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Abstract

The Effects of Unilateral Locus Coeruleus Lesions
on Hypothalamlc Intracranial Self-Stimulation

and Sleep in the Rat

by

Jorge Farber
Adviser: Professor Steven J. Ellman

The role of the nucleus locus coeruleus (LC) of the
pons in intracranial self-stimulation (ICSS) and sleep
was investigated in this study. Rats were implanted with
ICSS electrodes almed at the LC, hypothalamus, and sub-
stantia nigra. One group of subjects were also implanted
with EEG and EMG electrodes. This grbup underwent a
sleep-drug paradigm which tested the effects of d- and
l-amphetamine (1 and 2 mg/kg) on hypothalamic ICSS be-
fore and after the ILC lesion, and the effects of this le-
sion on the sleep cycle. Baseline sleep recordings and
drug and sallne rate-intensity functlons were obtained.
Unilateral LC lesions were then placed under: -the LC elec-
trode ipsilateral to the ICSS sites with the use of a
radio frequency lesion maker. Subjects' sleep cycle was.
then recorded for 72 hours, followed by a 20-day ICSS
drug paradigm ldentical to the pre-lesion sequence. In

a second group of subjects, stabillized hypothalamic ICSS



rate-intensity functions were obtained. In addition, sub-
stantia nigra ICSS baseline was obtalned 1n two subjJects
of this group. Followlng the LC lesion, rate-intensity

functions were gathered for at least 14 days.

The following results were obtained: (1) LC lesions
which destroyed at least 90% of the LC or its ascending
bundles differentially affected hypothalamic ICSS. ICSS
from sites in the hypothalamus that are innervated by the
dopaminergic nigfastriatal bundle and/or the noradrener-
glc dorsal bundle, was markedly reduced or abollshed by
the LC lesion (Fields of Forel, crus cerebri, and inter-
nal capsule) with no recocvery up to three months after
‘the lesion. (2) ICSS from hypothalamic sites that are
primarily innervated by the noradrenergic ventral bundle
was not reduced by the LC leslons (MFB-LH and perifomical
reglon). In two subjects, ICSS was facilitated as a re-
sult of the lesion. (3) LC lesions‘permanently reduced
or abolished substantia nlgra ICSS without recovery up to
two months after the lesion. (4) Pre-lesion d-amphetamine
was more effective in enhancing ICSS from those sites
that were detrimentally affected by the LC lesion (9 : 1
over saline baseline) than hypothalamic sites that were
not reduced by the LC lesions (2 : 1). L-amphetamine did
not produce these differential effects. (5) Post-lesion

d-amphetamine, but not l-amphetamine, returned reduced

iv



hypothalamic ICSS response rates and decreased ICSS
threshold to pre-lesion 1levels. (6) Extensive unilateral
lesions of the dorsal tegmentum of the pons which includ-
ed the IC reduced REM sleep without affecting slow wave
sleep, while lesions that did not destroy the LC com-
pletely were not effective in the long~term. (7) No be~
havioral deficits of weight losses were caused by these
unilateral IC lesions. (8) Extent of hindbrain lesion
was not related to magnitude of effect on ICSS. (9) In
one rat tested for stimulus-bound eating, the threshold
of the behavior was drastically increased by the LC le-
sion, while ICSS in the same area remained virtually un-

affected.

These results show that distant and discrete uni-
lateral lesions can reduce and abolish ICSS behavior. It
is thus proven that the central reward system is not re-
dundant and capable of recovery. Furthermore, the differ-
ential ILC lesion effects on hypothalamic ICSS demonstrate
that the hypothalamus is not a unitary ICSS center, but
rather a site that receives inputs from different ICSS

systems.

Given that unilateral lesions of the noradrenerglc LC
elther abolish or drastically reduce ICSS from sites rich
in dopamine (substantia nigra, crus cerebri, internal cap-

sule, and Flelds of Forel), 1t 1s postulated that ICS3
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from both the noradrenergic dorsal bundle and the dopamin-
ergic nigrostriatal system depend on the Integrity of the
LC. The results of this experiment lend support to a

REM sleep-ICSS hypothesis which postulates an anatomical
and functional relationship between REM sleep and central

reward.
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Introduction

A. The REM Sleep ICSS Hypothesis

In 1969, Ellman and Stelner hypothesized that the
intracranial self-stimulation (ICSS) system is part of the
rapid eye movement (REM) sleep network. This "REM-ICSS
hypothesls" postulates, among other things, that ICSS and
REM sleep are related and interchangeable, and that pon-
tine slites Involved in the phenomenon of REM sleep are
part of the ICSS system. This hypothesls, which is part
of a theory on the function of REM sleep (Steilner &
Ellman, 1972), has generated a number of predictions that
have been tested In the 1astvf1ve years and which wlll be
described in thls section. First, however, the varlous

aspects of REM sleep will be reviewed.

After Aserinsky and Kleitman's (1953) discovery that
rapid eye movements regularly occurred during "low voltage
fast" sleep, as measured by electroencephalographic (EEG)
recording, and this REM stage highly correlated with
dreaming, a new era of research was launched on the psycho-
physiological aspects of REM sleep. This stage of sleep
occurs periodlcally durlng the night in the mammallan or-
ganism (REM sleep does not seem to be present in substah—
tial amounts in most non-mammals). The REM stage has also
been referred to as "paradoxical" sleep (Jouvet et al.,
1964) because of its similarities to the waking state.

Aslde from the phasic occurrences of rapild eye movements,



the cortex (Loomis, Harvey, & Hobart, 1937) and other cen-
tral nervous system (CNS) areas (Brooks & Bizzi, 1963) are
intensely actlvated. Yet, muscle activity is by and large
inhibited (Berger, 1961; Jouvet, 1967; Swisher, 1962), and
the organism's threshold for arousal is at its highest-
(Foulkes, 1967). One of the most striking features of REM
sleep has been termed the "REM rebound effect". Dement
(1960) found that when human subjects are not allowed to
have REM sleep for a period of time, a large percentage of
the lost REM sleep wlill be made up on the next uninter-
rupted night. This phenomenon has been shown in other
mammals as well (Jouvet, Virnon, Dolcime, & Jouvet, 1964;

Khazan & Sawyer, 1963).

From the results of a series of pharmacologilcal, bio-
chemical, and anatomical studies, Jouvet (1967, 1969) has
proposed that the serotonergic nuclel of the raphé are
responsible for non-REM sleep, while the noradrenergic
nuclel of the pontine locus coeruleus (LC) are involved in
the triggering and maintaining of REM sleep. (The neuro-
physiologlcal aspects of REM sleep will be described in
fuller detail in the next section.) Although a large a=
mount of research has been conducted in the area of REM
sleep, and a number of interesting theories on the funecs
tion of REM sleep have been postulated, a description of
the findings and different views 1s beyond the scope of



thlis overview. However, we would like to describe three
lines of thought on the function of REM sleep which have
been influential in the formation of Ellman and Steiner's
theory. Dement (1965) has proposed that REM sleep 1s an
homeostatic mechanism which during the REM period dis-~
charges any "drive" bulld-up that has occurred during the
waking state. An overflow of "drive" charge will bring
about a REM perlod. The two other theorles are more neuro-
physlologically 1nclined.v‘fhey postulate that extreme
activation of the CNS serves as endogenous stimulation to
the organism. Roffwarg, Muzzio and Dement (1966) have
maintalned that the high levels of REM sleep seen in in-
fants serves to facllitate CNS maturation. Ephron and
Carrington (1966) belleve that REM sleep provides cortical
tonus in response to the functional deafferentation caused

by non-REM sleep.

