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SUMMARY

We have investigated the hypothesis that high-abuse pharmacological

agents with ostensibly different biochemical and behavioral effects have a

common influence on the central reward system as measured by intra-
cranial self-stimulation. We have investigated the effects of the optical
isomers of amphetamine on different central reward sites and have found
that differential behavioral effects can be obtained within the reward sys-
tem. Biphasic effects on self-stimulation are obtained upon repeated
morphine administration. These effects are site and dose-dependent.
Synergistic effects are obtained with cholinergic agents. Effects similar
to those of morphine were found with pentobarbital. These diverse
agents facilitated self-stimulation, though the time course, amount of

facilitation, and site of effect differed across pharmacological agents.

We investigated specificity of response rate and refractoriness
within the central reward system using the monophasic cathcdal/anodal
technique to differentiate between heretofore homogeneous self-stimulation
areas from which differential drug effects are obtained by superimposing
the isomers of amphetamine on this technique. We are able to determine
directionality of fiber pathways in the central reward system(s). Des-

truction of one part of the reward system was found to abolish or drasti-

cally reduce self-stimulation behavior in another part, but d-amphetamine

reverses this process while l1-amphetamine does not.




FOREWORD

In conducting the research described in this report, the investi-

gator(s) adhered to the Guide for Laboratcry Animal Facilities and

Care, as promulgated by the Committee on the Guide for Laboratory

Animal Resources, National Academy of Sciences, National Research

Council.
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GENERAL INTRODUCTION

Throughout this contract, we have investigated the hypothesis that
high-abuse pharmacological agents with ostensibly different biochemical
and behavioral effects have a common influence on the central reward
system as measured by intracranial self-stimulation. We contend that
pharmacological agents with high-abuse liability alter the central reward
system in addition to exerting their specific behavioral effects; in con-
trast, non-abuse agents do not facilitate the central reward system.
Hence, such diverse agents of high abuse as stimulants, narcotics and
barbiturates should alter self-stimulation in a facilitatory manner be-
cause their common basis of abuse is the activation of central reward

mechanisms.

Our studies thus far have comprised two majof approaches: (1)
investigation of localization of sites of action within the central reward
systems of stimulants, narcotics and barbiturates; and (2) investigation
of those sites altered by high abuse potential drugs to elucidate the
nature of central reward mechanisms, to characterize their physiologi-
cal interactions, and to systematically manipulate one part of the re-
ward mechanism in order to affect anothef part. Specifically, the first
approach has investigated the effects of the optical isomers of ampheta-

mine on different central reward sites and has found that differential




behavioral effects can be obtained within the reward system. The first
approach also included investigation of the effects of repeatea morphine
administration across doses. These studies demonstrated biphasic

(depressive followed by facilitatery) dose-dependent effects on self-

stimulation from distinct neuroanatomically distinct loci. We report
the synergistic effects of morphine and cholinergic agonists/antagonists.
Finally, the first approach investigated the effects of sodium pentobarbi-

tal (Nembutal) on two neuroanatomical loci over repeated administrations.

In all three cases, these diverse agents facilitated self-stimulation,
though the time-course, amount of facilitation, and activated loci

differed across pharmacological agents.

The second approach concerned three categories of experiments;
the first investigated specificity of response rate and refractoriness
within the central reward system of discrete and distinct neuroanatomical
loci that are closely adjacent. We used the monophasic cathodal/anodal
technique to differentiate between heretofore homogeneous self-stimulation
areas where differential drug effects could be obtained. We have estab-
lished that these distinct neuroanatomical loci which sustain self-

stimulation behavior are indeed a physiologically interrclated system.

T S T A I T 0

This was done by using behavioral measures to estimate the magnitude

of neurophysiological interactions between intracranial self-stimulation
(ICSS) sites; moreover, we present preliminary data determining direc-

? tionality (ascending or descending) of the system. It was determined




that this system is pharmacologically differentiable, that is, when a part
of the system which equipotently reacts to both isomers of amphetamine
interacts with a part of the system which reacts only to d-amphetamine,
a large behavioral interaction occurs. When both interacting parts are
only d-amphetamine reactive, a small interaction occurs. Thus, dis-
crete localization of sites which are differentially affected by drugs be-

have differently with respect to one another.

Finally, but certainly not least important, it was found that destruc-
tion of one part of the reward system will abolish or drastically reduce
self-stimulation behavior in another part, but that d-amphetamine, a
high-abuse agent, reverses this process while 1-amphetamine, a non-

abuse agent, does not.

During the contract period, we tested over 300 rats, filling 212
conditions, in various phases of these expe-riments; rats were intro-
duced to these conditions after they had achieved stable baseline re-
sponding (a minimum of three days to a maximum of three months).
The following list enumerates ten series of experiments which were

run during the contract period.

I. Differential effects of morphine on self-stimulation over

hours, dosage and days.

e
. . %

. Effects of cholinergic agents on seclf-stimulation over hours

and days. .




1. Interactive effects of cholinergic agents and morphine on

self-stimulatior. Lver hours, dosage and days.

IV. Effects of morphine on rate-intensity functions.

V. Neuroanatomic differentiation of the d- and l-isomers of
amphetamine.

VI. Differential effects of d- and l1-amphetamine on the reinstate-

ment of ICSS following locus coeruleus lesions.

V1I. Effects of pentobarbital on self-stimulation over hours and
days.
VIIiI. Behavioral evidence for neurophysiological interactions

between intracranial "reward' loci.
IX, Neuroanatomical differentiation of self-stimulation sites:
specificity, refractoriness, and directional interactions

of self-stimulation sites.

g o Ty -

VPEPEIR M |

X. Preliminary testing of the effects of amphetamine as

determined by a double-pulse (C-T) technique.
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SPECIFIC EXPERIMENTS

The following seven specific experiments supported in part by

. Army Contract DADA 17-73-C-3072 are attached:

D- and L-Amphetamine Differentially Mediates Self-Stimulation

in Rat Dorsal Midbrain Area

Differential Effects of Unilateral Dorsal Hindbrain Lesions on

Hypothalamic Self-Stimulation in the Rat

Alteration of Escape from Rewarding Electrical Brain Stimulation

by D-Amphetamine

Comparison of Behaviors Elicited by Electrical Brain Stimulation

in Dorsal Brain Stem and Hypothalamus of Rats

Behavioral Interactions among Rat Brainstem and Hypothalamic

Self-Stimulation Sites

Directionality of Neurophysiological Interactions between Brainstem

and Hypothalamic Self-Stimulation Loci in Rats

Intracranial Self-Stimulation Site Specificity: Monopolar Activation

of Bipolar Electrodes.
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ATTACHMENT 1
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D- and L-Amphetamine Differentially
Mediates Self-Stimulation in Rat Dorsal
Midbrain Area' t

e

STEVEN J ELEMAN ROBERT B ACKERMANN, RICHARD 1 BODNAR

|

FRANCES JACKLER AND SOLOMON S STEINER
| . Department of Pxvchology, Ciuv College of New York ‘
' New York NY U S A4 10031t ]
1

(Receved 1o Seprember 1974)

FLIMAN, S 30 RO FOACKERMANN, R) BODNAR, | JACKLER AND S § STLINER o and | Amphetanune
duterentially  mediates self stmudation e rat dorsel mudbram grec PUYSIOL. BEHAV. 16(1) | 7, 1976

Intaaccantal seltstmulation (USSHY response tates elicited  trom the dorsal notadrenergie bundle are enchanced by
damphetamine but not by Lamphetamine, sugeesting notadrenergic mediation Both somers equally enhance 1CSS
respome tates ehicited from the mud vential pedagueductal area tthe oculomotor nucler, the interstitial nucler, the dorsal

raphe nuclel, and the medial longitudinal tascicutus), suggesting dopaminergie mediation

Intracrantal selt stimulation Dorsal noradienergic bundle

Dopamine doand FAmphetamine

BASED on pharmacological data obtamed trom by po-
thalamic and locus coereleus (LCY intracrantal selt-stimu
lation (1CSS) sites, some investigators (2, 31, 32 36| have
conrcluded that TCSS s mediated primarily by norepineph
rine. However, Plullips and Fibiger [ 27 have posited that
at least one 1CSS site, the substantia nigra (A-9), s
mediated by dopamine  The rationale tor thett experiment
was based on tindings [ 5, 0, 35| that damphetamine s 8 (o
10 times as potent as Lamphetanune teleasing vatechol
amines i noradrencrgie termnals, while equipotent i
dopaminergic termmals. Plullips and Bibger compared the
effects of & and Lamphetamine on by pothalamie and
substantia  migra TOSS response  rates and townd that
hypothalamic TOSS ates are signiticantly  enhanced by
damphetanine, while substanta nta tesponse rates are
equally enhanced by both somers

Several anvestigatons have  tound  that omudbeam and
pontine dosal bramstem electrode sites support 1CSS Fog
example, peraqueductal midbram and adacent tegmental
areas support LSS [40 7010, 19, 28, 250 W], as does the
LC (a noradrenergie pontine penventooular nueleus) and s
ascending  projection,  the dorsal noradrenergie bundle
(DNB) [8, 11 31 2900 Stemn, moseveral studies (31, 32,
dol using pharmacological agents such as deamphetamine,
diethy ldithiocarbamate and pinoside, concluded that 1CSS

Pettaquedud tal midbrain Norepinephrine

clicited from the hypothalamus and 1C s mediated by
norepinephnne. Indeed, Stem concluded that all 1CSS s
wmediated by norepmephnne. We (1) tound that LO 1OSS
tesembles hypothalamice 1CSS 1 that d-amphetamine en-
hances LOTOSS pates, but Famphetamine does not

Phis report investigates the eftect of d- and l-amphet-
amine  upon  the antenor portions of the LC, or its
acending projection, the DNB, and the mud-ventral por-
foms of the pernagqueductal aid pontine perventocular gray
area and adjacent tegmentum, specitically such areas as the
ovilomotor nucler, the intensutal nucler, the dorsal raphe
nucler, and the medial longitadimal tasciculus

METHOD
tumals and Frocedure

Pwenty -one mate albino Sprague-Dawley tats (375500
gl owere anesthetized with bquithesin (Jensen, 1 oml k),
plaved wmoa Nopt stercotanie insttument, and tplanted
with a stamdess steel bipolas clectiode which was 008 mm at
s wadest extent and completely imsulated except at the ap
In cach anmmal, the electrode was amed at 1ot 2 areas (a)
the peoagueductal andbran wm the area ot the medial
longitudmal tasawcutus, desnated mdventral (MV), and
) the DNB With the wmesor bar at - S mm, coordinates

' Supported by NIMI Grant Noo MEUER0% Q2 aind U8 Ary Contiact Noc DADA 17 78 ¢ 3072 Parts of this AP were presented

at the Fastern Py ehioloscal Association i Apal, 1974

TSend repomt wegquests o De S b Eman, Depattineat ot Bayvehodogy . Haseis Hall, Room QLY Gy Colleee of New Yok, 138 St oand

Amsterdam Ave , New York, NY 10041
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were 0.6 mm anterior to lambda, 1.8 mm lateral to the
sagittal suture, and 6.8 mm from the top of the skull and
angled 12" toward the mid-sagittal plane for MV sites; 1.0
to 1.2 mm postenor to lambda, 1.0 mm lateral to the
sagittal suture, and 7.0 mm from the top of the skull for
DNB sites.

Ten days after recovery from surgery, cach amimal was
shaped to barpress in an operant conditioning chamber (sce
[11] for dimensions) on a continuous reinforcement
schedule. Reinforcements consisted of 250 msec trains of
sinusoidal 60 Hz waves passed between the bipolar elec-
trodes. Current was continuously monitored on a differen-
tial input cathode ray oscilloscope by observing the voltage
drop across a 1000 ohm 17 resistor in series with the
animal. Animals were shaped for a mimmum of 1S5
successive daily sessions at a variety of current intensitics
Rats that did not self-stimulate were discarded. All remain-
ing animals self-stimulated daily throughout a 40 mn
session which was divided into five 7 min perniods separated
by | muin timeouts. Data from the first 2 muin of cach 7 mmn
period were disregarded to reduce carry over effects. The
mean response rates over the last S mun of cach 7 min
period were recorded and constituted the dependent
variable 1n all conditions. Crnitena for determiming a
rate-intensity function were the following; during the first 7
min period, the stmulation intensity was sufficiently low
so that the amimal’s mean response rate over the last S muin
of the period was below an arbitranly defined response
threshold of about 10 responses per min. The fifth intensity
sustained self-stimulation behavior at rates which ap-
proached or reached the animal’s highest response rates.
The second, third, and fourth intensities yielded response
rates that were between threshold and peak intensity
response rates. Rate-intensity functions, averaged over §
days, were determined for each animal.

After stable rate-intensity functions were established,
each animal entered the following drug paradigm which
consisted of a series of six 3 day sequences. Days 1 and 3 of
each 3 day sequence served as pre- and postdrug saline
controls respectively. On these days, only saline solution (1
ml/kg. i.p) was imected 30 min before self-stimulation
sessions. On the second day of each 3 day sequence,
animals were mjected 30 min before self-stimulation ses-
sions with ¢ither d- or lamphetamine sulfate (Smith, Kline
& French: | mg ml/kg in saline, IP). Each animal received
both d- and lisomers in successive 3 day sequences in an
a-b-b-a-a-b order which was counterbalanced across amimals
Thus, cach ammal recewed 18 imjections: 3 of the d-
isomer, 3 of the lisomer and 12 of saline. All comparisons
were made between drug days (Day 2) and predrug saline
days (Day 1) Data from postdrug saline days (Days 3) were
disregarded to exclude drug carryover effects.

Eight of the amimals (3 MV, S DNB) were tested in the
above procedure under a vanety of drug doses tor d-am-
phetamine (025, 0.5, 1.0, 2.0 mg/ml/kg in saline, 1) and
lamphetamine (0.5, 1.0, 2.0 mg/ml/kg i saline. IP). These
animals recenved I8 mpections per dose i random order as
described above.

After completion of the expeniment. ammals  were
overdosed with Fquithesin and perfused with normal saline
followed by 100 Formalin. Scral frozen sections were
stained  with lunol fast blue and cresyl violet [1S] and
electrode loct determimed by microscopie examimnation of
the sections.

Response rates under both isomers were compared for

ELLMAN e¢r al.

cach clectrode site. Sites which exhibited a significantly
greater response  enhancement under d-amphetamine as
compared to lamphetamine were grouped into Drug
Category I, while sites which exhibited nearly  equal
response enhancement under both somers were grouped
into Drug Category I Each clectrode locus was determined
without knowledge of its drug category .

RESULTS

In every instance Drug Category | electrodes (n = 10)
were localized within the ventro-lateral portions of the
penaqueductal gray (antenior 1C) and adiacent tegmentum
(DNB). In every instance Drug Category 1l electrodes (n =
) were localized i the mud-ventral portions of the
penaqueductal and pontine penventrnicular areas, and in the
adjacent tegmentum (MV). The latter included placements
as far rostral as the interstital nucleus and as far caudal as
the pontine medial longitudinal tasciculus at the level of the
dorsal tegmental nucleus (Fig. 1)

Table | shows cach amimal’s (a) response rates for peak
mntensities under saline, (b) threshold intensities under
saline and drug conditions, and (¢) diftereace score between
d- and lamphetamine (1 mg/kg). Figure 2 shows the
multiplicative effects on rate-intensity curves obtained from
both sites under d- or l-amphetamine (1 mg/kg) as
compared to the saline condition. This ratio was obtamned
by assigning saline response rates a value of one and drug
response rates a value proportionate to the ratio between
drug response rate and saline response rate (1e, multiplica-
tive effects). Both Fig. 2 and Table | show that in DNB
sites, response  enfancement under d-amphetamme was
significantly  greater than response enhancement under
Famphetamine (correlated ditference score 1 test, p- 0.005),
while in MV sites, there was no sigmificant difterence
between response enhancement under ¢- as compared to
lLamphetamine (correlated difterence score ¢ test, p -0.05)
Furthermore, response enhancement under d-amphetamine
was significantly greater for DNB compared to MV sites
(Mann-Whitney U Test, p<00S5) On the other hand,
response enhancement under amphetamine was signify
cantly greater for MV sites compared to DNB sites
(Mann-Whitney U Test, p- 0.05)

Figure 3 depicts the multipheative drug effect plotted
against dosage. Note that at | mg kg doses, the data are
comparable to those shown in Fig. 2, that s, DNB sites
show differential responding under d- and lamphetamine
while MV sites show virtually equal responding  across
doses.

