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Biochemical Adaptations in the Mesolimbic
Dopamine System in Response to

Repeated Stress

Jordi Ortiz, Ph.D., Lawrence W. Fitzgerald, Ph.D., Sarah Lane, B.S., Rose Terwilliger, B.S.,

and Eric |. Nestler, M.D., Ph.D.

We have demonstrated previously that chronic
administration of morphine, cocaine, or ethanol produces
some common biochemical adaptations in the ventral
tegmental area (VTA) and nucleus accumbens (NAc),
components of the mesolimbic dopantine system implicated
in the reinforcing and locomotor activating properties of
these drugs of abuse. Because this neural pathway is also
requlated by stress, and because stress has been shown to
influence an animal’s behavioral responses to drugs of
abuse, it was of interest to determine whether repeated
exposure to stress results in similar biochemical adaptations.
By use of inmmunoblot analysis, we show here that a course
of chronic “unpredictable” stress, like chronic drug exposure,
increased levels of immunoreactivity of tyrosine
hydroxylase and glial fibrillary acidic proteini and decreased
levels of immunoreactivity of neurofilament proteins in the
VTA. Chronic unpredictabie stress also increased levels of
cyclic AMP-dependent protein kinase activity and decreased
levels of immunoreactivity of the G protein subunit, Gie, in
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the NAc. These effects required long-term exposure to stress
and were in most cases not seen in the substantia nigra and
caudate-putamen, components of the nigrostriatal dopamine
system studied for comparison. The biochemical effects of
chronic stress in the VTA and NAc differed among three
strains of rat studied. Fischer 344 rats were the most
responsive in that they exhibited all of the aforementioned
adaptations, whereas Lewis rats were the least responsive in
that they exhibited none of these adaptations; Sprague-
Datwley rats exhibited an intermediate number of responses.
Taken together, the results of the present study demonstrate
that chronic exposure to stress results in biochemical
adaptations in the mesolimbic dopamine system that
resemble the chronic actions of several drugs of abuse. These
adaptations could contribute to the convergent behavioral
effects induced by treatments that are mediated via the VTA-
NAc pathway. [Neuropsychopharmacology 14:443-452
1996]

tegmental area; Nucleus accumbens; Restraint stress;
Unpredictable stress

Important advances have been made in recent years in
understanding the mechanisms by which drugs of
abuse exert their effects on brain function. There is a
growing consensus that the acute reinforcing and loco-
motor activating properties of these drugs are mediated
in large part by the mesolimbic dopamine system (Wise
1990; Kuhar et al. 1991; Fibiger et al. 1992; Kalivas and
Samson 1992; Koob 1992; Dworkin and Smith 1993;
Robinson and Berridge 1993; Self and Nestler 1995).
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This neural pathway consists of dopaminergic neurons
in the ventral tegmental area (VTA) and their various
targets, notably the nucleus accumbens (NAc). The me-
solimbic dopamine system may also be an important
site in the brain where drugs of abuse produce adapta-
tions after long-term administration that underlie sensi-
tization to their locomotor activating properties, as well
as changes in the drug-reinforcement mechanisms (e.g.,
drug craving) that characterize drug addiction.

Over the past several years, interactions between
drugs of abuse and stress have been increasingly well
established. The mesolimbic dopamine system is one of
the most sensitive stress-responsive pathways in brain;
acute exposure to stress, like acute exposure to drugs of
abuse, increases extracellular ievels of dopamine in the
NAc and related regions as assessed by in vivo microdi-
alysis (Deutch and Roth 1990; Kalivas and Stewart 1991;
Imperato et al. 1992; Sorg and Kalivas 1993). There is
also growing evidence for some of the same long-term
consequences of stress and drugs of abuse in the me-
solimbic dopamine system. Repeated exposure to stress,
like repeated exposure to most drugs of abuse, can re-
sult in locomotor sensitization (Kalivas and Stewart
1991; Sorg and Kalivas 1993). Moreover, stress and the
various drugs of abuse exhibit “cross-sensitization.” For
example, prior exposure to opiates or cocaine (or a re-
lated stimulant) can sensitize an animal to the locomo-
tor activating effects of the other drug as well as to
stress (Vezina and Stewart 1990; Kalivas and Stewart
1991; Cunningham and Kelley 1992; Hamamura and
Fibiger 1993; Sorg and Kalivas 1993). Conversely, prior
exposure to stress can sensitize an animal to these and
other drugs of abuse. Prior exposure to stress also in-
creases the acquisition of drug self-administration be-
havior, indicating that stress may regulate both the rein-
forcing and the locomotor properties of drugs of abuse
(Piazza et al. 1991; Ramsey and Van Ree 1993; Fahlke et
al. 1994; Goeders and Guerin 1994; Shaham and Stewart
1994; Shaham et al. 1994). Together, the results suggest
that chronic exposure to stress and to drugs of abuse
may result in common adaptations in the mesolimbic
dopamine system that underlie these behavioral phe-
nomena.