Ellman and Stelner's theory accepts, at least par-
tially, the notlion that the functlon of REM sleep is to
provide stimulation and innervation to the sleeping mam-
mallan CNS, as postulated by Ephron and Carrington (1966)
and Roffwarg, Muzlo and Dement (1966). However, since the
mechanism under which REM sleep functions is part of the
REM-ICSS system, REM sleep has vital influence on the wak-
ing state. The REM~ICSS system 1s primarily a motivational

one, and therefore the organism depends on it for survival.



In general terms, 1t can be described as follows: During
the waklng state, the mammallan organism engages in lts
specles-specific repertolre of appetitive and consummatory
behaviors (food seeking, aggressive behaviors, sexual at-
tempts, etec.) triggered by a build-up in "drive" due to in-
ternal stimulation. Durlng sleep, thls bulld-up continues
and 1ts release 1s marked by the REM period. Thus, the
same mechanism which, during the waking state triggers the
consummatory behaviors, is also actlvated during REM sleep.
This may be why the motor outflow is inhiblited during REM
sleep. If the inhibitpry nuclel that cause the atonla dur-
ing REM sleep are destroyed, as Jouvet has shown in the

cat (1967), the organism will still have REM sleep and,
during the HKEM period, "act out" a whole range of consum-

matory behaviors.

A two-part network subserves the REM-ICSS system and
its mediation of the organism's motivational (or "drive")
state. The "central reward" aspect of the system is an
intercomected network that extends from the pons through
all "drive" centers in the brain, and provides non-specific
excitation to all positively reinforcing "drive" centers.
In this system, ICSS originates from the IC and activates
the whole network without ellclting any specific behavior
other than ICSS. The second aspect of the REM-ICSS system

""involves the brain areas responsible for specific consum~



matory behaviors ("drives"). These different loci are
interconmnected by way of the ICSS network. Whenever a REM
period occurs, and with 1t the actlivation of the REM-ICSS
system, the ICSS network 1s fired and the threshold of any
or all "drive" behaviors 1s lowered. This two-part net-
work 1s operative durlng wakefulness as well as during REM
sleep. Thus, the state of the ICSS system in general, and
the state of any "drive" level iIn particular, will be
determined by the status of the REM-ICSS system and its

locus of origin, the IC.

In order to render thilis theory testable, its authors
have described the REM~-ICSS system in anatomical and oper-
ational terms. First, since under such a system (a) ICSS
and REM are subserved by the same neural network, (b) the
activation of ICSS is dependent on the REM sleep mechan-
isms, and (c¢) dissipation of the "drive" build-up depends
on the REM period and ICSS system activity, a relationship
and interchangeability between ICSS and REM sleep was pre-~
dicted. Steiner and Ellman (1972) found that ICSS thresh-
olds are lowered and ICSS rates 1lncrease if the subjects,
in this case rats, have been previously REM—deprived.. In
another experiment, they found that allowing previously
REM-deprived subjects to self-stimulate, significantly re-
duces the expected REM rebound. These results are in full
support of the REM-ICSS hypothesis. REM deprivation pre-



vents release and dissipation of the build-up in the two-
part REM~ICSS system, since it 1s not fired during the REM
period. This wlll lead to a lowering of the threshold in
the ICSS system, as was demonstrated in the first experil-
ment. Since REM rebound 1s a reflection of a REM-ICSS sys-
tem bulld-up brought about by REM deprivatlon, stimulation
of the system will result in a release of the build-up and
thus less pressure on REM sleep to make up 1ts deprivation.
This was demonstrated in the second experiment. The two
findings were subsequently replicated by Cohen, Edelman,
Bowen, & Dement (1972).

Second, since the REM-ICSS system provides the organ-
ism with the stimulation necessary for the maintenance of
a motlvational state, the neuronanatomical loci responsible
for the phenomenon of REM sleep are central to the two-part
network and should therefore support ICSS behavior. We
(Ellman, Ackermann, Farber, Mattiace, & Steiner, 19T74;
Farber, Steiner, & Ellman, 1971) and others (Crow, Spear,
& Arbuthnott,1972; Ritter & Stein, 1973) confirmed this
prediction with the finding that the IC of the pons, a

noradrenergic (NA) nucleus, 1s an ICSS site.

Third, since REM sleep acts as a mechanlism that per-
iodically releases the build-up in the REM-ICSS system, 1f
such a release can be activated by direct stimulation of

the system, REM sleep itself would not be necessary until



a new bulild-up occurred. Spielman, Mattiace, Steiner, and
Ellman (1973) found that lateral hypothalamic (LH) ICSS
significantly reduces the amount of REM sleep during the
first four hours following stimulation, tbus confirming

the abowve prediction.

Fourth, since the ICSS system is part of the REM
sleep neural network, and is fired during REM sleep, 1t
was postulated that the ICSS system at least partly ori-
ginates in the LC (an ICSS site 1nvolved in the triggering
and maintaining of REM sleep) and that the fibers stemming
from the LC interconnect this nucleus with limbic ICSS
sites. Ellman, Ackermann, Bodnar, Jackler, and Steiner
(1975) report a behavioral relationship between the LH and
the LC, by way of an ICSS interaction. They demonstrated
that below ICSS-threshold intensities presented simultan-
eously at the LH and the ILC will support high ICSS response

rates.

