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Mechanisms Regulating
Proenkephalin Gene Expression:
Contributions of Transgenic Models

Steven E. Hyman and David Borsook

INTRODUCTION

Transgenic mouse models can contribute significantly to substance
abuse research in several ways.  In this monograph, the use of gene
knockout mice is discussed separately (Hen, this volume).  With the
caveat that developmental anomalies and gene compensation may
distort physiology or mask an interesting phenotype, gene knockout
mice are currently one of the most powerful tools available to study
the role of particular proteins in neural function.  Transgenic mice
may also be engineered to express dominant negative mutations of
certain proteins; one possible advantage of this approach, where
possible, is that gene inactivation can be targeted to a particular brain
region.  Transgenes can be inserted in a normal or a gene knockout
background to study the effects of a mutated gene or of
overexpression or ectopic expression of a particular gene.
Additionally, transgenic strategies can be used to deliver a foreign
protein to a site of interest.

In the research to be described here, a transgenic strategy to study
gene regulation in the brain was used.  The authors have followed up
on previous studies of the human proenkephalin promoter that had
utilized transformed cell lines in order to facilitate studies of
transcriptional regulation by physiologically relevant stimuli in
neuronal cell types of interest.

PROENKEPHALIN GENE REGULATION

The proenkephalin gene encodes the precursor of the endogenous
opioid peptides met- and leu-enkephalin.  Enkephalin peptides appear
to play roles in a variety of physiological processes including
descending analgesia, regulation of hormone release, the stress
response, and brain reward.  Expression of the proenkephalin gene is
highly regulated by synaptic activity, cyclic adenosine
monophosphate (cAMP), and protein kinase C (PKC), with the
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predominant effect on synthesis being transcriptional.  For example,
in bovine adrenal chromaffin cells in primary culture, proenke-phalin
messenger ribonucleic acid (mRNA) levels have been shown to be
increased by nicotinic stimulation (Eiden et al. 1984), cAMP
(Schwartz et al. 1984; Kley et al. 1987), K+- or veratridine-induced
depolarization, calcium ionophores (Kley 1988; Kley et al. 1987), and
PKC (Kley 1988).  In C6-glioma cells, proenkephalin mRNA levels
have been shown to be increased by ß-adrenergic receptor stimulation,
which increases intra-cellular cAMP (Yoshikawa and Sabol 1986).  In
the brain, chronic treatment with dopamine type 2 (D2) receptor
antagonists, including haloperidol, increases enkephalin peptides and
proenkephalin mRNA in rat striatum (Romano et al. 1987; Sabol et al.
1983; Sivam et al. 1986; Tang et al. 1983).  Lesions of the
nigrostriatal dopamine pathway, which block transmission via all
dopamine receptor types, also induce proenkephalin mRNA (Gerfen
et al. 1990, 1991; Jiang et al. 1990; Normand et al. 1988; Voorn et al.
1987; Young et al. 1986).  Other neural stimuli that induce
proenkephalin mRNA include splanchnic nerve stimulation in the
adrenal gland (Fischer-Colbrie et al. 1988; Kanamatsu et al. 1986),
electrical stimulation and seizures in the hippocampus (Hong et al.
1980; Morris et al. 1988; White and Gall 1987; Xie et al. 1989;
Yoshikawa et al. 1985), nociceptive stimuli in the dorsal horn (Draisci
and Iadorola 1989), and stressors such as hypertonic saline or
naloxone-precipitated opiate withdrawal in the hypothalamus
(Lightman and Young 1987).

The authors’ group and others have studied the mechanisms by which
the human proenkephalin gene is regulated by cAMP and Ca2+ using
muta-genesis and transfection into transformed cell lines.  It was
found that an enhancer comprised of three elements acting in
combination conferred second messenger activation upon the gene.
Within this enhancer, the deoxyribonucleic acid (DNA) regulatory
element that was shown to be absolutely required for regulation of the
proenkephalin gene by cAMP, depolarization, and Ca2+ is the
proenkephalin cAMP response element 2 (CRE-2) element that
contains the sequence TGCGTCA (Comb et al. 1988; Hyman et al.
1988, 1989; Nguyen et al. 1990).  This element can bind both
activator protein 1 (AP-1) and CRE binding protein (CREB) in vitro
(Comb et al. 1988; Kobierski et al. 1991; Konradi et al. 1993;
Sonnenberg et al. 1989).  To complicate matters, the proenkephalin
promoter can also be activated by both AP-1 proteins (Kobierski et al.
1991; Sonnenberg et al. 1989) and by CREB (Huggenvik et al. 1991)
in cotransfection studies.  Both in vitro binding studies (whether by
electro-phoretic mobility shift or by footprinting) and cotransfection
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studies provide information as to possible transcription factor-target
interactions, but they cannot determine what actually happens in
particular cell types in vivo.

