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Levels of tyrosine hydroxylase (TH), the rate-limiting enzyme in
catecholamine biosynthesis, are known to be upregulated in
specific brain regions by chronic administration of drugs of
abuse. Chronic morphine administration increases TH levels in
the locus coeruleus and ventral tegmental area, whereas
chronic cocaine administration increases TH levels in the ven-
tral tegmental area only. While such upregulation of TH has
been related to behavioral effects of the drugs, the mechanism
underlying these adaptations has remained controversial. To
study the possibility that upregulation of TH occurs at the
transcriptional level, we investigated the effect of chronic mor-
phine or cocaine treatment on the activity of the TH gene
promoter (9.0 kb), coupled to the LacZ reporter gene, in trans-
genic mice. These TH9.0-LacZ mice have been shown to ex-
hibit correct tissue-specific expression and regulation of the

reporter gene. We show here that chronic (but not acute) ex-
posure of the TH9.0-LacZ mice to morphine increases the
expression of b-galactosidase (which is encoded by the LacZ
gene) in the locus coeruleus by twofold compared with sham-
treated mice. In contrast, b-galactosidase expression in the
ventral tegmental area was decreased 20–25% by chronic
morphine and unaffected by chronic cocaine administration.
Similar results were obtained after analysis of TH mRNA levels
in these brain regions by in situ hybridization. These results
suggest that chronic morphine upregulates TH expression via
transcriptional mechanisms in the locus coeruleus but by post-
transcriptional mechanisms in the ventral tegmental area.
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Drug addiction is thought to represent a form of neural plasticity
(Nestler et al., 1993). According to this view, chronic exposure to
a drug of abuse alters the expression of specific proteins in
localized regions of the brain, which then lead to the behavioral
manifestations of the addicted state. One of the most consistent
biochemical changes seen in response to chronic drug exposure is
upregulation of tyrosine hydroxylase (TH), the rate-limiting en-
zyme in the biosynthesis of the catecholamine neurotransmitters
norepinephrine and dopamine.

In the locus coeruleus (LC), the major noradrenergic nucleus in
brain, chronic morphine administration has been shown to in-
crease levels of TH immunoreactivity and catalytic activity (Gui-
tart et al., 1990; Lane-Ladd et al., 1997). This upregulation would
be expected to increase the capacity of these neurons to synthe-
size norepinephrine, which could contribute to the dramatic in-
crease in norepinephrine release seen in target regions of the LC
and to associated behavioral changes during opiate withdrawal
(Koob et al., 1992; Grasing et al., 1997).

In the ventral tegmental area (VTA), a major midbrain dopa-
minergic nucleus, levels of TH expression are upregulated in
response to chronic administration of several drugs of abuse,

including morphine, cocaine, amphetamine, or alcohol (Beitner-
Johnson and Nestler, 1991; Hurd et al., 1992; Persico et al., 1993;
Sorg et al., 1993; Vrana et al., 1993; Ortiz et al., 1995; Masserano
et al., 1996). Such upregulation of TH could contribute to the
complex effects that these drugs exert on dopaminergic transmis-
sion, which has been implicated in the reinforcing actions of these
and most other drugs of abuse (Koob, 1996; Kuhar and Pilotte,
1996; Wise, 1996).

However, the mechanism by which chronic drug exposure up-
regulates TH expression in these brain regions has been the
subject of some controversy. With respect to the LC, chronic
morphine administration has been shown to increase levels of TH
mRNA in one study (Guitart et al., 1990); this effect was not seen
in another study (Holmes et al., 1995). Similarly, reports of the
effect of chronic cocaine or amphetamine administration on TH
mRNA levels in the VTA have been both positive (Hurd et al.,
1992; Persico et al., 1993; Vrana et al., 1993) and negative (Sorg
et al., 1993), whereas the effect of chronic morphine exposure has
not yet been studied. The technical difficulty of reliably detecting
changes in mRNA levels in nuclei as small as the LC and VTA
may have contributed to these discrepancies.

