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ABSTRACT

The effects of repeared, 0 ¢ daily exposure to erther tatl pinch ot restramt stiess on

extracellular DA fevels ta n _us accumbens (NAce), prefrontal cortex (PFCY, and

striatum (STR) was mor™ ~ o aous rats using lngh-speed chronoamperometry, an
clectrochemical detectn : Phe first exposure to either stiess relably and
consistently elevaied o dracelfular space of NAce, PEFC, and STR, the
increases observed in Pry were qater magitude than those observed in NAce and

STR. These data are consistent with those of previous studies suggesung a highet
responsiveness of the meso-PFC system to stress.  However, with tepeated exposure
increases in DA levels elicited by restramt became pregressively larger in NAce, and to a
fesser extent also in STR. but not in PFC - Apomotphine, mjected at autoreceptor selective
doses. attenuated tail pinch and restramt stimulated tereases m Daclevels i NAce but not
in PFC, a finding consistent with the drug's action on impulse-modulating receptors of
meso-NAce DA neurons and with the known absense of such receptors on meso PHC DA
neurons. That DDA was the primary contributor to the electrochemical signals was
confirmed by the potentiating effect of GBR-12909, a selective DA uptake inhibitor, on
restraint-elicited electrochemical responses in PFC and NAcc

Taken together, the results of the present study indicate that with repeated exposure the
mes.-NAce DA response to subcegnent exposure to stress is enhanced. The data indicate
that this pathway, which is thought to mediate the positive remnforcing effects of rewands, is

also activated during behaviors motivated by aversive stimuli.




CONDENSE

Les changements dans a concentiation extracellulaire de dopamine induit par 'apphication
quotidienne répétec de deux stresses exogenies, soit une contention de 15 minutes ou un
prcenient de Ja queue de 10 minutes ont été mesurés au mveau du cortex préfrontal. du
noyatr accumbens et du stnatum cher te rat vigilant au moyen de la chronoampérométrie.
Les données demontrent qu'ie La premiere appheation, les deun stresses induisent une
augmentation de La dopanune extracellulaire dans les trows régrons, mas que Ta réponse du
cottex préfrontal est relativement plus grande que celles du noyau accumbens et du
stratum - Par cortre, les données démontrent ausst une sensibilisation progressive de la
réponst a la contention au miveau du noyau accumbens et du striatum avece chaque
apphcation quotidsenne. tandis gue la réponse du cortex préfrontal demeure relativement
constante  Dans une deuvieme séne d'expériences, 1l a €1¢ aémontré que 'injection
dapomorpline,  a des doses qui stimulent sélectivement les auto-récepteurs
dopannnergiques somatodendntiques, inhibe au niveau du noyau accumbens, mais non au
niveau du cortex préfrontal la Tibératon acerue de dopamine produit par 'application de
ces stresses  ces données sont expliquées par l'absence de récepteurs somatodendritiques
sur les neurones dopamimergiques inésocorticaux. Enfin, une contribution importante de la
dopamine a été confumée par leftet facititateur du GBR-12909, un 1nhibiteur sélectif de
recapture dopanunergique. sur la hibératon de la dopamine au niveau du cortex préfrontal et
du noy au accumbens indunt par la contention. 1'ensemble de ces résultats démontrent que
la reponse des neurones dopaminergiques qui innervent le noyau accumbens est

sensibihisée par Pappheation répétée d'un stresse exogéne. phénomeéne qui s'apparente a




v

celut produt par l'admimsiratnon répétee de drogues psychostimulantes telles que
Pamphétamine et la cocaune  Au mveau théorique, les resultats de cette étude suseitent un
ceriain questionnement concernant I'hy pothése voulant que les neurones dopaninet grques

qui nnervent le noyau accumbens soutendent de fagon spécitique fe renforeement positit
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PREFACE

Section 1 of this thess 15 an mtroduction to the area of dopaminergic systems and their
response to stress, and mcludes an extensive survey of the iterature on the effects of both
acute and repeated exposure to stress Sectron 2 presents the rationale for studymg the
clieets of repeated stress on ascending DA systems  The methodology and results of the
expenrnentsare outhned i section 3 and 4 Section 5 15 a general discussion of the results
o relation to previous hiterature, as well as i regards to sts climcal imphications All mvivo

voltammetric experviments were performed by myself.



1 INTRODUCTION

We are all subjected to varving fevels of stress from a number of detterent seurces | or
most of us, brief exposures to maoderate fevels of emvronmental stress has arousing,
performance-cnhancing eftects  Chronice stess or repeated expostue 1o 1ntense stress
however. can have debrhitating effects  Under these conditions, stress can become a
precipitaung factor in the development of mental disorders such as depresaion (Bieslau and
Davis, 1986 Willner 1985, Anitsman. 1984, Amsman and Zacharho, 19821, and
schizophrenia (Nicholson and Neuteld, 1992, Brier 1989)  Stesstul events have etfects
on a number of central neurochemical systems imcltuding those that contan notepmephrine
(Abercrombie and Jacobs, 1987, Adell. Garcia Marquesz. Armario and Gelpr 1988 Roth,
Mefford and Barchas, 1982), serotonin (Joseplt and Kennett, 19830 Thienny, Javoy,
Glowinskiand Kety. [968) and dopanine (Abercrombne, Keete, Iitrischia and Zigmond,
1989: Deutch. Tam and Roth, 1985: Dunn and File, 1983) 1 he eticet of stress on central
dopamine (DA) pathways in particular 1s receving an mereasing amount of attention ft s
also the focus of the present study.

There arc three major ascending DA systems in the mammalian central nervous systemn
The nmigrostnatal system comprises DA cells of the substantia niera compacta i the
ventralateral mesencephalon (Oades and Halliday, 1987). This pathway mnervates stnatum
(STR) and 1s generally thought to play an important role 1n sensory motor mtegra®ion
(Wickens, 1990, Beninger, 1983; Stricker and Zigmond, 1976)  Degeneration of the
nigrostriatal DA pathway also underlies the hypokinetic symptoms of Parkinson's disease
(Hornykiewics and Kish, 1986)

Medial to the substantia nigra is the ventral tegmental area (VIA) where DA neurons




form the mesocortical and mesolimbic systems. The mesocortical system projects to
prefromtal, cingulate, entorhinal and piniform regions of cortex. Functionally, the meso-
PI-C system has been implicated in attentional processes (Simon and [.e Moal. 1987);
depletion of PFC DA, for example, has been shown to lead to spatial alternation deficits in
rats and monkeys (Simon, Scatton and 1.eMoal. 1980: Brozovski, Brown. Rosvold and
Goldman, 1979) | he meso-PEC DA pathway 1s also increasingly being implicated in the
pathophysiology of schizophrenia (tor review see Grace, 1992)

The mesolimbie DA system innernvates a number of subcortical regions including the
amygadalond and septal nucler, as well as the oltactory tubercule and the nucleus accumbens
(NAcc) Mesolimbie DA neurons. 1in particular those that project to NAcc have been the
focus of much attention A dy sfunction of the meso-NAcce DA system s generally thought
to underhie the positive symptoms of schizophrenia (Sce Grace, 1992, tor review). An
impressive amount of empirical evidence has also implicated the meso-NAcc DA system as
an mtegral part of the so called bramn reward crreuitry (Koob, 1992: Rompre and Wise,
989, Wise, 1989) These DA neurons are thought to reguiate behaviors motivated by a
number of rewarding stimuli. including naturaily occurring rewards such as food and a
sexually recepuive mate (Mitchell and Stewart, 1989, 1990 Hanulton and Bozarth, 1988:
Gratton and Wise, 1988, Jenck, Gratton and Wise, 1986: Geary and Smuth. 1985:
Fabergen and Caggiula, 1973), and drugs commonly abused by humans such as
amphetanune and cocame (Wise Bauco, Carlezon and Trojmiar, 1992, Koob. 1992, Wise
and Bozarth, 1987 Yokel and Wise, 1975), oprates (Etienberg, Peut. Bloom and Koob,
1982, Bozarth and Wise, 1951), and ethanol (tWeiss. Hurd. Ungerstedt, Marcou. Plotsky
and Koob. 1992, Pleffer and Samson. 1988). In addition to acting as positive reinforcers,

