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Stressful
stimuli strongly
induce proenkephalin
gene expression within the paraventricular
nucleus (PVN) of the hypothalamus.
A human proenkephalin-/3-galactosidase
fusion gene has previously
been shown to give correct
phenotypic
expression
and appropriate
stress regulation
within the hypothalamus
of transgenic
mice; this model provides high sensitivity,
cellular resolution,
and ready quantification of levels of proenkephalin
gene expression.
Here
we describe
use of this transgenic
model to study modulation of stress-regulated
gene expression
in the PVN by
opiates. Acute or subacute morphine
administration
prior to
a hypertonic
saline stress produced
marked superinduction
of transgene
expression
compared
with hypertonic
saline
stress alone. In contrast,
chronic morphine
administration
decreased
basal expression
of the transgene,
and inhibited
stress-induced
expression
of the transgene.
The endogenous proenkephalin
mRNA was induced in parallel with the
transgene
as demonstrated
by in situ hybridization;
the immediate-early
gene c-fos was also regulated
in parallel with
the transgene.
These data suggest that acute or subacute
morphine
administration
sensitizes
proenkephalin
neurons
within the PVN and other regions of the hypothalamus
to
stress and that chronic morphine
administration
desensitizes this response.
Because the molecular
mechanisms
regulating the expression
of the transgene
are well understood,
this model provides a useful tool for investigating
cellular
and molecular
effects of opioids on the hypothalamus.
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dogenous opioid biosynthesis, and that this suppressionof
endogenousopioid peptides,suchas the enkephalins,may contribute to aspectsof opioid dependenceand withdrawal. Early
studiesdesignedto test this hypothesis found little changein
steady-state brain enkephalin peptide levels. However, these
studiesdid not addressturnover rate or changeswithin restricted
populations of cells. More recently, opioid agonistshave been
shown to decrease(Uhl et al., 1988) and opioid antagoniststo
increase (Tempel et al., 1992) expression of proenkephalin
mRNA or enkephalin peptidesin somecell types, suggestinga
direct or indirect opioid receptor-mediated effect on endogenous opioid gene expression.At the molecular level, proenkephalin geneexpression has been shown to be highly regulated
by CAMP (Comb et al., 1986, 1988; Hyman et al., 1989) and
neural activity (White et al., 1986; Lightman et al., 1987; Iadarola et al., 1988; Sonnenberget al., 1989) both acting via an
enhancerlocated between nucleotides -70 and - 107 with respectto the transcription start site (Comb et al., 1988; Hyman
et al., 1988, 1989; Nguyen et al., 1990).
The proenkephalin geneis expressedin functionally diverse
regionsofthe nervoussystem(Fallon et al., 1986;Merchenthaler
et al., 1986; Harlan et al., 1987). Within the hypothalamus,the
proenkephalin gene is expressedin a complex pattern that includesthe paraventricular nucleus(PVN), in which it is markedly induced by various stressfulstimuli including hypertonic
saline stressand naloxone-precipitated morphine withdrawal
(Lightman et al., 1987; Harbuz et al., 1991; Watts, 1992; Borsook, 1994a,b).Increasesin proenkephalingeneproductswithin
the PVN may representpart of a cascadeof adaptationsto stress
leading to altered releaseof hypothalamic hormonesincluding
corticotrophin-releasinghormone (CRH) (Lightman et al., 1987).
We have produced a transgenicmousemodel to study proenkephalin generegulation utilizing a fusion genethat contains 3
kb of the 5’ flanking sequences
(including the secondmessengerinducible enhancer), exon 1, intron A, part of exon 2, and I .2
kb of 3’ flanking sequencesof the human proenkephalin gene
and the reporter geneEscherichiacoli fl-galactosidase(Borsook
et al., 1992; Borsook, 1994a,b).We have previously shownthat
this construct contains sufficient information to replicate the
expression of the endogenousproenkephalin gene within the
PVN and the supraoptic nucleus(SON) following various stressors.The present study was undertaken to determine the effect
of opioid administration in modulating the responseof PVN
and SON neurons to stressusing transgeneexpressionand ex-
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Materials and Methods
Animals
In all experiments, adult male ENK 1.1 transgenic mice (20-30 pm)
were used (Borsook et al., 1992). The animals were maintained in groups
of five per cage with free access to food and water in an environmentally
controlled animal facility on a 12: 12 hr light/dark cycle. Experiments
were performed at the same time on each day to avoid any circadian
effects. At the end of each experiment, animals received an overdose of
Avertin and were perfused with 4% paraformaldehyde; for in situ hybridization, the brains were rapidly removed following cervical dislocation. Except where specified, four animals per treatment group were
used. All experiments were subject to the approval of the Research
Committee for Animal Experimentation, which follows the guidelines
of the Massachusetts General Hospital and of NIH for experimentation
in animals.

Animal surgery
Some mice underwent minor surgery for the placement of subcutaneous
pellets (see below). The mice were first lightly anesthetized with ether
(Sigma, St. Louis), and then a small incision (0.5 cm) was made over
the back and a small pouch made with sterile forceps. A pellet (morphine
sulfate, naltrexone, or placebo pellet) was then implanted and the skin
incision sutured with 2/O silk (Ethicon). The procedure lasted less that
2 min and the mice recovered rapidly from the anesthetic.

Saline stress
The methods used for saline stress have been described previously (Borsook et al., 1994a,b). Briefly, animals received 0.018 mVgm of either
hypertonic saline (1.5 M) or normal saline (0.15 M) via intraperitoneal
injections. Robust induction of the transgene is observed 6 hr after
intrapetitoneal injection; we therefore use the 6 hr time point for all
our assaysof transgene expression following hypertonic saline injections,
unless otherwise specified.