DISCUSSION

If one accepts the generalization that noradrencrgic arcas
respond  differentally  to d- and  Famphetanune, while
dopammergic sites respond  equally to d- and Famphet-
anmune, then the present results can be easily explaned The
results obtamed from stimulation of DNB sites would be
compatible with previous hastotlourescent and pharmacolo-
gical studies mdicating  that the 1C and s ascending
projections are noradrenergae |11 200 220 31 33 39] . The
results from our MV sites, showmg that d- and Famphet
anmune have virtually cqual response enhancement on 1CSS,
are sumlag to results obtamed trom the substantia migra
[18.27]. While there s considerable evidence that  the
substantia migra contams dopammergie cell bodies [ 39 the
evidence tor catecholamine neuronal clements in MV sites
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MEDIATION OF DORSAL MIDBRAIN SELF-STIMULATION 3

FIG. 1. Location of electrode ups for dorsal noradrenergic bundle sites (circles) and for mid-ventral periaqueductal/penventricular sites

(triangles). These sections progress postertorally from the antenior midbrain at the fevel of the oculomotor nucler (upper lett) to the anterior

pons at the level of the locus coeruleus (lower right). All sections except the two rightmost in the bottom row are adapted from Kdnig and
Klippel [15].

has only recently become clear. Investigators employing
flourescent histochemcal techmiques have repeatedly de-
tected catecholaminergic cell bodies and terminals within
the pernaqueductal gray area. barly reports [9] described a
catecholammmergic area (A-10) located i the mid-santtal
plane of rat nudbrain which extends dorsally to the ventral
border of the penaqueductal gray area. Catecholamine cell
bodies have also been reported within the penaqueductal
gray area (oculomotor and Edinger-Westphal nuclern). Arca
A-10 was subsequently shown (o be dopammergic with
termunals in the nucleus accumbens [ 1,39] where equal
ICSS enhancement tor both amphetamine somers has been
recently reported [ 28] Subsequent investigation has con-
firmed that the MV area contains (a) distinet groups of
catecholamine contamning cell bodies in the penaqueductal
gray areq as tar antenor as the oculomotor nucler and as far
postenior as the dorsal raphe nucleus, and (b)) distinet
catecholamine  containing  tibers terspersed  within  the
medial longitudinal fasciculus as tar posterior as the level of
the focus coerateus (12, 20, 21 24, 20, Our antmals’ MV
electrodes were located within these arcas.

On the basis of the above data, a catecholaminergic
hy pothesis accounting for MV peragueductal selt-stimula-
tion has a firm anatomical base. However, it has also been
suggested that these celts may be a dorsal extension of the

e AN it i L

A-10 (dopamimergic) cell group [9,20]. Morcover, recent
reports [ 21] indicate  that group A-11, composed of
dopaminergic neurons (3), extends along the dorsal longitu
dinal fasciculus  from  the caudal hypothalamus to the
penaqueductal gray area as far caudal as the dorsal raphe
nucleus. The present suggestion that MV [CSS 1« mediated
by dopammergic neurons, possibly an extension of the
A- 1O dopaminergic group, or the peraqueductal portion of
the A-LL dopamunergie group rests heavily on the d- and
lamphetanmine  behavioral sereenming procedure, and, Like
Phullips and Fibiger's mvestigations, s dependent on the
valuhity ot thas procedure These resules fLe, 27, 28, the
present study | oare therctore vulnerable to some criticism
[13, 14, 38] of the vahdity of d- and lamphetanune
screening to distinguish between noradrencrgie and  dop-
AMINCTIC neurons,

It we must be tentative i concluding that 1CSS in the
MV arca as mediated by dopamine, it then becomes
tmportant to explore alternative explanations. Untid re-
cently, serotonm was the only Known monoamine tound in
large quantities within the peraqueductal area (91 Thus, ot
mught be hy pothesized that our results were mediated by an
augmented release ol serotomin. However, such an hy pothe-
sis would tace several ditticulties. Fust, o has been shown
that release of scrotonin s greatest atter low frequency

=
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TABLE |

COMPARISON OF MID-VENTRAL PERIAQUEDUCTAL SELF-STIMULATION RATES AND DORSAL NORADRENERGIC
| BUNDLE SELF-STIMULATION RATES FOR PEAK INTENSITY AND THRESHOLD INTENSITY UNDER SALINE AND D- OR

L-AMPHETAMINE SULPHATE
Response Rate
Difference Score
Response Rate D-amphetamine
3 Peak Intensity Threshold Intensity minus
Animal  Electrode Site Saline Saline D-amphetamine L-amphetamine  l-amphetamine)
Mid-Ventral Animals
98C Oculomotor Nuclet 56.0 5.0 18.4 6.5 +11.9
30E Oculomotor Nuclei 98.2 16.4 399 26.7 +13.2
31E Dorsal Tegmental 86.3 15.7 46.6 8.1 +38.5
Decussation-Lineans
Pars Caudalis
32E Dorsal Raphe 195.6 27.0 18.0 31.8 -13.8
43E Oculomotor Nuclet 22 58 393 21.6 +17.7
93E Pontine Medal 29.7 53 65.2 528 +124
Longitudinal Fas-
ciculus-Ventral
Tegmental Nucleus
3F Interstitial Nuclei 35.0 6.4 17.5 217 -4.2
19F Midline Gray 45.2 4.8 1.0 14.2 -13.2
Between Dorsal
Tegmental Nuclei
43F Dorsal Raphe 55.5 1.9 5.2 39.0 -338
Mean: 69.3 9.8 279 24.7 +3.2*
Dorsal Noradrenergic Bundle Amimals
9E Lateral to Ventral 14.7 6.5 36.9 15.9 +21.0
Tegmental Nucleus
13E Dorsal Noradrener- 13.8 3.0 15.3 44 +10.9

gic Bundle-Medial
to Mesencephalic V

14E Dorsal Noradrener- 2.1 1.7 3.6 0.9 +2.7
gic Bundle-Anterior
Locus Coeruleus

I8E Dorsal Noradrener- 110.4 0.7 0.7 0.0 +0.7
gic Bundle-Anterior
Locus Coeruleus

33E Dorsal Noradrener- 8.9 8.4 27.6 7.1 +20.5
gic Bundle-Anterior
Locus Coeruleus

S4E Ventral Locus 26.5 34 83.9 10.5 +73.4
Coeruleus-Dorsal
Noradrenergic
Bundle

74E  Dorsal Locus 424 19 529 14 +49.§
Coeruleus

23F Dorsal Noradrener- 26.8 28 238 0.0 +238
gic Bundle

26F Anterior Locus - 19.0 1.0 133 1.0 *123

(lefty Coeruleus

26F Anterior Locus 43 1.6 61.1 4.6 +56.5

(right) Coeruleus-Dorsal
Noradrenergic

Bundle
Mean: 169 3 39 48 +27.1¢
*tact. =0.5 (r>0.09%). 3
tact. = 3.8 (p=0.05). |
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raphe stimulation, but munimal atter high frequency stimu
lation such as that employed in the present expenments
[17). Second. it has been repeatedly  suepested  that
serotomin release produces decreased selt stimulation | X0,
30, A7), 0ot imcreased fates as n (he present expenments
Third, Margules [23] tound that amphetamime increases
dorsal raphe seltstimulation rates, while chlorpromasine
decreases  selfstimulation rates. He tound  that PPy
decreases seltstimulation rates over the fiest 24 hours post
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admmistration dunmg which tone all monoamine levels are
decreased, however, PCPA has no ettect on dorsal raphe
seltstimulation at 7Y hours o thereatter, at which tune
catecholamme levels have wecovered but serotomm levels
remam depresaed

From these tesulis, Margudes concluded that doesat raphe
seltstimulation o not mediated by serotomn contamimg
neurons e the area ot the clectrades, but rather
hy pothesized notadienergie BBCES oF passape, maost pro
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bably within the ventral division of the dorsal longitudinal
fascicqlus (DLF). We think it 1s unbikely that Margules’
results were due to stimulation of the DLF since his
electrode placements are ventral to most DLF tibers [lo]
Also, his results indicate only that dorsal raphe selt-stimu-
lation 1s mediated by a catecholaminergic transmutter, his
expennment did not distinguish between norepinephnne or
dopamine as possible mediators. However, his results
together with ours do pose serious problems for a sero-
tonergic hypothesis of perniaqueductal selt-stimulation.

It is also possible that 1CSS in the mud-ventral area s
mediated either solely by norepinephnine or partially by
norepinephnne. It norepinephrnine 1y the sole mediating
transmitter substance, then it s difficult to explain the
difference in pharmacological response between DNB and

ELLMAN e¢r al.

MV sites. This is particularly striking since the DNB scems
clearly noradrencrgic. The question then arises as to why
two sites, both meduated solely by norepiephnine, show
differential responding to the same pharmacological agents
The second possibility, that norepinephnine s involved in
and perhaps necessary for the mediation ot MV ICSS,
cannot be ruled out by the present data In our opinton, the
present data as best explamed by postulating that MV ICSS
1s mediated by dopamine. Whether or not we are correct in
this conclusion, it seems clear from both our data and those
of Phullips and Fitwger that the neurohumoral substrates of
MV penaqueductal, substantia migra,  and  nucleus  ac-
cumbens ICSS may ditter trom the nearohumoral sub-
strates of hy pothalamic and LC ICSS
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In an effort to focahize the cell bodies and pathways in the brain involved in the
mediation of intracranial sel’-stimulation (ICSS) behavior, several studies have
investigated the effects of electrolytic brain lesions on 1CSS response rates® 1.11.15.
YR These studies were prompted by the general hypothesis that, if there is in fact, a
central nervous system (CONS) “reward center” essential to all positive reinforcement.
F then the destruction of such a center should reduce or abolish 1CSS19:17.21 Some

experimenters have tested the effects of electrolytic lesions placed at the medial fore-
brain bundle (MEB) on 1CSS cheited from other sites throughout the limbic sys-
tem!'-21Others have investigated the effects of lesions placed at different 1CSS sites
(1.c.. MEB. hippocampus. dorsal and ventral tegmentum. thalamus and septum) on
MEB-lateral hypothalamic™ 1207 and septal®3 1CSS. Although these studies have

not been in complete agreement as to the effects of the lesions on 1CSS and the
spectfic locr mvolved, by and large mostinvestigators have stated that lesions distant
from an 1CSS site have hittle or no long-term effect on 1CSS behavior?3:19.24 Those
fesions that were successtul in attenuating FCSS were for the most part bilateral and
the magnitude of the effect on 1CSS depended on the size of the lesion and its proximi-
ty to the ICSS site'7. In addition, no specific site was found which when lesioned would
reliably produce complete abolition®- 19 A frequent conclusion has been that the

LCSS system s highly redundant, diffuse. and capable of recovery®- 41523 and there-
fore. small discrete lesions should be ineffective in reducing 1CSS behavior from
distant sites.

We and others have reported that a number of hindbrain sites support 1CSS
behavior® *1%21 0 Among these. the locus coeruleus (LCY and the sub-coeruleus
have been described as nucler containing noradrenergic (NE) neurons that project
ascending fibers throughout the brain!16.18.20.22 ineluding arcas associated with
TCSSH1O 0, in addition, these hindbram structures were actively involved in the

* Address to which requests for reprints should be sent 1
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mediation of 1CSS at the anterior sites that receive their ascending projections, then
the destruction of the hindbrain nucler should detrimentally affect ICSS at these
anterior sites. To test the above hypothesis, we investigated the effects of unilateral
dorsal pons lesions on hypothalamic 1CSS. Our anatomical-behavioral approach was
geared to evaluate the role of dorsal tegmental pontine structures, i.e. LC, in hypo-
thatamic 1CSS behavior.

Male albino Sprague Dawley rats (350 500 g) were anesthetized with a sodium
pentobarbitol and chloral hydrate combination and implanted. with the use of a
stereotaxic instrument. with bipolar stainless steel electrodes (0.24 mm width between
the tips) that were completely insulated except at the cross section of their tips. This
procedure stimulates more discrete areas than do conventional monopolar techni-
ques?®. In all rats, the electrodes were aimed ipsilaterally at the LC and hypothalamic
areas. Ten days after surgery. the rats were trained to press a bar for electrical stimula-
tion at both the hypothalamic and LC sites. Stimulation consisted of trains of 0.25
sec duration, 60 Hz sine waves administered on a continuous reinforcement schedule.
Intensity was manipulated to optimize training. The rats’ electrodes were isolated
from ground and stimulation was continuously monitored on a differential input
cathode ray oscilloscope. Foffowing this, hypothatamic rate-intensity functions were
obtained. as described by Ellman et al 5.

Subjects were tested from their hypothalamic site at a minimum of 6 different
intensities. chosen to encompass the range of intensities over which the subjects would
reliably self-stimulate. This procedure was employed before and after lesioning in
order to evaluate the effects, if any. of the lesion at any point of the rate-intensity
functions. Initially, daily trials were conducted until subjects stabilized. Rate-intensity
functions collected over the next 4 days were considered as pre-lesion baseline. Follow-
ing this, subjects were anesthetized and unilateral lesions were placed under the
pontine efectrode. The lesions were produced by passing 2-8 mA anodal radio-
frequency (RF) current through the electrode tip to an indifferent cathode for a dura-
tion of 30 sec. The fact that ICSS could not be elicited again from the LC electrodes
following the lesion served as a preliminary confirmation that at least the area directly
under the LC efectrode had been destroyed.

Following the LC lesion. the Ss were tested for 14 days (post-lesion baseline).
If the Ss showed hypothalamic ICSS decrements or facilitations they were at this time
‘shelved” for approximately one month and then run again for a 4-day recovery
baseline (recovery-check baseline). This procedure was repeated at least one more time.
If the lesion did not affect hypothalamic 1CSS within the 14-day post-lesion baseline,
the Ss were relesioned at the pontine site at a higher voltage and retested for 14 days.

If no effects resulted from the lesion, the animal was then sacrificed. In any event, all
Ss not affected by the lesion were tested for at least 14 days after the lesion. This deci-
sion was based on the fact that the time course of possible fiber degeneration or neuro-
humoral transmitter depletion is a maximum of 12 days2":22, Those animals with
ICSS alterations following the lesion were repeatedly tested 2-3 months after the
lesion, thus allowing ample time for recovery to occur.

After completion of the ICSS paradigm. the animals were injected with an
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Fig. 1. Photomicrographs of pontine coronal sections showing the extent of lesion in one rat. Locus
coeruleus has been unilaterally destroyed by RE coagulation. 1CSS from Forel field Ha in this rat

was drastically reduced after lesion.

overdose of sodium pentobarbitol and perfused via an intracardiac needle with 0.9
normal saline solution followed by 107 formalin solution. The brains were then re-
moved from the crania and kept in 107 formahin tor at least 3 days. Frozen coronal
sections, 40 am thick were stained with Luxol fast blue and cresyl violet. according to
the method of Kluver and Barreral”. The stamed brain sections were examined under
the microscope. The electrode locus and size of lesions were evaluated by two judges
who were not aware of the 1CSS results corresponding to the brain sections. 1CSS
placements were classified in terms of the neuroanatomical sites under the tip of the
ICSS electrode as described in Craigie’s” . and Konig and Klippel's' atlases. and
compared to Lindvall and Bjorklund’s ', and Ungerstedt's*2 description of the mono-
aminergic nuclet and pathways. The extent of the lestons under the pontine electrodes
were assessed in terms of the percentage destruction of the involved structures as
described in neuroanatomical maps' 27 and on the basis of descriptions and cbserva-
tions made in histofluorescence studies? 16.18.22

As evaluated by the judges. the lesions unilaterally destroyed 90-1007 of the
LC in all 14 Ss included in the results (Fig. 1). In addition, 30100 of the area con-
taining the ascending fibers stemming from the LC. as described by the histofluorese-
ence studies! 161822 was destroyed by the lesion. as well as 201007 of the nuclei
of the mesencephalic V located at the level of the LC. In those Ss (N 3) with more
extensivedestruction 40 100" ofthe dorsal tegmental nucleus wasaffected by the lesion.
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The hypothalamic ICSS electrodes were located in 4 distinct hypothalamic
arcas: Sof the electrodes terminated along the MFEB at various levels of the hypo-
thalamus (Fig. 2A): two other ICSS electrodes were located in the perifornical area:
3 other electrode tips impinged upon the crus cerebri-internal capsule (Fig. 2B), and
4 were in the Forel field Ha, dorsal to the hypothalamus (Fig. 2C).

ICSS behavior in these 4 groups was differentially affected by the unilateral
lesion. In those Ss with electrodes in the crus cerebri-internal capsule area (N — 3) or
the Forel field Ha (N 4), the lesion resulted in either complete abolition of ICSS or
a significant reduction of response rates (s-test, P < 0.05), accompanied by an in-
crease of the ICSS threshold (Fig. 3A). The average ICSS reduction of the crus
cerebri-internal capsule group, across all intensities during the 14-day post-lesion
baseline, was 69-91" of pre-lesion rates. The Forel field H» group as a whole aver-
aged a 29-80° reduction in ICSS response rates following the lesion. These ICSS de-
crements were observed up to 3 months after the lesion. In addition, the increase of
current during 11e post-lesion runs did not elevate response rates to pre-lesion levels
(Fig. 3A). Subsequent to pontine lesions, rats with electrodes in the perifornical area
(N 2)and 3 of the 5 Ss with ICSS electrodes impinging along the MFB did not
show any drastic or sustained long-term changes in either ICSS response rates or
ICSS thresholds. These alterations did not approach statistical significance. In fact,
the 1CSS response rates of the remaining 2 Ss with MFB localized electrodes were
facilitated following the lesion. This elevation of response rates (up to 297, of pre-
lesion {evels) remained over a period of up to 2 months after the lesion (Fig. 3B).

The unilateral lesions did not result in weight losses in any of the Ss nor were
there any behavioral deficits observed. Thus, the obtained results did not appear to be
artifactual nor due to non-specific side effects.

As previously described. all lesions destroyed 80-100", of the LC. However,
the extent of adventitious damage incurred on adjacent areas varied across Ss. Yet,
the extent of the lesions of structures outside the LC does not significantly correlate
with the magnitude of the effect on hypothalamic ICSS (Pearson Product-Moment
correlation). Small pontine lesions that were limited primarily to the LC, with minimal
impingement on adjacent sites, differentially affected hypothalamic ICSS. The same
pattern of differential effects was observed in those cases where the damage caused by
the lesion suffused into adjacent areas. Thus, the effect of the lesion on behavior, be it
a drastic reduction or facilitation of iCSS (i.e., reduction in crus cerebri-internal
capsule and Forel field H» ICSS: facilivation or no effect on MFB ICSS). seemed to be
determined by the placement of the ICSS electrode in the hypothalamus and not by
the spread of the lesion outside the LC.