these and a variety of other rew arding sttmult have in common the property of stimulating




the meso-NAcc DA pathw 1y, For example, increased DA release in NAce 1s ehicited by
presenting animals with tood or sex-related cues (Mitchell and Gratton. 1991, [992,
Mitchell and Stewart, 1990), and by yections of cocarne (Kahivas and Dutfy, 1989,
Dichiara and Imperato, [988), amphetamine (Robinson and Camp. (990, Hernandes, Lee
and Hoebel, 1987), opiates (Kalivas, Duffy. Abhold and Dilts, 1983 and cthanol (Weiss,
Hurd, Ungerstedt Marhou, Plotsky and Koob, 1992y Accordingly, DA depleting fesions
of the NAcc as well as local igection of DA receptor blochers will inhubit teeding and male
copulatory behaviors (Foreman and Hall, 1987, Blundell and Latham, 1978, Ungerstedt,
1971) as well as intravenous self-admimistration of cocame (Ruberts and Koob, 1982,
Roberts. Koob. Klonoff and Fibiger. [980). amphetamine (Lyness, Friedle and Moore,
1979) and heroin (Spyraki. Fibiger and Philhips, 1983} Tt 15 from these and other similar
lines of evidence that the DA hypothesis of reward emerged  In 1t simplest form the
hypothesis posits that increased meso-NAce DA neurotransmission is an important, if not
necessary. central event for positive remforcement of behavior (Koob, 1992, Wise, 1989,
Wise and Bozarth, 1987; Fibiger and Philhps, 1986, Wise, 1978).  Although this
hypothesis has gained acceptance over the past 10 years there has been a growing number
of discordant findings that have called its validity mto question  One particularly
troublesome finding 1s that stressful stsimubs (eg {footshock, restramt)y, which do not exhibit
positive reinforcing properties, also stimulate meso NAC DA neuwrotransnission
(Abercrombie et al.. 1989: Claustre, Rivy. Denmis and Scatton, 1986, Deutch et al | 1985;
Watanabe. [984; Fadda. Argiolas. Metis, Fissan, Onalt and Gessa, 1978)

Inital evidence suggested that the meso-PEC DA system was comparatively more
responsive to activation by acute stress than other DA pathways (Thierry, Tassin, Blanc

and Glowinski, 1976). Animals in this study were exposed to intermittent footshock, then
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immediately decapitated after which ussue levels of DA and its primary metabolite, 3.4-
dihydroxyphenylacetic acid (DOPAC) were measured. The authors reported a 60%
decrease in ussue levels of DA 1in PFC and a 25% decrease in NAce DA levels. indicating
an ncrease m DA utihizaton in these regions  These authors later reported that exposure to
footshock stress selfecuvely mcreased meso-PHC DA uthization as reflected by an increase
in the DOPAC/DA ratio, which the authors argued to be a better indes of DA turnover
(Lavielle, Tassin, Thierry, Blanc, Herve, Barthelemy and Glowinski, 1978). This finding
was taken to suggest that stress selectively activates the meso-PFC DA system. Evidence
of selective activation of the imeso-PHC DA pathway has been obtained under a vaniety of
other stress condittons 1 he anxtogenie beta-carboline compound FG 7142 (a partial
benzodhazepime mverse agomst) which 1s thought to cause an anxiety-hke state 1 rat
(McGregor and Atrens 1990, Dorow . Horow shi, Paschelhe. Amin and Braestrup. 1983),
has been shown to selectvely mcrease DA turnover in PHC (Bradberry, LLon and Roth.
1991; Tam and Roth. 1985: although Bradberry «.. al. did not look at NAcc), while {food
deprivation stress has been reported to result in increased DOPAC levels only in PFC
(Carlson. Hernek, Bamrd and Glick, 1987). A selective increase m meso-PHC DOPAC and
homovantilic acid (HVA) Tevels has also been observed in animals that were merely
exposed to other antmals recenving footshock, suggesting the meso-PFC system can be
activated by psychogenie stress (Kaneyuki, Yohkoo. Tsuda, Yoshida, Mizuki, Yamada and
Fanaka, 1991)

The tdea that the meso-PHC system 1s the only DA pathway responsive to stress has
been questioned. however. by a number of nvestigators (Roth, Tam, Ida. Yang and
Deutch, 1988: Deutceh, Bean, Bissette, Nemeroff, Robbins and Roth, i987: Deutch et. al.,
1985) "These authors suggested that while only the meso-PFC DA system 1s activated by

nuld stresses, increased neurotransnussion n the meso-NAcce and mgrostriatal systems can




also occur when ammals are subjected to more severe stresses, For example, Deuteh et al
(1985, 1987) found that while footshock mtensties of 02 to 04> mA elevated DOPAC
levels only 1n PFC, footshoch intensities above 045 mA icreased DOPAC Teyels o both
NAcc and PFC (but not 1n STR). The 1dea of regional ditferences m the thieshold tor
activation by footshock stress 1s supportied by a good number ot other studies (Sorg and
Kalivas, 1991; Dunn, 1988: Claustre et. al.. 1986: Deutch et al | 1985, Herman,
Guillonneau, Dantzer. Scatton. Semerdpan-Rouquier and Le Moal, 1982; Remhard,
Bannon and Roth, 1982; Fadda et. al , 1978: Tissarn, Argrolas, Fadda, Serra and Gessa,
1979: Lavielle et. al., 1978y  Whie Dunn (1988) and Deutch et al | (1985) observed
selective activation of the meso-PHC DA system at very fow shock intensities (0 18 and
0.2mA, respectively), Sorg and Kalivas (1991) reported mcereased DA release in NAce of
animals subjected to stronger (0 55 mA) footshock and mcreased DA utilization in NAce
(and PFC but not STR) was observed by others only when conaderably more severe
footshock (1.5-2.0 mA) was used  The results of these studies suggest that meso NAce
DA neurons are responsive to footshock, and presumably other stressors, but at sntensities
considerably greater than necessary to activate the meso-PHC DA pathway

In the studies discussed above the effects of stress on central DA systems were
determined with post-mortem measures. While this approach has provided useful
information, the extent to which reliable measurements of extracellufar tevels of transnutters
or transmuitter release can be derived from post-mortem assays of intracellular levels of
transmitters and metabolites has always been a matter of some speculation (Soares-de
Silva, 1987). Some have challenged the contention that alterations 1 the ratio of
intracellular transmitters to metabolite levels can accurately reflect changes in

monoaminergic neurotransmission (Commissiong, 1985) and it has been suggested by



others that these and similar types of post mortem measures are relatively poor indices of
stress induced mcreases m DA activity (Imperato, Pughsi-Allegra, Zocchi, Scrocco,
Casolint and Angelucer, 1990; Abercrombie et al.. 1989). There are, indeed. a number of
problems 1n interpreting data from post-mortem studies. Lavielle et. al. (1978). for
example, observed a footshock induced icrease in the DOPAC/DA ratio in PFC but not in
NAce or §TR where both DOPAC and DA levels increased by equal proportions. These
authors interpreted ther data as indicating a selectuve inerease in DA turnover in PFC by
stress - While an elevation of mtracellular DOPAC levels relative to those of DA 1s usually
assoctated with increased DA release. the contention by these authors that concomittant
clevations of both DA and DOPAC, as was found in NAcc, are physiologically irrelevant 1s
debatable. Interpretation of results of post mortem studies 1s made even more problematie
by evidence of massive release of DA and other monoamines immediately following death
(van Veldhuwizen, Feenstia Boer and Westerink, 1990:  Gonzales-Mora, Maidment,
Guadalupe and Mas. 1989)  Since the interval between decapitation and treezing of brain
tissue tanges trom -3 muinutes (Palkowitz, 1973). 1t 1« more than likely that intracellular
fevels of transnutter and metabolite have atready been signmificantly altered before the tissue
can be properly stored. ‘These and similar other considerations more than anything else,
have caused the effects of stress on central DA systems to be re-exanuned with newly
developed m vivo techmques