Therefore, to gain greater insight into the mechanisms under-
lying drug regulation of TH in these brain regions, we studied a
recently developed transgenic mouse line, in which expression of
LacZ (a reporter gene) is under the control of a 9.0 kb portion of
the TH gene promoter (Min et al., 1994). LacZ expression in this
mouse shows correct tissue distribution (i.e., it closely follows that
of the endogenous TH gene) and can be induced in the LC by
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reserpine administration (Min et al., 1996), which is known to
dramatically induce TH mRNA in this brain region (Cubells et
al., 1995). We show here that chronic administration of morphine
to TH9.0-LacZ mice dramatically increases LacZ expression in
the LC, whereas chronic administration of morphine or cocaine
failed to produce this effect in the VTA. Studies of TH mRNA
levels in the LC and VTA by in situ hybridization are consistent
with these latter findings. Together, the results support a scheme
whereby upregulation of TH in the LC occurs at least in part at
the transcriptional level, whereas upregulation of TH in the VTA
occurs post-transcriptionally.

MATERIALS AND METHODS
Production and identification of transgenic animals. Male mice from the
transgenic line TH9.0-LacZ-5, described previously (Min et al., 1994),
were bred and the progeny identified by dot-blot or PCR analysis of
tail DNA.

In vivo morphine and cocaine treatments. Chronic morphine treatment
involved the subcutaneous implantation of morphine pellets under light
halothane anesthesia. For mice, the pellets contained 25 mg of morphine
base (National Institute on Drug Abuse) and were implanted on days 1
and 3; for rats (200 gm initial weight; Sprague Dawley, Charles River
Laboratories, Wilmington, MA), the pellets contained 75 mg of mor-
phine base and were implanted daily on days 1–5. Rats and mice were
killed on day 6. These treatments are known to cause profound states of
tolerance, dependence, and withdrawal in both species; they also induce
TH immunoreactivity in the LC of both species (Guitart and Nestler,
1989; Guitart et al., 1990; Rasmussen et al., 1990; Widnell et al., 1992).
Control animals received sham surgeries (which in some cases included
implantation with placebo pellets) on the same schedule and under the
same anesthesia as treated animals. No differences were observed, in this
or in previous studies from this laboratory (Beitner-Johnson and Nestler,
1991), between animals receiving sham surgery with or without placebo
pellet implantation. As a result, the two groups were combined and are
presented herein as control. Acute morphine treatment involved the
subcutaneous injection of morphine sulfate in 0.9% saline (10 mg/kg;
National Institute on Drug Abuse) with mice used 45 min later, when
some acute biochemical changes are maximal. Control mice received
saline injections. Chronic cocaine treatment involved intraperitoneal
injections of cocaine in 0.9% saline (20 mg/kg; National Institute of Drug
Abuse) daily for 7 d. Animals were killed on day 8, 18 hr after the final
injection. This treatment regimen elicits characteristic biochemical and
behavioral changes of cocaine, including induction of TH in the VTA, in
rats and mice (Fitzgerald et al., 1996; Hiroi et al., 1997). Control animals
received saline injections.

Mouse tissue preparation and X-gal histochemistry. Transgenic mice
were anesthetized with Nembutol (0.2 ml/100 gm; Abbott Labs, North
Chicago, IL), perfused transcardially with 0.9% saline followed by fixa-
tive (0.5% paraformaldehyde, 2% glutaraldehyde in 0.1 M phosphate
buffer, pH 7.4). Brains were removed, blocked, post-fixed in the same
fixative solution for 12–18 hr, and cryoprotected with 20% glycerol in 50
mM phosphate buffer, pH 7.4. Using a sliding microtome, 40-mm-thick
coronal sections were obtained for X-gal histochemistry. Histological
procedures have been described in detail previously (Min et al., 1994,
1996). Briefly, to visualize expression of the LacZ reporter gene, sections
were incubated with a solution containing 3.1 mM potassium ferricyanide,
3.1 mM potassium ferrocyanide, 0.15 M NaCl, 1 mM MgCl2 , 0.01%
sodium deoxycholate, 0.02% Nonidet P-40, and 0.2 mg/ml X-gal in 10 mM
phosphate buffer, pH 7.4. The activity of b-galactosidase on the X-gal
substrate results in an insoluble blue dye. For quantification, adjacent
sections were incubated for 15 min, 1 hr, 4 hr, or 16 hr as described (Min
et al., 1996). Sections were rinsed in 10 mM phosphate buffer, pH 7.4,
mounted, counter-stained with Neutral Red, dehydrated, and cover-
slipped in Permount (Fisher Scientific, Fair Lawn, NJ).