Drug treatments
Pellets were provided by the kind courtesy of Dr. Robert Walsh at the
National Institutes of Drug Abuse. Morphine pellets (8 or 25 mg), naltrexone pellets (10 or 30 mg), or placebo pellets (containing Avicel PH102. 141.44 ma: maanesium stearate, NF, 1.5 mg; colloidal silicon
dioxide, NF, 0.75 mg;and sterile water) were used in-these experiments.
All animals receiving morphine pellets demonstrated typical behavioral
effects of morphine on waking up from the anesthetic after placement
of the subcutaneous pellet. For acute morphine injections, morphine
sulfate was dissolved in normal saline and injected (10 mg/kg, i.p.).
Naloxone was dissolved in normal saline and injected (50 m&kg, s.c.).
Naloxone-precipitated
opioidwithdrawal.Morphine pellets were inserted subcutaneously as described above. Animals were made morphine dependent by inserting 8 mg pellets for 3 d, and then the pellets
were removed and replaced under ether anesthesia with 25 mg pellets
for 4 d. On day 7, withdrawal was induced by injection of naloxone (50
mg’kg, s.c.) and the mice were then killed 6 hr later. Control animals
received the same treatment except that placebo pellets were used in
place of morphine.
Chronicmorphineand naltrexone.Animals received the identical
morphine regimen as above, but did not undergo precipitated withdrawal. Chronic naltrexone animals received naltrexone pellets (10 mg
pellets for 7 d, except where specified). Control animals received placebo
pellets.
Acuteandsubacute
morphine+ saline.For acute treatment mice were
injected with morphine sulfate (10 mg/kg, i.p.) 4 hr prior to saline
iniection (0.15 M or 1.5 M saline). Subacute morphine treatment consisted of an 8 mg morphine pellet for 24 hr, followed by saline injection.
Animals were killed 6 hr after the saline injection.
Subacutenaltrexone+ saline.Mice received a 10 mg naltrexone pellet
and were injected with 1.5 M saline 24 hr later. Animals were killed 6
hr after the saline injection.
Nondrugtreatmentcontrols.Some mice received only injections of
0.15 M or 1.5 M saline and were then killed 6 hr later to rule out any

unexpected effect of placebo implantation
gene.

on expression of the trans-

In situ hybridization for endogenous
proenkephalin mRNA
To determine whether the endogenous proenkephahn gene was induced
in a manner similar to the transgene, we repeated drug experiments and
prepared tissue for in situ hybridization with a cDNA probe derived
from the rat proenkephalin gene (Polakiewicz and Rosen, 1990; Rosen
et al., 1990). The rat proenkephalin probe, a 417 bp PST1 fragment
subcloned from the rat proenkephalin gene, corresponded to bases 12431559. Thus, the probe does not contain any of the human proenkephalin
sequences contained within transgene. For in situ hybridization, brains
were rapidly removed from the animal after cervical dislocation, blocked,
and snap frozen in isopentane at -40°C. Fourteen-micrometer sections
of brain tissue were cut on a cryostat and thaw-mounted onto gelatincoated slides. In situ hybridization was performed exactly as we have
previously described for this probe (Borsook et al., 1994a).

X-gal staining
X-gal staining using the chromogenic substrate 5-bromo-4-chloro-3indolyl-@-D-galactopyranoside (Boehringer Mannheim, NJ) was used to
detect expression of fl-galactosidase. The method for X-gal staining was
adapted from Price et al. (1987) and was used exactly as we have
previously described (Borsook et al., 1994a). Briefly, mice were anesthetized with intraperitoneal injections of 0.4 ml of 2.5% Avertin and
then perfused with 4% paraformaldehyde in phosphate-buffered saline
(PBS). The brains were removed, postfixed in 4% paraformaldehyde for
1 hr, and placed in 30% sucrose solution overnight at 4°C. Frozen serial
sections (50 pm) were placed on gelatin-coated slides. X-gal (Boehringer
Mannheim, NJ) dissolved in dimethyl formamide (40 mg/ml) was added
to a mixer solution to give a final concentration of 1 mg/ml. The mixer
solution was made up as follows: 0.125 ml of a 240 mM KFe*+ CN
solution, 0.125 ml of a 240 mM solution of KFe’+CN, 2.5 ml of a 0.2
M Na PO, buffer, 1.0 ml of 5 M NaCI, 12 ml of 4.9 M MgCI, (Sigma),
3 ml of NP-40, 6 ml of 1 N NaOH, 3 mg of deoxycholic acid (Sigma,
St. Louis), and 24.75 ml of dH,O to which was added 1.43 ml of a 2%
X-gal solution made up in dimethylformamide (Sigma, St. Louis). Slides
were air dried overnight, dipped in xylene, and coverslipped with
mounting medium (Cytoseal, Stephens Scientific, NJ). Brains from nontransaenic C57BL/6J mice (Jackson Laboratories, Bar Harbour, ME)
were-placed using the same’ protocol to rule out endogenous @-galactosidase-like activity.

Fos immunocytochemistry
Adult transgenic ENK 1.1 mice, 20-30 gm, were injected with morphine
sulfate (Sigma; 10 mg/kg, i.p.) in a volume of 0.2 ml (n = 6) or with
0.2 ml of normal saline (n = 4). One hour after the iniections, the mice
were given an overdose of Avertin and perfused transcardially with 150
ml of 4% paraformaldehyde (pH 7.4) in 1 x PBS, pH 7.4. Immunohistochemistry for Fos protein was performed exactly as previously described (Borsook et al., 1994b) using a specific affinity-purified polyclonal rabbit serum (Oncogene Science) in a dilution of 1: 1000.

