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Abstract

Individual differences in behavioral characteristics or initial responses to abused drugs had been
recently demonstrated to have predictive value in the propensity of later abuse. The research de-
scribed here was initiated to determine the initial response of rats to administration of morphine
if the physiological response has predictive value for the propensity of the animals to later self-
administration. The initial response of extracellular fluid levels of the biogenic monoamine neu-
rotransmitters in the anterior cingulate cortex (aCC) was assessed in drug rats with in vivo micro-
dialysis following administration of morphine. Rats that did not acquire morphine self-adminis-
tration (NSA) had higher baseline levels of aCC extracellular fluid levels of dopamine (DA) and
3,4-dihydroxyphenylacetic acid (DOPAC) than animals that developed stable morphine self-ad-
ministration (SA). However, the response independent administration of morphine resulted in a
dramatic increase in (DA) in aCC in the SA group, while the morphine injection in the NSA rats in-
creased extracellular fluid levels of noradrenaline (NA). It is possible that these differences might
be related to the development of physical dependence. Therefore, the development of physical
dependence was observed in these animals. There was no relationship between the propensity to
self-administration morphine and the development of physical dependence. Rats that showed the
highest withdrawal scores had lower extracellular fluid levels of serotonin (5-HT) compared to
rats showing low withdrawal scores. Thus, monoamine neuronal innervations of the aCC respond
to an initial dose of morphine that is predictive of the later propensity to self-administration and
the resistance and predisposition to the formation of opiate dependence, but there is no relation-
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ship between these two indices in individual animals. These data add to a growing body of evi-
dence for the involvement of neuronal systems in the aCC in the actions of opiates.
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1. Introduction

There is a significant degree of variability in the vulnerability of individuals to escalate drug intake from recrea-
tional use to abuse and data from the animal laboratory has identified mechanisms that may be responsible for
some of these differences. A relationship between emotionality and the acquisition of drug self-administration
was demonstrated in the animal laboratory. It has been shown that stress induced locomotor activity [1] or cor-
ticosterone levels [2] was predictive of individual variability to a later response to amphetamine in rats. The lo-
comotor response to a novel environment appears to have predictive value in morphine intake in rats during the
first five days of acquisition of self-administration [3]. It was suggested that strain differences in the structure of
pyramidal cells in certain cortical areas might represent an anatomical substrate for the distinct vulnerability to
the reinforcing effects of morphine exhibited by Fischer 344 and Lewis rats in operant self-administration para-
digms [4]. In addition, emotionality in the lick suppression test is correlated with later morphine self-adminis-
tration in rats [5].

The anterior cingulate cortex (aCC) is a component of the brain limbic system that is thought to participate in
the neuronal mechanisms underlying emotional behavior [6] [7]. In addition, the aCC appears to be involved in
the actions of cocaine [8]-[10] and opiates [11]-[13]. Furthermore, the cingulate cortex has been shown to be
hyperactive and activation to be positively correlated with the desire for the drug during craving in drug abusers
[14] [15]. The destruction of rat cingulate cortex has been shown to reduce sensitivity to the positive reinforcing
effects of morphine, delay the development of dependence and attenuate the withdrawal syndrome without al-
tering the analgesic properties or the development of tolerance [16]. The aCC contains terminals of the monoa-
mine neurotransmitters, in particular, dopamine (DA) innervations from the ventral tegmental area, noradrena-
line (NA) innervations from the locus coeruleus and serotonin (5-HT) innervations from the raphe nuclei [17]
[18]. The role of these monoaminergic innervations of the aCC in drug self-administration is not clear still now.
The experiments described here were designed to assess the relationship between the effects of morphine on the
extracellular fluid levels of DA, NA and 5-HT in the aCC in rats and the propensity for the later acquisition of
morphine self-administration and the development of physical dependence.