Quantitative analysis of b-galactosidase expression. Computer-assisted
digital analysis and densitometry were performed on slide-mounted brain
sections. Several sections in the middle of the anteroposterior extent of
the region of interest (LC or VTA) were analyzed as identified using
standard landmarks (Franklin and Paxinos, 1997). Great care was taken
to match the control and treated sections by location in this anteropos-
terior axis. Optical density (OD) measurements were obtained from LC
and VTA in control and treated mice using NIH Image software in a
manner similar to that described previously (Min et al., 1996). According

to NIH Image software, “relative OD” reflects the OD measured in a
sample relative to an internal reference value. At a constant level of
illumination, the absorbance of the light by the blue dye, generated in the
reaction of b-gal on X-gal, corresponds directly to an increase in OD.

Western blot analysis. Brains were removed rapidly from decapitated
mice, and the LC and VTA were excised using a 15 gauge syringe needle
as reported previously for the rat (Guitart et al., 1990; Beitner-Johnson
and Nestler, 1991). Samples were homogenized in 2% SDS. Aliquots of
LC (containing 20 mg of protein) and VTA (containing 10 mg of protein)
were loaded on 7.5% SDS-polyacrylamide gels, electrophoresed, and
transferred to nitrocellulose (Schleicher & Schuell, Keene, NH). Nitro-
cellulose blots were immunolabeled for TH exactly as described (Lane-
Ladd et al., 1997) using a rabbit polyclonal antiserum against TH (diluted
1:10000, kindly provided by Dr. John Haycock, Louisiana State Univer-
sity) and enhanced chemiluminescence (Amersham, Arlington Heights,
IL). Blots were exposed to film and analyzed using densitometry (NIH
Image). Equal loading and transfer of proteins were confirmed by amido
black staining.

In situ hybridization. Coronal brain sections (14-mm-thick) were cut on
a cryostat (Reichart Jung) at 220°C and thaw-mounted onto glass slides
(Probe-on Plus; Fisher Scientific). Correct anatomical location of sec-
tions was determined by standard landmarks (Sklair-Tavron et al., 1996;
Gold et al., 1997) and confirmed by Nissl staining of selected sections. An
in situ hybridization protocol, modified from Brené et al. (1998), was
used. The probe was a 48-mer oligonucleotide derived from the TH
mRNA sequence (59-CGT GGG CCA GGG TGT GCA CCT CAT CCT
GGA CCC CCT CCA AGG AGC GCT-39). This sequence is not
homologous to the coding sequence of other aromatic acid hydroxylases
such as dopamine b-hydroxylase or tryptophan hydroxylase. The TH
oligonucleotide was 39-end-labeled with 35S-dATP (NEN DuPont, Bos-
ton, MA) using terminal deoxynucleotide transferase (Life Technolo-
gies, Grand Island, NY) to a specific activity of 1 3 10 9 cpm/mg, and
separated from unlabeled probe on a Nensorb-20 column (NEN Du-
Pont). The hybridization solution contained 50% formamide, 43 SSC
(13 SSC: 0.15 M NaCl and 0.015 M sodium citrate, pH 7.0), 13 Den-
hardt’s solution, 1% Sarcosyl, 0.02 M sodium phosphate, pH 7.0, 10%
dextran sulfate, 0.06 M DTT, and 0.1 mg/ml sheared salmon sperm DNA.
TH probe (5 3 10 6 cpm/ml) was added to the hybridization solution, and
each section was incubated in 0.1 ml overnight in a humidified chamber
at 42°C. After hybridization, sections were rinsed four times in 0.53 SSC
for 20 min at 60°C, rinsed for 10 sec in sterile water, dehydrated in
alcohol, and air-dried. Slides were then exposed to x-ray film for 2–4
weeks. OD values were quantified on a Macintosh-based NIH Image
analysis program using a 14C step standard (Amersham).