Because gene regulation may differ markedly between transformed
cell lines and neurons, two approaches have been taken.  The authors
have begun to study binding of transcription factors to key regulatory
elements in extracts made from neuronal cell types, rather than using
purified proteins from cell lines, and study of promoter function by
transfection into neurons in primary culture and by use of transgenic
mice has begun.  The importance of transgenic models is underscored
by several issues.  The proenkephalin gene is expressed in a highly
complex pattern in the brain, but appropriate cell culture models for
the multiple neuronal cell types expressing the gene are lacking.
Moreover, transformed cell lines cannot model the connectivity,
neurotransmitter receptors, networks of intracellular signal
transduction pathways, or the precise mixtures of transcription factors
that characterize the different types of enkepha-linergic neurons in
the brain.  The use of transgenic animals permits investigation of
whether the same regulatory elements that appear to be utilized in cell
culture models are also utilized in vivo.  The use of a beta-
galactosidase reporter gene in transgenic models has the additional
advantage of simplifying the approach to colocalization of the target
gene of interest with putative regulatory proteins because the
histochemical reaction used to detect beta-galactosidase activity is
highly compatible with immunohistochemistry (Borsook et al.
1994b).  A final advantage is that there is no endogenous beta-
galactosidase activity in eukaryotic cells, permitting very sensitive
detection of proenkephalin gene expression in this transgenic model.

EXPRESSION AND REGULATION OF AN ENKEPHALIN-BETA-
GALACTOSIDASE FUSION GENE IN TRANSGENIC MICE

The three initial transgenic lines that were made contained a fusion
construct with 3 kilobases (kb) of human proenkephalin gene 5'
flanking sequence, the first exon and intron of the human
proenkephalin gene, the E.coli lac-Z transcription unit fused to the
second proenkephalin exon, and l.2kb of human proenkephalin 3'
flanking sequences (Borsook et al. 1992).  All of the independent
lines of mice, ENK l.l, l.2, and l.3, expressed the fusion gene to some
degree.  None of the mice had apparent morpho-logic or behavioral
abnormalities.  No ectopic expression of the gene product was
observed when the beta-galactosidase expression was compared to the
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endogenous proenkephalin mRNA by in situ hybridization (Borsook
et al. 1992, 1994a).  However, none of the lines had complete
expression of the gene, suggesting that there might be strong
integration effects or that some additional regulatory sequences were
missing.  All three of the lines had good fidelity of expression in the
reproductive system (Borsook et al. 1992), and all had some degree of
expression in the brain.  The ENK l.2 line had expression only in
regions corresponding to the periaqueductal gray matter but nowhere
else in the brain, and was not further analyzed.  ENK l.l and l.3 had
much fuller brain expression including the hypothalamus (Borsook et
al. 1994a).  None of the lines, however, had the expected expression
of the transgene in the striatum.

Because proenkephalin gene expression was known to be highly
regulated by pharmacologic and physiologic stimuli in the
hypothalamus (Lightman and Young 1987), and because in the ENK
l.l and l.3 lines basal expression of the transgene in the hypothalamus
recapitulated the pattern of expression of the endogenous gene, a
detailed analysis of regulation of the transgene within the
hypothalamus was undertaken.  All further analyses described here
were performed with the ENK l.l line.

REGULATION OF THE TRANSGENE IN THE HYPOTHALAMUS

The paraventricular nucleus (PVN) and supraoptic nucleus (SON) of
the hypothalamus are major sites of integration of the stress response.
The proenkephalin precursor and enkephalin peptides are found at
high levels within these nuclei, where they are thought to play an
important role in the control of release of hypothalamic stress
hormones including cortico-tropin releasing factor (CRF).  It has
previously been shown in rat models that certain acute and chronic
stressors produce significant induction of proenkephalin gene
expression within these nuclei.  For example, intra-peritoneal (IP)
injection of hypertonic saline and naloxone-precipitated opiate
withdrawal have been shown to produce rapid and significant
inductions of proenkephalin mRNA in the rat PVN (Lightman and
Young 1987).  Multiple IP daily injections of hypertonic saline have
been shown to induce proenkephalin mRNA in the rat PVN even
more strongly (Young and Lightman 1992).