2. Materials and Methods

The experiments were performed on male Wistar rats obtained from the Stolbovaja nursery (Russian Academy
of Medical Sciences). The animals (basal weight 240 - 270 g) were housed in individually ventilated cages (4
rats per cage) under a 12:12-h light-dark cycle with free access to food and water.The experiment was conducted
in accordance with the “Rules of Studies on Experimental Animals” (approved by the Ethics Committee of the P.
K. Anokhin Institute of Normal Physiology; protocol No. 1, 3.09.2005), the requirements of the World Society
for the Protection of Animals (WSPA), and the European Convention for the Protection of Experimental Ani-
mals.

Surgical procedures: The rats were anesthetized (100 mg/kg ketamine (Moscow Endocrine Plant) and 100
mg/kg xylazine (“Alfasan International B.VV”, Netherlands), the scull was exposed and a hole drilled and a
CMAV/12 siliconized plastic guide cannula (CMA/microdialysis, Sweden) stereotaxically implanted into the right
anterior cingulate cortex using coordinates A + 0.5; L - 0.5; H - 1.0 [19]. Two-component synthetic catheters
were implanted into the jugular veins of each animal with the tip of the catheter positioned near the origin of the
anterior vena cava. The intravenous portion of the catheter was 25-mm of silastic tubing (O.D. 1.2 mm, Dow
Corning Corp., USA) and the remaining portion 55-mm of vinyl tubing (O.D. 1.0 mm - Dural Plastic and Engi-
neering, Australia) connected to the intravenous tubing with an adapter (Small Parts Inc., USA). The free end of
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the vinyl tubing was fixed to the skin on the back of the neck. The rats were maintained in individual boxes with
free access to food and water for 3 days to recover from the major effects of surgery.

Microdialysis procedures: A CMA/12 microdialysis probe (CMA/microdialysis, Sweden) was inserted
through the implanted guide cannula and the animals placed into experimental chambers (Lafayette Instruments
Inc., USA) for a 300 minute session. The microdialysis probe was a vinyl tube covered with a stainless steel
jacket with a diameter of 0.64 mm. The other tip of the tube which had a diameter of 0.5 mm, protruded 2 mm
beyond the previously implanted plastic guide cannula. The microdialysis probe was a semipermeable mem-
brane with pores permitting molecules with a molecular weight < 6000 Da to freely pass from the perineuronal
space into the probe. The inlet of the tube was connected through a swivel to a precision pump (Harvard Appa-
ratus, USA) and the outlet was placed into a polypropylene vial for collecting the microdialysate samples. The
microdialysis probe was inserted into the guide cannula in the anterior cingulate cortex and perfused with artifi-
cial cerebrospinal fluid at a rate of 0.6 pl/min for 2 h for stabilization. This time period was previously shown to
result in stabilization of the levels of DA, NA and 5-HT in the microdialysate. Two control samples were then
collected (45 min each) and the rats then administered 2 mg/kg of morphine hydrochloride (Moscow Endocrine
Plant) (i.p), a dose, previously shown to induce positive conditioning without significant CNS depression [20]-
[22], and then two additional 45-min microdialysate samples collected and the samples stored at —70°C until
analysis.

High pressure liquid chromatography procedure: The microdialasates were thawed and immediately in-
jected into a high-performance liquid chromatograph (HPLC) for measurement of the content of dopamine, no-
repinephrine, serotonin, and their metabolites: 5-hydroxyindoleacetic acid (5HIAA) and homovanillic acid
(HVA). Two microliters of 0.4 M HCIO, was added to the samples to minimize photodegradation of the cate-
cholamines and an isocratic HPLC system was used that consisted of a Gilson 307 pump (Gilson, USA) and an
LC-4B electrochemical detector (Bioanalytical Systems, USA) with a 20 pl injector loop. Separation of the ca-
techolamines was accomplished using a HYPERSIL ODS C-18 analytic column (4 p, 4.6 x 100 mm, USA). The
mobile phase consisted of 0.1 M citrate-phosphate buffer containing 1.1 mM octanesulfonic acid, 0.1 mM
EDTA and 9% acetonitrile (Sigma, pH 3.0) at 23°C + 1°C and 0.5 ml/min flow rate (P = 170 Bar). The LC-4B
electrochemical detector utilized a glassy carbon electrode (+0.85 V) and a Ag/AgCI reference electrode. The
chromatograms were recorded and processed using an analog-digital converter supplied with MultiKhrom1.5
software (Ampersand, Russia). The second 45 minute control sample of each animal was considered the 100%
baseline level to which the experimental data was compared to minimize potential carryover effects of the probe
insertion.