In previous works, we and others have identified
proteins in the VTA and NAc that are subject to similar
regulation by chronic opiate, cocaine, or ethanol admin-
istration. In the VTA chronic exposure to these drugs
increases levels of tyrosine hydroxylase (TH), the rate-
limiting enzyme in the synthesis of dopamine (Beitner-
Johnson and Nestler 1991; Sorg et al. 1993; Vrana et al.
1993; Ortiz et al. 1995b) and decreases levels of the neu-
rofilament proteins, NF-200, NF-160, and NF-68, the
three major neuron-specific intermediate filament pro-
teins expressed in brain (Beitner-Johnson et al. 1992; Or-
tiz et al. 1995b). The three drugs also regulate glial
fibrillary acidic protein (GFAP) in the VTA, a glial-spe-
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cific intermediate filament protein, although in different
ways: morphine and ethanol increase levels of GFAP
immunoreactivity, whereas cocaine increases back phos-
phorylation levels of the protein (Beitner-Johnson et al.
1993; Ortiz et al. 1995b). Chronic morphine and cocaine
treatments also produce similar effects in the NAc, with
decreased levels of the inhibitory G protein, Gia, and
increased levels of adenylyl cyclase and cyclic AMP-de-
pendent protein kinase (protein kinase A) (Terwilliger
et al. 1991). Chronic ethanol administration results in a
similar increase in protein kinase A in this brain region
(Ortiz et al. 1995b). These effects of morphine, cocaine,
and ethanol require chronic exposure to the drugs, are
specific to the mesolimbic dopamine system, and are
not seen in response to chronic exposure to several
classes of psychotropic drugs that lack reinforcing prop-
erties.

Based on these common chronic actions of opiates,
cocaine, and ethanol in the mesolimbic dopamine sys-
tem and the view that this neural pathway is a common
neurobiological substrate for stress as well as drugs of
abuse, it was of interest to determine whether chronic
exposure to stress was associated with some of the same
biochemical adaptations in the VTA and NAc. We show
here that, as predicted, certain forms of repeated stress
produce many of the same adaptations in TH, NFs,
GFAP, protein kinase A, and Gia in the VTA-NAc path-
way as do the drugs of abuse.

We also compared stress regulation of these proteins
in two inbred rat strains, the Fischer 344 and Lewis rat.
These strains are known to differ in basal levels of these
proteins, specifically in the VTA and NAc, under drug-
naive conditions. The VTA of the Lewis rat displays
higher levels of TH and GFAP and lower levels of NFs
compared to the VTA of the Fischer rat (Beitner-
Johnson et al. 1991, 1993; Guitart et al. 1992). In addi-
tion, the NAc of the Lewis rat displays higher levels of
protein kinase A and lower levels of Gia compared to
the NAc of the Fischer rat (Guitart et al. 1993). Thus, the
Lewis rat, compared to the Fischer rat, resembles Spra-
gue-Dawley rats treated chronically with a drug of
abuse. Moroever, chronic exposure to a drug of abuse
normalizes these inherent biochemical differences be-
tween Fischer and Lewis rats, because Fischer rats
show biochemical adaptations similar to those ob-
served in Sprague-Dawley rats, whereas Lewis rats
show no detectable responses (Guitart et al. 1992, 1993).
We show here that the Fischer and Lewis strains dis-
play similar differential biochemical responses to re-
peated stress.

Together, the results of the present study provide fur-
ther evidence for the converging effects of stress and
drugs of abuse at the level of the mesolimbic dopamine
system and indicate the types of biochemical changes
that may contribute to the common behavioral actions
of these treatments.
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MATERIALS AND METHODS
Stress Treatments and Isolation of Brain Regions

Male Sprague-Dawley rats (150-200 g) were obtained
from CAMM (Wayne, NJ); Fischer and Lewis rats were
obtained from Harlan Sprague-Dawley (Indianapolis,
IN). Animals were housed in groups of three, with food
and water ad libitum in a 12-hour light/dark cycle
(lights on at 7:00 A.M.). Chronic restraint stress involved
placing rats in restraint bags for 45 minutes daily for 10
days as described (Morinobu et al. 1995); rats were used
24 hours after the last treatment. Chronic unpredictable
stress involved exposing rats to several types of
stresses, which varied from day to day, for a period of
10 days. The following paradigm was used; it was
based on published methods (Sapolsky et al. 1984; Will-
ner 1984, 1991) and was scheduled with the aid of ran-
dom numbers generated in a microprocessor:

Day 1 12:00 p.M., cage rotation, 50 minutes; 1:00 p.M.,
swim stress, 4 minutes

Day 2 11:00 AM., cold (4°C) isolation, 60 minutes; 7:00
P.M., lights on, overnight

Day 3 12:00 r.M., lights off, 3 hours; 3:00 r.M., cold isola-
tion, 15 minutes

Day 4 7:00 r.M., cage rotation, 50 minutes; 7:00 p.M.,
food /water deprivation, overnight

Day 5 1:00 p.M., swim stress, 3 minutes; 7:00 p.M., isola-
tion housing, overnight

Day 6 11:00 A.M., restraint stress, 60 minutes; 3:00 P.M.,
lights off, 2 hours

Day 7 10:00 A.M., swim stress, 4 minutes; 4:00 P.M., re-
straint stress, 60 minutes

Day 8 7:00 r.M., lights on, overnight; 7:00 r.m., food /wa-
ter deprivation, overnight

Day 9 10:00 A.M., cage rotation, 20 minutes; 7:00 r.M.,
lights on, overnight

Day 10 7:00 r.M., isolation housing, overnight; 7:00 r.m.,
food/water deprivation, overnight

Day 11 10:00 A.M., animals killed

In one experiment, animals were treated with unpre-
dictable stress for 3 days only, as follows:

Day 1 9:00 A.M., cage rotation, 50 minutes; 1:00 p.M., re-
straint stress, 60 minutes

Day 2 11:00 A.M., swim stress, 6 minutes; 3:00 r.Mm., cold
isolation, 60 minutes

Day 3 11:00 A.M., cage rotation, 50 minutes; 3:00 r.M., re-
straint stress, 60 minutes; 7:00 p.M., lights on, over-
night

Day 4 10:00 A.M., animals killed
Brains were removed rapidly from decapitated rats

and cooled in ice-cold physiological buffer (final con-
centrations: 126 mM NaCl, 5 mM KCl, 125 mM
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NaHzPO.;, 25 mM NaHC03, 2mM CaClz, 2 mM MgClz,
10 mM D-glucose, pH 7.4). The VTA and substantia ni-
gra (SN) were obtained from 1 mm coronal cross sec-
tions of brain stem by use of a 15-gauge syringe needle
as described (Terwilliger et al. 1991); bilateral punches
(about 1.5 mg wet weight) were pooled from individual
rats. The NAc was obtained by use of a 12-gauge sy-
ringe needle (pooled bilateral punches weighed about 5
mg), and caudate/putamen was removed either by 12-
gauge punches or gross dissection; the two dissections
yielded equivalent results. All biochemical analyses
were performed on brain samples obtained from indi-
vidual rats.

Immunolabeling of TH, NFs, GFAP, and Gia

Brain samples were homogenized (10 mg wet weight/
ml) in 1% SDS, and protein levels were determined by
the method of Lowry. Samples were adjusted to contain
(final concentrations): 50 mM Tris pH 6.7, 4% glycerol,
4% SDS, 2% 2-mercaptoethanol, with bromophenol
Blue as a marker, and then boiled for 2 minutes. Blot im-
munolabeling of TH, NFs, GFAP, and Gia was carried
out based on published procedures (Beitner-Johnson
and Nestler 1991; Terwilliger et al. 1991; Beitner-
Johnson et al. 1992, 1993), except that immunoreactivity
was detected by chemiluminescence and exposure to
hyperfilm (Amersham). These experiments utilized 5 to
20 g of protein per sample and the following antibod-
ies: a rabbit polyclonal antiserum prepared against TH
(diluted 1:10,000, kindly provided by Dr. John Haycock,
Louisiana State University), monoclonal antibodies di-
rected against the various NF proteins [anti-NF 200
(clone N52, 1:20,000, Sigma), anti-NF-160 (clone NN18,
1:3,000, Sigma), anti-NF-68 (clone NR4, 1:160,000, Boeh-
ringer Mannheim}], a mouse monoclonal anti-GFAP an-
tibody (clone GA5,1:50,000 Sigma); and a rat polyclonal
anti-Gia antibody (anti-Gia1/2, 1:8,000, New England
Nuclear).

The levels of immunoreactivity of the various pro-
teins were quantified by computerized laser densitome-
try of resulting autoradiograms. The arbitrary densito-
metric values of protein immunoreactivity obtained for
stress-treated samples were then compared to those for
control animals. Under the immunolabeling conditions
used, levels of immunoreactivity of TH, NFs, GFAP, and
Gia were linear over at least a threefold range of tissue
concentration.