In order to understand the functlon of the REM-ICSS
system.in the organism's motivational (or "drive") state,
an operational definition of these terms 1s requlred. The
term "drive" behaviors can be substituted by the term
"stimulus-bound" (SB) behaviors. These behaviors can be
elicited through electrical stimulation of brain sites
which also support ICSS. The elicited behavior would be

specific (eating, drinking, sex, carrying, etc.), part of



the behavioral repertoire of the subject, and appropriate-
ly goal-oriented toward an accessible object. By and
large, these SB behvior sites are located in the hypotha-
lamus (Valenstein, Cox, & Kakolewskl, 1970). According to
the REM-ICSS theory, firing of the REM-ICSS system 1n the
waking state will elther activate or lower the activation
threshold of the SB behavior nuclel in the hypothalamus.
Duirng REM sleep, these nuclel are also activated but mo-
tor outflow inhibltlon will prevent exhlbition of the be-
havior. Duirng the waking state, an increased "drive" le-
vel will yleld a specific behavior or lower its threshold.
During sleep, such an increase would dissipate durlng the
REM period. Thus, ICSS and SB behavior thresholds will be
regulated, among other factors, by the REM-ICSS system.
The factors which will increase "drive" 1levels in the or-
ganism will be both internal (neurohumoral, neurophysiolo-
gical, learned) and external (available stimulus).ﬂSteinef
and Ellman's (1972) experimentsAhave demonstrated the de-~
pendence of the ICSS threshold on the state of REM. A fur-
ther prediction of the theory would be that SB behavior
thresholds would be lowered by REM deprivatlion due to the
fact that the EEM period was not allowed to decrease the
"drive" level in the specific aspect of the REM~-ICSS sys-
tem. Since this system stems from, and is dependent on

nuclei in the pons and thelr activation, the theory pos-



tulates direct connections between the LC and the hypo-
thalamus. The possibllity of such a connectlon has been
suggested in Ellman's et al.'s (1975) simultaneous ICSS
study. We now predict that lesioning of the LC area will
disrupt the REM-ICSS system and either abollsh ICSS or .
drastlcally .Increase the threshold of ICSS and SB behavior.
Theoretically, bllateral lesions of the LC would detri-
mentally affect the REM-ICSS system, and thus the motiva-
tional state of the organism. Aside from being involved
in the phenomenon of REM sleep and being an ICSS site,
the likeiihood of the LC being the origin of the REM-ICSS
system 1s enhanced because its pattern of collateral in-
nervation influences the whole brain in a unique way
(which will be described in more detall in the next sec-

tion).

In summary, the present study 1s based on the follow-
ing postulates: (a) The REM-ICSS system provides stimula-
tion to the non-specific ICSS network and the specific SB
behavior nuclei; (b) the LC, an ICSS site playing a cen-'v
tral role in the REM sleep phenomenon, 1s the nucleus
from which the REM-ICSS system originates. Therefore,
unilateral lesions of the LC will lead to the abollishment
or drastic reduction in LH ICSS. They will also reduce
the amount of REM sleep. Methodologlical considerations
will be discussed in a later section dealing specifically



with lesions.

B. The Locus Coeruleus and 1ts Role in REM Sleep

Since the hypothesls of thlis experiment assigns a
pivotal role in central reward, motivation, and REM sleep
to the pontine nucleus LC, 1t seems necessary at this
point to describe 1ts known anatomical and functional pro-
perﬁies. The LC 1s a densely packed nucleus of large
cell bodies, sbout 1400 in number (Descarries & Saucier,
1972). It iiés at the floor of the fourth ventricle and
i1s bordered by the dorsal tegmental nucleus on its medial
side and by the nucleus of the mesencephalic V on its la-
teral side (Zeman & Innes, 1963). By use of the histo-
chemical fluorescence technlque of Falck, Hillarp, Thileme
and Torp (1962), it has been shown that the cell bodies
of the LC of the rat are of the catecholaminergic (CA)
type (Dahlstrom & Fuxe, 1964), a large amount of which is
norepinephrine (NE) (Corrodi, Fuxe, Hamberger, & LJjungdahl,
1970; Fuxe, Goldstein, Hokfelt, & Hyub, 1970; Hillar, Fuxe,
& Dahlstrom, 1966). The area just ventral to the anterior
aspects of the IC has been referred to as the "subcoeru-
leus (SC) (Maeda & Shimizu, 1972; Olson & Fuxe, 1971) and
is an integral part of the coerulear system in terms of
its anatomical and functional characteristies. The cell

bodles of the SC, which contain NE, form a row of

10



multipolar cells that pass from the antero-ventral LC to-
wards the more ventrally locateéANA cell bodles in the
pons (described by Dahlstrom and Fuxe as areas A5 and AT7).
(As will be described further on in more detall, the cell
bodies in the antero-ventral LC and SC are the origin of

a pontine-limbic system pathway.)

The LC has been described as unique in its pattern
of innervation in both the rat's (Olson:&:Fuxe, 1971; Ross
& Reis, 1974; Ungerstedt, 1971) and cat's (Chu & Bloom,
1974) CNS. One single nerve cell of the dorsolateral LC
is capable of innervating all cortices of the brain. By
means of its diffuse collateral innervation, the LC in-

fluences the brain in a unique way.

Jouvet (1969) has shown that bilateral destruction
of the LC in the cat abolishes REM sleep. Specifically,
he and others (Henley & Morrison, 1969) have found that
bilateral lesions of the caudal part of the LC do not sup-~
press the physiological characteristics of REM sleep, but
produce the so-called "hallucinatory behavior". The cat
will orient itself, attaek, and mount inappropriate ob-

Jects or no obJects at z11.

Bilateral lesions of the_entire LC suppress REM
sleep totally. Lesions of the most anterior aspects of
the LC and its ascending bundle will temporarily increase

both REM and non-REM sleep. Jouvet (1972) concludes that

11
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the anterior LC 1s concerned with prosencephalic innerva-
tion, while the phasic and tonic components of REM sleep
depend on the caudal two-thirds of the "coeruleus complex".
Thus, Jouvet has shown that: (1) the LC is central in the
phenanenon of REM sleep, and (2) at least in the cat, the
LC can be dlvided into two functionally distinect systems.
This second point 1s important because, as will be seen in
the next section, distinction within the LC will be neces-

sary in order to specify CNS interconnections.

C. The Projectlions of the LC and other CA Systems

According to the REM-ICSS hypothesls, the LC plays a
pivotal role 1n the innervation of the specific and non-
specific aspects of the REM-ICSS system. It 1is therefore
postulated that dlrect connections exist between the LC
and hypothalamic ICSS sites. Aside from the behavioral
evidence for such an interconnection (Ellman et al., 1975),
the anatomical data 1s controversial. Dahlstrom and Fuxe
(1964) have postulated that the monoaminergic nuclei,
which seem exclusively located in the lower brainstem and
the mesencephalon, are an Important part of the "afferent
link to the limbic system" (p. 47). Although a number of
studles have shown that the LC and other hindbrain nuc--
lel are accountable for a large pergentage,qf_NE supplies
to the brain (Anden, Dahlstrom, Fuxe; ; Larrson, 1965;

Anden, Dahlstrom, Fuxe, Larsson, Olson, & Ungerstedt,
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1966; Anden, Butcher, Corrodi, Fuxe, & Ungerstedt, 1970),
Ungerstedt (1971) has reported tha LC ilnnervation,.
although very diffuse, 1s minimal in areas of the hypo-
thalamus assoclated with ICSS (LH and medial forebrain
bundle [MFB] ). Ungerstedt has identifled two ascending
NE bundles which stem from NE nuclel in the pons and
medulla. The dorsal bundle (DB) originates from cell
bodies in the LC and ascends parallel and slightly latero~
ventral to the central gray of the mesencephalon. The DB
innervates the genlculate bodies and enters the thalamlc
nuclel. It then joins the other CA pathways 1n 1ts brief
passage In the MFB. After passing through the septum, 1t
ultimately lnnervates the whole cerebral cortex. The cell
bodies iIn the lateral aspects of the LC glve rise to
cerebellar NE terminals. Thus, the LC glves rise to NE
terminals throughout the braln, in a widespread and dif-

fuse manner (Figure 1).