Microdralysis and voltammetric techmques allow quantitauve and, in the case of
voltammetry, rapid measurement of extracellular transmitter and metabolite levels in
conscrous ammals - Overall, the results of in vivo studies have revealed that stress causes a
more generalized activation of ascending DAergie systems, including the nigrostnatal DA

system than was suggested by the data from post-mortem studies (Abercrombie et. al.,



1989. Knott. Brannan. Andrews, Togasakt, Young, Maker and Yahr, 1986, Keller,

Stricker and Zigmond, (983, but see Heyes, Garnett and Coates, 1988)  However,
agreement with post-mortem experiments the data obtamed from awake animals also
indicate that the meso-PFC DA system is comparatively more responsive to stress than the
meso-NAcc and migrostriatal DA pathways (Iraperato, Pughst Atlegra, Casolin and
Angelucci, 1991; Abercrombie et ai |, 1989)  Nonetheless, as was the case with post-
mortem studies. inconsistent findings have been reported in studies using in vivo detection
methods. For example. Bertolucci-ID'Angio, Serrano and Scat.  (1990) and D'Ango,
Serrano. Rivy and Scatton (1987) reported electrochemical evidence ot increased
extracellular DOPAC levels in NAcc but not in PEC during tail pinch stress, and ol a
comparatively greater increase in DOPAC fevels in NAce than in PHC during
immobilization stress. Tu contrast, tatl pinch was recently reported i a nuerodhalysis study
to elevate DA levels in PFC but to not affect those in NAce (Cency, Kalen, Mandel and
Bjorklund, 1992) Thus, while results derved from in vivo detection methods argue more
strongly for a stumuiant effect of stress on meso-NAce and mgrostriatal DA systems than
do those from post-mortem studies, they are by no means compelling.

The majornity of previous studies have charactenized the response of central DA
pathways to a single exposure to stress In reality, however, we are more often than not
exposed to the same stressful conditions repeatedly. 1hus, the important question would
be if and how the stress response of DA pathways changes with repeated exposure There
18 increasing evidence that the response of meso-NAcc DA neurons to a wide range of
stimuli 1s plastic. Mitchell and Gratton (19911992, for example, showed that DA release
eiicited in NAcc 1s progressively enhanced with each daily exposure to sexually relevant

stimuli. Stmulant drugs such as cocatne and amphetamine and oprates such as morphine
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and heroin share with stress the ability to sttimulate forward locomotion and increase DA
relecase 1n NAce (Sorg, 1992; T.eyton and Stewart. 1990; Bradberry and Roth, 1989;
Kahvas, Duffy, Abhold and Dilts, 1985; Peris and Zahmser, 1987, Robinson, Angus and
Becker, 1985; Kuzeenskr, 1983), and a number of studies have shown that the acute
stimulant effect of these drugs 1« enhanced with repeated, intermuttent admimistration Thus
when mjected every day, or every other day the acute locomotor stimulant effect of cocarne
and amphetamine, for instance. increases or sensttizes. Behavioral sensiization to drugs
has been shown to be long lasting, if not permanent, sensitized responses are still
observed after months of withdrawal from the drug (Kalivas and Duffy . 1990:; Petut. Pan,
Parsons and Justice, 1990, Robinson, Jurson, Bennett, and Bengten, 1988; Peris and
Zahmser 1987, Stewart and Veszina, 1987, Robinson and Becker, 1986:; Herman et al..
1984, Antelman and Fichler 1979 Sceeal and Mandel, 1974). Furtherimore neurochemical
studies have provided strong evidence that behavioral sensitization 1s accompanied by an
increased senstvity of the meso-NAce DA svstem to the sumulant action of these drugs;
DA release elicsted in NAce by cocatne, amphetamine or morphine 1s potentiated with
repeated admimistration of these compounds (Sorg, 1992; Kalivas and Stewart, 1991;
Kalivas and Duffy, 1990; Robinson, Jursen, Bennett and Bentgen 1988; Robinson and
Becker, [V86).

Interestingly . it has been shown that repeated exposure to stress later sensitizes ammals
to the actron of stimulant drugs on behavior and DA release in NAcc (for reviews see
Kahvas and Stewart, [991: Robinson, 19838, Stewart and Vesina. 1988: Robinson and
Recker, 1986). For example, Macl.ennan and Mairer (1983) found enhanced locomotor
actuvaty mresponse to cocatne tm previously stressed rats. w hile Sorg (1992) reported that
tepeated footshoc. sensitized both NAce and PFC DA release chicited by cocaine

admimistration. Repeated stress has been shown to later enhance amphetame-induced



locomotion (Hahn, Zacharko and Anisman. 1986: Herman et. al., 1984; Antelman and
Chiodo, 1983; Antelman and Eichler, 1979), rotatton (Robimson et. al.. 1985), and
stereotypy (Anisman, Hahn., Hoffinan and Zacharko, 1985), and an c¢onhancement of
amphetamine induced DA relcase has been observed, mn virro, from stiatum ot stressed
animals (Wilcox, Robinson and Becher, 1986). There 1s also evidence that repeated
administration of stimulant drugs will enhance the DA acuvating properties of an acute
exposure to stress. Kahivas and Duffy (1989) reported that previous treatment with repeated
cocamne resulted 1n enhanced DA metabolism in PEC and NAcce 1n response to acute
footshock. A similar enhancement of stress cehicited inereases i DA turnover has been
observed following repeated amphetamine administration (Robinson, Becker, Young, Akl
and Castenada, 1987). Others have shown that a single exposure o stress s sutticient to
alter the DAergic response to later adnunistration of pharmacological agents known to
possess DA agonist or antagonist properties (Antelman, Caggiula, Kocan, Knopt. Meyer,
Edwards and Barry, 1991: Antelman and Cagguila. 1990)  Finally, Kalivas and Dutfy
(1989) found that repeated. once darty exposure to footshock stiess resulted inan greater
increase in DA turnover m the PEC and the NAcce (but not the STR)Y upon subsequent
application of footshock when compared to animals that had not previously been shocked.
Taken together, the results of these studies suggest that the effects of behavioally relevant
stimuli on meso-NAce DA neurotransmission become stronger with repeated presentation
Thus, while stresstul stimuly may iitially only ehicit a small icrease in meso-NAce DA
activity, these findings suggest that the response of this system progressively increases
wilh each subsequert exposure to stress. More importantly, 1t appears that the sensitizing

effect of repeated exposure to stress generalizes to other stimuli.
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2 RATIONALE

The extent to which repeated exposure to a stress can influence behaviora' -esponses to
subsequent stress or to other types of stimuli has important implications. The 1nteraction
between drugs of abuse and stress at the level of the meso-NAcce DA system suggests that
repeated exposure to stressful conditions may play an important role in the development of
compulsive drug taking by humans, and that long-term use of tllicit drugs leads to
profound changes in the behavioral response to environmental stresses There s clinical
evidence suggesting that exposure to stress may precipitate or exacerbate pathological
behaviors associated with DA dysfunction The posiive symptoms of schizophrenia, for
example, are generally considered to reflect an hyperesponsiveness of mesolimbic DA
neurons, and 1t appears that schizophrenices not only have an abnormal. or exaggerated,
response to stress (Nicholson and Neufeld, [1992; Falloon, 1986). but that the risk of relapse
i correlated with the herghtencd responsivity of these patients to stress (Nicholson and
Neufeld 1992, Gruen and Baron, 1984). Stressful life events are also thought to be both
predisposing and precipitating factors in depression: previous stressful events have been
shown to result in an mcreased suscepubility to depression, or acute stress-induced
depression (Breslau and Davis, 1986: Amisman, 1984; Anisman and Zacharko, 1982).

The present study may also shed more hght on our current understanding of meso-NAce
DA function. This DA system has been strongly implicated in the control of behaviors
motvated by rewards (for reviews see Wise et al., 1992: Koob. 1992, Wice. 1989, 1978:
Rompre and Wise, 1989)  u its simplest form. the prevailing hypothesis is that the abihty
to chictt increased DA release in NAcce (and forward, explorative locomotion) 1s a defining

property of rewarding stimuli. That aversive stimuli such as footshock or restraint seem to
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also have this property has obvious important theoretical impheations and theretore requires
further study.