Though the interpretation is partially limited by the fact that all lesions are not
exactly the same, it seems to us that a likely candidate for the role of ICSS mediator
in some hypothalamic areas is the nucleus LC. We cannot discount the possibility
that other adjacent areas are involved in this mediation or that, more likely, areas
within the LC complex that send distinct ascending pathways, as described by a
number of histofluorescence studies, may assume different roles in the mediation of
ICSS. We are however, impressed by the finding that similar lesions result in eflects
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indeed, possible to produce long-term reductions o abolitions of TCSS behaviorn
burthermore, when compared to all previous studies, the present lestons are anatom
wally: more distant from tested TOSS sites, smaller and unilateral Theretore, our
results provide evidence contrary to the carhier conclustons that all central reward s
redundant, dittuse and capable ot recovery B 200 Thas pomt s unequinvocal
view of the Tong-term TOSS reductions observed up to 3 months atter the lesion

Lhe reductions and abolittons i FCSS that cesult trom the lestions imphicate
structures withim the dorsal tegmentum ot the pons, possibly the 1O, as the area ne
cessary tor the mamtenance of TOSS behavior i some hy pothalamue sttes Forel (hield
ey cras cerebremternal capsule). Conversely the ditlerental ettects also indicate that
brlateral mtegrity of this same structure s not necessary tor the mamtenance ot 1CSS
from all hy pothalamie sites tiom which the behavior can be ehicited (ME B, penitornical
area) and that this site may even play anmhibitory role, given the tacilitory eflects on
two SsoInterestingly, those areas trom which TCSS was reduced, tes, Forel tield He
and crus cerebremternal capsule, have been described as recenving ascending fibers
trom dopaminergic nuclerin the substantia mgea via the mgrosstratal bundfet 082
Lt s possible to entertam the noton that some TOSS sies within the area of the
hy pothalamus, that recenve dopanunergie iibers e addioon o the NE tibers, depend
on the mtegnty of a notadrencrgie pontine nucleus, the 1O, for the mamtenance ot
therr TOSS behavior.
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ALTERATION OF ESCAPE FROM REWARDING ELECTICAL
BRAIN STIMULATION BY D-AMPHETAMINE?
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FRANCES JACKLER, JANE M. HEALEY and STEVEN J. ELLMAN
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Rats were trained both to barpress for and escape from locus coeruleus, midbrain periaqueductal gray and hypo-
thalamic stimulation. Rate-intensity functions for intracranial self-stimulation (ICSS) and behavior and latency-
intensity functions for escape behavior were obtained for cach electrode site in each animal. Following baseline,
d-amphetamine was administered and responding was compared with the saline condition for both rate-intensity
and latency-intensity functions. ICSS response rates were enhanced by d-amphetamine at all loci, particularly at
threshold intensities, while escape responding was biphasically affected by d-amphetamine at all loci. D-amphet-
amine increased escape latencies at intensities which, under saline, elicited short escape latencies, while decreasing
escape latencies at intensities which, under saline, elicited long escape latencies. A significant correspondence was
noted between intensities which, under the influence of d-amphetamine, both elicited longer escape latencics and
higher ICSS response rates, suggesting that in both ICSS and escape paradigms, animals were titrating the duration
of the stimulus train. No site-specific effects of d-amphetamine upon escape behavior were noted.

Numerous investigators have reported that animals
will work both to receive electrical brain stimulation
(ESB) and to escape from ESB delivered at similar
parameters in the same animal to the same neuro-
anatomical site (Bowie and Miller, 1958; Cooper
and Taylor, 1967; Liebman, Mayer and Liebeskind,
1973; Steiner, Beer and Schaeffer, 1969: Steiner,
Bodnar, Ackermann and Ellman, 1973; Ellman,
Ackermann, Bodnar, Jackler and Steiner, 1975;
Beer and Steiner, 1965; Steiner and D'Amato,
1964). D-amphetamine, a pharmacological agent
with potent influences on catecholaminergic trans-
mission (Stein and Wise, 1969) has been shown to
lower intracranial self-stimulation (ICSS) thresholds
and to increase ICSS response rates (Miller, 1957;
Stein, 1964; Steiner and Stokely, 1973). However,
there have been few studies (Kornblith and Hoebel,
1974) investigating the effects of d-amphetamine
upon escape behavior elicited by passive electrical
stimulation of 1CSS sites. The present study sys-
tematically investigated the eftects of d-amphet-
amine upon both ICSS behavior and escape beha-
vior elicited from the same site. The sites tested,

t Supported by U.S. Army Contract No. DADA 17-13-
C-3072.
tt Send reprint requests to Dr. S. S. Steiner, Dept. of

Psychology, Harris Hall, City College of N.Y., 138 St and
Amsterdam Ave., New York, N.Y. 10031.
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which elicited both ICSS and escape behavior,
were the locus coeruleus (LC), midbrain periaque-
ductal grey (MPG) and a variety of hypothalamic
sites.

METHOD

Eight male albino Holtzman Sprague-Dawley rats,
(375-500 gm) were anesthetized with Equithesin
(Jensen; 1 ml/kg), placed in a Kopt stereotaxic
instrument and implanted with two pairs of stainless
steel bipolar electrodes (Plastic Products) which
were 0.25 mm at their widest extent and completely
insulated except at their tips. In four animals, one
pair of bipolar electrodes was aimed at the hypo-
thalamus, while the other was aimed at the MPG.
The remaining four animals had electrodes aimed
at the hypothalamus and the LC. With the incisor
bar at ~5 mm, coordinates were 4.2-4.4 mm
posterior to bregma, 1.5 mm lateral to the sagittal
suture, and 8.7 mm from the top of the skull for
hypothalamic sites, 1.5-2.0 mm posterior to lambda,
1.0 mm lateral to the sagittal suture, and 7.0 mm
from the top of the skull for the LC: and 0.6 mm
anterior to lambda, 1.3 mm lateral to the sagittal
suture, and 6.8 mm from the top of the skull and
angled 12° toward the midsagittal plane for the
MPG.

Ten days after recovery from surgery, each
animal was shaped to barpress in an operant con-
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ditioning chamber (see Ellman ¢t al, 1975 for
dimensions) on a continuous reinforcement sche-
dule. Reinforcements consisted of 250 msec trains
of sinusoidal 60 Hz waves passed between the
bipolar clectrodes. Current was continuously moni-
tored by observing the voltage drop across a 1000-
ohm 1Y% resistor in series with the animal on a
differential input cathode ray oscilloscope (Hewlett-
Packard). Animals were shaped for a minimum of
15 successive daily sessions at a variety of current
intensities in each site; animals which self-stimulated
in both sites continued in testing.

Rate intensity (RI) functions were derived in the
following manner: cach day, cach animal was
allowed to self-stimulate throughout a 42-min
session which was divided into six 7-min periods
separated by one-min timeouts. Data collected
during the first 2 min of each 7-min period were
disregarded; the mean response rate over the last
S min was recorded and constituted the dependent
variable. During the first 7-min period, stimulation
intensity was sufliciently low so that the animal's
mean response rate over the last § min of the period
was below an arbitrarily defined threshold of about
ten responses per min. The fifth intensity sustained
ICSS behavior at rates which approached or
reached the animal's highest response rates. The
second, third, and fourth intensities yielded ICSS
response rates. During the last 7-min period of
each session, responding yielded no stimulation
(extinction). Baseline RI functions over five days
were taken for both electrode sites in cach animal.
The RI functions of each animal’s two clectrode
sites were then interdigitated; i.e., delivery of the
current was alternated between the two sites in an
ABBAABBAABBA sequence, beginning with the
posterior (LC of MPG) electrode site. The purpose
of this procedure was to insure that both electrode
sites would be tested equally at approximately the
same time and under similar conditions.

Animals were then trained to escape from passive
electrical brain stimulation in an operant chamber
similar in size to the RI chamber with the following
exception: ir place of a retractable lever, a larger
treadle was permanently inserted on the opposite
wall. The onset of a stream of electrical trains (60
cycles/sec sine, SO0 msec duration, 500 msec inter-
train interval) delivered through one of the animal's
two electrode sites marked the beginning of the
first trial. Stimulation continued until either the rat
depressed the treadle or 101 trains had been de-
livered. Either contingency constituted a single
trial. After a 15-sec intertrial interval, the stimula-

tion was automatically reimtiated and the procedure
repeated successively until a block of ten trials was
run. The animals were trained to make a treadle-
press response to terminate stimulation; all other
responses were actively inhibited by the experi-
menter. All eight animals learned the appropriate
treadle-press response tor both sites in each animal.

The animals were then tested at relatively high
and low intensities (5-210 £;0 to find ranges of
escape latencies. For each site, six intensities pre-
sented in descending order were chosen to deter-
mine a latency intensity (LI) function. At high
intensities, animals often had to overcome stimulus-
induced motor involvement in order to make the
appropriate response; this constituted the first
stimulus intensity for the paradigm. This intensity
also had to sustain at least threshold responding in
the self-stimulation paradigm. The next three lower
intensities chosen were those from which the animal
could escape reliably, that is, intensities which
consistently elicited escape behavior but did not
evoke any obvious involuntary movement. The
fifth intensity was one which evoked variable
response-latencies across days, whereas the sixth
intensity was deliberately chosen to be below the
threshold for eliciting escape responses.

The within-day escape procedure consisted of 80
trials; the first 10 and the last 10 trials were control
trials run at zero intensity. Between the first and
last blocks of trials the six chosen intensities were
tested, 10 trials per intensity. For each site in each
animal, baseline LI functions were taken over §
days. Half of the animals had the posterior electrode
placement tested first, followed by the hypothalamic
site, while the other half had the hypothalamic site
tested first.

After stable RI and LI functions were established
for both 1ts sites, each animal entered two drug
paradigms: the first tested the eftects of d-amphet-
amine upon RI tunctions, and the second tested
the drug’s eflect upon LI functions. Drug eflects
were tested in 3-day sequences. Days | and 3 of
cach 3-day sequence served as pre- and postdrug
saline controls respectively. On those days, only
saline solution (I mbkg, IP) was injected 30 min
betore the testing sessions. On the second day of
cach 3 day sequence, animals were mjected 30 min
before the testing session with d-amphetamine sul-
fate (Smith, Kline and French: 1 mg/'ml/kg in
saline, IP). RI functions were tested in three 3-day
sequences and L1 functions were tested in five 3-
day sequences. All comparisons were made between
drug days (Day 2) and predrug saline days (Day 1).
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Data from postdrug saline days (Day 3) were dis-
regarded to exclude any drug carryover etfects.
After completion of the experiment, each animal
was injected with an overdose of Equithesin and
perfused with 0.9 %, normal saline solution, followed
by a 109 formalin solution. Frozen serial sections
were then cut, mounted, and stained with luxo! fast
blue and cresyl violet. Electrode locus was deter-
mined by microscopic examination of the sections.

RESULTS

All 8 animals both escaped and self-stimulated from
both electrode sites. All hypothalamic placements
were located at or near either the fornix or medial
forebrain bundle, with the exception of one animal
whose electrode placement was in the globus pal-
lidus. All LC implants were located in the dorsal
noradrenergic bundle. MPG placements were loca-
ted at the dorsal longitudinal fasiculus, the oculo-
motor nucleus, or the nucleus Darkschewisch.

RI functions

In all 16 electrode sites of the 8 animals in this
experiment, there was a significant increase in [CSS
response rate under d-amphetamine as compared
to saline baseline at all current intensities (r-tests,
p<0.05). All sites were equally sensitive to the
facilitatory effects of d-amphetamine. I[n order
graphically to represent the data across sites, across
subjects, saline 1CSS response rates were grouped
into 6 categories: 0-10 responses/min; 10-20 re-
sponses/min ; 20-30 responses/min; 30-40 responses
/min; 40-50 responses/min and 30 or more re-
sponses/min. For ecach category, the mean response
rates of d-amphetamine were calculated and ex-
pressed as a multiple of the mean response rates
under saline at the same site and at the same
intensity. Figure 1 shows that d-amphetamine
enhances responding at all groups, most notably at
the threshold (0-10 responses/min) group.

L1 functions

The effects of d-amphetamine on escape responding
were studied in a similar manner since there were
no diflferences across sites in the effects of d-
amphetamine on LI functions. Mean escape laten-
cies under saline were also grouped into 6 categories:
0-10 sec; 10-20 sec; 20-30 sec; 3040 sec; 40-50
sec and 50 or more sec. Figure 2 displays the multi-

e

plicauve effect of d-amphetamine over saline base-
line for each category. At intensities which sup-
ported escape latencies of 010 sec under saline,
latencies  are  sigmficantly increased under d-
amphetamune (-test, p- 0.05). At intensities which
supported escape latencies of 10-20 sec or 20-30
sec under saline, latencies are neither increased nor
decreased under d-amphetamune (i-test, p ~0.05).
At intensities which supported escape latencies of
30-40 sec or 40-50 sec or above 50 sec under saline,
latencies are significantly decreased under  d-
amphetamine (r-test, p< 0.05). The latter inten-
sities were below [CSS threshold intensities. At zero
intensity, there was no significant difference (s-test,
p~>0.05) in escape behavior between the saline and
d-amphetamine conditions; therefore, the eflects
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FIGURE 1 Proportional comparison of 1 mg of d-amphet-
amine kg of body weight upon rate-utensity tuncuons n
LC, MPG and hypothalamic sites. Saline baseline 1s at 100°,
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FIGURE 2 Proportional comparison of 1 mg of d-amphet-
amine/ kg of body weight upon latency-intensity functions in
LC, MPG and hypothalamue sites, Saline baseline 1s at 100
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seen in escape latency categories of 30 sec or more
cannot be attributed to non-specific increases in
locomotor activity under d-amphetamine.

To summarize, d-amphetamine increased escape
latencies at intensities which, under saline, elicited
short (0-10 sec) escape latencies. In contrast, d-
amphetamine decreases escape latencies at inten-
sities which, under saline, elicited long (30-50 +
sec) latencies. On the other hand, for ICSS behavior,
d-amphetamine had its greatest facilitatory etlect
at threshold (0-10 responses/min). In all sites,
there was an overlap in the intensities which, under
saline, elicited both short escape responding and
low ICSS response rates. At these overlapping
intensities, d-amphetamine increased both escape
latency and ICSS response rates (Fisher Exact Test,
p<0.001). In other words, the very same intensities
which under the influence of d-amphetamine eli-
cited longer escape latencies, supported ICSS re-
sponse rates which were significantly enhanced
under d-amphetamine.

DISCUSSION

All sites in all animals demonstrated differential,
yet consistent 1CSS and escape behaviors under
baseline and drug conditions: this consistency in
responding within a given condition has been
reported previously (Bower and Miller, 1958;
Steiner er a/., 1969; Steiner and D'Amato, 1964;
Steiner er al., 1973 Ellman er al., 1975). Thus, any
effect seen can be attributed to the drug and not to
any non-specific artifact such as a disruption in
behavior due to the initial novelty of the drug
condition. As described previously, there seems to
be a lack of specificity between sites in both escape
and ICSS behavior. All sites in this study responded
similarly for RI functions under d-amphetamine as
compared to saline, that is, ICSS rates were higher
under d-amphetamine at intensities which sup-
ported threshold or just above threshold rates under
saline. This agrees with previous findings for these
loci (Steiner and D'Amato. 1964 ; Ritter and Stein,
1973, Steiner and Stokely, 1973; Phillips and Fibi-
ger, 1973; Phillips, Brooke and Fibiger, 1975; Ell-
man et al, 1975; Ellman, Ackermann, Bodnar,
Jackler and Steiner, 1976). All sites in this study
produced similar LI functions in the baseline con-
dition as described previously (Ellman et al., 1975).
This study failed to find any systematic differences
in escape latencies under d-amphetamine that could
be attributed to neuroanatomical locus.

Two striking results were seen in the escape func-
tions under d-amphetamine as compared to saline
baseline. First, there was a significant correspon-
dence between intensities which under the influence
of d-amphetamine both clicited longer escape
latencies and higher ICSS response rates. At first
glance, it may seem that ICSS und escape are
divergent classes of responses, but as this study
demonstrates, both responses act in a similar
manner under d-amphetamine. In short, the animal
takes more stimulation at common intensities. This
result could be expliined by utration studies
(Steiner, er al., 1969; Keesey, 1962, 1964; Steiner
and D'Amato, 1964) in which selection of preferred
parameters of stimulation was demonstrated by
systematic variation of parameters and preference
determined by various response contingencies in-
cluding operant barpressing and escape behavior.
The consistency of the results between these two
classes of responses suggests that the animal is not
escaping from the stimulation per se, but merely
“utrating” the amount of stimulation by the only
means possible in the escape response contingency,
that is, terminating the sumulaton by an appro-
priate response.