The ventral bundle (VB) originates from NE cell bodiles
in the medulla and pons (areas Al, A2, A5, and A7). This
pathway takes a ventro-medial direction along the mesence-
phalon and diencephalon, and innervates the ventral teg-
mentum, the entire hypothalamus, including the perifornical

region (Figure 1).

Although Ungerstedt's results indicate that the hypo-
thalamus is mainly innervated by the VB with minor contri-

butions of the LC, two recent studies have reported results



to the contrary. These new findings are primarily due to.
the fact that the investigators were able to separate the
LC into morphologlcally and functionally different aspects.
They have thus been able to identify a third bundle in ad-
dition -to the VB and DB, which originates from the SC. As
described above, the NE cell group encompasses the antero-
ventral aspect of the LC and includes cell bodiles that con-
nect the IC wlth more ventrally located NE nuclel. Maeda
and Shimizu (1972) claim that the SC cell bodies innervate
the perlventricular hypothalamus by way of an "intermed-
iate bundle". This bundle travels between the DB and VB.
Olson and Fuxe (1971) report virtually the same finding
wlth the difference that the SC, accérding to them, sends
its fibers together with the VB, rather than a third, dis-
tinct one. According to both studies, the DB stems from
the dorso-lateral IC (the "principal" LC) and its function
is the innervation of all cortices. The SC sends 1ts
fibersin a more ventral direction and forms a ponto-hypo-
. thalamic connection. The VB stems from‘cell bodies in the
medulla and innervates the wventral tegmentum and the hypo-
thalamus. Both studles also report thaﬁ the cell bodles

in the SC are larger than those in the prineclpal LC.

Ross and Rels (1974) looked at the levels of dopa-
mine-beta~hydroxylase 1ln different brain areas after LC

lesions. They found that the LC innervates virtually the

14
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entire neuroaxis. In particular, they found a U0% to 60%
decrease of the enzyme's actlivity 1in the medlal and lateral
hypothalamus. The optimal level of decrease was reached

within 12 days after the lesion.

With the use of a new and more sensitive fluorescence
technique which employs a glyoxylic acld tissue treatment,
Lindvall and Bjorklund (197%) have found that the CA sys-
tems of the brailn are more numerous and more complex than
previously believed. 1In brief, they describe four major
CA cbnduction pathways that project rostrally from the
medullary pontlne and mesencephalic CA cell groups. Al-
though most cells from the LC project along one bundle,
the dorsal tegmental bundle which is 1dentlcal t'o the dor-
sal bundle of Ungerstedt (1971), the LC‘also giﬁes rise to
fibers that projJect along the dorsal periventricular sys-

tem and the central tegmental tract.

Although tentative, the following concluslons can be
drawn from the above mentioned results: The LC 1s not a
homogeneous nucleus, but rather an area with anatomically
and functionally distinct cell groups. The principal LC
(dorso-lateral and caudal aspects of the LC area) is pri-
marlly involved in the NE innervation of all cortices and
thalamus. The SC (antero-ventral aspect of the LC area)
is involved in the innervation of hypothalamlc areas.

Therefore, any LC lesion that affects hypothalamic ICSS
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must involve the SC. Furthermore, according to Ross and
Rels' results, the optimum level of effect may not be seen

until 12 days post-leslon.

D. Brain Lesions on ICSS: An Overview

By and large, most leslion studles on ICSS have dealt
with the MFB-LH area and its role in "central reward". Al-
though ICSS can be elicited from a number of limbie and
tegmental areas, many lnvestigators have consldered the
MFB-IH area as essentlal for posltive reinforcement, This
assumption was supported by a number of findings. First,
it had been shown that the MFB was more sensitive to ICSS
(lower threshold, higher rates) than any other ICSS site
(0lds & 0lds, 1964). 1In addition, if allowed to, rats
would self-stimulate for many days taking only short breaks,
as 1f they could not be sated. Second, Nauta (1960) had
demonstrated that the MFB 1s deeply involved in the limbic
system and 1ts ecircults, and 1s an important pathway to
mesencephalic structures. Also, Guillery (1957) and Nauta
(1958) had shown that the MFB interconnects the septal
area, the lateral preoptic and hypothalamic areas, and the
tegmentum, all of which are ICSS sites, by way of 1lts as-
cendlng and descending flbers. Thus, many ihvestigators,
noticing the high correlation between ICSS sites and the
distribution of the MFB (Gallistel, 1973; Lorens, 1966;
0lds & 0lds, 1969; Valenstein & Campbell, 1966) postulated
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that the MFB is the anatomlcal "substratum" that mediates

ICssS.

The results of the experlments to be reviewed in this
section are very variable and, in many cases, this varlabi-
lity seems as high within one experiment as betweeﬁ all of
them. Therefore, certain methodologlcal factors should be
dlscussed befofe these experliments are reviewed. (a) A

‘number of these studles investigated the effects of bi-
lateral MFB-LH lesions on septal or tegmental ICSS.
Teitelbaum and Stellar (1954) and Teitelbaum and Epstein
(1962) have shown that such leslions often produce hypo-
phagia and adlpsia, and that recovery thereof, if at all
possible, 1s a lengthy process. Some studies report body
welght loss In thelr subjects, and others report the need
for intragastrlc feeding. Thus, it appears cruclal that
subjects be given ample time for recovery after the lesions
in order to avoid a non-specific effect which may be due to
some bodlly debllitation caused by the leslon. Certaln
standardized measures must be taken to see 1f there are any
lesion slde effects. One sensitlive measure would be weigh-
ing of the animals. A subject that continuously loses
welght might very well show an ICSS decrement because of
debillitation rather than because of the lesion's effect on

ICSS.

(b) The experiments that report ICSS decrements due
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to brain leslons by and large report that the larger the
lesion and the closer to the ICSS electrode, the larger
the effect. Although in most cases there 1s no evldence
that the lesion has traveled under the ICSS electrode,
speciflcity of effect 1s not enhanced by a size-distance-
effect correlation. Any statements of the involvement of
a specific area in the phenomenon of ICSS becomes stronger
the smaller the area destroyed, and accompanied by the re-
assurance that the leslon has not traveled to the ICSS

site.

(c) The bilochemical and anatomlcal effects of leslions
do not reach thelr optimal level until five to 12 days
post-lesion (Mizuno & Nakamura, 1970; Ross & Reis, 197L;
Ungerstedt, 1971). On the other hand, regeneration of
fiber tracts 1s at times possible due to sprouting
(Katzman, Bjorklund, Owman, Stenedi, & West, 1971). Such
a regeneration could occur within the: first two weeks after
the lesion. It 1s therefore crucial that ICSS measures be
taken relatively soon after the lesion (within days), and
that these measurements be taken over a reasonable period
of time (at least two weeks) with periodic checks for ICSS
recovery up to at least 40 days after the lesion (Ross &

Rels, 1974).