In the present study we charactenzed the effects on extracellular DA tevels in NAce,
PFC and STR of repeated once daily exposure to either tail pinch or restramnt stress in
freely-behaving animals using high speed chronoamperometry, an electrochemical detection
technique. Apomorphine, a nuxed D1/D2 receptor agomst, and GBR- 12909, a selective
DA uptake inhibitor, were used to confirm that stress-ehicited mereases in electrochenucal

stignals were due to increases in extracellular DA concentration
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3 METHODS

Arumals and surgery

Male Long-Evans rats (300-350g, Charles River, St. Constant, Quebec) were each

implanted, under sodium pentobarbital anesthesia (50mg/kg 1 p ) with a voltammetric

clecuode ammed at esther the NAce (n=30), STR (n=10) or PFC (n=30) and with a Ag/AgCl

reference electrode and a stamnless steel ground wire. With the incisor bar adjusted to

maintain the skull horizontal and nsing bregma and the cortical surface as reference points,
the stereotaxte coordinates were as follows: NAcer AP =+1.6mm, lLat.=1.6mm,
DV -734mam; STR AP+ I 6mm, Lat =2.0nmim, D V =4.35mm, PFC AP =+3.4mm,
Lat =0 8mm, D V.=3 6mm (Paximos and Watson, 1986) The reference and ground wires
were implanted n the apsilateral and contralateral parietal cortex, respectively. The
nuniature pin connectors soldered to the electrochemical and reference electrodes and to the
ground wires were inserted mto a plastic strip connector which was secured and anchored
with acryhic dental cement to five stainless steel skull screws embedded in the crantum.
The ammals were housed singly on a [2hr hight/dark schedule (lights on at 0800hrs), with
food and water avairlible ad hibitum

In vivoe electrochemical methods

The voltammetrie electrode consisted of three 30m diameter carbon fibers that extended
50 100zem beyond the tip of a pulled glass capillary. The carbon fiber bundie was fixed in
the capillary with a drop of Epoxylite and was coated with Nafion (Alarich), a polymer that
reduces the contiibution to the electrochenucal signal of antons such as ascorbic acid (AA)
and the pnmary DA metabolite. 3.4 dihydroxy phenylacetic acid (DOPAC). The electrodes
were calibrated prior to tmplantation for their sensitivity to DA and for then selectivity for

DA agamnst AA. Al calibrations were performed at 250C 1 0 IM phosphate buffered
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saline (pH=7.4)) contamning a fixed concentration (250m) of AA to minuce bnn
extracellular concentrations. Only electrodes extubiting & muimum DA to AA rato of
1000:1 and a highly linear response (r >.997) to increasing concentiations of DA were
used. Electrochemical measurements were pertormed using a nucrocomputer controlled
high-speed chronoamperometric apparatus (IVEC-5, Med Systems Corp.. Gieenvale,
NY). An oxidation potcrnual of +0.55 V, with respect o the reference clectrode, was
applied to the electrode for 100ms at a rate of SHz. The sum of S digitized oxidative eyeles
was graphically displayed on a video monitor at a rate ot 1 Hz. The reduction curient
generated when the potential was returned to resting level (00 Vior 100ms) was digitized
and summed i the same manner and served as an index to identity the electioachive species
undergoing oxidation. With the Nafion-coated carbon fiber electrodes used i the present
study and at a samphing rate of 5 Hz, the magnitude of the reduction current tor DA 15 60
80% of the oxidation curient (red-ox 0 6-08) (Gratton, Hotier and Gerhardt, 1989y,
Previous work has shown that the oxidation of AA 1S virtually rreverstble (red-ox -0.0),
whereas that of DOPAC 1s almost entirely reversible (red.ox=09-1 0) while the reduction
to oxidation ratios for norepmephrine and serotonin are 0.4-0.5 and 0 1-0.2 respectively
Thus the simultaneous monittoring of both the oxidation and reduction currents associated
with the clectrochemical reaction provides an on-line method of deternuning the
neurochemical identity of the predominant electroactive species contributing to the signal.
Testing procedures:

Two to three days after surgery, the antmals were placed in the recording chamber and
connected to the recording apparatus via a shielded cable and a low impedance mults
channel commutator (Airflyte, Bayonne, NJ). The primary signal amphfier was connected

directly onto the animal's electrode connector to minimize extraneous electrnical mterference
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Following a thr penod during which base!ine electrochemical data were obtained, each
ammal was subjected to either tail pinch or restraint stress. Tail pinch stress was induced
by placing a wooden clothespin 2em from the base of the tail for 10 mins, while restraint
stress was induced by immobihizing the animal for 15mins 1n a polyethylene foam padded
Jacket made of wire mesh held together by Velero straps  Each animal was subjected to
only one type of stress onee a day for S consecutive days. Electrochemical recordings were
performed dunng and after the period of stress until the electrochemical signals retummed to
vaschne levels  Addional ammals were implanted with electrodes within NAcc or PFC to
test the effects of apomorphine, a mixed D1/D2 receptor agomst, and GBR-12909. a
selective DA uptake blocker. Animals of the first group were subjected on four different
days to stress alone, stress 15 minutes following admumstration of apomorphine (50 and
10peg/hg, s.c ) and of an equal volume of saline (Iml/kg). Animals of the second group
receved on ddierent days GBR-12909 (5 and 10mg/kg, 1.p ) and vehicle 60 miutes prior
to the period of stress (tash pineh or restraint). The order of the treatments was counter-
balanced to reduce the effect of repeated daily stress. At the end of the experiments all
ammals were deeply anesthetized with sodium pentobarbutal (75mg/kg i.p.) and

transcardially perfused with 10% formalin. The brains were removed and were later shiced

in 40zm sections for verfication of electrode placements




4 RESULTS

Effects of Repeated Stress
The changes m the electrochenucal signals ree wded 1n PEC, NAce and STR duning each ot
5 consecutive once-daily exposures to testiatnt and tal pinch stiess are sunimanzed
Figure 1. The electrochenncal data are expressed as mean changes in DA concentiation as o
function of each imuute of testiaint o1 tail prch stiess. As can be seen, the peak amphtude
of the electiochenucal signals elicited by restiamt in NAce vecamie progiessnely targern with
each daily eaposuic. A sunilai, but less ordeily daily enhancereni of sttt chated
incieases of electtochemical signals was also tecorded in STR - No sech endiancenicnt was
evident in PFC durmg the restitamt penod. However upon release from the resiianl
appaiatus a further ractease o the electiochemical signal was observed i PO, thas dedayed
inciease was larcly obsetved in NAce and STR. Trgute 2 shows tie inean changes i
signals recorded in PFC on day 1 and day 5§ dung thie 15 nun sestiont puniod as well as
during the 5 nun immediately foHlowing termination of restraimt. As can be seen, the
amplitude of the delayed incicase is greater on day 5 when compared to day |
In coimpartson to restrant, tail pinch elicited considerably simaller macases e ibe
electiochenncal signials in NAcC and STR, but sumilas incrcases m PHC No obvious day
o-day Chianges s tasd pinch-elicited signals weire obseived, aldhough sigiials recorded i
PFC un day | tended to be smalier than those recorded on subsequent test deys, whereas
the amplitude of tail pinch elicited signais 10 S TR tended 1o decicase acioss test days
Figure 3 summatizes the statistical analysis of westiaini- and tail pinch imdoced changes
in signals recorded within NAce, PFC" and STR  Differences between regions (PHC,