The second sigmficant result was the shorter
latency to escape under d-amphetamine for inten-
sities that were well below ICSS thresholds. These
shorter escape latencies under d-amphetamine
might be explained by data (Fibiger, Fibiger and
Zis, 1973; Taylor and Snyvder, 1970) indicating that
d-amphetamine increases nonspecific  locomotor
activity. However, the fact that at zero intensity,
there was no difference in escape latencies between
the d-amphetamine and saline conditions shows
that d-amphetamine did not cause a nonspecific
increase in the operant (treadle-press) rate. Steiner
and D'Amato (1964) reported similar results for
non-pharmacological manipulation of amygdaloid
stimulation-induced escape; ammals escaped faster
for low intensities which did not sustain LCSS, than
at higher intensities which did sustain 1CSS beha-
vior. Possible explanations of these results are that
d-amphetamine inereases the sensitivity of an aver-
stve and/or an imhibitory system. The cluaidation
of these possible mechanisms is bevond the scope
of this study, but merits turther examimation

Summary

LC, MPG and hypothalamuc sites reacted similarly
in baseline and drug conditions in both ICSS and
escape paradigms; no distinctions in functions
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could be attributed to electrode locus. A significant
correspondence  was  noted  between intensities
which, under the influence of d-amphetamine, both
elicited longer escape latencies and higher 1CSS
response rates, suggesting that i both ICSS and
escape paradigms, ammals were titrating the duru-
tion of the stumulus tram. At low intensities, escape
latencies under d-amphetamine were shorter than
under saline; these results can not be attributed to
nonspecific drug etfects.
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COMPARISON OF BEHAVIORS ELICITED BY ELECTRICAL
BRAIN STIMULATION IN DORSAL BRAIN STENM
AND HYPOTHALAMUS OF RATN

STEVEN J. BEL

City College of the City

LMAN. ROBERT F. ACKERMANN, RICHARD J. BODNAR,
FRANCES JACKLER, axp SOLOMON S STEINER

wersily af New York

Four bram stumulation phenomena elicited from both dorsal braon stem and

hypothalamic sites were investigated with the tollowing results: (a) intra

crantal selt stimulation rate intensity functions for dorsal braon stem and

hypothalanue sites vielded very high
moderate (201 300 responses 15 nun

over 1000 responses 15 nan b to
response rates, (b d amphetamme

produced higher response rates than either Camphetamime or saline at both

dorsaul bram steoe and hy pothalam

sites, indicating that noradrenergie

dorsal brain stem fibers (or cell bodies) support intracramal self stimula

ton; () brain stem and hypothalamie self stimulation sites rehiably
produced cscape hehavio £ smmltancous stimulation of dorsal braan

stem and hypothalanie sites at subith

duce \‘-quullllv'\h-‘l-l response rates

In recent  vears, several  experments
(Crow, Spear, & Arbuthnott, 1972 Ellman,
\ckermann, Farber, Mattiaee, & Steiner,
1973 LFarber, Steiner, & Elman, 1971
Margules, 1969, Ritter & Stemn, 1973
Routtenberg & Malsbury, 19690 were per
formed to determine f intracranial  sclf
stimulation behavior could be eheted from
areas in the posterior midbrain and pons
(previously ealled dorsal brain stem by Ell
man et al., 1973, Although there s agree-
ment that areas in the dorsal brain stem will
vield self-stimulation, there is disagreement
about the rates of selfstimulation obtained
from dorsal bram stem sites: Such disagree-
ment may be due to the fact that few studies
parametrically  varied intensity values to
determine the range of intracranial  self-
stimulation  response rates obtained  from
dorsal brain stem arcas. There s also dis
agreement about which structures mediate
dorsal brain stem selt-stimulation. This is not
surprising, since the crosssectional area of
clectrodes used in self=stimulation studies are
frequently larger than their neuroanatomical
targets. Clearly this allows for differing inter-
pretations in spectfving which fiber tracts or
PThis research  was  supported by Grant
MH S90S from the Nattonal Institute of Mental
Health

! Requests for reprints should be sent to Steven
J. Ellman, Department of Psyehology, City Col
lege of the City University of New York, New
York, N.Y. 10031

reshold intensities interacted to pro

nuclear groups have been stimulated. Henee,
1t s understandable that Routtenberg and
Malshury (196890, Ellman et al. (1973), Crow
et al. (1972, and Ritter and Stein (1973
could all have electrode placements inap-
proximately  the same area, vet attribute
self-stimulation behavior to different strue-
Lures.

For example, Routtenberg and Malsbury
(1969 mamntain that the brachium con
junctivum is a structure that supports selt-
stimulation. They have presented the hy
pothesis that  the extrapyranudal  syvstem
(with the red nucleus as the central com-
ponent’ mediates self-stimulation in dorsal
brain stem areas: so it is not surprising that
they concluded that the brachium conjunc-
tivum is a self-<timulation site.

On the other hand, Crow et al. (19720 and
Fllman and his co-workers (19730 attribute
self-stimulation behavior i this area to the
locus coeruleus. Thus, the neural svstems
which they postulate as subserving  sclf-
stimulation are those to which the locus co-
cruleus projects. Sinee Maeda and Shimizu
(1972) and Olson and Fuxe (1972) have
shown that the locus coeruleus has tar-reach-
ing projections, some of which ascend to, and
terminate i, the hypothalamus, Ellman
ot al. (1973) suggested that self-stimulation
in the area of the locus cocruleus s inti-
mately related to hypothalamie self-stimu
lation.

sio
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We do not think that the present paper
conclusively demonstrates which structures
mediate self-stunulation in dorsal brain stem
arcas. Rather, we compared behaviors elie-
ied from dorsal brain stem and hypotha-
Jamie sites. Data from this type of compari-
son may be dmportant in differentiating
between hypotheses attempting to specify
which structures mediate dorsal brain stem
self-stimulation behavior.

Spectfically, the present paper compares
dorsal brain stem and hypothalamic sites
with respect to 4 eleetrical brain stimulation
phenomena: (a) intracranial self-stimulation
rate-intensity functions; (b) the effects of
d- and lamphetamine upon  intracranial
self-stimulation  rate-intensity functions;
(e) escape lateney intensity funcetions; and
(ef) simultaneous stimulation of hvpotha-
lamie and dorsal brain stem self-stimulation
sites,

EXPERIMENT 1

In this experiment, intracranial self-stim-
ulation response rates were ascertained in
both dorsal brain stem and hypothalamie
sites, Several (atleast 5) intensities of current
were employved at both sites to avoid the
possibility that any single arbitrarily chosen
intensity might be either too low or too high
to sustain reliable self-stimulation behavior.,
Routtenberg and  Malsbury (1969) main-
tained that highest rates of self-stimulation
are found only in ventral anterior midbrain
sites. We hypothesized that very high rates
in posterior midbrain and anterior pons
sites were not obtained by Routtenberg and
Malsbury because subjects were not tested
over a wide range of current intensities. We
felt that a more complete picture of self-
stimulation in the dorsal brain stem could
be obtained if it were compared with hy-
pothalamic self-stimulation over at least
5 intensities.

Method

Eighteen male albino Holtzman Sprague-Daw-
ley rats (375-500 gm.) were anesthetized with
Equi-Thesin (Jensen) and stereotaxically (Kopf)
implanted with 2 bipolar electrodes, each electrode
made of 2 intertwined strands of stainless steel
wire (3-mm.-diam.) completely insulated except
at the tips. Electrodes were fastened to the skull
with dental cement, which was anchored to the

skull by means of 2 stainless steel screws. Iu each
subject, electrodes were aimed at the hypothala-
mus and the dorsal brain stem in the area of the
locus coeruleus. The incisor bar was set at — 5 mm.

Hypothalamic coordinates were: (a) 4.2-4.4
mun. posterior to bregma, (b) 1.5 mm. lateral to the
sagittal suture, and (¢) 8.7 mm. from the top of the
skull at the mtersection of coordinates a and b
Dorsal brain stem coordinates were: (a) 1.5-2.0
mn. posterior to lambda, () 1.0 mm. luteral to a
line extrapolated from the sagittal suture, and
() 7.0 mm. from the top of the skull at the inter-
section of coordinates a and b.

After recovery from surgery (10 duvs), euch
subject was placed in an operant conditioning
chamber and shaped to bar press by the method
of suceessive approximations., The chamber, con
structed of Plexiglas and stainless steel, was 20
20 x 22 cm. A 4- < 2.cm. retractable lever was lo-
cated 4 em. above the grid Hoor on 1 wall of the
chamber. A force of 2 N was sufficient to depress
the lever and constituted & response. Electrome
chanical and solid-stute switehing cireuitry in an
adjacent room monitored subjects’ behavior, re-
corded minute-by-minute response rates, and con
trolled contingencies of reinforcement.

Reinforcements were pulses of electrical stimu-
lation passed through one of the subject’s bipolar
electrodes on a continuous reinforeement sehedule.
Stimulation consisted of biphasic sinusoidal 60-
Hz. waves. Train duration was held constant at
25 sec. Current intensity was varied between
trials according to the demands of the experiment
by placing a megohm resistor in series with the
subject. Wave form and stimulus intensity were
continnously monitored by observing the voltage
drop across a 1,000-ohm resistor in series with the
subject on a cathode ray oscilloscope.

Subjects were shaped for a minimum of 135 su
cessive daily sessions at a variety of current in-
tensities (5-200 pa.) in each site. I, after 15 daily
sessions, a rat did not self-stimulate, it was dis-
carded. Animals which self stimulated continued
in testing on the following schedule: Each day,
each rat was allowed to self-stimulate throughout
a 42-min. session that was divided into 6 7-min.
periods; changes in current intensity occurred
during a l-min. time out, which separated each
successive 7-min. period. During the first 7-min.
period, stimulation intensity was sufficiently low
so that the animal’s mean response rate over the
last 5 min. of the period was below an arbitrarily
defined response threshold of 10 responses min.
The second, third, fourth, and fifth intensities,
presented in ascending order, sustained self-stimu-
lation behavior at rates that approached or
reached highest responding. We always attempted
to ascertain peak response rates for each subject ;
at times, it was found that the fifth intensity re-
sulted in lower than peak response rates. Gen-
erally, the decrement in response rates was not
due to overt convulsions. Only 2 rats convulsed
at the fifth intensity, and only hypothalamic stim-
alation produced convulsions. The animals never
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TABLE 1

CosmpanisoN or Donsan Brax Stiew (DB)

Peak rate Peak Threshold

Subject Site in responses intensity intensity
min N pa. 1 ua
65A DB 20 85 b
8O DB 28 71 12
2E DB 1015 85127 51
3B HYP 2004 35/T1 B5)
DB 365 18 11
SE HYP 2004 148 177 49

DB 136 | 71

K DB 29 | 35 28
HYP 165 141 28
9K nB 15 27 /32 23
HYP 170 177 G4
13k DhB 15 99/113 85
HYP 45 156 177 57
141 DB 22 212 156
141 HYP 112 85 35
17K DB 23 85 106 85
HYP 136 99 74
ISE DB 100 35,39 32
HY P 60 38 14
28E DB 100 28 14
HYPe 65 120 35
54K DB B 84 50
23F (B1%) 18}

H8

* Routtenberg and Malsbury ¢

501 1,000 responses 15 min.; moderate: 201-500 responses 15 min.; low :

AW Hyrornartasmic

(HYP) Secr-SeiMunaTion

Routtenberg &

Malsbury rating® Electrode site

locus coeruleus

sub-coeruleus

widbrain medial  longitudinal
fascieulus at level of ventral
tegmental nucleas

lateral hypothalamus

dorsal noradrenergic bundle

lateral hypothalamus

ln(‘ll.\' l‘nl'l'lllt'll.\'

moderate
moderate
high

very high
very high
very high
very high

moderate locus coernleus

very high foruix

moderate ventral tegmental nucleus
very high fornix

moderate dorsal noradrenergic hundle
high fornix

dorsal noradrenergic bundle
| lateral hypothalamus
anterior locus coeruleus
lateral hypothalamus
dorsal noradrenergic bundle

moderate
very high
moderate
very high
very high

high fornix

very high anterior locus coeruleus
high Zona incerta

high dorsal noradrenergie bundle
moderate " dorsal noradrenergie bundle

ification system: Very high: >1,000 responses 15 min.; high*

51-200 responses 15 min.

" Dorsal noradrenergic bundle refers to those fibers present in the posterior midbrain that emanate
from the locus coerulens and travel forward ventrally.

< Animal convulsed.
convulsed when self-stimulation behavior was
clicited from the dorsal brain stem electrode.
Responses during the final 7-min. period resulted
in no stimulation (extinetion). Rate-intensity
functions, averaged over 5 days, were determined
for each electrode site in each rat.

After completion of all experiments, each rat
was injected with an overdose of qui-Thesin and
perfused with 9, normal saline solution, followed
by 10¢, formalin solution. Frozen serial sections
were stained with Tuxol fast blue and cresyl violet
(Klitver-Barrera procedure, 1953), and electrode
locus determined by microscopic examination of
the sections.

Results

Nine animals self-stimulated at both hy-
pothalamic and dorsal brain stem sites; and
5 others self-stimulated only in a dorsal brain
stem site. Table 1 shows each rat’s highest
response rate, the current intensity for this
rate, and the arbitrarily defined threshold
mtensity. A response rate elassification sys-

tem used by Routtenberg and  Malsbury
(19691 is included in Table 1 for direet com-
parison of our data with their results, Table
I also lists the neuroanatomical locations
of all electrode tips, while Figure 1 shows

Fravre 1. Location of electrode tips in hy po
thalamic sites.
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Location of electrode tips i poste

Fraune 2
rior nudbrain sites

the neuroanatonueal loeation for hy potha
Fomie sites, and Figares 2 and 3 for doesal
brai stem sites (dots and triangles dieate
clectrode tips). The dots on all figures indi
cate ammals that were self-stimulators; on
the two triangles mdicate rats
self-stimulation be

ligure 3,
that did not display
havior and that will be veferved to m Expern
ment 4

In general, selb-stimulation  rate ten
sity functions for dorsal bram sten electrode
placements were simtlar to rate mtensity
functions  generated  trom hy pothalane
placenments. O the 9 animals which self-
stimulated at both sites; 5 had lowed thresh
old mtensities in the hypothalamus and 4
had lower threshold imtensities in the dorsal
bram <ten. The highest response rates gen
crated from dorsal brain stem sites varied
across subjects from a low of 22 responses
min to o high of 365 responses min. (mean
responses for a S-nune period). This range
cncompasses the range of
generated from hypothalanmie sites

On the average, response rates were higher
for hy pothalanmie than for dorsal hrain stem
placements. However, contrary to the re
<ults of Routtenberg and Malsbury (1969
who tound no posterior (dorsal bram stem)
placements which chicited very high (over
1,000 responses 1y mian) rates, +orats @3k
S ISEL and 28E) seltstimulated at very
high rates tor dorsal bram stem stimulation
(Table . The dorsal bram steme electrode
of 1 animal G chetted the highest sus
tatned response rate ever recorded e this

response rates

laboratory, 365 responses min. over a o-
min. period. T'wo dorsal brain stem place

AND HYPOTHALANIC SELFSTINMULATION

N

ments (Rats 21, 5410 cheited a lugh (501

1,000 responses 1D mins ) rates the remamnder
of dorsal bram stem placements cheited
moderate (200 300 responses 15 mang) re
rites. I the anmal self-stunulated
at all, at did <o at Jeast at moderate rates at

sSponse

its optimn intensity . Figure 4 shows repre
sentative rate mtensity functions for 3 rats
i thew hy pothalanue and dorsal bram stem

sites

Discussion

Dorsal bram stem electrode placeinents
can vield not only rehable wmtracranmal sell
stumulation behavior, but selt stimulation
comparable to the highest rates cheited by
anteriorly placed eleetrodes, This s contrary
to Routtenberg and Malsbury (1969, who
contend that highest rates of self-stimula
tion are found only o oventral anterior
midbram sites. We behieve that our elee
trodes cheited hugher response rates than
theirs because our range of intensities -
vartabdy tctaded that witensity whieh ehe
ited peak rates at each site, while e Rout
Malsbury's procedure,  peak
response rates were chieited only af thew
single, arbitrarvily chosen current intensity
happened to be that site’s optimum: selt
stimulation mtensity .