(d) If a giﬁen lesion affects ICSS at a distant site,
this effect may be due to either one or both of the follow-



19

ing possibilities: (1) the lesion has caused a decrease
in the neurohumoral transmitter substance at the ICSS
site; or (2) the lesion has caused degeneration of some or
all fibers under the ICSS electrode. If either possibility
has occurred, the change in ICSS performance wlll probably
be reflected in the threshold measure, whlle it may not be
reflected in the bar-press rates. The system has been
rendered less sensitive to stimulation and now more inten-
sity 1s needed to eliclt the behavior. A threshold mea-
sure would reveal such a change. Bar-press rates may or
may not change, depending on the relatlve intensity used
in the study. A number of lnvestlgators have shown that
bar-press rates are neither the best measurement for ICSS
performance (Hodos & Valenstein, 1962; Steiner, 1966), nor
for its "valance" (Valenstein, 1964). A typical rate-in-
tensity function in most ICSS sites takes an inverted U
shape. Thus, two different intensities may yield the same
rates, yet one ls a pre-peak intenslity while the other 1s
a post-peak intenslity. All the studles looklng at the ef-
fects of-lesions on ICSS measured the rates of one inten-
slty as thelr dependent vafiable. A change 1in this one
measure will not necessarily lndicate the new state of the
organism. For instance, a rat may have its ICSS threshold
at 20 uA, and its peak intensity at 60 uA where it presses
200 times per minute. An intensity above 60 uA will yleld
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lower response rates than peak Iintensity. If thé pre-
lesion intensity chosen is 40 uA, where the rat responds
with 100 presses per minute, a lowering of response rates
after the lesion may not reflect a decreﬁent in the sub-
Ject's ICSS behavior. It may be that 40 uA now represents
an 1lntensity above peak, and that the animal would be more
responsive at a lower Intensity. This would reflect an in-
crease in the subject's sensitivity to stimulation, similar
to the effect observed after administration of an enhancing
drug (see next sectioh). Also, if the pre-lesion bar-press
level is high, any side effect caused by the lesion (such
as accentuation of motor involvement during ICSS) may very
well debillitate to the extent that it cannot respond at
such high rates as 1t may desire. A threshold measure, on
the other hand, where the effort required by the subject
would be minimal and sensitivity to stimulation best eva-
luated, would reflect‘more accurately ICSS senslitivity
changes. We therefore propose that a rate-intensity (RI)
function that measures threshold, peak, post-peak, and at
least two intermedlate intensitles, would best depilct

changes In ICSS due to lesions.

(e) This lengthy and strict crliteria 1n methodology
for lesion studies is absolutely necessary in order to
fully evaluate lesion effects. Since such conservative

eriterlia were not employed in the studies to be described,
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it is not surprising that the results were very variable

and difficult to later explain and replicate.

These lesion studlies had primarily one or both of the
following objectives: (1) tp'see'if lesioning of the MFB-
LH area, the hypotheslzed "substratum" of ICSS, will abo-
lish ICSS at other sites; and (2) to see the effects of
different brain lesions on MFB~LH ICSS.

Two studies tested the effects of MFB-LH and mesence-
phalic lesions on septal ICSS. Both experiments (Boyd &
Celso, 1970; Valenstein & Campbell, 1966) showed that
lesions in and around the MFB-LH areas do not affect septal
ICsS. A small reduction in septa; ICSS rates was observed
for about ten days if the lesions were relatively small.
Larger bilateral leslons required post-operative care,
which in some Ilnstances lasted over one month. Once the
animals recovered from the operation, septal ICSS returned
to pre-lesion levels. It should be noted that, in both
studles, the pre-leslion basellne rates for the ohe inten-
sity chosen were quite high, and that threshold measures
werenot taken. Boyd and Celso (1970) report on one subject
that stopped pressing in the septum after a large bilateral
lesion that extended over the mamillothalamic tract and
reached caudally into the habenulointerpeduncular tract
This subject did not lose welght and never bar-pressed

again for ICSS. In most of Boyd and Celso's cases, the



rates became much more variable than they were before the
leslon. Both studlies conclude that the system underlying
ICSS behavior contains redundancy and a high capacity for
reorganization. Boyd and Celso conclude from this study
and a previous one conducted in the same laboratory (Boyd

& Gardner, 1967) that a small area just anterior to the
intfapeduncularA nucleus is central to ICSS behavior.
Whereas in the previous study LH ICSS was reduced by ipsl-~
lateral leslons of the area anterior to the intrapeduncular
nucleus, septal ICSS disruptlon required bilateral destruc-
tion of the area. Their explanaéion for thls dlfference

1s that either the septal ICSS system 1s more diffuse, or
thaﬁ this area is not as lmportant for septal ICSS as it

is for IH ICSS.

The authors' conclusion that an area extending from
the anterior mamillothalamic tract to the habenulointer-
pedencular nucleus, and an area anterior to the inter-
peduncular nucleus, are Involved 1n septal and LH ICSS 1s
very tempting, yet speculative at best. Flrst, the effec~
tive lesions in both studies are very extensive and over-
lap with a number of surrounding areas. Second, of the
three animals with identical lesions (as described by the
authors) involving the mamillothalamic tract, only one
suffered an abolition of septal ICSS. Another rat died,
and the thlird one recovered fully within a week post-

22
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lesion. Thlrd, although mamillothalamic tract leslons in
the Boyd and Gardner (1967) study did indeed reduce LH
ICSS, the most effective leslions involved areas in the
ventral midbrain. These types of leslons dild not affect
septal ICSS. Although Boyd and Celso's (1970) effort to
postulate an area (other than the MFB) to be central to
ICSS behavior 1is indeed exciting, thelr own data does not

support this attempt.

The notion that the ICSS systém 1s very diffuse and
redundant finds tentative support in a study by Asdourian,
Stutz, and Rocklin (1966). Of 21 rats with bilateral hip-
pocampal and thalamic leslions, two subjects showed a decre-
ment in the one rate measured, nine subjects showed a sig-
nificant increase, and ten showed no effect. Thelr argu-
ment that inhibitory and facilitory pathways have been 1n-
terfered with is extremely weakened by the fact that post-

lesion baselines were taken for only three to five days.