NAcc, STR) and test day {I3ay | versus Day 5) in the amplitude and duration of stiess

elicited signals were exanmiined using two-way analyses of vanance (ANOVA) with
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repeated measures, and Tukey's post-hoc test. Measures of signal amplitude and duration
were obtained directly from each electrochemical record  Peak amphtude was defined as
the maximal increase above baselime of the electrochemical signal during the 10 min (tail
pinch) or 1S mun (restraint) penod of stress, whereas duration was defined as the time the
signal remaimed above basehine The results of the analyses of the maximum amplitude and
the duration of restramnt and of tail pinch-induced increases in electrochemical stgnals are
summarized i Frgure 3 These results revealed a ssgmificant effect of testday (E 1,12 =
9 36, p -2 001, on the amphitude of restraint-ehicited sigaals but no sigmficant etfect of
reaton (12,12 3610 p > 005) or region by day interaction (B 2. 12 = 073, p > 0.05).
Carctul examination of the data suggests, however. that much of the difterence between
day | and day 515 due to the mcrease in amplitude of signals recorded in NAcc. The
ANOVA performed on the duration of restraint-elicited signals reinforces this impression
revealing a sigmircant region by days interaction | 2. 12 = [536.p < 0.0]. and
stgificant main effects of regon, (B 2012 = 571 p < 0.°1), and of test day. (E 1,12 =
1445 p < 001) Tukey's post-hoe tests revealed that restramt-eherted increases recorded
i PEC on day | were sigmficantly longer lasting than those recorded in NAce and STR.
However. on day S the duration of increases recorded 1n the 3 regions did not differ. Post-
hoe tests also revealed that the duration of restraint-ehcited increases in NAcce were
sigmticantly longer on day S than on day I: there were no significant differences between
day | and day Sincreases in PFC and STR

Iwo-way ANOVA performed on the amphitude of tail pinch-elicited signals revealed a
stgnificant region by test day imteraction (F 2. 12 =4.22, p < 0 05). and a significant main
cticctof region (E 2, 12 = 834, p<001) Tukey's post-hoc test indicated a sigmificantly

greater inerease of taill-pinch chieited signals in PFC as compared to NAcc and STR on day
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1, and a significant decrease in the amplitude of signals elicited i STR on day 3 compared
to day I. Analysis of the duration of tail pinch ehicited signals revealed no sigmificant mam
effects of region (E 2. 12 = .655, p > 0.05), test day (F 1, 12 = 488, p > 005 and no
significant region by test day mteraction (k2,12 = 3.64, p > 0.05. Representative
electrochemical records obtained during repeated restramt stress in NAce and PHC are

shown in Figure .

Effects of Apomorphine

Two-way ANOVAs with repeated measures were performed to compare the effects of
APO (50 and 100 jeg/kg) and vehicle (treatinent) on the maximum amphitude and duration
(Figure 5) of tail pinch- and restraint-elicited signals in NAcc and PHC Gregion). The
analysis revealed a significant region by treatment interaction, (F 2,16 =39 27, p < 0.01),
and sigmificant main etfects of treatment (E 2, 16 = 4531, p < 0.01), and region (k1,8 -
56.44, p < G.01) on the amplitude of restraint ehicited signals A Tuhey post hoc test
mdicated that APQ) at both doses (50 and 100 jeg/Ke) cigmficantly attenuated the ampltude
of the electrochemical signals recorded in NAce when compared to the saline control. The
post-hoc analysis also revealed that APO at both doses signiticantly attenuated the
amplitude of signals recorded in NAcce when compared to those recorded in PEC. The
analysis of the duration of restramt-elteited signals recorded i NAce and PHC revealed a
significant region by treatment interaction (£ 2, 16 = 3 82, p < 0.05), and a sigmificant
main cffect of treatment, (£ 2,16 =635, p < 0.01) and of region(l: 1,8 = SHE, p -
0.05). Results of the post hoc test indicated that APO pretreatment (S0pg and 100 g/kg)
caused a significant reduction in the duration of icreases in NAce but not i PEC when

compared to saline, and that both doses produced a significantly greater effect in NAce
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when compared to PEC. The analysis of the effects of APO on the amplitude of tail-pinch
chested mercases in NAce and PHC revealed a significant mam effect of treatment (£ 2. 16
=794, p < 0.01), but no effect of region or treatiment by region interaction. Analysis of
simple etfects mdicated a sigmificant effect of APO at the high but notthe low dose; the
collapsed mean amplitude of signals recorded in NAce and PFC following injection of
[00peg/he of APO was significantly lower than the corresponding collapsed means in the
sahine condition  Visual mspection of the data suggests. however, that mercases in NA«ce
were more strongly attenuated than those in PEC. Similar results were obtained from the
analysis of APO effects on the duration of tail pinch ehicited mcreases. There was a
sigmificant eftectof treatment (F 2,16 = 9.86, p < 0.01) but not of region and no region by
treatmient interacton: s imple effects analysis revealed an effect of APQat the high but not
the low dose. Here again, st appears that the treatment effect 1s due raostly to an altenuation
of signals recorded v NAce. Figure 6 <hows representative clectrochemical records of the

etfects of A in NAce and PHC (ligure 6),

Lifects of GBR 12909

The effects of GBR 12909 pretreatment on stress-induced electrochenucal signalsin NAce
and PFC are summartzed in Figure 7. Two-way ANOV As were performed to test the
cffects of the drug pretreatment on the amiplitude and duration of restramtinduced increases
in electrochenuceal signals recorded in NAce and PEC (region) Significant maim effects of
drug treatment were tound on both the amphitude (£ 2, 14 =537 p < 0.05), and the
duration (b 2, 14 = Q.59 p < 0.01) of restrant elicited signals at the 10mg/hg dose.
However no sigmficant effect of region and no region by treatment interaction were found

at this dose on either amphitude (region; E 2, 134 = 1.99, p> 0.05, interaction; E 2, 14 =
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1.94. p > 0.05) orduration (region:F2, 134=198. p> 005, interaction; k 2. 1= 1.R2,
p>0.05). Representative electrachenmical records of stress cheited inereases following,
GBR 12909 administration are presented in Figure K.

Figure 9 shows the average ratwo of the reduction and oxidation currents reconded 1n
NAcc, PFC and STR during restramt on days 1, 3. and 5. A can be seen, the between
days variations inred:ox ratios of recordings m NAccand STR range fromapproumately
0.6 to 1.0, while those in PFC range from 08to 1.0. The scale on the nght sude of the
figure serves to mdicate the range of red:ox ratios for electroactive species that can be
oxidized at the applied potential used.

Figure 10 show s the results of the histologacal analysis. The damage produced by the tip
of voltammetric clectrodes implanted in NAce was confined to the atea medial to the
anterior commissure W hereas striatal placements were located m the wmedial and central
aspect of this structure. PFC placements were located medially to the corpus callosum at

the level of the 1nfralimbic cortex.
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Fig. 6. Example of chronoamperometric signals recorded in NAce of one animal during

restraint 15 mun alter njection of apomorphine (APO) (100pg/kg < ¢.) or of vehiele
(VEH); 24 hours separated the APO and VEH njections.  Data are expressed as
micromolar changes in DA concentration. Length of honzontal bar corresponds to duration

of stress.



26
MAXIMUM AMPLITUDE

1100 7 T
100 . e
—~ 900 . PFC
) ]
- ’é X(K)'_
49 700
7 ]
é—é Z 600 o
] ]
LS 500
Z & 007
4 0
=0 ]
< O 2007
1)) - ,
o Vi
Sahne GBR (5) GBR (10)
DURATION
L
o
> E
O ¥
W 5
(a )
%
Z =
< 7,
Lo
= O

Saline GBR (%) GBR (10)

Fig. 7 Mean percent changes (+1 S. E. M.) from baseline in the magnitude (top) and
duration (bottom) of electrochemical signals in NAce (n=5) and PFC (n=4) elicited by
restramnt stress following pretreatment with GBR-12909 (GBR: Sand 10 mg/hg i. p)and
saline. Asterishs above horizontal bars indicate significant ditferences of the collapsed
means (of PEC and NAce) at 10mg/he GBR-12909 as compared to saline.