RESULTS
Regulation of TH promoter activity in the LC by
chronic morphine
The ability of chronic morphine to regulate the activity of the TH
promoter in the LC in vivo was examined in TH9.0-LacZ trans-
genic mice. Changes in the activity of the promoter in these mice
were represented by alterations in the expression of the LacZ
gene product, b-galactosidase. X-gal histochemistry on slide-
mounted brain slices from mice treated with chronic morphine
revealed a marked upregulation of transgene expression to
;200% of that seen in sham-treated mice (Fig. 1). Qualitatively,
basal expression presented as lighter overall staining with discrete
punctate areas of higher staining (Fig. 1A,C,E,G). In chronic
morphine-treated mice, however, the X-gal reaction produced
darker staining with increased cellular filling by the blue dye (Fig.
1B,D,F,H). A time course analysis using digitized LC images was
performed to compare quantitatively the relative levels of X-gal
staining after reaction times of 15 min (Fig. 1A,B), 1 hr (Fig.
1C,D), 4 hr (Fig. 1E,F), and 16 hr (Fig. 1G,H). Such a time course
is critical for accurate measurement of differences in
b-galactosidase expression (Min et al., 1996). In mice treated
chronically with morphine, elevated X-gal staining was evident as
little as 15 min after initiation of the reaction (Fig. 1B). A similar
degree of upregulation of b-galactosidase expression by chronic
morphine was evident qualitatively (Fig. 1) and quantitatively
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(Fig. 2, Table 1) at every reaction time. In contrast, acute expo-
sure to morphine failed to alter levels of b-galactosidase expres-
sion in the LC (Table 1).

Regulation of TH promoter activity in the VTA by
chronic morphine
The effect of chronic morphine administration on TH promoter
activity in the VTA was also examined in the same TH9.0-LacZ
transgenic mice. X-gal histochemistry revealed decreased staining
in the VTA of morphine-treated mice (Fig. 3B) compared with
sham-treated mice (Fig. 3A). Quantitatively, this corresponded to
a significant 20–25% reduction in b-galactosidase expression,
which was seen throughout the time course of X-gal reactions
(Fig. 3C, Table 1). In contrast, acute exposure to morphine failed
to alter levels of b-galactosidase expression in the VTA (Table 1).

In previous studies, it was found that the ability of chronic
morphine to induce TH immunoreactivity in the rat VTA was
dependent on the strain of rat used: most strains showed this
effect, whereas some did not (Guitart et al., 1992). As a result, it
was important to confirm that the small reduction in TH pro-
moter activity seen in the VTA of TH9.0-LacZ mice, in contrast
to the increase in TH immunoreactivity seen in the rat VTA, did
not reflect a rat–mouse species difference or the genetic back-
ground of the TH9.0-LacZ mice. Indeed, as shown in Figure 4,
there was a more than twofold induction of TH immunoreactivity
in the VTA of TH9.0-LacZ mice in response to chronic morphine
administration, which is similar to the increase seen in several rat
strains. There was also a significant increase in TH immunoreac-
tivity in the LC of these animals (data not shown).