Since the previous studies cited above have shown that
ICSS 1is not dependent on the integrity of the MFB, a number
of 'studles have looked at the effects of different MFB com-
ponent leslons and differential brain leslons on MFB-LH
ICSS itself.

lorens (1966) investigated the effects of lesions in
the basal diencephalon and tegmental components of the MFB

on LH ICSS. In summary, Lorens finds significant reduc-
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tions in IH-MFB ICSS stimulation time (total amount of
time the bar was depressed and subject was getting stimu-
lation) when the lesions 1nvolve the antero-lateral hypo-
thalamus (35% reduction) alone, the antero-lateral hypo-
thalamus (ALH) in combination with the ventral midbrain
tegmentum (33% reduction), the central grey (53% reduction)
the pontine reticular formation (39% reduction), and the
ALH and the dorsomedial tegmentum (53%vreduction). All
lesions, except the ALH lesion, were bllaterally placed.
Interestingly enough, bllateral lesions of the midbrain
reticular formation in combination with the ALH had no
effect on ICSS, while lesioning of the midbrain reticular
formation by itself enhanced ICSS significantly (21% in-
crease), suggesting that the combination lesions cancelled
each other out. Thus, the only site whiech would éffect LH
ICSS by itself when lesioned would be the ALH, which 1s
spa@lally very near the IH. Lorens concludes that LH ICSS
18 not solely dependent on thé rostral or caudal projec-

tions of the MFB, or both.

Since the major projectlons of thevMFB wefe damaged,
the author concurs with the previously stated suggestlon
by Valenstein and Campbell (1966) and others that the MFB
does not seem to be the mediator of the ICSS reward system,
and that the pathways medlating the behavior are very dif-

fusely organized. One critilcism that could be leveled at
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this study 1s that the subjJects were tested for six days,
12 to 14 days after the lesion. Since recovery over time
has been reported in another study (Valenstein & Campbell,
1966), the post-lesion data seems insufficlent. Also,
Lorens does not report any systematic procedure that tested

for any silde effects of these large lesions.

Since, according to Olds and Olds (1969), the data on
the effects of lesions on ICSS was inconclusive and con-
flicting due to the variance in the results of various ex-
periments and the different recovery periods allowed, they
declded to re-investigate the role of the MFB as a posslble
substratum of ICSSQ They aimed thelr study at the question
of whether ICSS can be abollshed, and whether destruction
of the anterior or posterlor aspects of the MFB 1s more
effective in reducing ICSS. Three experiments were con-
ducted where smalla medium, and large lesions were placed
at the telencephallc or mesencephalic boundaries of the
MFB and thelr effects were tested on LH ICSS. Post-lesion
bar-press rates were taken elght weeks after thellesion for
a perlod of two weeks. The highest rate achleved during
the five-day pre-lesion baseline was compared to the high-
est rate achieved durlng the post-lesion runs. The lesions
were, in most cases, bilateral but not symmetrical, in
order to avoid killihg the animals. Small anterlor lesions

had no effect or very insignificant effect on posterlor MFB
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ICSS,:while smaller posterior MFB leslons markedly 1lmpalr-
ed anterior MFB ICSS (57% to 96% decrements). Large
lesions at elther the anterlor or posterlior MFB caused
large decrements in IH ICSS in six of seven rats. Medium
size Jeslons 1n the posterior MFB caused larger decrements

in LH ICSS than anterior MFB leslons did.

The authors point out that glven the large size of
the leslons, it is difficult to delineate one or more
specific anatomical regions as crucially related to the
ICSS impalrment. However, they suggest that thelr data
points to an ascending system in ICSS, since the posterior
lesions were always more effective. They also polnt out
that the magnitude of the Ilmpairment depends on "the slze
of the tissue destroyed and the proximlity of thls destrue-
tion to the self-stimulation point" (p. 1263). The larger
the leslon and the closer to the ICSS site, the stronger

the effect.

In addition to Olds and 0lds' (1969) own evaluation of
the detrimental effects of thelr lesions in terms of their
large size, proximity to the ICSS electrode, and non-spe-
cificity of the areas destroyed, a number of other proce-
dural criticisms can be ralsed. First, they tested for the
effects of the lesions elght weeks after the operations,
thus missing the rate of recovery, 1f any, of the less af-

fected animals, and more important, the time course of the
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ICSS post-lesion decrements. Thls would have allowed com~
parison with previous studies and, in addition, given some
insight into the posslble degeneration rate of the de-
stroyed pathways. Second, thelr post-lesion data for com-
parison was only the highest rate achieved during a two-
week run. Since another lesion study has reported that
post~lesion ICSS rates In the septum are much more variable
than during pre-lesion runs (Boyd & Celso, 1970), Olds and
0lds!' (1969) pre- versus post-lesion ICSS comparisons leave

out statlistical information, and are thus incomplete.

Keesey and Powley (1973) continued the examination of
LH-MFB contrilbution to central reward and to the regula-
tion of body welght. Bilateral leslons were placed at the
LH and thelr effects on posterior hypothalamic and ventral
tegmental ICSS were measured. Immediately after the
lesion, the rats elther falled to self-stimulate or did
so at very low rates. However, within five days, the
rates of responding started a steady increase whilch lasted
for two weeks. After the second week post-leslon, ICSS
rates‘stabilized and remalned so for the rest of the eight-
week testing period. Thils terminal level corresponded to
about 55% of pre-lesion rates. Body weight was also re-
duced after the lesion and 1t reached a constant level
(83% of normal) in the third week after the lesion. The

authors concluded that 1H damage 1s inversely related to
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both post-lesion ICSS levels and welght maintenance, and
that body weight maintenance 1s directly related to the

chronic reduction of ICSS rates.

Although their results seem to support our view that
the non-speciflc reward system ls interconnected with the
locl responsible for specific drive behaviors (in this
case, food intake), their effects on body welght loss
could be direectly due to bilateral LH lesions (Epstein &
Teitelbaum, 1962), and the debllitating effect thereof
could have directly affected ICSS rates in terms of per-
formance and not motivation. In other words, the LH le-
sions may not have reduced ventral tegmental ICSS per se,
but rather they affected body weight which in turn affect-
ed ICSS., The actual effect on ICSS may have been lost
due to the fact that only one Intensity was used and a
more rellable measure of sensitivity, the threshold, was

not taken.

A different experimental approach to study the role
of the MFB was employed by Madrigan and Albert (1971) and
Nakajima (1972). Since the lesion studles descrlibed above
produced controversial and inconclusive results, these in-
vestigators produce temporary lesions injectlng procaine
into the MFB-LH area. Procaine becomes a useful local
anesthetic since it reduces the transfer of sodium lons

across the neuronal membrane and thus prevents the genera-
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tion of nerve impulses.

Madrigan and Albert (1971) unilaterally injected pro-
caine into the MFB reglon whille the rats were self-stimu-
lating from either the septum or preoptic area. This pro-
cedure was proposed by the investigators bé@ause of its
immediate effect and short duration. Procalne produced
strong suppresslions of ICSS rates on the ipgilateral slde,
whlle contralateral injections resulted in significantly
less severe decrements. These effects were produced with
injections all along the MFB. Injections’into the MFB-LH
area assoclated with feedlng behavior produced a suppres-
sion in bar-pressing for food. Injections into areas not
assoclated with feeding did not suppress bar-pressing for
food. The authors concluded that the MFB in 1ts entlrety
1s important for septal and preoptic ICSS. They claim the
previous leslion studies did not affect the MFB in its en-

tirety and therefore recovery occurred.

