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ABSTRACT The preproenkephalin A gene is a neuro-
transmitter gene whose expression can be modulated "trans-
synaptically" by changes in neuronal activity. DNA sequences
lying within 200 base pairs of this gene's transcription start site
resemble consensus binding sites for several transcription
factor families. In nonneuronal cell cultures, this promoter
region is sufficient to mediate gene responses to depolarization,
phorbol esters, adenylate cyclase, and calcium fluxes. To assess
the role that these cis-acting elements could play in preproen-
kephalin expression and regulation in vivo, the expression of a
construct containing this 200-base-pair region fused to the
chloramphenicol acetyltransferase gene was examined in trans-
genic mice. This promoter confers modest expression in brain,
adrenal, and small intestine, with substantially higher levels in
testis. These elements confer trans-synaptic regulation in two
well-studied models of trans-synaptic preproenkephalin upreg-
ulation but not in a third system, underscoring the specificity
of the regulatory sequence elements implicated in the synaptic
regulation of neuronal genes.

The gene encoding the principal opioid peptide, preproen-
kephalin, displays exquisite patterns of tissue-specific and
regulated expression (e.g., refs. 1-6). When brain activity
changes, preproenkephalin mRNA can be "synaptically" or
"trans-synaptically" regulated in regions implicated in so-
matosensory (5, 6), stress (7, 8), epileptogenic (9-14), repro-
ductive/neuroendocrine (15-17), drug administration and
withdrawal (7, 18-20), and locomotor (3, 21-23) processes.

Preproenkephalin gene promoter elements that could con-
tribute to this regulation have been studied in cultured cells
(24-26). Responses to calcium, adenylate cyclase, and de-
polarization can be conferred by constructs containing a
200-base-pair 5' flanking sequence of the preproenkephalin
gene; this "cassette" region incorporates sites recognizing
the cyclase response element-binding protein (CREB), acti-
vator proteins 2, 4, and 1 (AP-2, AP-4, AP-1), and nuclear
factor 1 (25-29).

Levels of expression of several of these factors do increase
with the trans-synaptic manipulations that augment pre-
proenkephalin expression in the same brain regions. Factors
that recognize AP-1 sites (Fos and Jun) increase prior to or
parallel with stimulation-induced preproenkephalin upregu-
lation in hippocampus (30) and dorsal horn (31-34) in vivo.

Despite in vitro data documenting which factors are can-
didates for mediating trans-synaptic regulation in the brain
and in vivo studies demonstrating that some of these factors
are upregulated in concert with preproenkephalin, little ev-
idence directly documents which DNA elements actually
mediate gene upregulation in vivo. Transgenic animals pro-

vide an approach to understanding the molecular mecha-
nisms that could underlie trans-synaptic regulation in vivo
(for review, see ref. 35). Studies of mice in which specific
segments of the promoter for the preproenkephalin gene are
introduced stably into the genome can allow assessment of
the transcriptional activity induced by the gene segment in
vivo. They can provide evidence about which gene regulatory
regions are necessary and sufficient to confer tissue- and
cell-specific gene expression (36) and gene regulation (37).

In vitro studies of preproenkephalin regulation have fo-
cused on pENKAT-12, a plasmid construct containing 193
base pairs of the human preproenkephalin 5' cassette-region
flanking sequence, exon 1, intron 1, part of exon 2, and 1.2
kilobase pairs (kb) of 3' flanking sequence but no protein
coding sequences (24). The current study examines reporter
gene expression in transgenic mice directed by these regu-
latory regions in normal mice and in animals subjected to
procedures upregulating the wild-type gene. The results
indicate differential utilization of preproenkephalin regula-
tory elements in different brain circuits and underscore the
specificity of mechanisms underlying brain gene regulation in
vivo.