Figure 1. Expression of b-galacto-
sidase in the LC of TH9.0-LacZ mice
after chronic treatment with morphine.
Low-power photomicrographs of repre-
sentative brain slices through the LC of
sham-treated mice (A, C, E, G) or
chronic morphine-treated mice (B, D, F,
H ) are shown. Expression of
b-galactosidase was visualized with X-gal
histochemistry, performed as described
in Materials and Methods, with reaction
times of 15 min (A, B), 1 hr (C, D), 4 hr
(E, F ), or 16 hr (G, H ).
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Regulation of TH promoter activity in the LC and VTA
by chronic cocaine

We next examined the effect of chronic cocaine administration on
b-galactosidase expression in TH9.0-LacZ transgenic mice. In
contrast to chronic morphine treatment, chronic exposure to
cocaine failed to alter levels of b-galactosidase expression in the
LC or VTA compared with saline-treated animals (Table 1).

Regulation of TH mRNA levels by chronic morphine
and chronic cocaine
To provide further information on the mechanisms by which
chronic drug exposure alters TH expression in the LC and VTA,
levels of TH mRNA were studied in this brain region of Sprague
Dawley rats by in situ hybridization. This analysis revealed the
expected pattern of labeling of TH-positive neurons in these two
brain regions. As shown in Figure 5, right, chronic administration
of morphine increased levels of TH mRNA in the LC compared
with sham-treated controls (146 6 10% mean 6 SEM of sham-
treated animals; n 5 6; p , 0.05 by t test). In contrast, there was
no significant effect of chronic morphine on TH mRNA levels in
the VTA (124 6 12% of sham-treated animals; n 5 9; p . 0.1 by
t test) (Fig. 5, lef t). Chronic administration of cocaine also failed
to alter levels of TH mRNA in this brain region (111 6 3% of
sham-treated animals; n 5 5; p . 0.1). This lack of effect of
morphine and cocaine exposure on TH mRNA levels in the VTA
was demonstrated throughout the rostrocaudal extent of the
nucleus.

DISCUSSION
Results of the present study provide important new insight into
the mechanisms by which chronic exposure to a drug of abuse
increases levels of TH immunoreactivity in the LC and VTA. In
the LC, chronic administration of morphine dramatically in-
creases TH promoter activity, an effect not seen with acute
morphine exposure. In contrast, chronic administration of mor-
phine or cocaine failed to increase TH promoter activity in the
VTA; in fact, there was a small but significant decrease observed
in the case of morphine. Consistent with these findings, we found

Figure 2. Quantitative analysis of b-galactosidase expression in the LC
of TH9.0-LacZ mice after chronic treatment with morphine. Mice re-
ceived sham treatment (n 5 4) or chronic morphine treatment (n 5 4),
and b-galactosidase expression was visualized, as described in Materials
and Methods. Digital analysis and densitometry were performed on the
LC of slide-mounted brain sections (see Materials and Methods). Data
shown are the means 6 SD. **p 5 0.01; ***p 5 0.001, compared with
sham-treated mice by t test.

Figure 3. Expression of b-galactosidase in the VTA of TH9.0-LacZ mice after chronic treatment with morphine. Mice received sham treatment (n 5
4) or chronic morphine treatment (n 5 4), and b-galactosidase expression was visualized with X-gal histochemistry, performed as described in Materials
and Methods. Low-power photomicrographs of representative brain slices through the VTA of sham-treated mice (A) or morphine-treated mice (B) are
shown (for 16 hr X-gal reaction time). C, Quantitative analysis of b-galactosidase expression was performed on the VTA region of slide-mounted brain
sections for 15 min, 1 hr, 4 hr, or 16 hr X-gal reaction times (see Materials and Methods). Data shown are the means 6 SD. *p 5 0.05, compared with
sham mice by t test.