Quantitation of transgeneexpressionas determinedby X-gal
histochemistry
Quantitationof transgene
expression.
We have previously described a
manual counting method for quantitation of transgene expression (Borsook, 1994a). Here we describe a computer-assisted method for quantitation that correlates very closely with the results obtained by the
manual method. For both manual and computerized quantitation, standardized sections were defined by the following criteria (see also Borsook, 1994a): (1) the shape of the PVN was similar in each case under
bright field; (2) at this level, the suprachiasmatic nucleus is clearly defined by its typical nuclear density at the base of the third ventricle; and
(3) the distance of the SON from the midline on each side is about the
same in each case, just lateral to the plane joining the fomix. Basal
expression of the transgene appears as small blue puncta, whereas induced expression appears as progressive cellular filling (Borsook et al.,
1994a,b). Because there is no endogenous background X-gal staining,
a standard limit level could be set based on control (uninduced) sections
previously manually quantitated, approximately 300 blue puncta per
PVN section (see Borsook et al., 1994a). Briefly, sections were placed
on a Leitz Microscope and an image was transferred via an MT 1 CCD
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Figure 1. Examplesof computer-assistedquantitation:coronalimagesof
the right PVN stainedfor &galactosidaseactivity, asseenthoughthe microscope
(A. C,E), andthesameimages
digitized for quantitation(B, D, F).
Transgene
expression
isshownafter 1.5
M salineinjectedintraperitoneally(A,
B); 24 hr morphinepretreatment
(8 mg
pellet,s.c.)followedby 1.5Msalineinjected intrapetitoneally(C, D); and
chronic morphine(7 d, S.C.pellets,8
mg x 3 d and25 mg x 4 d) treatment
only (E, F). There is no background
activity and&galactosidase
stainingis
clearly observed.In B, D, and F the
linessurroundingthe PVN definethe
areasusedfor quantitationof transgene
expression.
Whatcannotbeseenin the
figuresis that &galactosidase
staining
is scoredwith a computer-generated
overlay that exactly matchesthe pattern of transgene
expression.
Only the
total areaof &+alactosidase
expression
iscomputed,that is,only positivestainingenclosed
bythelinearoundthePI/N
andnot therelativeareawithin theline
surroundingthe nucleus.In theseexamplesthe scoresare 15,529pixelsfor
1.5 M saline,28,071pixels for morphinepretreatmentfollowedby 1.5M
saline,and 37 pixelsfor chronicmorphinealone.Animalswerekilled 6 hr
after 1.5Mhypertonicsaline(A-D), and
after 7 d in the chronicmorphinecase
(E, F). *, top ofthe third ventricle.Scale
bar, 50 pm.

72 Dage Camera onto a computer. Corresponding single sections, as
defined above, were analyzed using MCID ~4 version 1.2 software. The
region of interest was defined by drawing a line around the paraventricular nucleus, and &alactosidase expression within the target area
was quantified as total area &ml) within the section that was p-galactosidase positive. The standard cutoff was set at 0.6258, which represents the minimal optical density for a &galactosidase ptmctum to be
considered a target. Data was then subjected to statistical analysis (Student’s t test).
Quantitation of in situ hybridization. After defining the PVN by its
anatomy, using the criteria described above, the microscope was configured for dark-field viewing. Only the right PVN was used for counting
in each case. Positive cells were defined as those where hybridization
of the probe was greater than 10x background. The fimbria of the
hippocampus, a region with few proenkephalin-expressing cells, was
used to define the background. Grains were counted in a defined area
(0.1 x 0.1 mm) for each case using a graticule. The total number of
cells for eachcase (n = 4 in each group) was analyzed using the Student’s
t test; values of p < 0.01 were considered significant.
Quantitation of c-Fos expression. Counting of cells positive for c-Fos
was performed precisely as described previously (Borsook et al., 1994a,b).
Briefly, cells were counted using a graticule placed over the PVN at 40 x
magnification. At this magnification, cells are easily visualized. All Fospositive cells, whether lightly or darkly stained, were counted.
Results
Quantitation of p-galactosidase expression in the PVN
Typical images used for computer-assisted quantitation of /3-galactosidase expression in the PVN are shown in Figure 1 under
basal conditions (Fig. lA,B), with morphine pretreatment prior
to a 1.5 M saline stress (Fig. 1CD), and following chronic morphine administration (Fig. lE,F). Although these sectionsare
taken from three different cases,the PVN is clearly demarcated

from other regionsofthe hypothalamusin which /3-galactosidase
expressionis present. There is minimal variation in determination of total area that is /3-galactosidase
positive on repeated
measurements(i.e., redrawing ofthe boundary) in eachcase(see
Materials and Methods).
Naloxone-precipitated withdrawal inducestransgene
expressionin the PVN and SON
An initial experiment wasperformed to determine whether antagonist-precipitated morphine withdrawal produced induction
of the transgenein the samemanner as that shown previously
for the endogenousgenein the rat (Ligbtman and Young, 1987).
Injection of naloxone (50 mg/kg) in morphine-dependentmice
produced the characteristic behavioral opioid withdrawal syndrome including wet dog shakes,piloerection, and diarrhea (Blasiget al., 1973;Wei et al., 1973).This correspondedwith marked
induction of transgeneexpressionin the PVN (Figs. 2,3). Lower
dosesof naloxone (10 mg/kg) did not producea significantwithdrawal syndrome in our mouse strain. Most of the cells displaying increasedlevels of /I-galactosidaseactivity in response
to naloxone-precipitated withdrawal are found in the parvocellular portion of the PVN. Naloxone failed to inducetransgene
expressionin animalsthat were not morphine dependent(Fig.
2). There wasalsoinduction of transgeneexpressionin the SON
with naloxone-precipitated morphine withdrawal, but not in
other regions of the hypothalamus, such as the ventromedial
nucleus,anterior hypothalamus, and lateral hypothalamus.The
induction pattern observed in this transgenicmodel is therefore
similar to what has been observed for the endogenousgenein
the rat (Lightman and Young, 1987; Harbuz et al., 199l), pro-
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Figure 3. Quantitationof transgene
expression
in the PVN following