MATERIALS AND METHODS
DNA Constructs and Transgenic Mice. A 4.5-kb Pvu I

fragment ofpENKAT-12 (24) containing bases -193 to +210
of 5' flanking region and -1 kb of 3' flanking region of the
human preproenkephalin gene fused to the chloramphenicol
acetyltransferase (CAT) gene was microinjected into BSJL
(C57BL/6J x SJL)F1 mouse pronuclei to produce transgenic
mice, termed HEC, by standard methods (DNX, Princeton,
NJ).
DNA Isolation and Analysis. DNA was prepared by pro-

teinase K and phenol/chloroform extraction methods from
tail tips (38) and was analyzed by slot and/or Southern blot
analyses (39) using a CAT cDNA vector, pSVOCAT (40),
radiolabeled by random priming.
CAT Assay. CAT activity was determined by using two

selective-extraction liquid scintillation assays (41, 42). Back-
ground values were obtained from wild-type tissue samples.
Extracts were prepared by Polytron (Brinkmann) homoge-
nization in 0.25 M Tris HCI (pH 7.8) at 4°C, followed by 10
min of microcentrifugation (10,000 x g) to pellet cellular
debris. Supernatant protein was determined by the Bradford
method (Bio-Rad protein assay). Values presented represent
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at least nine mice and were normalized to the mean control
value for each experiment.
RNA Isolation Analysis. RNAs were isolated by CsCl

centrifugation and oligo(dT) column methods (ref. 43; Invit-
rogen, San Diego), electrophoresed, transferred to nylon
filters (44), and detected with two hybridization probes: (i) a
random primer-labeled 1.2-kb HincII fragment of pEN-
KAT-12 and (ii) a 5'-end-labeled oligonucleotide (5'-TGC-
CGG-TCC-TCA-GCG-TCT-CTG-CGG-GGT-CAC-GGG-
CCA-G-3') exactly complementary to human but not to
mouse mRNA (20 of 37 bases).

Regulation of Gene Expression. Three treatments known to
regulate preproenkephalin expression in vivo were used.
Mice received haloperidol (5 mg/kg, i.p.) for 3 days with the
last dose administered 4 hr before sacrifice (45), pentylene-
tetrazol (PTZ, 40 mg/kg, i.p.) 2 hr before sacrifice (34),
complete Freund's adjuvant (30 A.l in one hindpaw footpad)
3 days before sacrifice (31), or equal volumes of 0.9% NaCl.
Each animal displayed a behaviorally typical convulsion after
PTZ injection, each animal injected with haloperidol dis-
played gross locomotor retardation consistent with neuro-
leptic effects, and each mouse injected with Freund's adju-
vant exhibited footpad redness and edema.
Animals were sacrificed by cervical dislocation and de-

capitation. Brains were removed, rapidly dissected at 40C,
frozen immediately on dry ice, and stored at -70'C until
analysis.

RESULTS

Twenty-two mice developed from injected embryos, 6 ani-
mals incorporated the HEC construct in their genomes, and
offspring of each of the 5 founders that could be tested were
also positive for this construct, suggesting that the gene was
maintained in their germ lines (data not shown). Line HEC5
integrated a single copy, HEC2 integrated two or three
copies, and HEC1, HEC3, and HEC4 integrated multiple
copies. Each line displayed a single insertion site (data not
shown).
CAT activity from male and female heterozygous offspring

of each founder showed roughly similar patterns of expres-
sion with modest and uneven expression of the transgene in
brain (Fig. 1) and peripheral tissues (Fig. 2) including spleen,
ovary, small intestine, adrenal, and liver. Expression in testis
was high in males tested from each line.