We believe that these results are better explalned
by our model of specific ICSS pathways stemming from lo-~
calized CA nuclei. Ross and Reis (1974), Ungerstedt (1971),
and Lolzou (1969) showed that large portions of the septum
and preopticareas are innervated by the LC by way of the
dorsal bundle. Since thls DB travels through a relatively
small portion of the MFB, lesions placed in the MFB in
order to affect septal and preoptic ICSS, will necessarily
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have to be very precise and speclfic. Valenstein and
Campbell (1969) and Boyd and Celso (1970) did not place
specific MFB leslons and therefore may have affected the
DB only some of the time, and thus affected septal ICSS on
an almost random basis. Madrigan and Albert (1971), on
the other hand, affect the whole MFB and thus the area
through which the DB passes on its way to the septum, and

consequently reduced septal ICSS.

Nakajima (1972) postulated that both the LH and the
ventral tegmentum (VT) are part of the same ICSS system.
He reasons that since the VT 1is an ICSS site 1nto which
MFB fibers send 1ts projections to form the limbie midbrain
area (Nauta, 1958), the VI could be considered as the
caudal extension of the MFB. Some of the results of le-
sion studles described above, which tested VI lesions on
LH ICSS and vice versa, support Nakajima's hypothesis
(Boyd & Gardner, 1967; Keesey & Powley, 1973; Olds & Olds,
1969), while others do not (Boyd & Gardner, 1967; Lorens,
1966). In addition to procaine injections, Nakajima also
placed glutamate injJections into either the LH or VT and
looked at their effects on the other site's ICSS. Gluta-
mate has the opposite effect of procaine, namely, it pro-
duces neural excltation. In summary, 1t was found that
unilateral procaine injectlons into the VT or LH reduced,

but did not abolish, ICSS from the LH or VT respectively.



Glutamate enhanced VI ICSS when injected into the LH, but
when Injected into the VI', 1t enhanced LH ICSS in some
animals, but 1t also suppressed LH ICSS 1in other sujbects.
Contralateral Injections affected the ipsilateral and
contralateral sides similarly. The author concludes that
ICSS in any part of the system activates the entire system
through the descending as well as the ascending pathways,

and through bilateral as well as unilateral connections.

As in the previously described experiments, this one
only used one Intensity and measured presses as an lndex
of the injection effects. It would seem loglical that since
the author employes glutamate and procaine as an action
potential manipulation, a threshold measure of ICSS would
be more approprlate. Also,.1t 1s hard to explain why
glutamate had differential effects on LH ICSS when inject-
ed Into the VI'. One posslble explanation may be that
glutamate injectlions into the IH will always enhance VT
IC3SS because eilther the essentlal ICSS terminals are in
the LH, or the LH 1s truly a mixed dopaminerglc and NE
ICSS system (as proposed by Calvier & Routtenberg, 1974).
Glutamate Injectlons into the VI may vary according to what
neurchumoral site in the VI is affected. If it affects the
dopamlnergic A9 ceil group, 1t may affect LH ICSS differ-
ently than if it.affects the NE fibers of passage towards

the MFB-IH area. It must be pointed out that any conclu-
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sions as to speclfic ICSS pathways are only tentative,
since Nakajima was not able to determine the extent of

spread of the injection.

In summary, all the leslon studles described above
have contradictory results and do not elucidate the influ-
ence and role played by a specific neuroanatomical site 1in
the phenomenon of ICSS. Thils is due to a numbér of fac-
tors: (1) Lesions are, most of the time, too extensive to
determine one or more locl that affect the behavior; (2)
Recovery perilods are Insufficlent and do not trace the
long~term effects of the lesions; (3) Possible side ef-
fects caused by the lesion are not evaluated and can, at
times, be the direct cause for the ICSS effects seen; (4)
All studles use one intensity where a full-range rate-in-
tensity function i1s desirable due to expected sensitivity
changes in ICSS; (5) Since almost all studies are con-
cerned with the question if the MFB 1s the substratum for
ICSS, primary attention is geared towards a complete abo-
lition of the ICSS phenomenon, and partial effects are not
properly evaluated. This last polint 1s very important in
terms of our own REM-ICSS hypothesls. Rather than postu-
late that ICSS is a diffuse, unspecifled systemﬂcapable of
reorganization, our model proposes a non—spec;fic system
which touches upon all ICSS sites and that stems from
nuclel in the hindbrain. Therefore, we belleve that ICSS
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from specific sites will be abolished if the nuclel of
orlgln are destroyed. But we also belleve that some sites
will be only partially affected because: (a) at times, a
lesion may not completely destroy the nuclei of origin;
or (b) the ICSS site 1s mixed and receives innervation
from a number of nuclel which, although interconnected,
are in and by themselves sufficlent to support ICSS. It,
therefore, becomes very important to fully evaluate even
partial effects of lesions on ICSS 1n order to determine
the amount of Iinput the ICSS site recelves from the le-
sioned locus. By adopting this view, we may be able to
explaln the amount of varlance in the results of the
studles summarized above. The ICSS system 1s not neces-
sarlly a diffuse one, but each ICSS site may recelve one
or several pathways originating in hindbrain nuclel. The
results in these experiments may reflect a by-chance ef-
fect in a system where the specific pathways innervating
specific ICSS sites are disrupted through a procedure where
these pathways are unknown and the loecus of origin of an
ICSS site 1is also unknown. In other words, ICSS site A
has a main pathway of lnnervation, X, and an additional
pathway, Y, which also innervates it pgt to a lesser ex-
tent,; Ih additioh, other ICSS sites'can be 1nnervated'by
either,Y'or X or other pathways. An experiment which

‘will not postulate these possibillities and specify the
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ICSS locl and pathways.involveq wlll rarely place a le=
sion:that entirely abolishes JCSS, |

Recently, German and Bowden (1974) have tried to ex-
plalin the above-mentioned lesion studles 1ln terms of a CA
ICSS system. They have suggested that the effectlve ie—
sions which disrupted LH and septal ICSS interfupted NE
innervation by the bundles stemming from the pons and the
medulla. They base thelr claim on comparisons between the
effective lesions and Ungerstedt's (1971) diagrams of the
CA systems. Althought thlis hypothesls 1s very tempting,

a number of effective "CA bundle lesions" were in combina-
tion with hypothalamic leslons close to the ICSS electrode.
Furthermore, some of the lesioned areas that appear to
overlap with Ungerstedt's bundles did not produce the ef-
fect, whille other areas that do not overlap with any
bundles did not affect ICSS. In addition, such cdnparisons
are weakened by the fact that they are based on hand-drawn

dlagrams rather than the actual histology.