Naloxone-precipitated
withdrawalinducesandchronicmorphinesuppresses
transgene
expression:
40 pm coronalsectionsthrough
thehypothalamus
of transgenic
micestainedfor &galactosidase.
A and
B, Naloxone-precipitated
withdrawalinducestransgene
expressionin
the PVN: control transgenicmousetreatedwith placebopelletssubcutaneouslyfor 7 d followedby naloxone(50 mg/kg,s.c.;A) compared
with mousetreatedwith morphinepelletssubcutaneously
(8 mg x 3 d
andthen25 mgMSO, x 4 d) followedby naloxone(50mg/kg,s.c.;B).
In bothcases,
the micereceivedpelletsfor 7d, thepelletswereremoved
underetheranesthesia,
micewereinjectedwith naloxone2 hr later,and
the animalswerekilled 6 hr after the naloxoneinjection. C and D,
Chronicmorphineinhibitsstress-induced
transgene
expression.
C, Control transgenicmousetreatedwith placebopellet for 7 d. D, Mouse
treatedwith chronicMSO, pellets(8 mgpellet x 3 d and 25 mgpellet
x 4 d). *, top of third ventricle.Scalebar, 50 pm.
Figure 2.

viding further evidence that transgeneexpressionaccurately reflects regulation of the endogenousgene.

Chronic morphine treatment suppresses transgene expression
in the hypothalamus
Chronic morphine hasbeenreported to decreaseproenkephalin
gene expressionin somebrain regions (Uhl et al., 1988). We
therefore investigated the effects of chronic morphine administration on transgeneexpressionin the PVN. Following chronic
morphine administration, expressionof the transgenewas dramatically suppressedcompared with animals that received either placebo pellets or no pellets (Figs. 1E; 2C,D; 3). This decreasein expression, to almost unobservable levels, was seen
throughout the hypothalamus and was not limited to the PVN
and SON (seeFig. 6). Animals injected with morphine (10 mgl
kg) or normal salineintraperitoneally every 6 hr x 5 d displayed
a level of suppressionof transgeneexpressionthat was similar

naloxone-precipitated
withdrawalor chronicmorphinetreatment.Naloxone-precipitated
withdrawalin morphine-tolerant
mice(withdrawalM) producesa significantincrease(p < 0.001,Student’st test;n = 4)
in transgene
expression
in the PVN comparedwith controlmice(Wifhdrawal,P), asshownin thebargraphsontheleft (Withdrawal). Chronic
morphine(Chronic treatment, M) administration(8 mg x 3 d andthen
25 mg x 4 d by S.C.pellets)decreases
expression
to undetectable
levels
comparedwith controlanimalsreceivingplacebopellets(Chronic treatment, P) for the sameduration.Note that chronicnaltrexone(Chronic
treatment, N) hasno significantindependenteffect on transgene
expressioncomparedwith controlmice(Student’st test;n = 4).
to the animalsthat received morphine pellets(data not shown).
There were no differences between the placebo pellet and the
no-treatment conditions.
Chronic administration of naltrexone pellets had minimal
effects on transgeneexpression(Fig. 3). While there was some
slight increasein the intensity of puncta, there wasno filling of
cells with the /?-galactosidase
reaction product, the indicator of
substantial induction of the transgene.Increasing the dose of
naltrexone to 25 mg pelletsdid not produceany more significant
induction of the transgenein the PVN compared with 10 mg
pellets (data not shown).

Eflects of pretreatment with opioid agonists and antagonists
on stress-induced transgene expression in the PVN
Acute or subacute pretreatment with morphine enhances stressinducedexpression ofthe transgene. Acute or subacutemorphine
administration hasnot beenshownto produce significanteffects
on proenkephalin geneexpressionin the CNS. However, opioid
modulation of other physiologic or pharmacologic stimuli has
not been thoroughly investigated. Using our transgenicmodel
we therefore investigated the ability of morphine to modulate
stressregulation of the proenkephalin gene. Administration of
morphine (10 mg/kg, i.p.) 4 hr prior to a hypertonic saline
stressor(acutecondition) or administration of a morphine pellet
(8 mg) for 24 hr prior to a hypertonic salinestressor(subacute
condition) produced a marked enhancementof the already substantial stress-inducedincreasein transgeneexpressionwithin
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the PVN (Figs. 4, 5). These differences were statistically significant for both the acute (p < 0.001) and subacute (p < 0.05)
pretreatments compared to placebo pretreatment (Fig. 5). Serial
sections through representative cases of animals that received
placebo, morphine (8 mg), or naltrexone (10 mg) pellets for 24
hr prior to a hypertonic saline stress demonstrate that the changes
in transgene expression seen within the PVN are present
throughout the rostralxaudal
extent of the nucleus (data not
shown). Similar changes are seen in the SON (Fig. 6).
A previous quantitative comparison of transgene expression
in the PVN indicates that hypertonic saline stress produces an
increase in B-galactosidase expression (cellular filling) in cells
that had previously expressed puncta, but no new cells become
,!3-galactosidase positive (Borsook et al., 1994a). Following morphine pretreatment, stress induction of transgene expression by
hypertonic saline stress within the PVN or SON is more rapid
(not shown) and quantitatively greater than any independent
stressor heretofore examined (Borsook et al., 1994a,b). Moreover, regions of the hypothalamus, in which transgene expression is not induced by hypertonic saline stress, reveal cellular
filling, and therefore, high levels of induction when stress follows
morphine pretreatment. These areas include the preoptic region
(Fig. 7A,B); the nucleus circularis (NC), a small isolated magnocellular region of the anterior hypothalamus (Fig. 7C,D); the
lateral hypothalamus (LH; Fig. 7E,F); the ventromedial nucleus
(Fig. 7G,H); and, in the retrochiasmatic supraoptic nucleus
(RSON), neurons on the ventral border of the hypothalamus
below the arcuate nucleus (Fig. 7G,H). In some areas (CI, LH,
RSON), expression of the transgene colocalizes with vasopressin-immunoreactive
cells (Borsook et al., unpublished observations). We conclude that acute or subacute morphine administration
markedly
sensitizes
restricted
populations
of
proenkephalin-expressing
hypothalamic
neurons to stress.
Chronic opioid pretreatment (7 d) prior to hypertonic saline
stress inhibits this response (Fig. 4F) in addition to suppressing
basal expression, consistent with marked desensitization of
proenkephalin gene expression.