Brain CAT activity exceeded background values in stria-
tum, brainstem, hippocampus, cervical spinal cord, and
cerebral cortex (P < 0.05 in each case). Highest activity was
found in the hippocampus and cervical cord (Fig. 1). The
patterns ofregional expression were similar in each ofthe five
lines. Lines HEC1, HEC3, and HEC5 are described in detail,
and line HEC5 was examined for studies of synaptic regu-
lation with confirmatory experiments carried out in HEC2
animals (data not shown).
Northern analyses of RNA extracted from line HEC5

revealed high testis expression of an mRNA of 1.5 kb (arrow,
Fig. 3) that hybridized with the random-primed cDNA di-
rected against CAT. An identically sized mRNA, seen in both
cortex and testis mRNA, hybridized with the oligonucleotide
complementary to the 5' end of human preproenkephalin
mRNA, indicating that transcriptional initiation is unlikely to
be 3' to its normal start site (data not shown).
Animals were treated for 3 days with haloperidol, a classic

upregulator of preproenkephalin (45). Treated HEC5 mice
showed 4- to 6-fold increases in striatal CAT activity (P c
0.005; Fig. 4), marginally significant increases in cerebral
cortex (nucleus accumbens included) specimens, and un-
changed CAT activity in the other brain regions (Fig. 4) or
peripheral tissues (data not shown).
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FIG. 1. CAT activity in neural tissue extracts from HEC trans-
genic mice. Rates for HEC5 (A), HEC3 (o), and HECM (x), with
background values from nontransgenic littermate controls sub-
tracted, were averaged to yield bar height ± SEM. Cervical spinal
cord (Sc), cerebellum (Cb), cerebral cortex (Cx), brainstem (Bs),
hippocampus (Hi), and striatum (St) CAT activities are the rate of
[3H]acetyl-CoA (NEN) converted (cpm/min) from aqueous tissue
extract phase to organic scintillant phase by 100 ,.g of extract protein
per 250-1. assay mixture.

The lumbar spinal cords of animals sacrificed 3 days after
unilateral Freund's adjuvant injection revealed a lateralized
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FIG. 2. CAT activity in peripheral tissues from HEC transgenic
mice. Spleen (Sp), small intestine (SI), liver (Lv), ovary (Ov), adrenal
gland (Ad), and testis (Ts) values from HEC5 (A), HEC3 (o), and
HEC1 (x) were obtained, corrected for background activity, and
averaged as noted in Fig. 1. Testis values for lines 1, 3, and 5 were
5523, 4020, and 6478 cpm/min, respectively.
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FIG. 3. CAT mRNA levels in HEC2 and HEC5 transgenic mice
and in wild-type (WT) mice. Ten micrograms of total mRNA from
cerebral cortex (CX) or testis (TS) was electrophoresed in each lane,
and the blot was probed with a radiolabeled 1.1-kb CAT DNA
fragment. Note comigration of the -1.5-kb band (arrow) from
cerebral cortex and testis; the smaller band is likely to represent a
degradation product.

increase in CAT activity that paralleled findings for the
endogenous gene (5, 6). These studies revealed a 4- to 7-fold
enhancement in CAT activity ipsilateral to the adjuvant
injection (P c 0.025; Fig. 5).

In mice sacrificed 2 hr after PTZ-induced seizures, no
significant changes in CAT activity were detected in three
experiments (Fig. 6 Upper). RNA extracted from BSJL6
wild-type mice subjected to identical seizures and sacrificed
at the same time points did show significantly (-2-fold)
enhanced expression of the endogenous preproenkephalin
gene (Fig. 6 Lower), detected by a radiolabeled rat preproen-
kephalin cDNA (46) in Northern analyses normalized for
loading by washing and reprobing with radiolabeled human
,3-actin cDNA (47).

DISCUSSION
The present work documents the patterns of expression
conferred by a cassette-region construct of the preproen-
kephalin gene promoter and the regulation that these se-
quences can mediate.