Morphine self-administration procedure: On the next day following the assessment of the i.p. injection of
morphine, the rats were placed into experimental chambers to assess the acquisition of intravenous morphine
self-administration. The free end of the intravenous catheter was connected through a swivel to a syringe con-
taining morphine solution in a syringe pump. The rats were given the opportunity to press a lever positioned on
the right sight of the wall of the chamber which resulted in the infusion of 100 ug morphine hydrochloride in
0.05 ml of isotonic NaCl through the intravenous catheter. An additional lever was located on the left side of the
wall and was inactive. The injection was followed by a 17-sec time out period during which the stimulus light
above the active lever was extinguished and lever presses had no programmed consequences. The stimulus light
was then again illuminated and the lever activated for further responding maintained by morphine infusion.
Daily 60 minutesself-administration sessions occurred over the next 10 days to assess the acquisition and main-
tenance of intravenous morphine self-administration with the number of infusions and lever presses recorded.
The monoamine levels in microdialysates of the aCC after the initial response independent administration of
morphine were compared between animals that developed stable morphine self-administration during this period
(n =7) with those that did not (n = 8). The rats were separated into two groups, one of which included those that
developed stable intravenous morphine self-administration (SA). The criterion for inclusion in this group was
the development of stable self-administration of morphine on a fixed ratio 3 schedule during three successive
sessions. Rats included in the other group did not self-administer morphine (NSA) and did not press the active
lever during any of the last three sessions. Animals in the SA group were sensitivity to alterations in the dose of
morphine available with increased self-administration when the dose was decreased (50 ug/infusion) and de-
creased self-administration when the dose was increased (200 pg/infusion). Neither SA nor NSA rats pressed the
inactive lever during last five days of self-administration. Data were analyzed using t-test for unpaired variables
and the differences considered significant at a p < 0.05.
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Assessment of physical dependence: The final stage of the experiment was initiated the next day following
the tenth day of self-administration and involved the assessment of the level of physical dependence to morphine.
The rats received morphine hydrochloride in increasing doses (from 10 to 60 mg/kg, i.v.) twice a day with a 12
hour inter administration interval for 8 days. Six hours after the last injection, the withdrawal syndrome was
precipitated by the administration of the opioid receptor antagonist naloxone (1 mg/kg, i.p.). Ten minutes after
the administration of naloxone the rats were placed into a computerized open field system and the signs of ab-
stinence (shakes, respiratory disturbances, ptosis, cramps, tooth-grinding, and diarrhea) were recorded. The total
abstinence score and individual incidence of these signs in each rat were evaluated. The rats were separated
again into two groups based upon the degree of physical dependence. One group included rats that displayed a
severe withdrawal syndromes (total withdrawal score of 8 - 10) and the other groups included rats more resistant
to the development of physical dependence (total withdrawal score of 1 - 4). The levels of the monoamine neu-
rotransmitters and metabolites assessed with the initial injection of morphine in microdialysates from the ante-
rior cingulate cortex were compared between the two groups as previously done with the propensity to self-ad-
minister. Data were analyzed using t-test for unpaired variables and the differences considered significant at a p
<0.05.

3. Results

Acquisition of Morphine Self-administration

Response independent administration of morphine did not alter the concentration of the monoamine neuro-
transmitters or metabolites compared to baseline levels (Figure 1), when the data were segregated based upon
the propensity of each rat to acquire morphine self-administration, significant differences became apparent. Sig-
nificant difference between baseline parameters of DA metabolism was detected between the SA and NSA rats.
DA and DOPAC in the NSA rats were higher than in the SA animals. In contrast, baseline NA and 5-HT and
their metabolites did not differ between these two groups (Table 1). Although there were no significant differ-
ences in DA and DOPAC between the two baseline samples for individual animals, the content of the test sub-
stances in the second baseline sample was used for each animal as baseline which was then compared with the
values obtained after the administration of morphine. The response independent administration of morphine re-
sulted in a 300%+ increase in DA only in the animals that later acquired self-administration (Figure 2). In con-
trast, the morphine injection in the NSA rats increased NA, while there were no changes in 5-HT in either group.