Subacute pretreatment with naltrexone inhibits stress-induced
expression of the transgene. To determine whether pretreatment
with the opioid antagonist naltrexone would produce an opposite effect to morphine pretreatment, naltrexone pellets were
administered for 24 hr prior to hypertonic saline stress. Pretreatment with naltrexone inhibits stress induction of transgene
expression, below the expected level observed in mice receiving
only hypertonic saline injections (Figs. 4, 5). Subacute naltrexone treatment alone did not produce an observable effect on
transgene expression (data not shown).

The endogenous proenkephalin mRNA in the PVN parallels
regulation of the transgene by opioids and stress. We have previously shown that transgene expression within the PVN correlates closely with expression of the endogenous mouse proenkephalin mRNA following stress, and that the transgene
colocalizes with met-enkephalin peptides as determined by double-label immunohistochemistry
(Borsook et al., 1994a). Here
we demonstrate a similarly close correlation between levels of
expression of the endogenous proenkephalin mRNA and the
transgene after subacute administration of morphine or naltrexone followed by a hypertonic saline stress. The endogenous
gene showed significantly higher levels of stress-induced expression following the morphine pretreatment than after placebo
(p < 0.005). Naltrexone pretreatment inhibited stress-induced
proenkephalin mRNA expression (Figs. 8, 9).

Figure 4. Subacute
morphinepretreatment
prior to a 1.5Msalinestress
“superinduces”transgene
expression
in the PVN. A-F, Corresponding
coronal sections (40 wrn) taken at the same anatomical level of the right
PVN stained for &galactosidase. In all cases mice were killed 6 hr after
intraperitoneal injections of either 0.15 M (A) or 1.5 M (B-F) saline. A
and B, Expression of the transgene in PVN in mice treated with placebo
pellets for 24 hr followed by 0.15 M saline (A) or 1.5 M saline stress (B).
Expression is essentially identical to animals that received corresponding saline treatments only (see text). Subacute morphine pretreatment
(8 mg pellet, s.c., for 24 hr) markedly enhances @-galactosidase induction
in response to an injection of 1.5 M saline (C) compared with control
(B). Subacute naltrexone (10 mg pellet, s.c., for 24 hr) suppresses induction of the transgene in response to an injection of 1.5 M saline (0)
compared with control (B). Note that the level of expression in this case
(0) is similar to the unstressed (0.15 M saline-treated) animal (A). Chronic morphine pretreatment (8 mg x 3 d and then 25 mg x 4 d) inhibits
stress (1.5 M saline)-induced transgene expression in the PVN (F) compared with a control receiving a placebo pellet for 7 d followed by a 1.5
M saline stress (E). *, top of the third ventricle. Scale bar, 50 pm.
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Figure 5. Quantitation of effects of opioid agonist and antagonist pretreatment on saline stress regulation of transgene expression in the PVN.
The graph shows quantification of the effects of various treatments (shown at the top) on the induction of the transgene in corresponding sections
from the right PVN. The increase in transgene expression produced by 1.5 M saline versus 0.15 M saline was significant (p < 0.0 1, Student’s t test;
n = 4). Acute administration of morphine (Acute, M) (10 mg/kg, i.p., 4 hr prior to the saline stressor) produced a significant increase in expression
compared with the acute control animals (Acute, I’) (p < 0.00 1, Student’s t test; n = 4). Subacute administration of morphine (Subacute, M) also
produced a significant increase in transgene expression over the control (p < 0.05, Student’s t test; n = 4), while subacute administration of
naltrexone (Subacute, iV) prior to the 1.5 M saline produced a significant inhibition of transgene expression compared with placebo-treated animals
(p < 0.001, Student’s t test; n = 4). The level of expression in the subacute naltrexone case was similar to levels of transgene expression in mice
that received only normal saline (Control, 0.15 M). Chronic morphine administration (Chronic, M) prior to the saline stressor inhibits stress-induced
expression of the transgene (p < 0.05, Student’s t test; n = 4) compared with chronic placebo (Chronic, P) treatment or with the acute (p < 0.001,
Student’s t test; n = 4) or subacute (p < 0.001, Student’s t test; n = 4) morphine administration.