Parallels with wild-type gene expression are consistent
with necessary and sufficient roles for the sequences studied
here in some aspects of gene regulation. The brain, testis,
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FIG. 4. Effect of haloperidol treatment on CAT activity levels in
cerebellum (Cb), cerebral cortex (Cx), brainstem (Bs), hippocampus
(Hi), and striatum (St). Hatched bars, haloperidol-treated mice; open
bars, saline-injected controls (control CAT activity was set at 100).
CAT assay was as in Fig. 1 legend. Bars show mean + SEM for three
experiments with three HEC5 mice each.
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FIG. 5. Effect of primary afferent stimulation on CAT activity
levels in the left (L) and right (R) lumbar spinal cord. Left footpad
injections of complete Freund's adjuvant were made in HEC5 mice
3 days before sacrifice. CAT assay was as in Fig. 1 legend.

adrenal, spleen, and small intestine expression in all HEC
lines examined is consistent with wild-type gene expression
in each of these tissues. Values for CAT indistinguishable
from background values are obtained in liver, which is devoid
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FIG. 6. Effect of PTZ-induced seizures on CAT activity and
endogenous preproenkephalin (PPE) A mRNA levels. (Upper)
HEC5 CAT activity measurements. Hatched bars, PTZ-injected
HEC mice; open bars, saline-injected HEC controls. CAT assay and
abbreviations are as in Fig. 1 legend. (Lower) Northern analysis of
total RNA (8 ug per lane) isolated from mouse hippocampi. Wild-
type mice were saline (control, C)- or PTZ-injected and hippocampi
were isolated 0 or 2 hr after injection.
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of significant preproenkephalin mRNA (48). Several central
nervous system regions that display significant preproen-
kephalin mRNA levels also display CAT activity above
background levels in HEC mice, including cerebral cortex,
hippocampus, and striatum (48). These findings provide some
contrast to work in cultured cells (49) and highlight the
importance ofusing transgenic mice for analysis of regulatory
elements conferring tissue specificity.
Two of the three studied examples of preproenkephalin

synaptic regulation show striking similarities with the regu-
lation of the wild-type gene. The upregulation of preproen-
kephalin mRNA in striatum after treatment with haloperidol
(21, 23, 44, 50, 51) accords nicely with our findings of 4- to
6-fold CAT upregulation induced by the same drug. The
regional distribution of this effect, largely limited to the
striatum, again fits well with the fact that the wild-type gene
is upregulated by dopaminergic agents in striatum and ac-
cumbens only (45, 50). Drugs that influence striatal dopam-
inergic function can alter several of the transcription factors
that could interact with the preproenkephalin promoter cas-
sette (52). These results suggest that the gene regions studied
here, while insufficient for full basal striatal expression, are
nevertheless sufficient for prominent preproenkephalin up-
regulation upon dopamine receptor blockade.
Primary afferent stimulation provides trans-synaptic reg-

ulation in the spinal cord. Injection of adjuvant into the
footpad induces an inflammatory response that is likely to
stimulate both large- and small-fiber inputs to dorsal horn
enkephalinergic neurons, where preproenkephalin expres-
sion is enhanced 1.5- to 2-fold (6). The 4- to 7-fold enhance-
ment of CAT activity observed in the present study suggests
that the promoter/enhancer regions studied here suffice to
yield upregulation. Primary afferent stimulation has also been
noted to upregulate dorsal horn expression of a number of
transcription factors with possible activities at this promoter
region (31-33, 53).
The finding of similar patterns ofexpression in several lines

of mice incorporating the preproenkephalin promoter/CAT
construct (HEC) suggests that regions within this construct
are responsible for the patterns of expression noted. Each
line ofHEC transgenic animals shares patterns of expression
that are similar to one another but different from the wild-
type gene. One striking difference lies in the level of expres-
sion. Northern blot comparison of levels of the mRNAs
encoding the transgene and the endogenous preproenkepha-
lin gene demonstrates that the sequences used here allow
transgene expression at levels comparable to those of the
wild-type gene only in testis (data not shown). CAT assays
also indicate that HEC animals robustly express this gene
construct only in testis, while brain levels of expression are
a small fraction of testis values. The wild-type gene, on the
other hand, is expressed at roughly similar levels in brain and
testis (54). That high-level testis expression is conferred in all
HEC lines suggests that this level of expression is dependent
on the specific sequences in the preproenkephalin promoter
cassette or associated regions and not on the site of insertion
of the transgene into the mouse genome. Although we have
focused on the well-studied cassette sequences in the. 5'
flanking regions of the gene, it is important to note that
limited intronic sequences and extensive 3' flanking se-

quences are also present in this construct. Regulatory ele-
ments could conceivably lie in either region, although they
have not been well characterized.