Protein Kinase A Activity Assay

Brain samples were homogenized (10 mg/ml) in ice-
cold “homogenization buffer” containing 50 mM Tris,
pH 7.4/1 mM dithiothreitol/1 mM EGTA/10 pg per
milliliter of leupeptin/50 kallikrein units per milliliter
of aprotinin. Aliquots of homogenates were centrifuged
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Table 1. Biochemical Effects of Repeated Stress in the VTA
of Sprague-Dawley Rats (% of control = SEM)

Restraint

Stress Unpredictable Stress

10 days 3 days 10 days
TH 96 * 8 (6) 96 * 6 (6) 147 £ 11 (6)*
NF200 99 =+ 13 (6) 94 + 13 (6) 72 =5 (6)*
NF160 103 + 9 (6) 89 + 8 (6) 75 = 8 (10)*
NF68 100 = 11 (6) 93 * 4 (6) 63 = 6 (6)*
GFAP 94 + 7 (6) 89 + 13 (5) 101 = 10 (6)

*p <05 vs. control (nonstressed) by student’s f-test.

in a Sorvall microultracentrifuge at 150,000 X g for 10
minutes at 4°C. The supernatants were designated the
soluble fractions; the pellets were resuspended in the
original volume of homogenization buffer and were
designated the particulate fractions. Duplicate aliquots
of the fractions (containing 2-5 pg of protein) were as-
sayed for protein kinase A activity by use of a filter pa-
per assay with purified histone as substrate exactly as
described (Terwilliger et al. 1991). Protein kinase A ac-
tivity was calculated as the difference in histone phos-
phorylation observed in the presence of cyclic AMP and
that measured in the presence of a specific inhibitor of
protein kinase A, called protein kinase inhibitor or PKI
(Sigma). Under the assay conditions used, protein ki-
nase A activity was linear over a fivefold range of tissue
concentration and between 1 and 5 minutes of incuba-
tion. The specific activities of protein kinase A in partic-
ulate and soluble fractions of brain regions from control
animals were similar to values reported previously
(Terwilliger et al. 1991).

RESULTS

Effect of Stress on TH, NFs, and GFAP in the VTA
of Sprague-Dawley Rats

As a first step in evaluating the influence of chronic ex-
posure to stress on specific proteins in the VTA, we ana-
lyzed the VTA from Sprague-Dawley rats subjected to
daily restraint stress for 10 days. This stress paradigm,
commonly used to study the effects of chronic stress
(Sapolsky et al. 1984; Woltgang et al. 1994; Morinobu et
al. 1995), resulted in no detectable changes in levels of
TH, NFs, or GFAP (Table 1). Since animals can become
habituated to repeated exposure to the same stressful
stimulus (see Discussion), we next examined the influ-
ence of a different stress paradigm, one involving dif-
ferent stresses applied in an unpredictable manner.
Such unpredictable stress has been shown to produce
more potent effects on an animal’s behavioral and neu-
rochemical responses (Sapolsky et al. 1984; Willner
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Figure 1. Autoradiograms showing the effect of chronic
unpredictable stress on levels of TH, NF, and GFAP immu-
noreactivity in the VTA and on levels of Gia immunoreactiv-
ity in the NAc of Sprague-Dawley rats. VTA or NAc extracts
from control and chronic (10 days) stress-treated rats were
subjected to one-dimensional SDS-polyacrylamide gel elec-
trophoresis, to blot immunolabeling for TH, NF-200, NF-160,
NF-68, GFAP, or Giw, and to autoradiography as described in
Methods.

1984, 1991). Indeed, exposure of Sprague-Dawley rats to
a 10-day period of unpredictable stress resulted in sig-
nificant changes in several biochemical parameters in
the VTA. As illustrated in Figure 1, chronic unpredict-
able stress increased levels of TH and decreased levels
of NF-200, NF-160, and NF-68 in this brain region,
whereas no effect of stress was apparent on levels of
GFAP. These results are shown quantitatively in Table 1.
The ability of chronic unpredictable stress to regulate
TH and NFs in the VTA required chronic treatment, as
exposure of animals to a short-term (3 days) treatment
paradigm did not influence levels of these proteins (Ta-
ble 1).

As a way of studying the regional specificity of stress
regulation of TH and NFs in the VTA, we examined the
influence of chronic unpredictable stress on levels of
these proteins in the SN, another major dopaminergic
nucleus in brain not generally implicated in drug-rein-
forcement mechanisms. It was found that the stress
treatment was without significant effect on levels of TH,
NFs, and GFAP in the SN, although there was a ten-
dency for a decrease in NF-160 (Table 2).