Figure 6. Sections through the right
hypothalamus showing effects of opioid
agonist or antagonist treatments on the
supraoptic nucleus (SON): sections
through the right hypothalamus stained
for fl-galactosidase activity from mice
that received subacute (A-C) or chronic
(D-F) treatments. A, Placebo pellet followed by 1.5 M saline (B) morphine pellet (8 mg) followed by 1.5 M saline (C)
naltrexone pellet (10 mg) followed by
1.5 M saline. Note that the level of induction of the transgene in the SON
parallels induction in the PVN. 0,
Chronic placebo pellet control. E,
Chronic morphine pellet (8 mg x 3 d;
25 mg x 4 d). F, Chronic naltrexone
pellet (10 mg x 7 d). Note that morphine produces downregulation
of
transgene expression. In the subacute
group, mice were killed 6 hr after saline;
the chronic group mice were killed after
7 d treatment. *, third ventricle; f; fornix; AH, anterior hypothalamus; ot, optic tract; horizontal arrow, PVN; vertical arrow, SON. Scale bar, 100 lrn.
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regions of the hypothalamus in control animals receiving placebo pellets + 1.5 M saline (A, C, E,

1.5 M saline (B, D, F, H). The photomicrographs show induction (arrows; compare control vs
treated) of the transgene in neurons by morphine prior to the stressor in the medial preoptic region (B), the nucleus circularis (E), the lateral
hypothalamus (F), and the retrochiasmatic supraoptic nucleus along the ventral border of the hypothalamus at the level of the arcuate nucleus (G).
*, third ventricle; MPO, medial preoptic region; LH, lateral hypothalamus; ot, optic chiasm; A, central amygdaloid nucleus; VMH, ventromedial
hypothalamic nucleus.
C-Fos expression correlates with transgene expression
PVN: acute morphine increases Fos in the PVN

in the

We have previously demonstratedthat c-Fos is induced in cells
that also show stressinduction of the proenkephalin transgene
(Borsooket al., 1994b).As an independentmarker ofthe cellular
actions of opioids, we therefore examined the effectsof opioids
on c-Fos expressionin the PVN. Figures 10 and 11 show the
effectsof acute, subacute,and chronic morphine administration
prior to a saline stresson c-Fos expression in the PVN. Acute
administration (acute-M) of morphine alone (10 mp/kg, i.p.)
producesa significant increasein c-Fos staining in the PVN 1
hr after the injection compared with vehicle control animals (p
< 0.001, Student’st test; n = 4), consistentwith previous reports
(Changet al., 1993).Followingsubacutepretreatment (subacuteM) with a morphine pellet (8 mg for 24 hr), 1.5 Msalineproduced

a larger increasein c-Fos expressionin the PVN comparedwith
the placebo-pretreatedcontrols (p < 0.05, Student’s t test; n =
4). Subacutepretreatment with naltrexone pellets for 24 hr significantly inhibited the stress-inducedexpressionof c-Fos in the
PVN compared with controls (p < 0.02, Student’s t test; n =
4). Expressionof c-Fos was significantly inhibited in mice that
received chronic morphine pellets(chronic-M) for 7 d (8 mg x
3 d and 25 mg x 4 d) followed by a 1.5M salinestresscompared
with mice receiving placebopelletsfor the sametime (p < 0.00 1,
Student’s t test; n = 4). Theseresultsdemonstratethat subacute
morphine administration does not inhibit hypertonic salineinducedc-Fosexpression,but chronic morphineexpressiondoes.
Discussion
Here we useour transgenicmodel to examine the effectsof acute,
subacute,and chronic opioid administration on stressregulation