It s wellknown that hy pothalamie elee
trical bram stimulation frequently  results
i convulsions (Reid, Gibson, Gledball, &
Porter, 19600 In our experience, cleetrical
hraun stimulation through dorsal brain stem
clectrodes has never resulted i a convulsion

tenberg and

Location of electrode tips i anterion

Fiavre 3
pons
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Fven e the 2 cases of multiple-implant
atmals i which hypothalamie electrodes
chicited convulsions, dorsal brain stem elee-
trical bran stimulation did not, even at
relatively hagh intensities (200 wa.). Further-
more, multiple-implant animals consistently
demonstrated behavioral arousal when stim-
ulated  through  their hypothalamice  elee-
trodes, but when stimulated through their
dorsal brain stem eleetrodes, an absence of
arousal was noted.
EXPERIMENT 2

Because it 1s our contention that the locus
cocruleus or fibers emanating from the locus
coeruleus account for at least some of the
self-stimulation obtained - Experiment 1,
we would prediet that drugs known to affeet
noradrenergic  areas  (Stein, 1962, 1964)
should have a significant effeet on dorsal
brain stem self-stimulation. To test this
hypothesis, we compared the rats’ responses

under - vso Lamphetamine. Phillips and
Fibiger (1973) demonstrated that the hypo-
thalamus, a noradrenergic self-stimulation
site, shows a significantly larger effeet with
d- as opposed to amphetamine, whereas a
dopaminergic  self-stimulation  arca  (sub-
stantia nigra) shows approximately equal
effects with - and  lamphetamine. We
compared hypothalamic and dorsal brain
stem sites within the same subject to demon-
strate the noradrenergic nature of the dorsal
brain stem site,

Method

Sixorats (01, 131, 11, ISE, 1, 231) were con
tinued from Experiment 1. As deseribed in that
Lxperiment,  baseline  rateintensity  functions
were determined for each electrode site 1w each
rat. Thereafter, the animals were allowed to self
stimulate throughout daily 77 -min. sessions which
were divided into 11 Tonan. periods. As before,
intensity changes oceurred during 1 nin. time outs
hetween successive 7-min. periods. However, i

e ——————————
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this procedure, the rate tensity functions of
ench rat’s 2 electrade sites were interdigitated;
e, delivery of the current was alternated be
tween by pothalamus and dorsal brain stem i an
ABBAABBAAR sequence, beginning with  the
dorsal bram stem electrode site

hus, throughout the tiest 7 oo period, re
sponses resulted i stunulation through the dorsal
braon stem electrode site: Throughout the tollow
g 2 7 omine pertods, the curvent was delivered
through the hypothalamic site. Responses in the
next 27 min. pertods led to dorsal brain stem stim
whation, and so on until O mtensities were run in
ascending order i each site. The purpose of this
procedure was to insure that both electrode sites
wottld be tested equally iy the swme time interval
and under the same conditions. Responses during
the tinal 7 oune pertod resulted mono stimulation
(extinction)

For eanch drag, data were averaged over 3§ sue
cessive 3 day sequences. The drug was adminis
tered on the second day of each sequence; Day
1and Day 3 served as preo and postdrug controls,
The o amphetanune was admimstered on drag
days of the tivst O day sequence, amphetanine
i the second 8 day sequence. Finally o single o
:nn|||n'l:nn|m' sequence was run to determine if
any changes i dreug reaction had ocenrved sinee
beginning the experunent

On drug davs, the rat was mgected ntraper
toneally with either - or L amphetamine dosage
I mg kg of body werght; concentration: 1 mg ml
9 normal salime solution) 30 nun. before the
sell stimulation session On pre and postdrug
control davs, only the saline solution concentra-
tion: 1 ml kgof body werght 99 normal saline so-
lutton) was injected 30 nun. bhefore the self stime-
ulation session

Inoaddition, 2 rats were tested under the same
procedure over a variety of drag doses (5, 1.0,
and 20 mg kg) for both isomers

Results

Figure 5 shows the proportional changes
comparing rate intensity curves from o or
amphetamine  davs to saline  (haseline)
days, These curves represent standardized
scores for which response rates under sahne
are unity, and response rates under - or
{amphetamine are expressed as @ propor
tion of the saline rates. The d-amphetamine
effect at every intensity at both hiyvpotha
Lamie and dorsal bram stem sites tor cach
anmmal s signiticantly larger than the am
phetamine effect. Both drugs show  <ome
clevation over the saline condition, but the
Lamphetamine effect does not ditter «g
niticantly  from the saline condition  (sign
test, po > .05), The d-amphetamine effect
s statistieally significant, and differs from

O \I \(u»._'u

4501 PONS 0 AMPHE TAMINE
PONS L AMPHE TAMINE
HYPOTHALAMUS 0 AMPHE TAMINE
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> 150 . .
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Fravrr 50 Proportional comparison of o and
[ amphetamine upon rate intensity functions in
Ly pothadamie and dorsal bram stem sites

both saline and Camphetamine conditions
(s1gn tests, n < 08)-

Figure 6 shows the proportional changes
for dorsal brain stem sites comparing rate-
intensity curves when different doses of -
and Famphetamine were utilized. In Figure
G one ean see that rats have comparable
effects at 2.0 mg kg of Famphetamine when
these effects are compared with 5 mg kg of
d-amphetamine, indicating an approximate
L ratio of famphetamine to d-ampheta-
mine for this site.

Figure 7 shows the effeets of the three
doses of - and Famphetamine on the fiest
mtensity lustrated i Figure 6. Figare 7
also demonstrates an approximate 4:1 ratio
of Lamphetamine to d-amphetanmine. One
can see this by comparing the effects of 2
g kg of Famphetamme with 5 mg ke of
Jdeamphetamine

D iscussion

Previous research has mdieated that a
nunn action of d-amphetanmime is to tacilitate
noradrencrgie svstems (Phillips & Fibiger,
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1973 Stemn, 1962, 1964 Stener & Stokley,
19730 Dahlstrom and  Fuxe  (1964) and
Ungerstedt (1971 have shown that there
are noradrenergie locus coeruleus eell bodies
and noradrenergic tibers cnanating from
the locus coeruleus with terminals in the
hypothalamus. In a recent study, Anlezark,
Crow, and Greenway (1973 demonstrated
that bilateral lesions of the locus cocruleus
lead to large decrements in brain norepi-
nephrine. Our results are in accord with the
hypothesis that noradrenergic fibers or cell
badies in the dorsal brain stem support
self-stimulation w this area, and that these
llnr:ldn-nn-rgiv structures  account  for the
large d-amphetamine effect i the present
experiment.,

Obviously, there are other explanations
for our data that could involve nonnoradre-
nergie dorsal brain stem sites: 1t is possible
that nonnoradrenergie fibers are stunulated
which terminate o distant  noradrenergic
arcas whichy i turn, are vesponsible for the
d-amphetanmine effect. We can only com-
ment that Phillips and Fibiger (1973) found
specific: pharmacological effects dependent
on eleetrode sites Even under the assumip-

O
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A 51 PONS L AMPHE TAMINE (| MPK
X PONS D-AMPHE TAMINE | 5 MiK)
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Fravee 6. Proportional comparison of vary tng
doses (25, 5, 1.0, 20 milligrams per Kilogram
IMPKD of o and L amphetaimine upon cate wtew
ity functions in dorsal hraim stem sites
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Proportional comparison of vary ing
dose of dand 2 amphetamine wpon threshold
intensity in dorsal brain stem sites

Fiavwe 7

tion that the stimulated dorsal bhrain stew
arcas are nonnoradrencrgie, we still conelude
that the mechanism responsible tor intra
cranial self-stimulation i this experiment
1s noradrenergie. Therefore, 1t scemis ditlicult
to explain our data on the basis of Routten
berg  and  Malsbury's  “extrapy ranidal
hyvpothesis, as the extrapyranadal motor
system has been shown to be dopaminergie
(Ungerstedt, 1971 Our contention is that
stimulation of the novadeencrgie cells and
tracts surrounding our electrodes account
for our results,

FEXPERIMENT 3
In a previous experiment, Steiner, Bod-
nar, Nekermann, and Ellman (1973 demon-

strated that escape behavior could be ob
tatmed from dorsal brain stem sites that also

_ —
S | B S -
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i
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chicit mtracrinial selt-stimulation. In the
present expermanent, we .\\\ll‘lll:lll(':l“v\ na
nipulated intensity - (microamperes) to ob
tain eseape lateney mtensity funetions from
stimulation of dorsal braan stem sites in order
to compare them with hypothalanie  la-
teney intensity functions. Other mvesti-
gators  (Beer & Stemer, 1965, Bower &
NMiller, 1955 have demonstrated that eseape
lateney from hypothalamie electrieal bram
stimulation varies as a function of current
mtensity . Thus, escape behavior would pro
vide another useful comparison of dorsal
bram stem and hypothalamie areas.

Vethod

Four of the antmals (Rats 91, 131, LHE, and
ISE that participated e Experments ©oand 2
were continued e Experiment 30 The rats were
traaned to escape from passive electrieal bran
stindation inoan operant chamber sinlar i sze
to the chamber used m Experiments 1 and 2, with
the tollowing exception e place of a retractable
lever, n treadle (F < 10 o) was permanently i
serted into the chambor on the wall opposite trom
the wall that had contmned the retractable lever
'he onset of a stream of electreal trans (o0 oy
cles sec sine, dosee duration, O oseco itertram
mtervaly delivered through 1ot the rat's 2 elee
trode sites marked the beginming of the tiest trial
stimulation continued until either the rat de
pressed the treadle or 101 traans had been deliv
cred Fither contingeney constituted asingle trial
After a1 see tertrial mterval, the stimulation
was automatically reinitiated and the procedure
repeated successively until a block of 10 trials was
run The antmals were tramed to make a treadle
press response to terminate stimulation, and all
borats learned the appropriate treadle press e
sponse for stimulation i both dorsal brain stem
v by pothalamie sites

I'he rats were then tested st relatively high and
low mntensities (3 210 o) to hind ranges ol escape
latencies For each site, 6 antensities, presented
i descending order, were chosen to determine a
latency mtensity function N the haghest inten
sity, the ammmals had to overcome stimulus i
duced motor involvement i order to make the ap
propriate response; this was the first stimulus
presented i the protocol The next 3 lower inten
sities chosen were those from which the rat could
escape rehinbly o that is, they were intensities
which consistently ehierted escape behavior but
did not evoke mvoluntary movement. The fitth
mtensity was one to which the rat would give van
able response latencies across days, wherens the
sivthontensity was deliberately chosen to he below
threshold . Responding for the sixth intensity was
not noticeably different than at zero intensity

The within day procedure consisted of 8O trials

the first 10 and the last 10 trals were control trals
run at zevo intensity - Rats were run at the 6 chosen
wtensities, 10 trals per imtensity . Five consecn
tve days of data were taken for the dorsal bram
stem site, followed |l_\ S oconsecutive davs tor the
hyvpothalamus. Mean escape latencies were de
termined for each mtensity at each site

A final 3 day rate intensity sell stunalation
function was tuken for each site for each subject
toansure that self stimulation behavior could sull
be chicited following the escape procedure

The ammals were either histologieally pre
pared, as deseribed i Expermment 1 or continued
mto FExperniment |

Results

All subjects learned to escape rehiably and
differentiadly from the 5 highest mtensities
at cach site (Figure 8). Both dorsal bram
stem and hypothalamie funetions approxi
mated a straaght hine on a log log plot
7 (4 hypothalanie, 3 dorsal bram stem) out
of N cases. This indieates that escape lateney
vso stimulus intensity s a power function,
suggesting that escape lateney s o magni
tude estimation of the intensity of the stimu
lus (Stevens, 1957). In the remaining, case
(e dorsal braun stem site), there was o gross
motor artifact competing with approprate
escape responding at all intensities, which
may explan why its lateney intensity fune
tion deviated from a power function plot
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Discussion

Bower and Miller (19550, Olds (19546,
FOON, 19600, and Marguled (19060 suggested
separate neuronal systetas far positive and
for negative reinforeement. Olds (19600 and
Margudes (19661 mammtaimed that they found
diserete neuroanatomical arcas in which
cleetrieal bram stimulation supports mtrea-
cramal self-stinulation, but not eseape be-
havior. However, Beer and Stemer (1965)
and Stemer et ale (1973 have shown that
any area in the hypothalamus that will
vield mtracranial self-stimulation will also
vield escape behavior. In the present ex
permment, we found that all dorsal brain stem
and hypothalamie self-stimulation sites that
we tested }i\“\l escipe l\l‘h:\\‘inl‘. In :llli““llll.
the areas that Margules (1966) called pure
positive areas are areas that were found to
vield  rehiable escape behavior  (Beer &
Stemer, 1965 Stener et al. 1973 the present
\lllal) )

We beheve that the conflicting findings
are a function of relatively simple methaod
ological differences hetween studies. In the
studies that obtaned eseape behavior from
all seltstimulation sites (Beer & Stemer,
LG S temer et ol 19750 the present study)
the rats were actively shaped to emit escape
responses. s important to note that while
mitially shaping eseape responses, low -
tensities (often below selt stimulation thresh-
olds) are more effective - shaping escape
respotses than are high ntensities. This
may scem paradoxieal sinee anuunals that
have already learned to escape do so more
auicklv at lugh wtenstties than at fow
tensities. However, if one gives the rats high
mtensities carly - training, they tend to
become mnmobilized and lietle, o any, re-
Lable hehavior can be obtamed. In Margules'
(1966) study, no shaping was performed, aud
relatively high wtensities: were used early
i the experunental run. Based on our ex-
perienee, the surprising vesults from Mar
gides” (1066 study s that any reliable es
cape behavior was obtained using this pro-
codure. The “pure™ positive remforeement
area, to o our knowledge, remains undis
covered.

EXremmvest |

Ungerleder and Coons (19700 stated that
response enhancement between contralat -
eral hy pothalamie sites depends on the abil-
ity of each electrode site to support self-stiun-
ulation ‘n‘h:l\lul" response cnhancement
does not oceur when one electrode site sup-
ports selt-stimulation but the other does
not. Maeda and Shnza (1972), using histo
fluorescent techniques, demonstrated a com
mon nearchumoral  transmitter  substanee
(moradrenaling and neuroanatomiceal connee-
tons between the hypothalamus and locus
cocruleus. This expertment attempts to den-
onstrate w functional relationship between
dorsal braan stent and  hy pothalamie mtea-
cramal self-stimulation sites. Spectfically,
we attempted to compare stunulation ot
dorsal brain stem and hypothalamie sites
alone with the effeets of st taneous <timu
lation of these 2 sites, Our comparisons in-
volved both response threshold and response
rates.

Method

Five Holtzman Sprague Dawley rats, 3 drawn
from previous experiments, were used e this ex
periment. AL S anmads demonstrated sustaaned,
reliable selt stimulation behavior from their hy -
pothalanue electrodes. Three of the 5 subjects
also demonstrated self stimulation behavior for
dorsal brann stem electrieal bran stimalation
(double pressers), while 2 subjects did not demon
strate selt stimulation from their dorsal brai
steme electrodes, despite at least 15 shaping ses
stons (controls)

\ rate mtensity tuncton, as deseribed in By
periment 1, was obtamed for each electrode site
that supported el stimulation. Every rate in
tensity tunction included @ current intensity
which yvielded response rates below an acbatearily
defined threshold rate (@ mean of 10 responses
min over a b nune pertod) - Upon determination of
threshold mtensities at each electrode site, the
double  pressers began the following  schedule
which s represented in Table 2

Every day, each double presser had an oppor
ity to lever press during an SO min. session
which was divided ito 10 min. pertods. During 1
pertod, lever pressing led to delivery of subthresh
old stimulation 1o ¥ electrode site (single stimula
ton) ;. during another period, lever pressing led
to delivery of stimulation to the alternate elee
trode site (single stimualation); during o thaed
period, tever pressing led to simultancous delivery
of subthreshold stunulation to both sites (simul

g
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taneous stimulation) at the same tensities as i
the earhier periods. Fach of these pertods was
separated by pertods durnug whisch no stimulation
was dehivered (extinetion); the purpose of the
extinetion 'u'llmls was to reduce contrast effects
between stunulation conditions . Data from the
first 5 o of cach 10 mn pertod were disre
garded; this also reduced contrast effects, The
mean number of responses per ninute over the
last S o of each period were calenlated and com
pared

Fhe psyehophivsical method of himits was em
ploved to determine carrent itensity thresholds
wnder the simulhtancous condition Cuarrent mten
sty was held constant at one site and varied at
the alternate site. When simultancouns stunulation
resulted in suprathreshold response rates, current
ttensity an the varmble site was then reduced on
suceessive davs antl simultancons stunatation
ne o longer supported  suprathreshold  response
vates Phis procedure was then reversed and cur
rent ntensity at the vartable electrode site was
mereased over successive davs unul suprathresh
old TOSPONSE FAles Were onee agatn altained \'\\I‘\h):
the sinultaneous  stinalation condition. Two
alternate ascending and descending sequences
were repeated, and an overall threshold was de
termined (Kling & Rigys, 19710

This procedure was moditied for the two rats
that displayed selt stimulation behavior from only
the hypothalamus For these anmals, hypotha
lamie rate mtensity functions were  detertined
over a b day baseline pertod. Then, each mtensity
w the hypothalaime rate imtensity function was
stmultancously  pared with a0 constant dorsal
brain stem intensity . The dorsal brain stem mten
sty was vaned every tith day until the by potha
Lamie rate mtensity functions had been paired
with 5oantensities which ieluded o range of
tensities (30 170w ) that normally  supports
selt sumulation. After the last dorsal braam stem
current intensity had been tested, the baseline by
pothalamie rate mtensity function was repeated
over the next & days tosee i it had changed. Al
rats were then histologieadly prepared as deseribed
m Experiment |

Results

Table 5 displays the subthreshold inten-
stttes for each rat's 2 sites, the rate elicited
by a subthreshold wtensity presented singly,
the rate cheited by the subthreshald inten
sities presented simultancoushy, and the
peak hypothalamie rate as a comparison to
the siultancous stimudation rate. Thresh-
ald mtensities (intensities chiciting fewer
than 10 responses ) for sinultaneous
stimulation were 3 L g lower than thresh-
old mtensities for singly presented stimula

TABLE 2
Provocor ror Simuirazrors Senv i cetos
Suowina Py vor R Gt

Mean Mean
Stmulation  response  respons

Site | infensity tate Tate
RUP™ first sevond

| S S mun

Fxtinetion 0 26 3.3
Dorsal bram stem u 2.8 T
Extinetion 0 | 0
Hy pothalumus aad 16 00
Extinetion i\ [NV 00

Daorsal bramn stem

hy pothalamus 188 | 8.4 | 1L
Extinetion O (| |
Dorsal bram stem 11 N (UNU

tion. Table 3 and Ligures U3 note lustolog
teal verttications of the clectrode placements

For each double-presser rat, response rates
under simultancous stimulation: conditions
were substantially above threshold ar
tensity levels which, when presented singly
yvielded only subthreshold  response pates
igure 9 displays data for the deternnma
tion ot a simultancous stunulation threshold
tor one such annoal (Rat 3190 The 2 other
double presser vats vepheated the results
shown i all essennal respectss AL subjects
simultancous stimulation rates (ehetted by
mtensities that were subthreshold when pre-
sented singlyv) were smlar to maximum
rates produced at any wmtensity at any site.