Table 1. b-galactosidase expression in the LC and VTA of TH9.0-LacZ mice after morphine or cocaine treatments

Treatment

LC VTA

Sham Treated Sham Treated

Acute morphine (5) 100 6 7 97 6 9 100 6 15 98 6 11
Chronic morphine (4) 100 6 9 194 6 14** 100 6 6 79 6 11*
Chronic cocaine (6) 100 6 15 97 6 16 100 6 9 103 6 10

Mice received sham, morphine, or cocaine treatments, and b-gal expression was visualized and quantified, as described in Materials and Methods. Data shown are the means 6
SD expressed as percentage of b-gal expression in control mice after X-gal histochemistry (16 hr reaction time). Number of animals in each group is noted in parentheses.
*p 5 0.05; **p 5 0.001, compared with sham treatment by t test.
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increased levels of TH mRNA in the LC after chronic morphine
administration, but no significant changes in the VTA after
chronic exposure to either morphine or cocaine. Together, these
results support the view that upregulation of TH immunoreactiv-
ity in the LC in response to chronic morphine administration is
achieved at least in part via transcriptional mechanisms, whereas
such upregulation in the VTA in response to chronic morphine or
cocaine is achieved via post-transcriptional mechanisms.

Our findings in the LC confirm the results of an earlier study in
which chronic morphine administration was shown to increase
levels of TH mRNA in rat LC as determined by northern blotting
(Guitart et al., 1990). The reason why a more recent report
(Holmes et al., 1995) failed to detect such an increase by in situ

hybridization remains unknown, but could be related to the
technical difficulties in quantifying mRNA levels in a brain mi-
cronucleus as small as the LC. Another possible explanation for
the contrasting results are the different morphine treatment con-
ditions under which TH mRNA was measured in the two studies.
In the present study, as well as in Guitart et al. (1990), we used
pellets that provide continuous exposure to morphine, and the
mRNA was measured 18 hr after implantation of the final pellet;
it is known that no withdrawal is encountered at this time point
because of the sustained release of morphine from the pellets
(Rasmussen et al., 1990). In contrast, in the previous report
(Holmes et al., 1995), morphine was administered via daily inter-
mittent injections, and the mRNA was measured 27 hr after the
final injection, at which point some spontaneous withdrawal might
be expected. A still further explanation is that the b-galactosidase
assay of TH promoter activity in the TH9.0-LacZ mice is a far
more powerful and sensitive method for studying TH expression
in brain micronuclei. Indeed, our results with the TH9.0-LacZ
mice demonstrate that morphine upregulation of TH expression
in the LC is clear and robust.

The possibility, based on the present studies of the TH9.0-LacZ
mice, that upregulation of TH in LC is transcriptionally mediated
is supported by a recent study with antisense oligonucleotides to
the transcription factor cAMP response element-binding protein
(CREB) (Lane-Ladd et al., 1997). In this investigation, infusion
of CREB antisense oligonucleotides directly into the LC was
shown to decrease basal levels of TH as well as completely
prevent the ability of chronic morphine to upregulate this protein.
These findings are consistent with the overwhelming evidence
from in vitro studies that the TH gene is highly regulated and that
a single CRE (the DNA response element on which CREB acts)
present in the 59-promoter region of the TH gene plays a critical
role in basal TH expression and the dramatic induction of expres-
sion that can be elicited by several perturbations, including acti-
vation of the cAMP pathway (Hiremagalur et al., 1993; Kim et
al., 1993a,b, 1994; Lazaroff et al., 1995). Because chronic mor-
phine treatment is known to upregulate the cAMP pathway in LC
neurons (Nestler, 1996; Nestler and Aghajanian, 1997), a likely
scheme for induction of TH in this brain region is that upregu-
lation of the cAMP pathway leads to increased CREB function,
which in turn activates TH gene transcription.