Basal expression of the transgene appears as small blue puncta within
cells, which may represent inclusion bodies; with induction, neurons
fill out with the blue beta-galactosidase reaction product (Borsook et
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al. 1994a).  By comparing histochemistry for the beta-galactosidase
reaction product with in situ hybridization for the endogenous
proenkephalin mRNA, the authors’ group found that in the ENK 1.1
line of transgenic mice, basal expression of the transgene and
induction by hypertonic saline injection (figure 1) and naloxone-
precipitated opiate withdrawal closely paralleled expression of the
mouse endogenous proenkephalin gene and the regulation previously
reported for the rat (Borsook et al. 1994a, 1994c; Lightman and
Young 1987).  The transgene was also induced in the PVN by other
stressors, such as hypovolemia, cold swim, and lipopolysaccharide
injection.  Since the endogenous gene and the transgene contain
similar genomic regulatory sequences but express entirely different
mRNAs, the observation that they are induced in parallel is consistent
with the hypothesis that stress activation of proenkephalin gene
expression in the hypothalamus occurs at the transcriptional level.

CREB INTERACTS WITH THE PROENKEPHALIN GENE IN THE
HYPOTHALAMUS

As described above, both AP-1 proteins and CREB can interact with
the proenkephalin gene in vitro.  However, in cell extracts from rat
striatum (Konradi et al. 1993) and mouse hypothalamus (Borsook et
al. 1994b), the authors detected CREB, but not Fos binding to the
enkephalin CRE-2 element (TGCGTCA) using electrophoretic
mobility shift assays with antibody supershifts.  CREB binding is
detected even under conditions such as acute stress, which give robust
AP-1 binding to a consensus AP-1 site (TGACTCA).  The CRE-2 site
is contained within the regulatory sequences of the transgene, thus the
authors performed combined beta-galactosidase histochemistry with
immunocytochemistry for CREB to determine the localization of
CREB within the PVN with respect to cells expressing the transgene.
CREB protein was found in essentially all neurons within the PVN
(Borsook et al. 1994b).  Moreover, no differences in total CREB
protein levels could be observed by immuno-histochemistry in
uninjected, normal saline-injected, or hypertonic saline-injected mice,
consistent with the idea that CREB is constitutively expressed in most
known cell types and is activated by phosphorylation (Gonzalez and
Montminy 1989).  The authors then sought to determine whether
hypertonic saline stress induced phosphorylation of CREB on Ser133
in transgene-expressing neurons.  The authors therefore colocalized
beta-galactosidase activity with phosphoCREB using an antiserum that
specifically detects CREB phosphorylated on Ser133 (Ginty et al.
1993).



64

Ten minutes after an injection of 0.15 molar (M) saline, only minimal
staining for phosphoCREB was observed in the PVN, indistinguishable
from an uninjected animal.  Ten minutes after an injection of 1.5 M
saline, intense phosphoCREB staining was seen throughout the PVN,
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including all cells observed to express the transgene (Borsook et al.
1994b).  Mutational analyses are planned to determine whether the
CREB binding site is required for stress induction of the transgene
within the PVN.

MODULATION OF STRESS-REGULATED PROENKEPHALIN
GENE EXPRESSION BY OPIOIDS

In addition to facilitating studies of promoter function, the sensitivity
of the transgene also permitted detection of novel forms of regulation
of the proenkephalin gene within the hypothalamus.  Since the
regulatory sequences within the transgene are known, studies of the
molecular mechanisms responsible for this regulation will be possible.

Two decades ago, researchers hypothesized that chronic morphine
treatment might result in agonist-induced feedback inhibition of
endogenous opioid biosynthesis and that this suppression of
endogenous opioid peptides might contribute to aspects of opioid
dependence and withdrawal (Hughes et al. 1975; Waterfield et al.
1976).  Early studies designed to test this hypothesis found little
change in steady-state brain enkephalin peptide levels.  However, these
studies did not address turnover rate or changes within restricted
populations of cells.  More recently, opioid agonists have been shown
to decrease (Uhl et al. 1988) and opioid antagonists to increase
(Tempel et al. 1992) expression of proenkephalin mRNA or
enkephalin peptides in some cell types, suggesting a direct or indirect
opioid receptor-mediated effect on endogenous opioid gene
expression.