Fgure
8. Morphine pretreatment enhances and naltrexone treatment suppresses expression of endogenous proenkephalin mRNA expression in
the PVN in response to a 1.5 M saline stress: corresponding bright-field (A) and dark-field (SE) photomicrographs of 14 pm coronal sections
through the PVN processed for in situ hybridization of endogenous proenkephalin mRNA. In all cases mice were killed 4 hr after intraperitoneal
injections of either 0.15 M (B) or 1.5 M (C-E) saline. Expression of proenkephalin mRNA is shown in the PVN of mice treated with placebo pellets
for 24 hr followed by 0.15 M saline (B) or 1.5 M saline stress (C). Subacute morphine pretreatment (8 mg pellet, s.c., for 24 hr) markedly enhances
induction of the mRNA in response to an injection of 1.5 M saline (0) compared with the placebo pellet plus 1.5 saline (C). Subacute naltrexone
(10 mg pellet, s.c., for 24 hr) suppresses mRNA induction in response to an injection of 1.5 saline (E) compared with placebo pellet plus 1.5
saline control (C). These results match the findings for the transgene induction using the same paradigm (see Fig 4). *, top of third ventricle. Scale
bar, 50 pm.
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lanocortin, a member of the opioid gene family (Mocchetti et
al., 1989). In our model, the effects of morphine dependedon
the time courseof administration and on the presenceof other
M
u‘Y
stimuli, such as stress.Chronic morphine administration independently produced a significant decreasein transgeneexpressionin the PVN (Figs. 2, 3) and also produced decreasesin
other brain regionsin which the transgeneisexpressed,including
the amygdala (data not shown) and other hypothalamic areas
(Fig. 6).
Naltrexone hasbeen reported to induce expressionof proenkephalin mRNA or met-enkephalinpeptides(Morris et al., 1988;
Tempel et al., 1992). Chronic naltrexone has beenreported by
one group to produce a small increasein proenkephalinmRNA
levels in the hypothalamus (Tempel et al., 1992) but another
group did not observe the sameeffect (Sivam et al., 1986). We
N
did not observe any significant changesin transgeneexpression
produced by naltrexone alone as measuredby P-galactosidase
histochemistry after 24 hr or 7 d treatment with either 10 mg
or 30 mg naltrexone pellets.
Acute or subacuteadministration of morphine prior to a hypertonic salinestressproducessuperinductionof both the transgene(Figs. 4, 5) and endogenousproenkephalin mRNA (Figs.
8, 9) in the PVN, while naltrexone inhibits this induction of
both the transgeneand the endogenousgene.Indeed, morphine
Treatment
pretreatment causesstress-inducedactivation of proenkephalin
gene expressionin subsetsof hypothalamic neurons that have
Figure 9. Quantitationof endogenous
proenkephalinmRNA induction in the PVN. Thegraphshowsthenumberof positivelyhybridizing
no apparent responseto hypertonic salinestressasan indepencellswithinequivalentsections
containingthePVN. Onlytheright PVN
dent stimulus (Fig. 7).
wasquantitatedin eachcase.In all casesmicewerekilled 6 hr after
Our results are consistent with the hypothesis that acute or
receivingintraperitonealinjectionsof 1.5Mor 0.15Msaline.In placebotreated(Control) animals,1.5Msalineproduceda significantincrease subacuteadministration of morphine sensitizesenkephalinergic
in endogenous
proenkephalin
comparedwith animalsreceiving0.15M
hypothalamic neurons to stress.The useof a morphine pellet
saline(D
\. < 0.002.Student’st test: n = 4). Momhine pellet-pretreated in the subacute paradigm makes it unlikely that the superinanimals(Subacute, M) had significantlygreater-inductionin response duction is due to mild, behaviorally unobservablewithdrawal
to a salinestressthananimalsreceivinga placebo(Subacute, P) pellet
f~ c 0.005. Student’s t test:n = 4). Therewasno significantdifference acting additively with the saline stress.Moreover, administration of opioids chronically, usinga paradigm that producesdebetween naive mice that received a 1.5 M saline st;ess and mice that
receivedplacebopellets24 hr prior to the 1.5M salineinjection(Stupendence(as demonstratedby the possibility of producing naldent’st test);naltrexone(Subacute, N) administration(10 mg pellets) oxone-precipitated behavioral withdrawal), not only suppresses
24 hr prior to the salinestressinhibited endogenous
proenkephalin basalexpression,but also inhibits stress-inducedexpressionof
mRNA comparedwith placebocontrols(p < 0.05, Student’st test;n
the transgene(Figs. 4, 5). The observed induction of c-Fos in
= 4).
these experiments supportsthe hypothesis that morphine sensitizes enkephalinergic neurons to stress.We have previously
of proenkephalingeneexpressionwithin the hypothalamus.The
advantagesof the transgenicmodel are that it is more sensitive
shown that c-Fos appearsto be coregulatedwith the proenkephalin gene in the PVN and that it is a useful independent
and more readily quantified than in situ hybridization and that
marker of hypothalamic cell activation with more rapid kinetics
genomic sequencesresponsiblefor the observed regulation are
known to be contained within the transgene,making subsequent than those of the transgene(Borsook et al., 1994b).The induction of c-Fos expressionby morphine alone, similar to results
analysisof transcriptional mechanismspossible.We have prerecently reported for the rat (Chang et al., 1993) suggeststhat
viously shown that this transgeneis appropriately regulated by
morphine pretreatment activates these hypothalamic neurons
stressin the hypothalamus (Borsook, 1994a,b).Taken together
prior to and independently of the salinestressor.Chronic morwith our previous results,the presentdata help confirm that the
phine administration inhibits stress-inducedc-Fos expression,
information necessaryfor correct regulation of the proenkeagain paralleling the regulation of the transgene(Figs. 10, 11).
phalin gene within the hypothalamus is contained within the
It is initially surprising that acute or subacutemorphine pretransgene.
treatment prior to a hypertonic salinestressorcausessuperinThe effects of opioids on proenkephalin geneexpressionappear to be complex, with differing effects reported in different
duction of transgeneexpression. Morphine has principally inhibitory effects on target neuronsmediated by G,-linked opiate
cell types (Simantov et al., 1976; Childers et al., 1977; Fratta
receptors,especiallyJoreceptors(Casadaet al., 1993).Morphine
et al., 1977; Przewlocki et al., 1979; Bianchi et al., 1988). Thus,
haspreviously beenshownto produce inhibitory effectson proofor example, chronic morphine treatment has been reported to
piomelanocortin-expressingneurons in the hypothalamus, indecreaselevels of proenkephalin mRNA in the striatum (Uhl
hibiting P-endorphinreleaseand synthesis(Bronsteinet al., 1990)
et al., 1988) but to increaseproenkephalin mRNA in brain or
and inhibiting stimulated corticotrophin-releasing factor release
in cell lines (Simantov et al., 1976; Przewlocki et al., 1979;
(Tsagarakiset al., 1990). Moreover, there are relatively few ~1
Schwartz, 1988).Chronic administration of morphine hasbeen
receptors expressedon neurons in the PVN (Thompson et al.,
reported to decreasehypothalamic expression of proopiome10
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Chronic

Treatment
Quantitation of induction of Fos in the PVN following
acutemorphineand followingchronicmorphineprior to a hypertonic
stress.
The graphshowstheeffectsof acutemorphineandchronicmorphineon theinductionof c-Fosimmunostaining
in the PVN after0.15
Mor 1.5M salinestress(seeMaterialsandMethods).Note that c-Fos
israpidlyinducedat 1hr alteracutemorphine(Acute, M) administration
comparedwith controls(Acute, c). Subacuteadministrationof morphine (Subacute, M) enhances
and naltrexone(Subacute, N) inhibits
c-Fosexpressionwhengiven prior to the salinestresscomparedwith
placebocontrols(Subacute, P). Chronicmorphine,on the otherhand,
inhibitsc-Fosexpression
(Chronic, M) compared
with placebocontrols
(Chronic, P). For details,seeResults.
Figure Il.