Effect of Stress on TH, NFs, and GFAP in the VTA
of Fischer and Lewis Rats

We next studied the influence of stress on levels of TH,
NFs, and GFAP in the VTA of Fischer and Lewis rats. In
Fischer rats chronic restraint stress significantly increased
levels of TH in the VTA and tended to decrease levels of
NF-68 (Table 3). More dramatic effects were obtained
with chronic unpredictable stress. As shown in Table 3,
this treatment regimen was found not only to increase
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Table 2. Biochemical Effects of Repeated (10 days)
Unpredictable Stress in the SN of Sprague-Dawley and
Fischer Rats (% of control = SEM)

Sprague-Dawley Fischer
TH 109 + 15 (6) 92 + 7 (6)
NF200 131 + 23 (6) 93 + 7 (6)
NF160 76 = 7 (6) 95 = 10 (6)
NF68 88 = 6 (6) 99 + 6 (6)
GFAP 90 = 14 (6) 92 * 4 (6)

*p < .1 vs. control (nonstressed) by student’s f-test.

significantly levels of TH but also to decrease signifi-
cantly levels of all three NF proteins as well as to pro-
duce a small, but significant, increase in levels of GFAP.
Stress regulation of these proteins was specific to the
VTA, in that no effects were seen in the SN (Table 2).
Different results were obtained for Lewis rats. In con-
trast to effects seen in Sprague-Dawley and Fischer rats,
chronic unpredictable stress had no influence on levels
of TH, NFs, or GFAP in the VTA of Lewis rats (Table 3).

Effect of Stress on Protein Kinase A and Gia in the
NAc of Sprague-Dawley, Fischer, and Lewis Rats

Because chronic exposure to drugs of abuse also regu-
lates protein kinase A and Gia in the NAc, we next ex-
amined the influence of chronic stress on these bio-
chemical end points. It was found that 10 days of
unpredictable stress increased levels of protein kinase A
activity in the soluble fraction of the NAc of Fischer
rats, with a tendency for an increase in the particulate
fraction (Table 4). This increase is similar to that ob-
served previously for morphine, cocaine, or ethanol
(Terwilliger et al. 1991; Ortiz et al. in press). This effect
was not seen in the caudate putamen (data not shown),
a target region of the SN not generally implicated in
drug-reinforcement mechanisms either. In contrast,
chronic unpredictable stress had no effect on protein ki-
nase A activity in the NAc of Sprague-Dawley or Lewis
rats (Table 4).
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Table 3. Biochemical Effects of Repeated (10 days) Stress in
the VTA of Fischer and Lewis Rats (% of control + SEM)

Fischer Lewis
Restraint Unpredictable Unpredictable
Stress Stress Stress
TH 122 + 9 (6)* 128 = 8 (11)* 103 = 10 (6)
NF200 97 = 8 (6) 78 £ 6 (11)* 103 = 11 (6)
NF160 96 % 7 (6) 79 =9 (11p 114 + 14 (6)
NF68 83 = 8 (6)" 86 + 8 (11)* 93 + 4 (6)
GFAP 97 =10 (6) 118 = 5 (11)* 101 £ 7 (6)

*p < .05 vs. control (nonstressed) by student’s ¢-test.
fp < .1 vs. control (nonstressed) by student’s t-test.

Similar results were obtained for Gia regulation.
Chronic unpredictable stress decreased levels of this G
protein subunit in the Fischer NAc (Table 4), similar to
decreases observed with chronic morphine or cocaine
treatments (Terwilliger et al. 1991; Striplin and Kalivas
1993). In contrast, chronic unpredictable stress had no
effect on Gia levels in the Fischer caudate putamen
(data not shown). Moreover, chronic stress failed to al-
ter levels of this G protein subunit in the NAc of Sprague-
Dawley and Lewis rats (Table 4).

Effect of Stress on Weight Gain in Sprague-Dawley,
Fischer, and Lewis Rats

As a general indicator of the effect of stress treatments
on the physiological state of Sprague-Dawley, Fischer,
and Lewis rats, the weight gain exhibited by these ani-
mals was monitored during the course of the experi-
ments. The results are shown in Table 5. All three types
of rat showed reduced weight gain following stress
treatments, with chronic unpredicable stress resulting
in a more pronounced reduction in weight gain com-
pared to chronic restraint stress. Moreover, the Lewis
rats seemed to be less responsive to the stress treat-
ments in that they tended to show less of a reduction
in weight gain compared to the Sprague-Dawley and
Fischer rats.