27

12
GRR 1 2909
" , M"‘*’“\.
g Fﬁ\'m}\"\jﬂ
f o f o
R JJ,M
§ ’bq ! Vit
. /" Al -
JM“ "“\l'u.“"”*}‘( ‘W"‘W‘%\A,\M' '\\
LS E Thgv., v' N, ﬂ\‘\\
o A e
5 e i “2'0 T ' ' ‘l()‘nun )
TIVE
1.2
m BIR 12904
3 Mo,
2 M,
§ -G ."M'\'M’b WMM.‘"&W
B / i \rx LY
‘-f‘v"\w '
| %"”r \“‘“‘:‘W“M‘W‘w
' ol
o ol i,
5 2'0 q UI‘HIH
TN

Fig. 8. Examples of chronoamperometnc signals recorded in NAce of one ammal and in
PFC of another animal exposed to restramt stress 60 mum after njection of GBR 12900
(10mg/kg 1. p.) or vehicle (VEH); 24 hours separated GBR-12909 and VEH injections

Data are expressed as meromolar changes 1n [DA concentration
corresponds to duration of restraint

Iength of horizontal bar



28

B Stawm
Accumbens
9.
.2 PFC
E 10 -
¢ | DOPAC
g 0.8
&’ DA
7”06 [~
<
Q [ .
NE
M0 —
7
#
o2 -
. 5-HT
00 L AA

Fig. 9 Avernge (+ 1S B My rattos of reducuon and oxidation currents recorded in
NAce (n-5), PIC (n-=5) and STR (n=3) of animals subjected to repeated daily restraint.
Scale on the nght ade mdicates the range of red:ox tios for electroactive species that are
oxtdizable at the apphied potential used 1n the present study. Note thatacross five days of
testing the ratiws remam withan the range associated with the oxidaton of DA and its
metabolite DOPAC



29

.
' ~. ]
> |
\\
\\
i
\
! \
| .
\
l \
\
l \
, / / \
H AR 3
N
N i
i
]
% H [ ] v
o
m"a / o
, ® o
\
\ }‘f / L
/
.. [}
' “ 4 ¢
¢ -‘\\ . , A .-
L RN TR ..A ~
. /
l‘\\ \ / ; ' P N ‘.l
'
] ‘- !
| 14 ! / ; 3 .‘ A t
Yo / L, ; - o
\ . ;o , I *
v ! Il, ,‘/ A !
e s
i - \ e
s , - j N .
N V. \
»""/7
T T —_—
/ .
~
~— ’
N
AN
N
N
AN
N
}
/, £
!
’
. i
A {
/ " ® I
A A @4
Wam , e *
A L7 v
-i " \/ Y [ ] x\’
\
a / 1
’
/
| ) !
.

Fig. 10 Histological reconstruction of voltammetiic electrode placements i NAce and
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animals used to test the effects of apomorphine on tal pinch (right) and restramt ehated
(feft) signals. Electrode placements i GBR-12909 expenments were found to be within
the areas indicated by other placements llustrated here. and therefore tor clanty are not
shown.
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5 DISCUSSION

The results of the present study indicate that stress stimulates the accumulation of an
clectroactive species i the extracellular space of NAce, PFC and STR. and that the
magnitude of this accumulation depends to a sigmificant extent on the number of previous
exposures 1o stress and on the type of stress used. In vivo electrochemical techniques do
not allow the electroactive  pectes contnbuting to the signal to be positively identified.
However, the present data are consistent with a major contribution of dopamine (DA) to the
stress-cherted mereases 1o electrochemical signals recorded in these areas. There are
several lines of evidence to support this.

With the chronoamperometnic technique used in the present study . the potential between
the recording and reference electrodes 1« momentanly increased to a level at which the
neurochemical of mterest 1s oxidized, and then retuimed to resting level. The rapid change
i potentral thus allows the measurement of both ovidation and reduction currents of the
predomimant electroactive spectes i the extracellular space. While several constituents of
the extracellular space are ovidizable at the applied potential used, these all differ in the
extent towhich they are reduced. thus the magnitude of the reduction current 1n relation to
that ot the oxrdation current treduction oxidation ratio, or red.oa ratio) s unique for each
compound 1t has been shown previousty (Gratton et al |, 1989) that red.ox ratios of 0.6-
08 are typically obtaimmed when DA s the primary contributor to the electrochemical signal.
I'he onidation of dihydrovy phenylacetic acid (DOPAC), the primary metabolite of DA, is
atmost entirely reversible (red:ox = 0.9 to 1.0). whereas that of ascorbic acid is virtually
irrey erstble (redox = 00). Serotonin (5-HT)Y and norepinephrine (NE), two other
clectroactive species present in NAce and STR at relatively lower concentrations than DA

have red:on ratios of 0.1-0.2 and 0 3-0.5, respectively. In the present study, the red:ox
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ratios measured during the maximum response to stress ranged from 0 6-1 0, indicating
that the electrochemical signals elicited by stress reflect an increased avaulibadity of DA and
probably also of DOPAC at the surface of the voltammetrie clectrode. Baperiments in
anesthetized (Gratton et al | 1988; Gerhardt et al . 1986) and recently fieely behaving
apimals (Mitchell and Gratton, 1991, 1992) have confirmed the usefulness of red oy ratios
in identifying the species beng measured

That the electrochenmiteal signals reflected the oxidation of DA 18 also suggested by the
fact that apomorphine (APO), a muxed D1/D2 receptor agomst, sigmitrcantly attenuated the
increases i signals elicited in NAce by tarl pinch and sestraint stress "The imhibitory etfect
of APO is most likely due to the drug's action at DA antoreceptor sites. Meso NAcee DA
neurons possess three types of autoreceptors; release and synthe sis modualating receptors
located on nerve terminals, and impulse-regulating receptors on DA cell bodies and
dendrites (Chiodo. Bannon, Grace, Roth and Bunney, 1984). These autoreceptors provide
negative feedback control over DA neurotransmission, increased DA at antoreceptor sites
results 1in compensatory decreases i firing, release and synthesis, whereas decreases i
extracellular DA cause compensatory mcreases in these processes At doses similar to
those used in the present study, APO has been shown to have a higher affimty for
somatodendritic than post-synaptic DA receptors, and thus to sclectively mhibit
spontaneous DA cell finng (Shirboll, Grace and Bunney, 1979)  Admustration of similar
low doses of APO can also cause a decrease in the amount of DA released with each action
potential (Timmerman, Dubocovich, Westerik, De Vres, Tepper and Horn, 1989),
presumably by an action of the drug at release modulating receptors on DA termmals
(Skirboll et. al., 1989). Thus these findings suggest that the inhibitory effect of APO on

stress-elicited increases in the electrochemical signals reflects a reduction in the excitability
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and finng rate of meso-NAcc DA cells, and possibly also a compensatory decrease in the
amount of axonal DA release.

Unlike NAcc, stress-ehicited signals in PFC were not attenuated by APO. The
differential effects of APO on the meso-PFC and meso-NAcc DA neurons likely reflects
known physiological differences between these systems  Although meso-PHC DA ncurons
possess refease modulatimg receptors, unlihe meso-NAcce neurons they do not appear to
have impulse-regulating receptors (Wolf, Galloway and Roth, 1986)  Thus stress-elicited
mcreases 1 meso PEC DA cell firing would not be expected to be affectea by APO.
Although it remaims to be tested directly, the fact that APO failed to attenuate stress-induced
ssgnals tn PRC atso indicates that impulse- rather than relecase-modulating receptors
mediated the imhibitory effects of the drug on the stiess response in NAcc: suggesting,
atbert indirectly, that stress inereases DA release by increasing the fining rate of DA
neurons There are few studies on the effects of stress on DA cell firtng. Stress-induced
changes in finng rates of A9 DA neurons have been observed i anesthetized rats (Chiodo,
Antelman, Cagemla and Laneberry 1979), 1n 1esponse to tail pinch 50% of identified DA
neurons decreased thew firmg rate. while 509 showed an increased firng rate. Trulson
and Preussler (1984) showed increased finng in identified A10 DA neurons in cats in a
condittioned emotional response (CER) paradigm, while Kiaytkin (1988) reported increased
finng in DAergic and non-DAergic A10 cells with a brief exposure to tail pinch.

Alternatively, the farlure of APO to block the stress response i PH(C may indicate that
an electrochemical species other than that of DA was responsible for the electrochemical
stgnals observed m this region However, this explanation could not account for the fact
that GBR 12909, a hughly sefective DA uptake mhibitor, dose-dependently potentiated

restrant ehictted signals in NAce as well as PFC. Taken together, these results strongly
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suggest that tail pinch- and restraint-elicited increases in signals recorded 1 NAce, PHC
and STR reflect primarily increases in extracellular DA levels. These findings are generally
consistent with previous reports of restraint stress-induced mereases m extraceliular DA
levels in NAcc and PFC' (Imperato et. al., 1992, 1991; Watanabe, 98D, as well as with
those of increased DA neurotransmission m response to other types ol stressors (Sotg,
1992; Abercrombie et al, 989, Roth et al (1988, Deutch et. al, 1985, 1987, Claustie et.
al., 1980; Kuottet al,1986; Keller et. al | i983. for examples).