Using the authors’ mouse model, it was found that chronic morphine
administration dramatically suppresses transgene expression
compared with animals that received either placebo pellets or no
pellets.  The chronic morphine regimen consisted of 8 milligram (mg)
morphine pellets inserted subcutaneously (SC) for 3 days, followed by
25 mg pellets for 4 days.  Control animals received either placebo
pellets SC for 7 days or were unoperated.  The suppression of
transgene expression by chronic morphine administration was to
almost unobservable levels, and was seen throughout the
hypothalamus (Borsook et al. 1994c).  Animals injected with
morphine (10 mg/kg) or normal saline IP every 6 hours for 5 days
displayed a level of suppression of transgene expression that was
similar to the animals that received morphine pellets.  There were no
differences between the placebo pellet and the unoperated conditions.
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Chronic (7 days) administration of naltrexone pellets (10 mg or 25
mg) SC had minimal effects on transgene expression (Borsook et al.
1994c).  While there was some slight increase in the intensity of
puncta, there was no filling of cells with the beta-galactosidase
reaction product, the indicator of substantial induction of the
transgene.

Surprisingly, administration of morphine (10 mg/kg IP) 4 hours prior
to a hypertonic saline stressor (acute condition) or administration of a
morphine pellet (8 mg) for 24 hours prior to a hypertonic saline
stressor (subacute condition) produced a marked enhancement of the
already substantial stress-induced increase in transgene expression
within the PVN and SON (Borsook et al. 1994c).  In addition, regions
of the hypo-thalamus, in which transgene expression is not induced
by hypertonic saline stress alone, showed marked induction of the
transgene when stress followed morphine pretreatment.  These areas
include the preoptic region, the nucleus circularis, the lateral
hypothalamus, the ventromedial nucleus, and the retrochiasmatic SON
(Borsook et al. 1994c).  Thus, acute or sub-acute morphine
administration markedly sensitizes restricted populations of
proenkephalin-expressing hypothalamic neurons to stress.  Chronic
opioid pretreatment (7 days) prior to hypertonic saline stress inhibits
this response, suggesting that desensitization has occurred.
Pretreatment with naltrexone inhibits stress induction of transgene
expression below the expected level observed in mice receiving only
hypertonic saline injections (Borsook et al. 1994c).

In this series of experiments, the authors’ transgenic model was used
to examine the effects of acute, subacute, and chronic opioid
administration on stress regulation of proenkephalin gene expression
within the hypo-thalamus.  The advantages of the transgenic model
are that it is more sensitive and more readily quantified than in situ
hybridization and that genomic sequences responsible for the
observed regulation are known to be contained within the transgene,
making subsequent analysis of transcriptional mechanisms possible.

These results, which were confirmed by in situ hybridization for the
endogenous mRNA (Borsook et al. 1994c), are consistent with the
hypothesis that acute or subacute administration of morphine
sensitizes enkephalinergic hypothalamic neurons to stress.  The use of
a morphine pellet in the subacute paradigm makes it unlikely that the
superinduction is due to mild, behaviorally unobservable withdrawal
acting along with the saline stress.  Moreover, administration of
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opioids chronically, using a paradigm that produced marked
dependence (as demonstrated by the possibility of producing
naloxone-precipitated withdrawal) not only suppressed basal
expression, but also inhibited stress-induced expression of the
transgene.

It was initially surprising that acute or subacute morphine
pretreatment prior to a hypertonic saline stressor superinduces
transgene expression.  Morphine has principally inhibitory effects on
target neurons mediated by G-protein inhibitory (Gi)-linked opiate
receptors, especially mu receptors.  As noted by Akil (this volume),
there are relatively few mu receptors expressed on neurons in the
PVN, although there are relatively high levels of kappa opioid
receptors.  These observations make it unlikely that the effects of
morphine on PVN neurons are direct or cell autonomous, but the
effects likely involve intermediary circuitry.

SUMMARY

This chapter gives an overview of the utility of one type of transgenic
mouse model for substance abuse research, the use of transgenes in
which genomic regulatory sequences of interest are coupled to a
reporter gene.  Using this mouse model, exploration of the
mechanisms regulating expression of the proenkephalin gene in the
mouse hypothalamus have begun.  The resulting information
supplements experiments on gene regulation performed in cell lines
with information about regulation by pharmacologic and physiologic
stimuli of interest within the brain.  With special reference to
mechanisms of opioid dependence, the particular model that has been
examined appears to be a useful tool to investigate mechanistic aspects
of the regulation of endogenous opioid genes by exogenous opioids.
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