Table 4. Biochemical Effects of Repeated (10 days) Unpredictable Stress in the NAc of
Sprague-Dawley, Fischer, and Lewis Rats (% of control = SEM)
Sprague-Dawley Fischer Lewis
Protein kinase A
Soluble 105 * 6 (6) 151 = 8 (6)* 103 = 10 (6)
Particulate 98 + 3 (6) 116 + 4 (6)* 95 + 8 (6)
Gia 101 = 11 (6) 78 = 10 (6)* 100 =+ 10 (6)

*p < .05 vs. control (nonstressed) by student’s t-test.
tp < .1 vs. control (nonstressed) by student’s ¢-test
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Table 5.  Effects of Repeated Stress on Weight Gain in Sprague-Dawley, Fischer, and
Lewis Rats? (% weight gain = SEM)
Sprague-Dawley Fischer Lewis

Unpredictable stress (10 days)

Control 29 = 1(6) 28 = 3 (6) 27 2 1(6)

Stress 12 = 1(6) 11 = 2(6) 18 = 1(6)
Restraint stress (10 days)

Control 32 £ 1(6) 32 +2(6)

Stress 23 + 1(6) 17 =10 (6)

“The starting weights of all animals were between 170 and 185 g and did not differ among the various con-
trol and stress groups tested. Data represent the percent increase in weight over the course of the 10-day

stress treatments.

DISCUSSION

One major finding of the present study is that repeated
exposure of rats to stress results in many of the same
biochemical adaptations in the mesolimbic dopamine
system as demonstrated previously for opiates, cocaine,
and ethanol after long-term administration. Moreover,
the responses to chronic stress depend on the genetic
background of the rats, in that clear differences were
observed between two inbred rat strains, the Fischer
and Lewis rat. In the VTA chronic unpredictable stress
increased levels of TH and decreased levels of NF pro-
teins in Fischer rats as well as in outbred Sprague-Daw-
ley rats. In the Fischer VTA this stress treatment also in-
creased levels of GFAP. In contrast, no changes in these
proteins were detected in the Lewis VTA. In the NAc
chronic unpredictable stress increased levels of protein
kinase A and decreased levels of Gia in Fischer rats
only, with no changes oberved in Sprague-Dawley or
Lewis rats. These biochemical effects of chronic unpre-
dictable stress in the mesolimbic dopamine system,
which resemble the chronic actions of morphine, co-
caine, and ethanol treatments in these brain regions,
were seen after prolonged (10 days) exposure to stress
but not after a shorter (3 days) treatment period. These
findings indicate that either the shorter treatment is in-
adequate to produce these effects or that the effects of
an initial exposure to stress require several more days to
develop into a measurable change. The biochemical ef-
fects of chronic stress in the mesolimbic dopamine sys-
tem did not occur in most cases in the nigrostriatal
dopamine system, which is anatomically related to the
mesolimbic system but generally not implicated in
drug-reinforcement mechanisms. Although chronic un-
predictable stress was found to have many of the same
biochemical effects as chronic exposure to drugs of
abuse, we know that the drug effects are not the result
of the stress associated with involuntary drug treat-
ments per se, because self-administration of heroin has
been shown recently to result in the same pattern of bio-

chemical adaptations in the VTA and NAc (Self et al.
1995).

It is apparent from this study that a paradigm of un-
predictable stress is more effective at producing these
biochemical adaptations in the mesolimbic dopamine
system than repeated restraint stress. Although re-
peated restraint stress is commonly employed in stress
studies, there is growing appreciation of the fact that
rats can quickly habituate to the repeated application of
the same stressful stimulus. One biochemical indicator
of such habituation comes from studies of c-Fos expres-
sion. ¢c-Fos is the product of an immediate early gene
that is rapidly and transiently induced in the nervous
system in response to a wide variety of stimuli, includ-
ing stress (Morgan and Curran 1991). Whereas c-Fos is
induced robustly in response to acute exposure to sev-
eral types of stress, these responses desensitize with re-
peated exposures (Campeau et al. 1991; Melia et al.
1994). In contrast, application of different stressful stim-
uli at irregular intervals would be expected to reduce
the degree of habituation or desensitization that would
result in response to any particular stimulus. This has
been demonstrated directly in studies wherein repeated
unpredictable stress has been shown to produce bio-
chemical and behavioral changes not seen with re-
peated predictable stress (Sapolsky et al. 1984; Willner
1984, 1991). As a result, unpredictable stress has been
proposed to represent a better animal model with
which to study the long-term consequences of stress.

