morphine expo-
sure. Opioids do not tonically regulate LC
activity, because pure opiate antagonists have
no effect on LC discharge of previously
untreated rats (66). However, there is evidence
for opioid regulation of LC activity in opiate-
naive animals during stress (51). In that study,
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it was demonstrated that systemic naloxone
increased LC discharge of opiate-naive
stressed rats, at doses that had no effect in
unstressed rats. Recent studies are showing
that, in the LC, hypotensive stress, which
causes an increase in discharge activity (medi-
ated by corticotropin-releasing factor), fol-
lowed by a decrease in activity below baseline,
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is mediated by endogenous opioid afferents
(67). Thus, although endogenous opioids may
not be tonically released, during a stressful sit-
uation such as antagonist-induced withdrawal,
decreases in endogenous opioids in PGi effer-
ents are likely to influence the physiological
activity of postsynaptic neurons, which may
contribute to the observed dramatic physiolog-
ical hyperactivity seen in the LC, upon with-
drawal from opiates.

This data adds to the growing body of liter-
ature showing that the endogenous opioid
system is altered following a variety of differ-
ent treatments, e.g., numerous changes have
been observed in endogenous opioid systems,
following the induction of recurrent limbic
seizures (68). In the kainic acid model, ENK
immunoreactivity is diminished following a
3-6-h interval in the hippocampus, following
the onset of seizures. By 24-48 h, ENK
immunoreactivity rises above normal, and
remains elevated after 72 h. Hippocampal
proenkephalin mRNA levels sharply increase,
and peak at 6 h, remain elevated at 24 h, and
return to normal at 72 h. These findings sug-
gested that seizures initially release ENK
from mossy fibers, and subsequenly increase
the synthetic rate of opioid-peptide-contain-
ing neurons in the hippocampus. Hong et al.
(69) postulated that changes in opioid peptide
levels occurred as a general compensatory
response to seizure activity. In other neuronal
circuits, chronic administration of morphine
has been shown to decrease ENK (70,71), PPE
mRNA levels (72,73), but others have not
observed such changes (74-76). Although dif-
ferences in the literature exist, it is also likely
that there are regionally specific changes in
ENK expression and protein levels, following
exposures to opiates (73).

The precise mechanism coupling opioid
receptor stimulation to alterations in gene
expression is being elucidated. Transcription
factors of the fos and jun families (constituting
the AP-1 proteins), CAMP response element
(CRE)-binding protein (CREB) transcription,
and the c-EBP family have been identified in
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various experimental systems as potential
transducers of opioid signals. The pro-
enkephalin gene contains an enhancer which is
required for cAMPs- and Ca?*-inducible
expression in transformed cell lines (77,78).
This enhancer contains three closely spaced
DNA regulatory elements (79,80): the CRE-1
and CRE-2 elements and an element binding
the AP2 transcription factor. Konradi et al. (81)
have shown that CREB-like proteins, rather
than fos, appear to interact with the
proenkephalin CRE-2 site. Thus, the proteins
binding to the CRE-2 element appear to be the
critical signal transducers in cAMP- and Ca?*-
mediated  expression. The relationship
between PPE mRNA expression and cAMP, in
medullary projections to the LC, has not been
examined. Although ENK and cAMP are
altered during morphine tolerance and depen-
dence in other areas (26,58-61), whether cAMP
consistently affects brain ENK levels, in the
same way, is still not clear, nor are the changes
in the levels of cAMP and ENK interrelated,
which may affect the development of mor-
phine tolerance and abstinence.

Acute precipitation of opiate withdrawal
increases phosphorylation of transcription
factors, such as CREB (82). Phosphorylation
of CREB has been shown to be increased fol-
lowing the onset of withdrawal (24). Chronic
morphine has also been shown to increase
total levels of CRE-binding activity, which in
turn should increase expression of the
proenkephalin gene, and raise ENK levels.
However, in certain brain areas (such as the
cortex), it has been shown that ENK levels are
decreased in the presence of increased cAMP
(83). Future studies are required to address
whether changes in cAMP levels and CREB
occur in PGi neurons, in order to shed light on
the mechanism of opiod peptide synthesis in
these PGi-LC and PGi-NTS circuits. Addi-
tionally, elucidating opioid peptide changes
in other PGi efferents is necessary to fully
explore adaptations of these neurons, follow-
ing chronic morphine treatment.