The 2 contral subyjects showed no evidenee
that simultancous stunulation cubaneed e
SPOnse rates moany way at any intensiy .
Figure O depiets Control Rat 2218 contrasted
with the effect of a double-presser (Rat 310

Discussion

Weinterpret these data to be evidenee for
neurophystologieal interaction between new-
roanatomically  distinet and  distant  loer.
Our hypothesis s that the behavioral data
obtamed e this expertment were the vesult
of neurophysiologival  mteraction between
locus cocruleus and by pothalamie structures
This hypothesis s m accord with histotluo
rescent data (Macda & Shiazu, 1972 Olson
A Fuse, 19720 However, at this pomt we
cannot rule out the possibility that other
neuroanatomieal structures are mvolved

- s
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TABLE 3

ERrior oF SIMuemaNeors ST iatton in Hy porive aie (i e
ON “I~|-||\\I

nyp | MYP Dk

ooy suon ns

Peak Y P

ate DB rate
threshold " HY P electrode threshold : rate
Subject i ensity ikt localization intensity |‘TORPRNSOR DB elevtrnde lnalization responses
sponses min
n ua iy N i min Tesponses
min
Double Pressers
il i 00 lateral 11 oo dorsal noradrenerg 200 19 0
hy pothalamus bundle
7l 3 1O formy (R1 1.5 locus coerulens 165 132.8
ol ol SO0 fornin 21 SN ventral tegmental an 170 109 0
cleus
Controls
321 1 31 lateral 177 1.4 pontine retienlar for 219 (O3]
hypothalanus R 2.4 mation S0
231 1 2.5 | formx Ll 0o pontine raphe 29 SN

A

0o r

Note Double pressers self stimulate i both electrode sites; controls selt stunulate only i the hy

pothalamus

this mteraction, nor ean we presently rule
out the more unlikely possibility of some
type of remforcement summation  that s
relatively independent of neural pathways.
The data for the control anunals demon
strate that simultancous stimulation of g
seltstimulation and  a nonself-stimulation
site does not result in mereased  response
rates, allowing us to conclude that spread ot

i i v " L ATON

Fravre 9 Comparison of simultaneous stimn
Lation imteraction between the dorsal braimn stem
and hy pothalamie self stimulation sites (Rat 310
and st taneons stimulation interaction between
a hy pothalamie self stimulation site and a dorsal
braon stem nonselt stimulation site (Rat 2210

cleetrical current from dorsal brain stem to
hypothalanae structures cannot account for
the strong  interaction found o double
presser subjeets

GENERAL Discussion

The present group of experments explored
~ome of the types of behavior that can be
cherted trom dorsal bram stenn seltstunula
tion sites. 1t has been demonstrated  that
antmals with dorsal bramm stem electrodes
can: (@) self-stimulate at moderate to very
high response rates: () have the type of
ditferential effect to o and Camphetanune
that one would expeet rom a noradrencrgie
stites (¢) show escape lateney functions that
are similar to hy pothalanue escape lateney
tunctions. In addition, sunultancous dorsal
brain stem and hypothalamie selt-stimula
tion lowers selt-stimulation thresholds and
riises response rates at least at relatively

low mtensities. The megor difterence noted
between these self stimulation sites s that
behavioral arousal characterizes hypotha
Linne selt-stimulation but not dorsal bran
steme selt stumulation. (Fhas s usually, but
not mvariably, the case

The data presented ave e accord with the

anb Dokesae Biovs Stes (ow) S -

N
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hypothesis that the locus coeruleas wediates
dorsal brain stem self-stimulation. The fact
that one can obtain a large increase in dorsal
brain stem self stimulation rates with ¢-am
phetimine but not with Famphetannne
supports the notion that noradrenergic fibers
or n'll lm‘l\\w are n-\punﬂhh' for ~:'“ sllllllll:l
tion an this aren. The faet that one can obtain
mteractions between dorsal bram stem and
hypothalanie self-stimulation s not con
clusive support of the argument that the
locus cocruleus is a self stinulation site, but
1t s congruent with the elatm that the locus
coeruleus has connections with the hypo
thalamus (Lotzou, 1969 VMaeds & Shimizu,
l‘-'l-. Olson \ |ll\1. 1972 lllm‘l‘*ln“,
1971).

A last pownt that is of particular interest
to the authors is the elationship of the pres
ent studies to rapid eve movement (REM)
sleep research. Jouvet (19691 and Henles
and Mornson (1969 have shown that the
locus coeruleus 1= imvolved in lrlgg--rmu and
maintaming tonic aspects of RN sleep.
The results (Stemer & 1 llm an, 1972, Spuel
man, Mattiace, Steiner, & Ellman, 1973
showing o reciprocal relationship hetween
wtracranial self-stimulation and REN sleep
= converging evidence for the contention
that the locus covrulens is an intraceranial
self-stimulation site.
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ABSTRACT

ACKERMANN, R. F., S. J. ELLMAN, R. J. BODNAR, F. JACKLER and S. S.

STEINER. Behavioral interactions among rat brainstem and hypothalamic

self-stimulation sites. PHYSIOL. BEHAV. Rats, with electrodes in

hypothalamus, and one of: locus coeruleus, periaqueductal gray, sub-
stantia nigra or contralateral hypothalamus, were tested for intra-

cranial self-stimulation (ICSS). If both of an animal's two electrode

sites supported ICSS, simultaneous stimulation response rates, elicited
at near-threshold intensities, were significantly greater than the sum
of the rates elicited by single-site stimulation at the same intensities,
indicating neurophysiological interaction between the ICSS sites.

If only one site supported ICSS, no interaction took place. The mag-
nitude of interaction between ICSS sites was estimated by comparing

the current intensity necessary to support ICSS responding under single
stimulation conditions to that under simultaneous stimulation conditions.
Obtained interaction estimates were site-dependent; if both of an
animal's ICSS sites were sensitive to d-, but not 1-amphetamine,
simultaneous stimulation threshold reductions were relatively small.

If one site was sensitive only to d-amphetamine, but the other sensi-
tive to both isomers, simultaneous stimulation threshold reductions

were significantly larger. These results suggest the existence of two

interacting ICSS systems.




intracranial self-stimulation
locus coeruleus
substantia nigra

hypothalamus

ventral tegmental area

periaqueductal central gray

d- and 1-amphetamine

interactions




Studies of interaction among simultaneously stimulated intra-
cranial self-stimulation (ICSS) sites have been few, and largely re-
stricted to studies of inhibitory effects of stimulation at one site
upon I1CSS elicited from another site (24, 25, 33). Despite their ob-
vious theoretical importance, studies of interaction between simultane-
ously stimulated ICSS sites have been rare, perhaps because of diffi-
culties in interpreting their results (39). Such difficulties notwith-
standing, Albino and Lucas (1) reported that when the ventral tegmentum
and septum were stimulated nearly simultaneously, ICSS response rates
were greater than the sum of response rates when either the tegmentum
or septum was stimulated alone. From these data, they deduced that
there was a physiological interaction between septal and tegmental
ICSS sites. Subsequent ICSS studies demonstrated interactions between:
(1) contralateral hypothalamic areas (14, 37); (2) amygdala and hypo-
thalamus (35); (3) posterior hippocampus and hypothalamus (16); and
(4) locus coeruleus and hypothalamus (10). Anatomical evidence (23)
indicates that fibers of forebrain limbic structures have reciprocal
connections among themselves and with such midbrain nuclei as the dorsal
and ventral tegmental nuclei, the ventral tegmental area of Tsai, and
ventral portions of the periaqueductal gray. Histofluorescence and
pharmacological studies have shown that ascending catecholaminergic
fibers innervate these forebrain limbic structures (9, 20, 26, 38).
Subsequent studies have demonstrated that catecholamine-containing
pontine and midbrain structures support I1CSS; these structures include

the locus coeruleus (LC) (8, 10, 12, 30), the dorsal noradrenergic
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bundle (DNB) (10, 27), the ventral noradrenergic bundle (31), the
periaqueductal noradrenergic bundle (5, 22), the mid-ventral peri-
aqueductal gray (MV) (11, 19), and the substantia nigra (SN) (7, 32).
The present study, comprising two experiments, was an attempt
to characterize interactions between hypothalamic (HYP) and tegmental
self-stimulation sites. In Experiment 1, dorsal midbrain and pontine
[CSS sites were surveyed for interaction with hypothalamic ICSS sites.
In Experiment 2, an estimate of the magnitude of interactions was ob-
tained. Finally, the data from Experiment 2 were analyzed together
with previously published d- and 1-amphetamine I[CSS data (10, 11, 27,
28) in an attempt to determine if the magnitudes of interactions between

sites corresponds with their sensitivities to the amphetamine isomers.

EXPERIMENT 1
Experiment 1 investigated interactions between the following
combinations of electrode sites: (a) LC/HYP (or DNB/HYP):; (b) MV/HYP,
(c) SN/HYP; (d) HYP/contralateral HYP; and (e) LC/SN. Interactions
between electode sites were measured in terms of increased response
rates when sites were stimulated simultaneously compared to the sum

of the response rates when either site of a pair was stimulated alone.

A. Subjects and Surgical Procedure

Twenty-six male Sprague-Dawley (Holtzman) albino rats (375-500 g)
were anesthetized with Equithesin (Jensen; 1 ml/kg), placed in a Kopf
stereotaxic instrument and implanted with either two or three bipolar
electrodes (Plastic Products). Each bipolar electrode was made of

two intertwined strands of stainless steel wire (0.3 mm diameter)




completely insulated except at the tips, which were 0.05-0.10 mm apart.
After surgery, animals were housed individually and had access to food
and water ad 1ibitum.

Electrode implants, comprising two bipolar electrodes, were aimed
at the following site combinations: (a) LC and HYP; (b) SN and HYP;
(c) MV and HYP; (d) left and right HYP; (e) SN and LC. Impants comprising

three bipolar electrodes were aimed at the following site combinations:

(a) LC, MV and HYP; (b) LC, SN and HYP; and (c) LC, left HYP and right HYP.

With the incisor bar always set at -5 mm, HYP coordinates were
4.2-4.4 mm posterior to bregma, 1.5 mm lateral to the sagittal suture,
and 8.7 mm from the top of the skull. LC coordinates were 1.5-2.0 mm
posterior to lambda, 1.0 mm lateral to the sagittal suture, and 7.0 mm
from the top of the skull. SN coordinates were 2.0 mm anterior to
lambda, 2.0 mm lateral to the sagittal suture, and 8.2 mm from the top
of the skull. MV coordinates were 0.6 mm anterior to lambda, 1.5 mm
lateral to the sagittal suture, and 7.5 mm from the top of the skull
and angled at 12 toward the mid-sagittal plane. In animals implanted
with 3 bipolar electrodes, LC and HYP electrodes were ipsilateral to
each other, while the SN electrodes were contralateral to the other
two. MV electrodes entered the brain contralateral to HYP and LC

electrodes, but their tips were located near the mid-sagittal plane.

B. Apparatus and Preliminary Testing

Ten days after surgery, each animal was shaped to lever-press in
an operant conditioning chamber (20 x 20 ~ 23 cm), constructed of
Plexiglas and stainless steel. A 2 ~ 4.5 cm retractable lever (Scientific

Prototype) was located 4 cm above the grid floor on one wall of the
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chamber. A force of 0.2 N was sufficient to depress the lever and
constituted a response. Electromechanical and solid-state switching
circuitry in an adjacent room monitored animals' behavior, recorded
minute-by-minute response rates, and controlled contingencies of re-
inforcement. Reinforcements consisted of 250 msec trains of sinusoidal
60 Hz waves delivered on a continuous reinforcement schedule, and passed
through either one or both of an animal's two bipolar electrodes, de-
pending upon the experimental condition. Current intensity was held
constant within trials and varied between trials according to the demands
of the experiment. In addition, wave form and stimulus intensity were
continuously monitored by observing on a differential input oscilloscope
(Hewlett-Packard) the voltage drop across a 1,000 ohm resistor in series
with the animal. Current fluctuations were maintained within one percent
by placing a 100,000 ohm resistor in series with the animal.

Animals were shaped for a minimum of 15 successive daily sessions
at a variety of current intensities (5-200 uA) in each electrode site.
Animals which did self-stimulate from at least one of their electrode
sites were continued in testing on the following schedule in order to
determine rate-intensity functions for each site. Rate-intensity
functions were determined in daily 48-min sessions which were divided
into six 7-min periods; changes in current intensity occurred during
1-min. timeouts between successive 7-min. periods. Data from the first
2 min. of each 7-min. period were disregarded. The mean response rates
over the last 5 min. of each 7-min. period were recorded and constituted
the dependent variable in all conditions. Current intensities utilized
in determining rate-intensity functions were chosen in accordance with

the following criteria: the first intensity was sufficiently low so
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that the animal's mean response rate over the last 5 min. of the period
was below an arbitrarily defined response threshold (usually 10 responses
per min.). The fifth intensity sustained self-stimulation behavior

at rates which approached or reached highest response rates. The second,
third, and fourth intensities elicited response rates which were between
threshold and peak intensity response rates. Responses during the

final 7-min period resulted in no stimulation (extinction). Rate-
intensity functions, averaged over 5 days, were determined for each

electrode site in each animal.

C. Histology

After completion of the experiment, animals were overdosed with
Equithesin (2 ml) and perfused with normal saline followed by 10"
formalin. Serial frozen sections were cut at 40 microns thickness,
stained with luxol fast blue and cresyl violet (17), and electrode
locus was determined by comparison with the Konig and Klippel rat
brain atlas (18).
Procedure

Animals demonstrating ICSS behavior in at least two electrode
sites were termed double pressers: animals demonstrating ICSS behavior
in only one electrode site were controls. After determination of a
rate-intensity function for each electrode site, the double pressers
began the following protocol, represented in Table 1 for a typical

animal.
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Every day, each double presser lever-pressed during a 70-min.
session which was divided into ten 7-min. periods. As before, data
from the last 5 min. of each 7-min. period were recorded.

During the first, third, fifth, and seventh 7-min. periods,
responses resulted in no stimulation (extinction); the purpose of these
interspersed extinction periods was to reduce any contrast effects
between successive stimulation periods. DOuring Period 2, responses
resulted in delivery of subthreshold stimulation to one electrode site
(single stimulation). During Period 4, responses resulted in delivery
lation). During Period 6, responses resulted in simultaneous delivery

of subthreshold stimulation to both sites (simultaneous stimulation)

at the same intensities as in Periods 2 and 4. During Period 8, responses
resulted in delivery of subthreshold stimulation to the electrode site
which had elicited the higher response rate during the earlier single
stimulation periods. This condition was includea to insure that the
response rate elicited under the simultaneous stimulation condition

was due to interaction between the two sites and not due to any spon-

taneous increase in responding by one site alone. During Periods 9

and 10, responses resulted in delivery of a stimulation intensity
which elicited peak response rates for each respective electrode site.
Peak response rates for each site were monitored in order to discern |
any shifts in rate-intensity functions, and also to maintain behavior i
in the face of the many extinction periods comprised by this paradigm.

This procedure was repeated daily over five days for each animal. i




The procedure was modified for control animais because they did
not self-stimulate for any current intensity at one of their electrode
sites. Table 2 presents the protocol for a typical control animal.
Each control animal was tested in a 56-min. session divided into eight
7-min. periods. During Periods 1, 3, and 5, responses resulted in no
stimulation (extinction). During Periods 2 and 6, responses resulted
in delivery of stimulation to the animal's only ICSS site at an intensity
which elicited 10-25 responses per min. (single stimulation). During
Period 4, responses resulted in simultaneous stimulation comprising:
(1) the same intensity as in Period 2 to the I(CSS site, and (2) one of
a variety of current intensities (5-200 uA) to the site which did not
support ICSS. During Period 7, responses resulted in delivery of the
same stimulation intensity to the non-ICSS site as in Period 4; this
insured that this non-ICSS site still did not support I1CSS following
the simultaneous stimulation condition. During Period 8, responses
resulted in delivery to the ICSS site of the stimulation intensity
which elicited peak response rates. This procedure was repeated over
approximately 40 days for each control animal; the current intensity
delivered to the non-ICSS site was changed from day to day.

Results

Twenty-six animals completed Experiment 15 in 25 animals one pair

of electrode sites was tested and in one animal two different electrode

site combinations were tested. In 22 of the 27 electrode site combina-

tions, both electrode sites supported ICSS. In the remaining 5 electrode
site combinations, only one of the two electrodes supported [CSS. Table

3 summarizes the data collected in Experiment 1.
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The data for each site combination were analyzed separately; for
each of the 22 double presser combinations, the response rate under
simultaneous stimulation was significantly higher (correlated difference
score t-tests, p = .05) than the sum of the response rates of the two
single stimulation conditions. These results were true regardless of
the locus of the two ICSS electrodes (Table 3). By contrast, for each
of the five control combinations, there was no significant difference
(correlated difference score t-tests, p ~ .05) between the simultaneous
stimulation condition and the single stimulation condition of the ICSS
site regardless of the intensity delivered to the non-ICSS site: if
one of the electrode sites was neutral, then simultaneous stimulation
of both sites did not result in response rate enhancement. The control
group included both tegmental and HYP non-ICSS placements, including
one near the HYP (Rat 43F), one near the MV (Rat 8F), one near the SN

(Rat 79F), and two near the LC (Rats 22F and 23E).

Figure 1 illustrates the differential effects of simultaneous
stimulation in a double presser (74£) as compared to a control animal
(79F). Rat 74E, shown on the left, self-stimulated from both electrode
sites, while Rat 79F, shown on the right, self-stimulated from the HYP
but not from the tegmentum. Rat 74E, the double presser, shows clear
enhancement in response rate in the simultaneous stimulation condition

as compared to the response rates elicited in the single stimulation
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conditions. It is equally clear that no matter which current intensity

was employed at the non-ICSS site, the control animal, 79F, did not
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show enhancement in response rate during the simultaneous stimulation

condition.