In the current study Fischer rats exhibited the most
responses to chronic stress, with respect to biochemical
adaptations in the mesolimbic dopamine system; Lewis
rats showed the fewest responses, with outbred Spra-
gue-Dawley rats showing an intermediate number of
responses to chronic stress. The interpretation that the
Fischer rat was most responsive to chronic stress is sup-
ported by the observation that unpredictable stress pro-
duced changes in GFAP levels in the VTA and in pro-
tein kinase A and Gia levels in the NAc of this strain,
whereas Sprague-Dawley rats exhibited no such adap-
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tations. Moreover, Fischer rats showed some, albeit lim-
ited, responsiveness to repeated restraint stress, whereas
Sprague-Dawley rats showed none. The interpretation
that the Fischer rat is particularly responsive to chronic
stress is also supported by behavorial studies, in which
Fischer rats were shown to exhibit exaggerated stress
responses compared to Sprague-Dawley rats (Rose-
crans et al. 1986). On the other hand, the stress-induced
adaptations in TH and NFs in the VTA observed in the
present study were of similar magnitude in Fischer and
Sprague-Dawley rats.

Previous studies have demonstrated clear Fischer-
Lewis strain differences in specific biochemical parame-
ters in the mesolimbic dopamine system under drug-
naive conditions, with the Lewis rat, compared to the
Fischer rat, resembling Sprague-Dawley rats treated
chronically with morphine, cocaine, or ethanol (see In-
troduction). Moreover, chronic exposure to morphine
normalizes these baseline biochemical differences, be-
cause Fischer rats show the same types of biochemical
adaptations as observed in Sprague-Dawley rats, whereas
Lewis rats show no detectable adaptations to drug ex-
posure (Guitart et al. 1992, 1993). The results of the
present study indicate a similar strain difference in re-
sponsiveness to chronic stress. Fischer rats exhibited the
full complement of biochemical adaptations in the VTA
and NAc in response to chronic unpredictable stress, as
observed in Fischer and Sprague-Dawley rats in re-
sponse to chronic morphine treatment. In contrast,
Lewis rats exhibited no detectable adaptations in any of
the biochemical parameters studied in response to
stress or morphine treatment.

The mechanisms by which stress produces these bio-
chemical adaptations in the mesolimbic dopamine sys-
tem remain unknown. Chronic administration of gluco-
corticoids has been shown to increase levels of TH
immunoreactivity in the VTA of Fischer, but not Lewis,
rats (Ortiz et al. 1995a). These results suggest that sys-
temic glucocorticoids, released in response to repeated
stress, may contribute to some of the biochemical effects
of stress on the mesolimbic dopamine system. This
view is consistent with evidence that the hypothalamic-
pituitary-adrenal axis can influence, and may even me-
diate, some of the reinforcing and locomotor-activating
effects of drugs of abuse (Cole et al. 1990; Kalivas and
Stewart 1991; Piazza et al. 1991; Goeders 1992; Marinelli
et al. 1994). It is also consistent with the large differ-
ences in plasma levels of glucocorticoids between Fis-
cher and Lewis rats observed under baseline and stress-
induced conditions (Sternberg et al. 1989; Griffin and
Whitacre 1991; Glowa et al. 1992; Dhabbar et al. 1993;
Ortiz et al. 1995a). However, glucocorticoid treatment
has been shown to have no influence on levels of NF or
GFAP immunoreactivity in the VTA of either the Fis-
cher or Lewis strain (Ortiz et al. 1995a), suggesting that
other mediators, in addition to glucocorticoids, are also
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involved. Indeed, stress is known to affect a large num-
ber of neurotransmitter systems and circulating factors,
which could conceivably also contribute to the bio-
chemical effects of stress in the VTA and NAc, as well as
to Fischer-Lewis strain differences in these effects. For
example, the corticotropin releasing factor (CRF) sys-
tem is known to be activated by stress, and large Fis-
cher-Lewis differences have been documented in brain
and pituitary levels of CRF (Sternberg et al. 1989). As
another example, stress is associated with increases in
levels of several cytokines in the periphery and central
nervous system (Shintani et al. 1995). Moreover, local
infusion of one cytokine, CNTF (ciliary neurotrophic
factor), directly into the VTA has been shown recently
to mimic the effects of stress and drugs of abuse on lev-
els of TH and GFAP in this brain region (Berhow et al.
1995). Further work is needed to evaluate the involve-
ment of these and many other mechanisms in stress reg-
ulation of the mesolimbic dopamine system.