In contrast, the mechanisms by which chronic morphine or
cocaine administration upregulates TH immunoreactivity in the
VTA would appear to be less straightforward. In this region,
there is no induction of TH promoter activity; with chronic
morphine there was even a small decrease, despite a robust
increase in TH immunoreactivity detected by western blotting.
There also was no significant change in TH mRNA levels in the
VTA after chronic administration of morphine or cocaine. Al-
though our results do not rule out the possibility that an increase
in TH mRNA might occur earlier in the course of drug exposure,
there is no evidence to support this possibility. Previous studies of
cocaine regulation of TH mRNA levels in the VTA have been
mixed (Sorg et al., 1993; Vrana et al., 1993), although both of
these studies reported an increase in TH immunoreactivity. Re-
gardless of these discrepancies, however, our findings with the
TH9.0-LacZ mice demonstrate clearly that post-transcriptional
mechanisms are likely responsible for the increased levels of TH
immunoreactivity seen after chronic drug exposure. There are
several precedents from cultured cells and from adrenal medul-
lary chromaffin cells that TH levels can be influenced via such
mechanisms (for review, see Kumer and Vrana, 1996). For exam-

Figure 4. Regulation of TH immunoreactivity in the mouse VTA after
chronic treatment with morphine. TH9.0-LacZ mice received chronic
sham ( S) or morphine ( M ) treatment, and levels of TH immunoreactivity
were determined by Western blotting, as described in Materials and
Methods. Representative autoradiograms are shown. Data are expressed
as mean percent of sham 6 SEM (n 5 6); *p , 0.001 by t test.

Figure 5. Expression of TH mRNA in the rat VTA after chronic
treatment with morphine. Rats received chronic sham (S) or morphine
(M ) treatment, and levels of TH mRNA were determined by in situ
hybridization, as described in Materials and Methods. Low-power auto-
radiographs of representative brain slices through the VTA (lef t) and LC
(right) are shown. The figure is representative of results obtained from six
to nine animals in each treatment group.
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ple, there is evidence that the stability of TH mRNA, the trans-
lational efficiency of TH mRNA, and the stability of the TH
protein are each subject to dynamic regulation. These various
mechanisms now warrant direct examination for involvement in
chronic morphine and cocaine action in the VTA.

That the morphine- and cocaine-induced upregulation of
TH immunoreactivity in the VTA involves complex, post-
transcriptional mechanisms may not be surprising given previ-
ously documented drug effects in this brain region. Thus, chronic
morphine or cocaine exposure has been shown to decrease levels
of neurofilament proteins in the VTA (Beitner-Johnson et al.,
1992). In the case of chronic morphine, this is associated, as
would be expected, with impaired axoplasmic transport from the
VTA to one of its major targets, the nucleus accumbens (Beitner-
Johnson and Nestler, 1993). It is also associated with morpholog-
ical changes in VTA dopamine neurons: the neurons are smaller
in size, have smaller caliber processes, and appear more spherical
in shape after chronic morphine exposure (Sklair-Tavron et al.,
1996). One possibility, then, is that upregulation of TH immuno-
reactivity occurs, in part, as a result of the accumulation of TH
molecules within these structurally altered neuronal cell bodies.
This could then trigger a small compensatory decrease in TH
gene transcription, as observed in the present study. Further
examination of this and alternative possibilities is now needed to
better understand this phenomenon.

In summary, results of the present study provide new informa-
tion on the mechanisms that underlie drug-induced upregulation
of TH in specific brain regions. The results show that upregula-
tion of the same protein, in response to the same drug treatment,
in two types of neuron (e.g., LC noradrenergic vs VTA dopami-
nergic neurons) can occur via very different mechanisms. The
results also illustrate the unique potential of using transgenic mice
as tools to investigate the molecular basis of drug action. Finally,
although the results support the likely importance of transcrip-
tional regulation in mediating some of the actions of drugs of
abuse on the brain, they clearly implicate nontranscriptional
mechanisms as well. In general, less is known about such non-
transcriptional mechanisms, which are particularly difficult to
study in the brain in vivo. Nevertheless, better understanding of
these mechanisms would appear to be necessary to delineate the
precise molecular events by which chronic administration of a
drug of abuse leads to an array of adaptations that are ultimately
responsible for a state of addiction.
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