The present data indicate that, imtiatly. me<o PEC newrons are more responsive to the
stimulant effect of stress than are meso NAcce or nigrostniatal DA neurons,  the first
exposure to either restraimnt or tarl pinch stress caused a greater increase i DA levels m PHC
than in NAcc or STR levels of DA The duration of restraunt-mduced increases i PHC DA
levels on day 1. for example, was more than three times greater than those chieited m NAce
and STR, and the amplitude of the first tatl pinch-ehicited DA refease in PEC was two times
greater than those recorded in NAce or STR. These results are i general agreement with
those of most previous in vivo (Imperato et al |, 1992, 1991, Aberctombie et al | 1989) and
post-mortem (Roth et. al | [988: Deutch et. al | 1985; Lavielle et al., 1978 hierry et al
1976, for examples) studies indicating a higher responsivity of the meso-PHC DA system to
a variety of stressful stimuhi. We can only speculate as to the reasons why the meso PHC
DA system appears initially to be more responsive to <tress than the meso NAce and
nigrostriatal DA systems. It may reflect, as some have suggested. the differences n
autoreceptor regulation between these systems (Bannon, Freeman, Chiodo, Bunney and
Roth, 1987)  Stress-induced release of somatodendiitic DA would activate impulse

regulating receptors on meso-NAce and nigrostriatal DA neurons, resulting i a

compensatory reduction of firing and a dampened response to continued exposure to stress,
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If this 1s, 1n fact, what 1s occurring then the higher responsiveness of meso-PFC DA
neurons to stress may arise from their lack of impulse-regulating receptors. Indeed, the
higher basal firing rates and increased DA turnover seen in meso-PFC neurons has been
attributed to therr lack of impulse-regulating receptors (Bannon et al., 1987). These
differences may also underlie the different potentiating effects of GBR-12909  Although
DA reuptake inhibition enhanced the restraint-induced increases in extracellular DA in PFC
and NAcc, the amphitude of these signals was potentiated to a greater extent in NAcce
(6009%:) than 1n PHC (200%) while the reverse was true for the duration of these signals
(PFC=500%., NAcc 2007%). The reasons for this difference are not clear  Nonetheless
GBR 12909 would be expected to also mcrease the levels of dendntically-released DA,
mhibiting firing of meso NAce but not meso-PFC DA neurons through activation of
tmpul<e regulating receptors, thus reducing the duration of the stress-elicited signals in
NAcc relative to those i PHC

In the present study DA levels in NAce and STR usually returned to baseline levels
before the end of the stress penod on day 1, whereas those in PFC remained above
bascline levels long after the end of the stress period  Furthermore, upon termination of
restrait stress a further mcrease mn DA levels was recorded 1n PEC: this effect, however,
was observed on only one occaston m one rat i from both NAcc and STR. Other in vivo
studies have reported similar post-stress increases i extracellular DA in PRC as well as in
NAcce (Imperato et.al. 1992, 1991). This finding suggests that the 1dea of 'preferential’ or
selective’ activatnion of PFC by stress actually reflects the mitation of post-mortem
measurements of tissue DA levels: post-mortem assays would more readily detect the
tong-lasting increases in DA levels in PRC than the transient iereases in NAcce and STR.

The increase i striatal DA fevels i response to the first exposure to restraint stress and

to a lesser extent, tail pinch stress in the present study is not surprising: 1ncreases in striatal
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DA have been previously reported by investigators using in vivo techmques (Abercrombie
et. al., 1989; Knott ct. al., 1986, Keller et. al.. 1983, but see Heyes et al | 198R)

However, 1n the present experiment no obvious differences were observed between the
NAcc and STR responses to the Ist exposure to either tail pinch or sestrannt, whereas recent
microdialysis experiments reported erther a sigmficantly smaller stress respouse in STR
than in NAcc (Abercrombie et al |, [989) or no response in STR at all (hmperato et al.,
1989, 1991). We can only speculate as to the reasons for this difference  One possibifity o
the fact that the density of DA transporter sites 15 higher in STR than in NAce (Cass,
Gerhardt, Mayfield, Curella, Zahniser, 1992: Scatton, Dubois, Dubocovich, Zahmser and
Foge, 1985). It may be that the greater number of uptake sites tor DA in STR Linuts the
time for recently released DA to ditfuse across the membrane of the dialysis probe. In
support of this hypothests, Keefe, Stricker, Zigmond and Abercrombice (1990) observed
greater stress-induced increases in extracellular stnatal DA i animals with partial 6
hydroxydopamine lestons than n sham-lestoned animals  The authors attributed this
difference to the reduced number of uptake sites in the dennervated stiatum and to the
resulting decrease 1n clearance of DA from the extracellular space  "The ngh density ot
uptake cites in the STR, however, would presumably be fess of a factor when rapid
detection techniques, such as chronoamperometry are used to monitor extracellular DA
levels.

The present results indicate that the magnitude of restiait-ehicited clevations in DA
levels 1in NAcc, and to a lesser extent in STR. increases with daily testing ‘The
reduction:oxidation ratios of signals recorded i NAcc and STR were found to reman
within the range expected for DA across the tive days of testing (figure 9), indicateng that it

was the extracellular accumulation of DA which was progressively enhanced with cach
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daily exposure to restraint. and not that of another electroactive species. Sensitization o
meso-NAce neurotransmission with repeated stress has been reported previously (Kalivas
and Dufty 1989) T hat the effects of restrant stress were more potently enhanced m NAcc
than i TR with repeated testing 1s consistent with recent voltammetric evidence showing
that repeated presentation of a naturally-occuning rewarding stimulus enhances DA
overflow nto the extracelular space 1n NAcce but not in STR, where the amphtude of
released DA tended 1o decrease with repeated testing (Mitchell and Gratton, 1991). The
effects of repeated restramt on extracellular levels of DA m NAcc are also consistent with
those observed following repeated admimstration ot a number of diugs that enhance DA
neurotransission  Dopanune release and DA -dependent locomotor activity elicited by
oproids or psychostimulants are sensitized with repeated administration of these drugs
(Sorg and Kalivas, 1991+ Kalivas et al [ 1988; Kiaythin, 1988: Robinson and Becker,
1986; Hahn et al 1986: Antelman, kuchler, Black and Kocan. 1980)  In addition, cross-
sensitizatton occurs between stress and oprates (Leyton and Stewart 1990, Kalivas and
Abhold, 1987), cocame (Sorg and Kalivas, 1991) and amphetamime (Robinson, 1988;
Herman et al.. [984). Repeated exposure to stress later enhances meso-NAce DA release
as well as locomotor activity eliciied by cocane, opiates and psychostimulants (Sorg, 1992;
Leyton and Stewart, 1990: Hahn et al | [986: Robinson et al., 1985: Herman ct. al..
1981, and 1epeated adnunistration of these drugs sensitizes meso-NAce DA function to the
stimulant effect of subsequent stress (Sorg. 1992- Kalivas and Duffy, 1989). Taken
together the present results and those of previous studies snggest that with repeated
adnimistration, stress shares with a number of drugs abused by humans the ability to
increase the responsivity of the meso-NAce system to further stimulation.