Physical Dependence

There was no correlation between the propensity to acquire morphine self-administration and the severity of
the withdrawal syndrome after the development of physical dependence. In some rats, self-administration rapid-
ly developed, but the withdrawal syndrome was mild. Other rats acquired self-administration and physical de-
pendence and while some did not yet demonstrated a severe withdrawal syndrome. When microdialysis data was
evaluated for the rats with the highest withdrawal scores (withdrawal score 7 - 10, HW), lower 5-HT was seen
compared to rats showing low withdrawal scores (withdrawal score 1 - 4, LW) (Figure 3). Neither of the HW or
LW groups showed changes in the NA while DA tended to increase in both groups 45 min after the test mor-
phine injection.

4. Discussion

The brain mechanisms underlying the perception of the positive reinforcing effect of drugs of abuse are thought
to be closely related to activity of the brain mesocorticolimbic DA neurons. The administration of opiates to rats
has been shown to increase DA release from nerve terminals in the nucleus accumbens [23]. In addition, mor-
phine does not produce a positive reinforcing effect in knockout mice lacking the dopamine D, receptor [24]
[25]. Both increases [26] and decreases [27] in nucleus accumbens extracellular fluid levels of DA have been
reported in rats self-administering heroin while morphine administration has been reported to increase the re-
lease of DA in basal parts of forebrain [28] and increase DA metabolism in the aCC [29] [30]. It has been post-
ulated that a reduction of D, receptors and a decrease in activity in the anterior cingulate gyrus and orbitofrontal
cortex is one of the mechanisms through which DA abnormalities lead to compulsive drug administration and
the lack of control over drug intake by addicts [31]. In the experiments presented here, no changes in the con-
centration of dopamine were observed in microdialysates of the aCC after response independent morphine ad-
ministration in drug naive animals. However, when the data were analyzed based upon the propensity of later
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Table 1. Levels of dopamine, noradrenaline and serotonin and metabolites in microdialysate from the anterior cingulate
cortex of rats acquiring (SA) and not acquiring (NSA) morphine self-administration.

DA DOPAC HVA NA 5HT 5HIAA
0-45 45-90 0-45 45-90 0-45 45-90 0-45 45-90 0-45 45-90 0-45 45-90
min min min min min min min min min min min min
SA 24952+ 18.872+ 3191+ 3544+ 4435+ 2910+ 50142+ 36.824+ 1829+ 1983+ 0.62+ 0.406+
n=7 5.97 3.98 0.689 0.587 0.69 0.72 15.213 10.23 0.92 0.88 0.182 0.1971
NSA 41242+ 39778+ 9272+ 7427+ 5941+ 4678+ 35173+ 24618+ 1985+ 1774+ 1151+ 1.447%
n=38 6.88 4.77 1.487 1.222 1.097 0.98 12.234 11.021 0.88 1.101 0.58 0.428

Values are means and standard error of the means in pmol/ml. Levels of significance between mean assessed with Students t tests were: p < 0.05.
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Figure 1. Levels of monoamine neurotransmitters and metabolites in microdialysates from the anterior cingulated cortex in
two 45 minute samples in control (control 1 and 2) and after morphine (morphine 1 and 2) administration (n = 20).
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Figure 2. Changes of levels of noradrenaline (NA), dopamine (DA) and serotonin in microdialysates from the anterior
cingulated cortex after response independent morphine administration in rats acquiring (SA, n = 7) and not acquiring (NSA,
n = 8) morphine self-administration sample 1 and 2. Y-axis—% of control. Values are means and standard errors of the
means. Levels of significance between SA and NSA means assessed with Students t tests were: “p < 0.05.
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Figure 3. Changes of levels of noradrenaline (NA), dopamine (DA) and serotonin in microdialysates of the anterior
cingulated cortex of high withdrawal (HW, n = 7) and low withdrawal (LW, n = 7) rats after response independent morphine
administration in sample 1 and 2. Y-axis—% of control. Values are means and standard errors of the means. Levels of
significance between HV and LW means assessed with Students t tests were: “p < 0.05.
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acquisition of intravenous self-administration, a significant lower baseline level of DA was seen in the extracel-
lular fluid and a significant greater response to the administration of morphine was seen in the animals that ac-
quired self-administration. Thus, the rats that later demonstrated a reinforcing effect of morphine by acquisition
of self-administration, showed an elevated effect to response independent morphine on DA release from nerve
terminals in the aCC. These animals demonstrated a significantly lower initial DA and DOPAC in the aCC,
which suggests decreased dopamine metabolism in this brain region which is consistent with the hypothesis that
individuals with low activity of the brain DA system are predisposed to the use of psychoactive drugs, while
abused drugs may “normalize” the function of this system [32] [33].