The common biochemical adaptations observed in
response to stress and drugs of abuse presumably un-
derlie some common functional adaptations induced by
these treatments in the mesolimbic dopamine system.
In addition, the similar biochemical actions would sug-
gest forms of cross-tolerance or cross-sensitization among
the treatments. As discussed in the Introduction, such
interactions have been documented increasingly with
stress, cocaine, and other stimulants, and opiates with
respect to their regulation of drug reinforcement and lo-
comotor activity mechanisms at the level of the me-
solimbic dopamine system, and studies of similar phe-
nomena with ethanol are beginning to appear.

Although the precise functional significance of the
various stress- and drug-induced biochemical adapta-
tions observed in the VTA and NAc remains unclear,
progress has been made in recent years in relating cer-
tain adaptations to specific behavioral phenomena. The
stress- and drug-induced increase in TH would be ex-
pected to enhance the maximal capacity of VTA dopa-
minergic neurons to synthesize dopamine, which could
have important consequences on several behaviors
given the important role of dopaminergic neurotrans-
mission in the VTA-NAc pathway in the regulation of
drug reinforcement and locomotor activity. Indeed, in-
creased levels of TH in the VTA have been correlated
temporally with the onset of locomotor sensitization to
cocaine (Sorg et al. 1993). Drug-induced changes in lev-
els of NFs might be expected to be associated with re-
ductions in axonal caliber, axoplasmic transport, and
the size and degree of dendritic arborizations, based on
the putative role of NFs in neuronal function (Nestler
1992; Nestler et al. 1993). Direct evidence for this comes
from a recent study, where chronic morphine adminis-
tration was found to produce a ~50% reduction in axo-
plasmic transport from the VTA to the NAc (Beitner-
Johnson and Nestler 1993). Such a reduction in axoplasmic
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transport is consistent with the observation that in-
creased TH levels in the VTA are not associated with in-
creased enzyme levels in the NAc; in fact, levels of TH
tend to be reduced in the NAc of drug-treated animals
(Beitner-Johnson and Nestler 1991; Ortiz et al. 1995b;
Self et al. 1995). Finally, stress- and drug-induced in-
creases in levels of GFAP might suggest a reactive glio-
sis, or even frank neural injury, in the chronic stress- or
drug-treated state (Nestler 1992; Nestler et al. 1993).
This view is supported by recent findings that chronic
infusion of certain neurotrophins directly into the VTA
can both prevent and reverse the ability of morphine
and of cocaine to alter levels of TH and GFAP in this
brain region (Berhow et al. 1995). It would now be inter-
esting to study these various parameters of VTA struc-
ture and function in chronic stress-treated animals.

The biochemical adaptations induced in the NAc by
chronic exposure to stress or drugs of abuse have also
been related to specific functional end points. For exam-
ple, administration of agents that inhibit Gix (e.g., per-
tussis toxin) or activate protein kinase A (e.g., excitatory
cyclic AMP analogs) directly into the NAc increases co-
caine and heroin self-administration, whereas agents
that produce the opposite effect reduce drug self-ad-
ministration (Self et al. 1994; Self and Nestler 1995). Ad-
ministration of these agents into the caudate putamen
exert no effect on self-administration behavior. Analo-
gous studies have supported a role for Gia and the
cyclic AMP pathway in the locomotor activation and
sensitization seen in response to drug exposure (Cun-
ningham and Kelley 1993; Striplin and Kalivas 1993;
Miserendino and Nestler 1995). Furthermore, the up-
regulation of the cyclic AMP pathway could account for
the functional supersensitivity of Dy dopamine recep-
tors demonstrated electrophysiologically in NAc neu-
rons following chronic cocaine treatment (Henry and
White 1991), because this functional supersensitivity oc-
curs in the absence of detectable changes in Dy recep-
tors themselves and because Dj receptors are generally
believed to produce their effects via activation of the cy-
clic AMP pathway. In addition, the time courses of the
reduction in Gia levels and of the D; receptor supersen-
sitivity have been correlated temporally with the onset
and persistence of locomotor sensitization (Henry and
White 1991; Striplin et al. 1993).

In summary, the results of the present study provide
additional information concerning specific proteins in
the brain that exhibit long-term adaptations in response
to chronic stress. Although the functional significance of
these adaptations clearly requires much further investi-
gation, most of the adaptations seen with stress also oc-
cur following chronic exposure to morphine, cocaine, or
ethanol, but not to drugs without reinforcing proper-
ties. The studies of Fischer and Lewis rats demonstrate
further that the biochemical responses to stress and
drug treatments can be influenced by genetic factors.
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These rat strains could, therefore, provide a useful
model system in which to investigate the molecular
mechanisms by which specific environmental factors
(e.g., stress, drugs) and genetic factors combine to con-
trol mesolimbic dopamine function and the behaviors
subserved by this neural pathway.
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