In animals whose basal brain expression of the transgene
is significantly lower than that of the endogenous preproen-
kephalin gene, several cautions must be observed. A sever-

alfold change in CAT levels is likely to reflect the synthesis
of fewer additional CAT molecules than would be required to
induce the same fold change over a higher baseline. This
feature necessitates care in directly comparing the magnitude

of inductions in CAT and preproenkephalin mRNA levels.
For example, the haloperidol-induced 6-fold CAT induction
in striatum could actually reflect less synthesis of new CAT
mRNA molecules than that required to induce a 2-fold
enhancement of preproenkephalin mRNA levels in this same
paradigm. Second, the low brain expression makes efforts to
localize CAT expression to specific cell types difficult, de-
spite application of otherwise sensitive in situ hybridization
techniques (unpublished data). When the different quadrants
of the spinal cord are subdissected, the highest CAT activity
lies in the sample enriched with dorsal horn gray matter (data
not shown). Trans-synaptic regulation would be unlikely to
resemble the regulation of the wild-type gene if expression
were principally glial. These results argue that at least much
of the activity measured here results from neuronal expres-
sion.

Differences from wild-type gene expression imply that the
promoter cassette sequences are insufficient to confer all of
the expression patterns characteristic of the wild-type gene,
although they could still prove necessary in combination with
other elements missing from the constructs. Brain region-to-
region differences in CAT activity display significant differ-
ences from preproenkephalin expression. Striatum displays
CAT levels no higher than those of the hippocampus, despite
striatal preproenkephalin mRNA levels as much as 6-12
times those in hippocampus (48). Both the differences in
regional rank order of expression and the absolutely lower
levels of expression in brain as a whole, when compared to
expression of the endogenous gene, argue that additional
regulatory elements are necessary to achieve wild-type ex-
pression levels in nontesticular tissues. Additional regulatory
elements could lie further 5' to the transcriptional start site.
Achieving full wild-type expression levels and patterns could
also require proper intron/exon structure (55).
One major and well-documented example of synaptic reg-

ulation is absent from HEC mice. The upregulation of pre-
proenkephalin mRNA levels in hippocampus following sei-
zures has been extensively studied in several laboratories (9,
12, 34). Northern analyses (Fig. 6) document upregulation of
the wild-type gene in the mouse strains used here. Each
animal examined displayed a behaviorally unmistakable sei-
zure. Nevertheless, CAT activities extracted from the hip-
pocampi and striata of mice sacrificed after seizures in each
of three experiments showed no significant differences from
saline-injected control values. There appears to have been
sufficient time for the modestly expressed transgene to
significantly accumulate product; recent experiments using
electrical peripheral nerve stimulation in HEC5 mice have
documented 1.5- to 2-fold increases in dorsal horn CAT
activity in the nucleus caudalis in animals sacrificed well
within 2 hr of treatment onset (56). Although transcription
factors that recognize sequences in the preproenkephalin
promoter cassette region are upregulated in hippocampus
following seizures, the HEC construct appears to be insuf-
ficient to recognize all of the intracellular mediators required
for seizure-induced preproenkephalin upregulation.
A number of studies in transgenic animals have character-

ized the ability of specific regulatory sequences, usually
those found in 5' flanking regions, to confer cell type-,
development- and tissue-specific expression (57, 58). Fewer
studies have examined the ability of specific promoter re-
gions to confer in vivo regulation with hormonal activity
changes (37). Little work documents which gene regulatory
elements are necessary for synaptic and trans-synaptic gene
regulation in neurons in vivo. Synaptic regulation in each
circuit does not appear to utilize the same constellation of
DNA-binding domains. Study of regulatory processes in
specific neurons within specific circuits is thus crucial for full
understanding of mechanisms of synaptic gene regulation in
the brain.
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