The increase in NA release from nerve terminals in the aCC of rats that did not acquire morphine self-admin-
istration may also be important. The role of NA in the mechanisms of the negative affective components of the
withdrawal syndrome in morphine-dependent individuals is well established [34]. However, the data concerning
changes in extracellular NA content in brain structures after a single morphine administration are contradictory.
Both a morphine-induced decrease in NA content in rat prefrontal cortex [35] has been reported while others
found that NA release in this brain area was necessary for the perception of the rewarding effect of morphine
[36]. In addition, mice lacking dopamine beta-hydroxylase (DBH), an enzyme critical for NA synthesis, did not
develop a morphine-induced conditioned place preference [37]. Viral restoration of DBH expression in the nuc-
leus tractus solitarius, but not in the locus coeruleus, restored perception of morphine reward in these animals.
The observed increase of NA in rats that did not acquire morphine self-administration and the absence of this
increase in rats that did, does not support the relationships between this process and the positive reinforcing ef-
fects of morphine. More likely, NA release in the cingulate cortex may be involved in the negative sensations
that occur after the administration of morphine in some individuals. The previously reported suppression of the
perception of the positive reinforcing effect of morphine after destruction of the aCC could result from a de-
creased response of DA innervations of this region and not from modulations in NA innervations since the rats
not acquiring dependence to morphine were excluded from these morphine self-administration experiments [38].

The initial response of 5-HT innervations of the aCC to morphine was predictive of the intensity of the with-
drawal syndrome. Rats showing the highest withdrawal scores had significantly lower 5-HT in the aCC with re-
sponse independent morphine administration than rats showing low or moderate withdrawal scores. The increase
of 5-HT in the aCC after response independent morphine administration was observed only in animals that were
more resistant to the formation of physical dependence and suggests that serotonergic innervations of this region
may have some role in the withdrawal syndrome.

5. Conclusions

The major findings from this study are that the initial response of aCC DA neurons in drug naive rats to a re-
sponse independent infusion of morphine is predictive of the likelihood of later acquisition of morphine self-
administration. Significantly lower baseline DA were in drug naive rats that later acquired self-administration
than in rats that did not. In addition, these rats showed significant increases in DA in response to morphine
compared to the NSA group. These baseline levels reflect the initial effects of the response independent admin-
istration of the same dose of morphine to rats with similar drug naive histories.

In summary, monoamine neuronal innervations of the aCC appear to have a significant role in the mechan-
isms underlying the propensity to self-administer morphine and the resistance and predisposition to the forma-
tion of opiate dependence.
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Abbrevations

aCC: Anterior cingulate cortex

CNS: Central Nervous System

DA: Dopamine

DBH: Dopamine beta-hydroxylase

DOPAC: 3,4-dihydroxyphenylacetic acid

HPLC: A high-performance liquid chromatography

HVA: homovanillic acid

HW: Rats with the highest withdrawal scores

LW: Rats with the low withdrawal scores

NA: Noradrenaline

NSA: Rats that did not acquire morphine self-administration
SA: Rats that developed stable morphine self-administration
5-HT: 5-hydroxytryptamine, serotonin

5HIAA: 5-hydroxyindoleacetic acid
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