Volume 23, 2001



ENK in LC and NTS After Chronic Morphine

Summary, Conclusions,
and Future Directions

Chronic morphine treatment alters the levels
of endogenous ENK-related peptides in two
brainstem noradrenergic nuclei, as indicated
by light-level densitometric analysis of ENK
immunolabeling and Western blot analysis.
The authors” data, using Northern blot analy-
sis and ISH experiments, further reveal that
decreases in ENK peptides in the LC and NTS
are probably attributed to decreases in the syn-
thesis of PPE mRNA in neurons afferent to
these nuclei, e.g., the PGi and PrH. These data
extend previous investigations, which show
that the PGi and PrH provide a major opioid
innervation to the LC and NTS (49,64), by
showing that decreases in opioid peptide
mRNA most likely translates to decreased lev-
els of ENK in afferent terminals in these nora-
drenergic nuclei, following chronic morphine
treatment (65). The authors” data also suggest
that there are likely to be region-specific differ-
ences in opioid gene expression changes in
brain nuclei, following morphine dependence
and withdrawal, because others have shown
alterations in PPE mRNA levels in other brain
regions (72,73,84-86).

Recent data from this lab supports a persis-
tent decrease in ENK-related peptides in the LC
and NTS of rats subjected to naltrexone-induced
withdrawal for 30 min. Microsamples of the LC,
obtained from opiate-dependent rats that were
processed for endomorphin 1, using Western
blot analysis, showed no detectable differences
in protein levels. Such data suggest that chronic
morphine treatment and early periods of with-
drawal are accompanied by selective decreases
in ENK-related peptides. Persistent decreases in
ENK in LC afferents is likely to have an impact
on the physiological activity of neurons, by
removing an endogenous inhibitory neuro-
chemical that is known to hyperpolarize neu-
rons (52). Figure 6 summarizes the proposed
model, showing neuroadaptations in opioid
afferents after chronic morphine, and following
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withdrawal. This scheme is supported by addi-
tional data recently generated in the lab (unpub-
lished observations), indicating that neurons
that are activated following precipitated with-
drawal (as measured using c-fos immunolabel-
ing) exhibit PPE mRNA (as detected with ISH).
Thus, withdrawal from opiates specifically
involves the activation of opioid-containing PGi
neurons, which are likely to play a major role in
efferent circuits from this medullary region.
Although the exact nature of the behavioral
and physiological disturbances (observed as a
consequence of withdrawal), which are sub-
served by these circuits, remain unclear, one
possibility is that they are involved in the
autonomic dysfunctions associated with opi-
ate withdrawal (37). Autonomic symptoms of
withdrawal, which include an increase in
arterial blood pressure, which is accompanied
by an increase in adrenal and lumbar sympa-
thetic nerve activity (87), strongly support a
role for these autonomic-related nuclei.
Future studies will be required to elucidate
the specific manifestations of withdrawal
associated with activation of these circuits, as
well as other targets of PGi efferents. Addi-
tionally, the significance of the observed
decreases in PPE mRNA in the PrH remains to
be investigated. Finally, characterizing neu-
roadaptations in these brainstem circuits, fol-
lowing several time-points after withdrawal,
is still needed, to shed light on the plasticity
in endogenous opioid systems, following
exposure to and cessation of morphine.
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Non Opiate dependent state

e decv
ENK and Glu are colocalized in Glu * YOR
in PGi neurons. B KAr

neuron

neuron

Opiate dependent state

neuron
PGi neurons decrease their production of [ Naloxone withdrawn Stati]
ENK but production of glutamate remains
unchanged. PGi neurons that contain ENK and Glu are no longer

inhibited by morphine and Glu is hypersecreted from these
afferent fibers. ENK production has been reduced therefore
there is no endogenous inhibitory balance to the excitatory
transmission which normally occurs from actions at
postsynaptic uORs or presynaptic delta receptors acting

as autoreceptors.

Fig. 6.  Schematic illustration summarizing the proposed model regarding neuroadaptive responses in opi-
oid-containing neurons in the PGi, following chronic opiate treatment and withdrawal. Decreases in endoge-
nous opioid synthesis in PGi efferent neurons could contribute to the observed physical disturbances seen upon
withdrawal from opiates, by removing an endogenous inhibitory influence on postsynaptic target neurons,
including the LC or NTS. In the nonopiate-dependent state, ENK and glutamate co-exist in common afferents
(50), and a subset of opioid-containing terminals exhibit & opioid receptors, which may act as autoreceptors
(89). During chronic morphine treatment, PPE mRNA is decreased in PGi neurons, resulting in decreased pro-
duction of ENK in afferent terminals. Following cessation of morphine, glutamate is released from PGi afferents,
and activates postsynaptic neurons in an unopposed fashion. ENK release, which is blunted by the decrease in
PPE mRNA, can no longer efficiently modulate u opioid receptors present postsynaptically (90). Such alterations
in neurotransmission could contribute to the hyperactivity observed in LC neurons, following withdrawal. dcv,
dense core vesicle; LOR, p subtype of opioid receptor; Kar, kainate receptor; dOR, delta subytpe of opioid
receptor; PKA, protein kinase A.
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