In contrast to the results of this and other studies, Imperato et. al. (1992) recently
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reported a progressive decrease in DA release in NAcce 1in response to repeated once daly
restraint for 60 minutes; these authors failed to observe any ncrease in the DAergic
response to the third and all subsequent exposures to restraint stress. The reasons for the
difference between the present results and those of lTmperato et al (1992) remam, tor the
moment, a matter of speculauon. It s possible that the different durations of restrannt (60
versus 15 minutes) conwributed to the discordant findings.  However, a simlar
enhancement was observed when animals were resttamed once daly for 30 nunutes (data
not shown). A troubling aspect of the study by Imperato et al (1992) is that cach daily
response to stress was montored with the same microdralysis probe 1t has been well
documented that the recovery of neurotransmitters, including DA Cdininishes diamatically
when the probe hics been i the brain for more than three-four days (Camp and Robison,
1992). In their study. Imperato et. al attempted to address this ossue by showing that
halopendol. a DA receptor antagomist, produces similar, vittually tdentical, mereasesin
DA, DOPAC, and HVA on the Ist, Sth and [0th days after implantation, suggesting that
DA recovery by thie probe does not dimumish over several days m the brain However,
recent studies have shown that a single iqjection of sahine, a stressful stimrnlus, enhanced
haloperidol-induced catalepsy i< days later (Antelman, Cagguila, Kocan, Meyer, Tdwards
and Barry, 1991), and that ten days after a single short-lasting exposure (10 munutes) to a
novel environment, another well known stressor, DA release ehicited i NAcce by
haloperidol 14 enhanced (Antelman, Kocan. Knopf, kRdwards and Cagguila, 1992)
Further, a single ingection of haloperidol resulted i an enhanced cataleptic response to
subsequent haloperidol injection 10 days later ¢ Antelman, Kocan, bBdwards, Knopt, Perel
and Stiller, 1986). These findings suggest that a brief exposure to stress, including that

produced by an introperitoneal injecuon, or mjection of haloperidol 1tself, is capable of
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tncreasing the response of meso-NAcc neurons to future administration of haloperidol.
Thus, the lack of any change 'n responsiveness to intermittent systemic injections of
halopenidol reported by Imperato et al. (1992) is at odds with data indicating an enhanced
DA responsiveness with a similar treatment. 1t may be. then, that the results obtained by
Imperato and colleagues doin fact reflect a diminished DA recovery by the microdialysis
probe, rather than support the notion of 1ts long-term patency  situ,

Unhike what was observed m NAce, repeated restramt stress did not result in a
progressive enhancement of extiaceHular DA levels i PFC during the 15 minute stress
interval. However, a further mcrease in signals in PFC was observed upon termination of
the restramt peniod, and it was these post-stiess increases that acheived greater, although
not statisteally sigmificant, amphtudes across the five days of testing  The few studies that
have examimed the effects of repeated stress on PRC DA release suggest that repeated or
chrome stress may sensitize meso-PHC DA neurotransmission  Long-term isolation stress
has been shown to increase tyrosine hydroxylase activity in PFC (Toru, 1982), and
Richardson (1984) found a sigmficant increase in post-mortem levels of forebrain DA in
antmals repeatedly exposed to restramt stress (one houi daily for five days) compared to
those recening acute (one day) restiamt.

It 1s possible that the day-to-day enhancement of post-stress increases of meso-PFC DA
neurons seen i the present study may actually reflect, in part, a mereasing contribution of
norepiiephrine (NB) rather than DA There 15 2 substantial noradrenergic imnervation in the
PEC (Glavm, 2985), and higher corical NE levels have been reported in stressed amimals
(Rossetti, Portas, Pami. Carbom and Gessa, 1990, Irwin. Ahluwalia and Anisman, 1986),
and some evidence suggests a sensitization of cortical NE activity after chronic stress
(Adell. Garcra-Marquez. Armarnio and Gelpt, 1988; Irwin et. al. 1986) To what extent NE

may be contitbuting to the signal 15 not clear; the red:ox ratios though, suggest it is
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minimal. Asin NAcc and STR, the red:ox ratios remained within the range associated with
DA across the five days of testing  Furthermore, restramt-clicited mereases were found to
be markedly potentiated by selective DA uptake blockade

In contrast to restraint repeated exposure to tasl pinch did not result i an enhancement of
electrochemical signals in NAcc: rather, there was a tendency towards a decrease i stress
elicited signals with iepeated testing Thas trend was more evident in SR where the day to
day decrease in the magnitude of tasl pimch-elicited signals achen ed statisticad siemificance,
While other mvestigators have reported that meld taill pinch sensitizes there anpmals to the
locomotor stimulant eftect of amphetamine, and vice versa (Antelman, achler, Black and
Kocan. 1980), 1t appears that this type of stress is not sufticiently potent to sensitize DA
release on its own.

The exact mechamsms that control the development of sensitization of DA neurons to a
given stimuli are presently unknown, although increasing evidence pomts to the VIA as a
critical site for the mduction of sensitized behavioral responses to drugs that Lacthitate meso
NAcc DA neurotransmission (see review by Kalivas and Stewart, 1991)  Another
potentially important site 15 PFC 1t has also been shown that depletion of PEHC DA will
result in enhanced sensitization produced by repeated admimistration of pharmacological
and environmental stimuly - Matchell and Gratton (1992), for example, tound that while
sensitization of meso-NAce activity occurred with repeated exposure to seaual oltactory
cues, this sensitization was further enhanced in animals previously depleted of DA PEC
Furthermore. they reported that repeated darly presentation of a palatable food rewulted in
relatively similar increases across testing days of extracellular DA m NAcc, but that the
food-elicited DA release was progressively enhanced in animals depleted of DA in PHC.

Dopamine depletion in PFC has also been shown to enhance both the locomotor response
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after repeated amphetamine (Banks and Gratton, 1992; Bannon and Roth, 1983), as well as
extracellular DA levels i NAcce (Banks and Gratwon. 1992). The data of Mitchell and
Giratton (1992) are particularly interesting. 1n the context of the present study. The lack of
sensitized DA release with repeated food presentation they observed i intact ammals is
similar to the lack of sensitization to tail pinch in the present experiment, suggesting that
iepeated tail pinch could sensitize NAce DA neurotransnission 1in PFC-lestoned amimals.
These data taken together suggest that alterations 1n meso-PFC DA activity or a system
whose activity 1s dependent on meso PEC DA may underlie in part the development of
sensitizatized meso NAce responses to environmental and pharmacologreal sumuli. One
such output pathway from PFC may involve excitatory anuno acids (EAA).
Neuroanatomicl and tract tracing studies have found evidence for an EAA nput from PFC
projecting to the NAce as well as the VTA (Sesack. Deutch, Roth and Bunney. 1989;
Christie, Bridge, James and Beart, 1985; Christie. James and Beart, 1985, Walaas, 1981).
There 1s evidence that FAASs can stimulate the meso-NAcce pathway at the level of the cell
bodies tn the VIA (Kahvas, Duffy and Barrow, 1989) and ternunals in NAcc (Jones. Snell
and Johnson, 1987)  Bilateral mpection of amphetanmune ato PEC. for example. decreased
the focomotor hyperactivity produced by mtra-NAcc amphetamine, while injection of the
DI antagomst, SCH-23390, mto PR(C further enhanced the increased locomotor response
to intra NAce amphetanune (Vezina, Blane, Glow skt and Tassin, 1991). Dopamine
depleting lesions of the PEC have been shown to potentate the inereased DA turnover in
NAce produced by footshock stress (Deutch, Clark and Roth, 1990)  The mechanism by
which the mibitory wtluence of PEC on DA release m NAcc 1s reduced with repeated
stress has vetto be wdentified. The ability of PEC activity to modulate subcortical activity

may decrease as a result of a reduction i the effectiveness of the meso-PFC DA pathway;
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this possibility 1s suggested by lesion studies of the PFC' DA innervation However, since
results of the present study indicate that the DA response in PEC to restraint does not
change with repeated daily testing. while that in NAcce mereases, it seems hikely that the
develormen® of sensitization in NAcce reflects a change 1 the meso-PHC DA system; the
present data however do not rule out the possibility of a decrease i post synaptic DA
receptor affinity or density in PFC Conversely the meso-NAcc termmals may themselves

become miore responsive to a descending excttatory mput from PEC duning sensitization

In conclusion the findings reported in this thesis have a number of implications. The
fact that meso-NAcc DA neurotransnussion sensitizes to the stmulant effect of some types

of stresses as 1t does to that of drugs commonly abused by humans mmphicates

environmental stresses in the development of drug addiction and 1o the frequent refapse
experienced by former addicts during the imtial period of abstinence

The present results also raises important questions about the idea that the meso NAce
DA pathway is a critical component of the circuitry that controls behaviors motivated by
rewards. The fact that the meso-NAce DA system is activated by rewarding as well as

aversive stimuli suggests that 1t mediates behaviors motivated by any behaviorally relevant

stimuli.
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