EXPERIMENT 2

Experiment 1 demonstrated that numercus tegmental ICSS sites
interact with HYP ICSS sites at subthreshold intensities to support
suprathreshold levels of ICSS. It could be argued that response rates
under simultaneous stimulation are not an adequate measure of the
magnitude of interaction between two ICSS sites because several studies
(39, 40) have demonstrated that stimulation eliciting low response
rates is, under some circumstances, chosen by rats over stimulation
eliciting higher response rates. Also, different ICSS sites within
the same animal can have disparate peak response rates, making it
difficult to compare: (a) across sites within a given animal, and/or
(b) across animals at the same sites. Therefore, a different measure
of the rewarding properties of the interaction, independent of response
rate, was necessary. The measure chosen was the reduction, under
simultaneous stimulation, in the current intensity required to support
the threshold response rate (10 responses/min.).
Procedure

Seventeen double pressers were continued from Experiment 1 into
Experiment 2. The subthreshold intensities which would support simultaneous
stimulation interactions were determined for each site. Then a modified
psychophysical method of limits was employed to determine stimulation

intensity thresholds under the simultaneous stimulation condition;
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Table 4 illustrates this protocol in a representative animal. With

one exception (7E) current intensity was held at a constant, subthreshold,
intensity at the HYP (constant site) and systematically varied at the
tegmental site (varied site). At the initial current intensities
simultaneous stimulation resulted in suprathreshold response rates

(>10 responses/min.). Then, current intensity at the varied site was
stimulation failed to support suprathreshold response rates. When this
occurred, the same varied site intensity was repeated on the following
day. If simultaneous stimulation supported suprathreshold response
rates on the second day, the schedule of daily 1.4 uA decrements was
failed to support suprathreshold responding on two successive days.

This modification of the method of limits insured that a random failure

Upon an animal's failure to respond at suprathreshold rates under the
simultaneous stimulation condition on two successive days, the procedure
was reversed and current intensity at the varied site was increased

over successive days in steps of 1.4 pA per day unti) suprathreshold
response rates were once again attained on two successive days in the
simultaneous stimulation condition, and then increased further until

suprathreshold response rates were attained on two successive days at

the varied site in the single stimulation condition. For each varied
site, two alternating descending and ascending sequences of intensities
were run, and an overall varied site single stimulation threshold and

simul taneous stimulation threshold were determined for each pair of

to respond on any given day would not confound the threshold determination.
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sites. The magnitude of the difference between a varied site's single j
stimulation threshold intensity and simultaneous stimulation threshold 1

intensity was considered a measure of the interaction between the two

electrode sites.

Results

In 16 of 17 animals, the interaction between one pair of electrode
sites was tested and in one animal two different electrode site combina-
tions were tested. The magnitude of the difference between each varied
site's single stimulation and simultaneous stimulation thresholds ranged
between 1.6 and 16.5 1A. For every electrode site combination, the
threshold intensity in the varied site was significantly lower (sign
test, p ¢ .05) in the simultaneous stimulation condition than in the
single stimulation condition. Table 5 summarizes the data collected

in Experiment 2.

Figures 2 and 3 show the differences between the varied sites'
single stimulation and simultaneous stimulation threshold intensities
across successive threshold determinations. Figure 2a indicates the
differences over successive threshold determinations for a representative
animal in the LC/HYP group; in this group varied site threshold re-
ductions ranged between 1.6 and 8.5 nA. Figure 3a displays similar

data for a representative animal in the periaqueductal gray/HYP group:
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threshold reductions in this group ranged between 3.4 and 14.4 ,A.
Figure 3b shows a representative animal for the SN/HYP group for which
reductions in varied site thresholds ranged between 3.2 and 16.5 A.
Figure 2b shows a representative animal for the HYP/contralateral HYP
group for which reductions in varied site thresholds ranged between
1.6 and 12.4 yA.
Analysis

Based on pharmacological data, three different catecholamine-
mediation hypotheses have been offered to account for ICSS: (1) ICSS
is mediated primarily by norepinephrine (2, 30, 31, 34); (2) ICSS is
mediated primarily by dopamine (4, 21); (3) ICSS is mediated by both
norepinephrine and dopamine with either transmitter sufficient (11, 27, 28).

Snyder and his colleagues (6, 36) have suggested that behavioral
effects elicited by d-amphetamine or 1-amphetamine can be employed to
differentiate between norepinephrine mediation or dopamine mediation
of particular behaviors. Following them, Phillips and Fibiger (28)
have suggested that norepinephrine-rich and dopamine-rich ICSS sites
can be differentiated on the basis of their relative sensitivity to
1-amphetamine. They found that norepinephrine-rich sites are insensitive
to l-amphetamine while very sensitive to d-amphetamine; by contrast,
at dopamine-rich sites the two amphetamine isomers are nearly equipotent
because these sites are more sensitive to 1-amphetamine and less sensitive
to d-amphetamine as compared to norepinephrine-rich sites. O0f the ICSS
sites tested in the present study, the following were known from previous
studies to be sensitive to d-amphetamine, but not to 1-amphetamine ("d"

sites): (a) the LC (DNB) (10, 11, 27); (b) an area adjacent to the
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ventral tegmental nucleus (10); (c) the dorsal longitudinal fasciculus
(DLF) (Ackermann et al., in preparation); (d) the medial forebrain
bundle and perifornical area (10, 28); and (e) the crus cerebri/nigro-
striatal tract (Farber et al., in preparation). Of the ICSS sites
tested in the present study, the following were known from previous
studies to be sensitive to both d-amphetamine and 1-amphetamine ("1"
sites): (a) the MV (11) and (b) SN, pars compacta (28). Therefore,
on the basis of each electrode site's known sensitivity to d- and 1-
amphetamine, electrode pairs were grouped into the following three
categories: Group A, comprising pairs in which both electrodes impinged
on "d" loci; Group B, in which one electrode impinged on a "d" locus
and the other electrode on an "1" locus; and Group C, consisting of
only one electrode pair in which one electrode impinged on a "d" locus
and the other electrode on a locus which has not been tested with d-
and 1-amphetamine.

The ten electrode pairs in Group A included all six LC (DNB)/HYP
pairs, three of the four HYP/contralateral HYP pairs (Table 5A; Fig. 2a,b),
and one of the periaqueductal gray area/HYP pairs (Rat 40E) (Table 5A;
Fig. 2c) which sorted into Group A because its periaqueductal electrode
was located in the lateral periaqueductal area from which response
enhancements under d-, but nct 1-amphetamine were obtained. Group A
electrode pairs had a mean threshold reduction of 4.5 A with a range
of 1.6 to 8.5 yA. The veracity of the assigned drug designation was
confirmed by actually testing three of the ten animals in this group
under the d- and l1-amphetamine screening procedure (11); these three

animals had electrode sites which were inclusive of all of the loci in

Group A.
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Group B comprised seven electrode pairs. One electrode of each
Group B pair was in the Tlateral hypothalamus, a "d" site, and the second
electrode was in one of two "1" sites, either the MV (n = 3) or the
SN (n = 3) (Table 5B; Fig. 3a,b). A third “1" site in Group B was a
single HYP electrode (Table 5B; Fig. 3c Rat 68F) located in the anterior
nucleus of the hypothalamus, which, unlike all other HYP sites tested
in this laboratory, was equally sensitive to d- and 1-amphetamine.

This result is perhaps accounted for by recent histofluorescent evidence
that a dopaminergic incertohypothalamic fiber system traverses the
anterior nucleus of the hypothalamus (3). Group B site combinations
with a range of 9.1 to 16.5 yA. The veracity of the assigned drug
designation was confirmed by actually testing three of the seven animals
in this group under the d- and 1-amphetamine screening procedure (11);
these three animals had electrode sites which were inclusive of all of
the loci in Group B.

There is a significant difference (Mann-Whitney U Test, p « .05)
between the threshold reductions of Group A sites and Group B sites;
in fact, there is no overlap in the two groups' values.

Group C comprised a single site combination in which one of the
two electrode sites was the SN, pars reticulata, which has thus far
not been tested under d- and T1-amphetamine. The threshold reduction
for the HYP/SN, pars reticulata site combination is considerably less
than the other HYP/SN site combinations (Table 5C). This site combination
was excluded from Group B because the SN, pars reticulata: (a) is not
dopaminergic (38) and (b) differs from the pars compacta in its projections

(29).

el 0.




Discussion

These results indicate that tegmental ICSS sites interact with
HYP ICSS sites and interact among themselves. Furthermore, such inter-
actions are systematic; that is, each site combination has a character-
istic threshold reduction under simultaneous stimulation which remains
stable over several threshold determinations which require many weeks
to obtain. This consistency is quite remarkable when one considers
the difficulty of the discriminations required by the present experi-
mental paradigm in which increments or decrements in current intensity
are small (1.4 yA) and are made over days. Threshold reductions were
consistent not only within pairs of sites within particular animals,
but also across similar site combinations in different animals. For
example, LC/HYP site combinations show consistently small threshold
reductions (1.6 to 8.5 uA), while SN, pars compacta/HYP site combina-
tions show consistently larger threshold reductions (9.1 to 16.5 jA).

When both of two electrode loci are reactive to d-, but not 1-
lation. However, when one of the two electrode loci is equipotently
reactive to d- and 1-amphetamine, large threshold reductions occur
under simultaneous stimulation. These results imply that physiological
interactions between sites which are dissimilar in their reactivity

to d- and T-amphetamine are greater than physiological interactions

between sites which are similar in their reactivity to d- and l-amphetamine.

These results cannot have been caused by passive current spread between
electrodes because: (1) the magnitude of the threshold reduction under
simultaneous stimulation was independent of the proximity of the two

sites; i.e., the smallest threshold reductions were obtained from both
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the least distant (HYP/HYP) and the most distant (LC/HYP) electrode

site combinations; (2) the magnitude of the threshold reduction under

simultaneous stimulation was independent of the total amount of administered

current, i.e., the total current delivered to Groups A and B was not
significantly different (Mann-Whitney U Test, p > .05); (3) control
animals failed to demonstrate interactions under simultaneous stimula-
tion with an ICSS site regardless of the proximity of the electrodes

and regardless of the intensity delivered to the non-ICSS site; and

(4) intensity increments (1.4 pA) had a much greater effect in increasing
responding under the simultaneous stimulation condition than did the

same increments under the single stimulation conditions; this result

is the opposite of what would be predicted by a current-spread hypothesis.

Coyle and Snyder (6) reported that both amphetamine isomers increase
reuptake by dopaminergic synaptosomes equally well while d-amphetamine
increases reuptake significantly better than 1-amphetamine in non-
dopaminergic synaptosomes. Based on this finding, they suggested that
behaviors could be characterized as being dopamine-mediated or norepine-

phrine-mediated, depending on the relative ability of the d- or 1-

isomers to facilitate them. Taylor and Snyder (36) found that d-amphetamine

was ten times as effective as 1-amphetamine in increasing locomotor
behavior, while d-amphetamine was only twice as potent as 1-amphetamine
in inducing compulsive gnawing behavior. Thus, they asserted that
locomotor activity is norepinephrine-mediated, while compulsive gnawing
is dopamine-mediated. However, Coyle and Snyder's (6) original finding
that noradrenergic and dopaminergic endings are differentially sensitive
to d- and 1-amphetamine has subsequently been contradicted (13, 15);

d-amphetamine is only several times more effective than 1-amphetamine
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in blocking release and reuptake of norepinephrine, and the isomers

e e e

show the same differential sensitivity for both noradrenergic and

dopaminergic neurons. Nevertheless, Taylor and Snyder's (36) behavioral

data are still unchallenged. The effect of d- and 1-amphetamine on i
[CSS behavior depends on the locus of the electrode. ICSS elicited !
from norepinephrine-rich areas (LC, lateral hypothalamus) is very ;J
sensitive to d-amphetamine but almost refractory to l1-amphetamine. H
On the other hand, ICSS elicited from dopamine-rich areas (SN, nucleus i

accumbens) is nearly equally sensitive to d- and 1-amphetamine. There-

fore, it seems that the d- and 1-amphetamine isomers can be employed #
to differentiate between norepinephrine-rich and dopamine-rich areas, ;

even though the mechanism for such differentiation must at present ﬁ
be considered unknown. é
That large simultaneous stimulation threshold reductions are
obtained from combinations of sites displaying dissimilar reactions
to d- and 1-amphetamine (MV/HYP, SN/HYP) suggests that larger threshold
reductions are due to activation and interaction of two distinct systems,
one d-amphetamine sensitive, l-amphetamine insensitive ("d" sensitive),
the other sensitive to both isomers ("1" sensitive). That small threshold
reductions are obtained when both electrodes of a site combination have
similar reactions to d- and 1-amphetamine (LC/HYP, DLF/HYP, HYP/HYP)
suggests that small threshold reductions are due to activation and inter-
action of structures within the same (in this case, the "d") system.
Thus, we suggest that when either MV/HYP or SN/HYP site combina-

tions are stimulated simultaneously, two systems, one "d" sensitive

and therefore possibly noradrenergic, and one "1" sensitive and therefore
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possibly dopaminergic, are activated; one system potentiates the
effect of the other. Simultaneous activation of the two systems in-
creases their mutual potentiation, thus resulting in large response
enhancements.

In summary, the simultaneous stimulation technique further demon-
strates differentiation of ICSS functioning and lends independent support
to two hypotheses: (a) that at least two neurochemically coded ICSS
systems exist and interact with each other, and (b) that the d- and

1-amphetamine screening procedure can differentiate among ICSS sites.
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FIGURE LEGENDS

Figure 1
Number of ICSS responses per minute as a function of
tegmental current intensity and stimulation condition for two
animals: (1) Rat 74E, a double presser and (2) Rat 79F, a

control animal. ICSS rates elicited by stimulating the non- .3
ICSS site alone were always less than 10 responses per minute. f
|

Figure 2

Current intensity at the varied site as a function of stimu-

n s o S

lation condition and threshold determination for three animals
in which both electrodes were sensitive to d=-, but not
l-amphetamine. In the first and third threshold determinations

current intensity was gradually reduced, while in the second

T

: and fourth threshold determinations current intensity was

gradually increased.

e o
- . - —— —
T AR T N _’.LLh_»Muu_.;._AMu.mu__L‘. J e .

Figure 3 i
Current intensity at the varied site as a function of j

] stimulation condition and threshold determination for three

5
animals with electrode site pairs in which one site was é
sensitive to d-, but not l-amphetamine, while the other site 1
was equally sensitive to both isomers. In the first and third
threshold determinations current intensity was gradually
reduced, while in the second and fourth threshold determinations

current intensity was gradually increased.
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REPRINTED FROM NEUROSCIENCE ABSTRACTS
SOCIETY FOR NEUROSCIENCE, 5STH ANNUAL MEETING

NEW YORK CITY 1975, PRINTED IN THE U.S.A. ATTACHMENT 6

DIRECTIONALITY OF NEUROPHYSIOLOGICAL INTERACTIONS BETWEEN BRAINSTEM AND
HYPOTHALAMIC SELF-STIMULATION LOCI IN RATS. Richard J. Bodnar*,

Steven J. Ellman, Robert F. Ackermann*, Fdward R. Greenblatt* 6 Solomon S.
Steiner* (Dept. Psych., CUNY, New York, N.Y. 10031) and Edgar F. Coons
(Dept. Psych., New York Univ., New York, N.Y.).

Fllman et al. (JCPP 88:816, 1975) using sinusoidal stimulation found
that locus coeruleus (LC) and hypothalamic (HYP) intracranial self-
stimulation (ICSS) response rates are enhanced when the two sites are
stimulated simultaneously at threshold intensities as compared to the sum
of response rates elicited by each site alone at the same intensities,
suggesting neurophysiological interaction between the two sites. Farber
et al. (Science, in press) demonstrated that LC lesions reduce or
abolish ICSS in HYP sites with nigro- and neo-striatal influences, but
do not affect medial forebrain bundle ICSS. Ungerleider and Coons
(Science 169:785, 1970) using Deutsch's (JCPP 58:1, 1964) C-T technique
found that with bilateral HYP stimulation [C(conditioning) pulse in the
left HYP, T (test) pulse in the right HYP or vice versal, a neurophysio-
logical interaction occurs suct that refractoriness is eliminated. 1In
order to determine the neurophysiological relationship between brain-
stem and HYP ICSS sites, twelve rats were stereotaxically implanted with
one electrode aimed at the HYP and a second at either the LC or peri-
aqueductal midbrain central gray (PMCG). Each rat was trained to
bar-press for monophasic square-wave electrical stimulation: a voltage
was chosen which would optimally support ICSS rates at C-T intervals
outside the refractory period, but yield operant level responding when
the T pulse was omitted. To determine refractoriness for each site,
nine C-T intervals, ranging from O to 5.0 msec., were randomly pre-
sented in each of nine days; refractory period duration for each site
ranged between 0.5 and 1.5 msec. The C and T pulses were then split
between the two sites at their respective voltages; nine davs of
C-HYP, T-LC/PMCG and nine days of C-LC/PMCG, T-HYP, alternated in an
abba manner, were randonly tested over the nine C-T intervals each day.
In nine of twelve animals stimulated in this manner, individual site
refractoriness was eliminated. The remaining three animals did not
self-stimulate at one electrode site and when either the C or T pulse
was delivered to their neutral sites, these animals pressed at only
operant levels, as though they were receiving pulses only in their
ICSS sites. Of the nine animals in which refractoriness was eliminated,
four animals had significantly higher response rates for the C-LC/PMCC,
T-HYP combination than for the C-HYP, T-LC/PMCG combination, suggesting
that the interaction between LC/PMCG and HYP is predominantly an
ascending excitatory influence of the LC/PMCG upon the HYP. In the
other five animals in which refractoriness was eliminated, response
rates were similar for both combinations. However, the C-HYP, T-LC/PMCG
combination generated slightly higher rates, suggesting a weak descending
excitatory influence of HYP upon LC/PMCG. These results are discussed
with respect to the neuroanatomical placement of electrodes.
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ATTACHMENT 7

INTRACRANIAL SELF-STIMULATION SITE SPECIFICITY:
MONOPOLAR ACTIVATION OF BIPOLAR ELECTRODES

OIS

i i

By

e P

Solomon S. Steiner, Richard J. Bodnar, Robert F. Ackermann,

Bt s b A il

W. T. Ne]son-and Steven J. Ellman

Department of Psychology, City College of New York

Paper presented at the 84th Annual Convention of the American
Psychological Association, September 1976, Washington, D. C..
and currently being prepared as a manuscript for publication.