1993) although there are relatively high levels of K-opioid receptors (Yasuda et al., 1993). These observations make it unlikely that the effects of morphine on PVN neurons are direct
or cell autonomous.
A possiblemodel to account for our findings is one in which
the effects of opioids on enkephalinergic neurons in the PVN
are mediated via an inhibitory interneuron (e.g., GABAergic)
that expressesopiate receptors. There are precedentsfor apparently excitatory effects of opiatesbeing mediated by opiate
inhibition of GABAergic interneurons in the ventral tegmental
area (Johnson et al., 1992), hippocampus(Cohen et al., 1992),
and periaqueductal gray matter (Pan et al., 1990).
In sucha model, independentexcitatory and inhibitory inputs
onto enkephalinergicneurons in the PVN would be modulated
by opioid action. Evidence for excitatory input onto cellsin the
Figure 10. Acuteandchroniceffectsof morphineon the inductionof
c-Fosin the PVN. A-F, Forty-micrometercoronalsectionsthroughthe
PVN has beendescribedby a number of investigators (Wuarin
PVN of the hypothalamusprocessed
for Fos immunostaining.
Mice
et al., 1991; van den Pol et al., 1993). In rats, injection of
received0.15M saline(control)(A) or an acutesubcutaneous
injection excitatory amino acids (EAA) into the dentate gyrus produces
of morphine(10mg/kg)andwerekilled 1 hr later, demonstrating
that
acutemorphineinducesFosexpression
in thePVN. Othermicereceived a significant increasein proenkephalin mRNA that is blocked
a placebo(C) or morphinepellet(8 mg)for 24 hr prior to a 1.5Msaline by a selective NMDA antagonist (Jason et al., 1992). Adminstress,andwerekilled 6 hr later. An additionalgroupof micereceived istration of kainic acid enhancestransgeneexpressionin the
chronicplacebopelletfor 7 d (E) or chronicmorphinepretreatment(8
PVN, and the NMDA’receptor antagonist MK-801 inhibits
mg x 3 d andthen25 mg x 4 d) followedby a 1.5Msalinestress,and
werekilled 6 hr later.Note that chronicmorphineinhibitsthe stress- transgeneexpressionthroughout the hypothalamus (Borsook et
inducedexpression
of Fos(F) comparedwith placebo-treated
animals al., unpublished observations). Morphine, o-Ala-2,Me-Sen(E). *, third ventricle.Scalebar, 50 pm.
kephalin, or B-endorphin have been reported to reduce PVN
neuronal activity in isolated slices(Pittman et al., 1980), but
connectionsexisting in the intact hypothalamusmay have been
cut.
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GABA is present in the PVN (Meister et al., 1988; Sakue et
al., 1988; Decavel et al., 1989), and GABA-containing boutons
that synapse onto PVN neurons have been reported (van den
Pol et al., 1993). GABAergic innervation of CRH-containing
PVN neurons has been reported to tonically inhibit CRH secretion (see Grossman et al., 1993). Moreover, GABA has been
shown to exert an inhibitory influence on proenkephalin gene
expression in the striatum (Llorens-Cortes et al., 1990; Reimer
et al., 1991) and in the guinea pig hypothalamus GABAergic
afferents inhibit proenkephalin mRNA expression (Mitchell et
al., 1992).
We hypothesize that the low levels of transgene expression
seen under basal conditions reflect predominance of an inhibitory influence on the proenkephalin neuron. In this model,
acute or subacute morphine administration inhibits the inhibitory intemeuron, thereby disinhibiting the PVN neurons with
resultant induction of both c-Fos and transgene expression. Acute
stress likely activates the PVN via excitatory amino acid pathways, but may also cause P-endorphin release, which can, like
systemic morphine, inhibit the postulated inhibitory intemeuron. The combination of acute or subacute morphine pretreatment with an acute stressor would result in superinduction of
the transgene because excitatory amino acids would be acting
on a “disinhibited” system. Chronic opioid administration would
produce a desensitization of opioid receptors or postreceptor
signal transduction systems, in analogy with the locus coeruleus
(Nestler 1993) permitting the inhibitory intemeuron to escape
endogenous opioid (e.g., /3-endorphin) control. Enhanced inhibition would lead to even lower than basal levels of transgene
expression. The fact that c-Fos is not activated by the stressor
after chronic morphine confirms a significant inhibition of the
signal transduction apparatus of proenkephalin-containing
cells
in the PVN. It would be hazardous to interpret the induction
of the transgene by naloxone-precipitated withdrawal only in
terms of local circuits since naloxone-precipitated withdrawal
likely activates excitatory inputs to the PVN, including those
from brainstem nuclei (Sawchenko and Swanson, 1982; Ericsson
et al., 1994). Extrinsic excitatory input similar to that seen in
the locus coeruleus may therefore play a role in the withdrawal
paradigm (Aston Jones et al., 1993).

Conclusions
Opioids may provide a counter-regulatory brake on the stress
response at a cellular and organ level by inhibiting the stress
response cascade, thus promoting the stability of autonomic
functioning (Bicknell, 1985; Lightman, 1988; Przewlocki et al.,
1991). Thus, an increase in opioids in the PVN may reflect a
mechanism by which the nervous system acts to limit the effects
of stress. Our data show that the enkephalinergic neurons within
the PVN are responsive to opiates, possibly mediated indirectly
via an intemeuron. We demonstrate downregulation of gene
expression in response to chronic morphine and sensitization
to the effects of stress of acute or subacute morphine. In addition
to permitting analysis of opioid modulation of the stress response, the transgenic model will provide a useful tool for mechanistic analyses of opioid regulation of endogenous opioid gene
expression, including mechanisms of tolerance.
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