Intracranial self-stimulation (ICSS) behavior has been demonstrated
to be a reliable and consistent phenomenon elicited from many sub-
cortical brain loci; however, the substrate(s) of ICSS behavior have
been a source of continual debate for several reasons. First, ICSS
is usually elicited only by activation of many reward-relevant neurons
and only by electrodes with large cross-sectional areas, often greater
than the diameter of the specified reward-relevant site (33). Second,
it is often difficult to estimate the amount of tissue which is directly
activated by the stimulation and the extent of the current spread.

Third, response-rate is often used as an ICSS criterion and is subject

to across-animal ceiling effects. Fourth, the bipolar stimulation methods
usually employed make it difficult to identify the appropriate structure,
particularly in instances in which opposing theories suggest different,
yet adjacent, neuroanatomical structures as the substrate for ICSS (23).

Several theories have alternatively suggested that ICSS is mediated
by 1) catecholamines in general (12), 2) norepinephrine in particular
(28), 3) dopamine in particular (3), or 4) the extrapyramidal system
and prefrontal cortical sites (25, 26). Hence, according to alternate
interpretations, ICSS behavior elicited from the dorsal pontine tegmentum
has been attributed to the activation of either the noradrenergic
locus coeruleus (6, 9, 10, 13, 21, 24, 29) or the brachium conjunctivum
and mesencephalic V (4, 25), since negative results were claimed for
ICSS from locus coeruleus electrodes (2, 27).

Another area of dispute in ICSS behavior is the mesencephalon in
which ICSS has been reported in both lateral and midventral areas of

! the periaqueductal gray by some investigators (1, 5, 10, 19). In




contrast, other reports implicated only midventral central gray ICSS,
while claiming that the rest of the area is aversive (17). Both
catecholaminergic and extrapyramidal theories predicted substantia

nigra I1CSS (1, 6, 18, 22, 25), but only an extrapyramidai ICSS hypothesis
implicated the red nucleus in ICSS behavior.

The present study attempted to delimit the rewarding ioci in
dorsal pontine, mesencephalic and hypothalamic ICSS sites and to over-
come the problems cited above. To accomplish this, a monopolar stimu-
lation technique (31) was used in which either pole of a bipolar electrode
could act as the cathode, which allowed comparison of ICSS response
rates elicited from each pole of the same bipolar electrode in the same
animal. Any differences in response rate between the two poles would
then be used in conjunction with histological verification to specify
further the sources of ICSS reward.

Method.

Forty-six male, albino Holtzman Sprague-Dawley rats, weighing
between 350 and 500 grams, were anesthetized with Chloropent (2 ml/kg,
Fort Dodge) and stereotaxically implanted with two bipolar electrodes
(Plastic Products MS 303) aimed at two of the following sites: Tlocus
coeruleus, midbrain periaqueductal gray, substantia nigra and hypothalamus.
Each bipolar electrode was insulated except at the tips, aligned in
a medial-lateral direction perpendicular to the mid-sagittal plane,
and each tip was separated from the other by 0.3 mm. Two stainless
steel cortical screws were attached to the skull and connected to a
third electrode by uninsulated wires: these screws served as anodal

indifferents as well as anchors to hold a cap of dental acrylic to

the skull.
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With the incisor bar set at five mm. below the interaural line,
the locus coeruleus electrode coordinates were: a) 1.5 - 2.0 mm.
posterior to the lambda suture, b) 1.0 mm. lateral to a line extrapolated
from the sagittal suture, and c) 7.0 mm. from the top of the skull.
Periaqueductal midbrain central gray coordinates were: a) 0.6 mm.
anterior to the lambda suture, b) 1.5 mm. lateral to the sagittal
suture, c) 7.5 mm. from the top of the skull, and d) inserted at a
12 degree angle to the mid-sagittal plane. Substantia nigra coordinates
were: a) 2.0 mm. anterior to the lambda suture, b) 2.0 mm. lateral
to the sagittal suture, and c) 8.2 mm. from the top of the skull.
Hypothalamic coordinates were: a) 4.2 - 4.4 mm. posterior to the
bregma suture, b) 1.5 mm. lateral to the sagittal suture, and c) 8.7 mm.
from the top of the skull.

After ten days recovery, each animal was tested for ICSS behavior
from each site. Each animal was placed in a Plexiglas and stainless
steel operant conditioning chamber (20 cm. x 20 cm. x22 cm.). A 4 cm.
by 2 cm. retractable lever was located 4 cm. above the grid floor on
one wall of the chamber; a force of 0.2 Newtons was sufficient to
depress the lever and this constituted a response. Electromechanical
and solid-state switching circuitry, located in an adjacent room,
monitored the animal's response rate, recorded minute-by-minute response
rates on a data tape, controlled the amount of time the lever was
available, and controlled contingencies of reinforcement.

Reinforcements were negative-going pulses of electrical stimulation
delivered to the animal's electrode site from a stimulator constructed

from Digi-bit solid-state logic circuitry, which allowed the experimenter
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to manipulate independently interpulse intervals and pulse durations.

Al11 parameters of stimulation were preset before the stimulation period
by monitoring on a cathode ray oscilloscope across a 10,000~ohm precision
resistor which substituted for the animal, thus giving a ratio between
the amplitude of that resistor and the actual resistance of the animal.

For each electrode site, each animal was shaped to lever-press
on a continuous reinforcement schedule for a maximum of 15 daily
sessions at a variety of current intensities, interpulse intervals and
train durations. Each pole was tested as a cathode, and both bipolar
(the second pole of the electrode acting as an anode) and monopolar
(the cortical screw acting as the anode) stimulation was utilized.

If, after 15 daily sessions, the rat did not self-stimulate, the second
site was tested in the same manner. If the rat did not self-stimulate
from either electrode site, it was eliminated from the study.

An animal could press for the following electrical stimulation
parameters. Pulse duration was set at 0.1 msec. and the interpulse
interval was set at 5 msec. (200 pulses/sec.) unless the animal exhibited
motor artifacts which interfered with its lever pressing. In such
cases, the interpulse intervals were lengthened in order to eliminate
these artifacts. The train duration was set at 700 msec., a value
comparable to those of previous studies which used response rate as
a measure (8, 14). Current intensities ranged from 150 - 700 uA.

The current intensity was varied in 50 microampere steps until the
lowest intensity was found which would elicit peak responding from
one of the poles of the bipolar electrode. When this intensity was
set, the animal was tested for specificity of response rate in the

following manner.




! Over three days for each electrode site, each animal was tested

for six 7-min. periods at the stimulus parameters described above.

Data collected from the first two minutes of each 7-min. period were
discarded to control for any carry-over effects from the previous period.

Response rates over the last five minutes of the 7-min. period were

averaged, recorded, and constituted the dependent variable. During
three of the six 7-min. periods, the lateral pole of the bipolar
electrode served as cathode; the medial pole of the bipolar electrode
served as cathode during the other three periods. The order in which
each pole served as cathode was alternated in an a-b-b-a-a-b manner
over the six periods each day and counterbalanced over the three-day
testing session.

After determination of response rate from each pole of the bipolar
electrode for the first site was made, the same procedure was repeated
for the second electrode to determine if it also supported ICSS. Data
for each electrode site were analyzed separately; t-tests determined
if there were a significant difference between the response rates
elicited from the medial and lateral poles when each served as the
cathode.

After completion of the experiment, each rat was injected with
an overdose of Chloropent and intracardially perfused with 0.9% normal
saline solution, followed by 10% Formalin solution. Frozen serial
sections (40 u.) were stained with luxo) fast blue for fibers, and
cressyl violet for cell bodies (15). Microscopic examination of each
electrode site with precise localization of each pole of the bipolar
electrode was done by comparing the stained sections with available

rat atlases (16, 34). All electrode calls were made by two independent




raters. One rater knew the data of each animal, while the second rater
was blind with respect to the data. The independent rating had a 0.98
correlation with one another; in cases in which the raters were in
slight disagreement, the call was remade by the rater who was blind
to the data.
Results.

Sixty-six electrode placements in 46 animals were tested for ICSS
responding, with each electrode tip serving as cathode.

Hypothalamic placements were compared in three ways: 1) medial

forebrain bundle (MFB) vs. perifornical area, 2) lateral aspect of
the MFB vs. MFB, and 3) perifornical area vs. dorsomedial hypothalamic
area.

First slide.

In seven of 14 animals, the tip in the medial forebrain bundle
exhibited response rates which were significantly greater than the tip
in the perifornical area (alpha less than .05). In the remaining
seven animals, electrode tips in the medial forebrain bundle elicited
higher rates than those from tips in the perifornical area in five of
seven instances, although these differences did not attain significance.
Perifornical ICSS rates were never significantly greater than MFB ICSS
rates in any animal tested.

Second slide.
In six of eleven animals, the tip in the MFB exhibited response

rates which were significantly greater than those from the tip lateral

to it, whereas in no case was the reverse true. These lateral areas
border on the hypothalamic aspects of the crus cerebri and internal

capsule.




Third slide.

In three of eight animals, the tip in the perifornical area ex-
hibited response rates which were significantly greater than those
from tips either dorsal or medial to the perifornical area. In the
remaining animals, four of five animals produced higher response rates
when stimulating from the perifornical area than when stimulating from
an area dorsal or medial to it, although these differences did not
attain significance. In no case did dorsal or medial placements elicit
significantly higher response rates than those from perifornical place-
ments. These medial areas include the dorsomedial, ventromedial, peri-
ventricular, and anterior hypothalamic nuclei.

Locus coeruleus placements were compared in two ways: medial
aspect of the locus coeruleus vs. locus coeruleus area, and lateral
aspect of the LC vs. LC area.

Fourth and fifth slides.

In nine of thirteen animals, the tip either impinging upon or
closer to the locus coeruleus or dorsal noradrenergic bundle elicited
response rates which were significantly greater than those from the tip
medial to it. Of the remaining four animals, three had higher response
rates for the tip in the locus coeruleus than for the tip medial to
it, although these differences did not attain significance. No animals
in this study elicited significantly higher rath.for sEi@ulgtion
delivered to areas medial to the locus coeruleus as compared tg the
locus coeruleus itself.

Sixth and seventh slides.

In three cases, the tip impinging upon or closer to the locus

coeruleus elicited ICSS responding, while the tip medial to it did
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not elicit any ICSS responding at any set of parameters.

In three of five animals, the tip either impinging upon or closer
to the locus coeruleus or dorsal noradrenergic bundle elicited response
rates which were significantly greater than those from the tip lateral

to it. In one case in which ICSS rates were significantly greater

for the medial tip closer to the locus coeruleus, the lateral tip
did not sustain ICSS behavior.

Periaqueductal midbrain central gray placements were compared
on the basis of one tip's impinging upon midline structures while the
other tip was lateral to midline structures.

Eighth and ninth slides.

In ten of twelve animals, the tip impinging upon midline central
gray structures elicited response rates which were significantly greater
than those from the tip lateral to it. In all instances, the electrode
tip impinging upon midline central gray structures yielded higher
response rates than the tip lateral to it. In three cases, the tip
impinging upon midline central gray structures elicited ICSS responding
while the tip lateral to it did not elicit ICSS responding for any
set of parameters.

Tenth and eleventh slides.

In one instance, both electrode tips straddled the midline; in

this instance, the response rates were equipotent. These midline

structures included the oculomotor/Edinger-Westphal nuclei, the medial

longitudinal fasciculus, nucleus linearis, and the dorsal and ventral

tegmental decussations. Most of these sites correlate with mesencephalic

A-10 of Dahlstrom & Fuxe (7), and are considered to be dopaminergic (32).




Substantia nigra placements were compared on the basis of impinging
upon or proximity to the pars compacta of the substantia nigra. In
all three cases, electrode tips located in or close to the pars compacta
elicited response rates which were significantly greater than rates
elicited by electrode tips ventral or medial to the pars compacta.

Twelfth and thirteenth slides.

In one case, both tips were in the red nucleus, an extrapyramidal
structure, and neither tip supported ICSS.
| Discussion.
| In 42 of 66 placements tested, response rates elicited under one
tip serving as cathode were significantly greater than response rates
elicited by the other tip serving as cathode 0.3 mm. away. This fact
suggests very strongly that the areas supporting the ICSS phenomenon
are very discrete, and small changes in electrode placement produce
significant changes in ICSS behavior.
Hypothalamic ICSS, particularly medial forebrain bundle ICSS,

has been most widely studied by researchers (see 12 for review). In
most studies, hypothalamic ICSS has been thought of as uniform. However,

recent lesion (11) and pharmacological (30) studies have demonstrated

different influences on various aspects of hypothalamic ICSS. This
study provides strong evidence that hypothalamic ICSS can be differenti-
ated on the basis of response rate. Since the hypothalamus has been
extensively mapped, comparisons of the present and previous studies'
results are a means of validating this particular procedure. German

& Bowden (12) reviewed over 500 hypothalamic placements described in

over 30 separate studies and reported the same response differentiations




as noted in the present study. Therefore, this procedure should be
an accurate indicator of differences in responding for brain loci
where controversy exists as to the source of ICSS from a given area.

This study provides direct evidence for involvement of the locus
coeruleus and dorsal noradrenergic bundle in ICSS behavior. Several
3 laboratories (6, 9, 10, 21, 24) report that ICSS behavior can be elicited
from the locus coeruleus and dorsal noradrenergic bundle electrode

sites. On the other hand, other studies (2, 25, 27) report that no

ICSS behavior could be elicited from locus coeruleus cell bodies.

In this study, 18 pontine placements supported ICSS behavior; in all
cases, one or both of the electrode tips was located in the region of
the locus coeruleus. On the basis of our findings that proximity

to the locus coeruleus produces higher ICSS response rates, it is ap-
parent that ICSS is elicited from only a discrete dorsal pontine area,
and that this area overlaps the locus coeruleus.

Periaqueductal placements exhibited the same degree of response
specificity with respect to electrode tip location. These data cor-
relate well with reports of both I(CSS and non-I1CSS behavior reported
previously (6, 10, 17). Most of these sites correlate with mesencephalic
a-10 of Dahlstrom & Fuxe (7), and are considered to be dopaminergic (32).

Substantia nigra placements also demonstrate differentiation
between electrode tips in close correlation with previous studies
(6, 25).

This technique seems to overcome four criticisms. First, current

spread cannot be used as a criticism because the electrode tips and

hence cathodal sources are 0.3 mm. apart and any difference between




the two tips should necessarily be attributed to activity beneath the
tip, since each tip has an equipotent chance of spreading current to
equivalent-sized areas. Under a current-spread hypothesis, electrode
tips in such proximity should exhibit similar response rates, whereas
in fact, 75% of the placements tested elicited significantly different
response rates from their electrode tips.

A second criticism was the use of response rate as a measure,
where ceiling effects in some animals might confound the results.

Most mapping studies (12, 20) in the past have used a separate-groups

] design; that is, only one electrode site was tested in each animal.

Therefore, if particular animals had idiosyncratic response limitations,

% then response rate would not be affected by locus of stimulation, but
rather by some peculiarity of the animal. In this study, comparisons
:i are made within a particular electrode locus within a particular animal.
Thus, any between-animal differences are controlled.

A third possible criticism is differences in tissue conductivity
under each electrode tip, as measured by differences in resistance

level. As described in the methods section, the amplitude of the

current intensity delivered to the animal is pre-set by comparing the
animal's resistance level to a 10,000-ohm resistor for each electrode
tip. Large differences in resistance between electrode tips would be
mirrored in large differences in the ratios established across the

- .
resistor. In every case, there was no difference between the resistance

levels of the two tips, even though there may have been a significant
difference in response rate.

A fourth possible criticism is the use of bipolar stimulation

e S

methods. Ranck (23) provides some discussion of the problems inherent




in such a technique, the most prominent of which is the problem of
anodal surround. A fiber is depolarized near a cathode by outward
current, and hyperpolarized on either side by inward current ("anodal
surround"). If the hyperpolarization is large enough, an action po-
tential initiated under the cathode may not be able to propagate through
the region of hyperpolarization. We have circumvented this problem
by aligning the electrode tips in a medial-lateral axis to take ad-
vantage of the fact that the neural substrates of ICSS traverse in an
ascending-descending axis, rather than in a medial-lateral one. We
have also employed a monopolar stimulation arrangement, with the anodal
indifferent anterior and distant from the electrode tips.

In conclusion, ICSS seems to be a discrete phenomenon, delimited

by and corresponding closely to catecholaminergic systems.
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