E. Neurohumoral Transmitter Substances and ICSS

Many investigators have been searching for the neuro-
humoral transmitter substance (NHTS) responsible for the
mediation of “central reward", or ICSS. Research in this
area of ICSS has intensified due to Dahlstrom and Fuxe's

(196l4) and subsequent delineations of the monoamlnerglc
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pathways in the brain. In addition to the MFB-LH area,
which is largely "mixed" in terms of NHTS's, ICSS behavior
can also be elicited from the LC (Crow et al., 1972;

Ellman et al., 1974; Ritter & Stein, 1973) which has pri-
marily NE cell bodies (Ungerstedt, 1971), from the sub-
stantia nigra (SN) (Crow, 1972; Routtenberg & Malsbury,
1969) which is largely a dopaminergic structure (Anden et
al., 1966; Dahlstrom & Fuxe, 196l; Ungerstedt, 1971), and
from the area surrounding the dorsal raph& (Margules,
1969), which is serotonergic (Dahlstrom & Fuxe, 1964).

The questlon of interest 1s whether ICSS behévior at these
sites 1s being subserved by elther: (a) the speciflc mono-
aminerglic cell bodles and fibers which lie in the immedlate
vieinity of the electrode; (b) a NHTS whose cell bodiles
send flbers of passage under the electrode; or (c) a com-
blnation of NHTS's which are mutually potentlating. In
order to ascertalin NHTS specificity in ICSS behavlor,
studies have made use of pharmacologlcal agents which will
cause either an enhancement of NHTS transmission at the
synapse, its blockage, its depletion, or the destruction of
the NHTS-producing cell bodies and their terminals.

Aside from its presence in a number of ICSS sites,
serotonin (5-HT) is also released when ICSS sltes are stl-
mulated (Aghajanian, Rosecrans, & Sheard, 1967). This 1s

not very surprising, since one such site (the MFB-LH area)
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regulates the maintenance of 5-HT and NE in the rat brain
transsynaptically (Heller & Moore, 1965). Although a num-
ber of studles have suggested that 5-HT plays a role,
albeit minor, in the mediation of MFB-LH ICSS (Gibson,
McGeer, & McGeer, 1970; Poschel & Ninteman, 1968; Stark,
Boyd, & Fuller, 1964), others have reported that 5-HT de-
pletion does not affect ICSS (Black & Cooper, 1970; Cooper,
Black, & Paolino, 1971; Margules, 1969).

The studies that suggest 5-HT involvement in ICSS
studled the effects of 5-HT depletors and enhancers on
ICSS thresholds rather than on one Intensity where rela-
tively high rates are ylelded. It has been pointed out
that intensitles around threshold generally appear to be
most sensitive to drugs (Steilner, 1966). For instance,
amphetamine raises response rates at threshold intensitiles,
leaves middle intensities relatively unaffected, and de-
creases rates at high intensities (Steilner & Stokely, 1973).
Thus, an intensity above threshold may be left unaffected,
or be affected in the opposite direction in relation to

“the action of the drug.

Black and Cooper (1970) and Cooper et al. (1971)
looked at the effects of DL—p-chlorophenylalaﬁine (PCPA),
a tryptophan hydroxylase inhibitor that depletes 5-HT,
and found no decrements in LH and septal ICSS at an inten-

sity that yielded high response rates. Stark et al. (1964)
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found that one drug that causes an elevation of brain S-ﬁT
(DL-pheniprazine hydrochloride) and one drug that acts as
a 5-HI' antagonist (D-2-bromolysergic acid diethylamide)
lowered ICSS thresholds in dogs. Gibson et al. (1970)
found that agents which deplete 5-HT (DL-5-bromotryptophan,
PCPA, DL-6~fluorotryptophan) mildly raise ICSS threshold

in rats.

Those studlies which looked at threshold intensities
rather than the less drug-sensitive high intensities
showed that different 5-HT levels differentially affect
ICSS. It appears, therefore, that this NHTS is involved
in the mediation of ICSS. These same studles, however,
also showed that the role of CA's in ICSS is signifilcantly
more influential than that of 5-HT. (The role of CA's in
- ICSS will be described in detail further along in this sec~

tion. )

Margules (1969) investigated the NHTS properties of
the ICSS site 1n the viclinlty of the serotonergic dorsal
raphé. He found that ICSS rates were increased under ad-
ministration of d-amphetamine, a NE releaser. These rates
decreased if chlorpromazine, a NE blocker, was administered.
ICSS rates.were, however, unaffected by the 5~HT depletor,
PCPA. Margules concluded that ICSS iIn the dorsal tegmentum
is subserved by noradrenerglc fibers of passage, rather

than 5-HT cell bodles in the viecinity of the electrode,
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The fact that CA's play a major role in the mediation
of MFB~IH and septal ICSS has been demonstrated in a num-
ber of studies. Depletion of CA's after systemic adminl-
stration of alpha-methyl-para-tyrosine (AMPT), a tyrosine
hydroxylase inhlbitor, decreases ICSS rates and lncreases
ICSS threshold in the MFB-LH area (Black & Cooper, 1970;
Cooper et al., 1971; Gibson et al., 1970; Poschel &
Ninteman, 1966), the IC (Ritter & Stein, 1973), and the
septun (Cooper et al., 1971). The suppressive effects of
AMPT were reversed by a small dose of methamphetamlne, a
CA mimic (Poschel & Ninteman, 1966). It i1s not clear from
these studies which one of the CA's, dopamine or NE, is in-
volved in ICSS, since AMPT affects both CA's equally
(Spector, Sjoerdsman, & Uhdenffiend,l965). Breese,

Howard and Leahy (1971) demonstrated that dopamine and NE
concentrationfreductions through the administration of 6~

hydroxydopamline reduced MFB .ICSS by 50%.

Steln énd coworkers have postulated that the CA in-
volved in the mediation of ICSS is NE rather than dopamine.
First, 1t was shown that NE was released Into the synapse
after ICSS at the MFB (Stein & Wise, 1969). Second, Wise
and Stein (1969) looked at the effects of selective NE
depletion. Administratlions of either disulfiram or di-

ethyldithiocarbonate (DEDTC) sharply reduced MFB ICSS.

Both drugs inhibit dopaminé-beta—hydroxylase and thus ‘de-
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plete NE. They were able to reinstate ICSS wlith Intra-
ventricular injections of 1-NE, the biologically active
lsomer. Intraventricular administration of dopamine or
5-HT did not restore ICSS. Third, Stein and Wise (1975)
reported that: (a) d-amphetamine 1s nine times as potent.
in the enhancement of Internal capsule ICSS than l-amphe-
tamine; (b) suppression of ICSS by apomorphine could be re-
versed by d-amphetamine but not by l-amphetamine; and (c)
ihtra—ventricular injectlons of 1-NE but not dopamine,
slgnificantly lncreased MFB ICSS. Since Taylor and Snyder
(1970) had shown that d-amphetamine 1s elght to ten times
as potent as l-amphetamine in NE termlnals, but equlpotent
in dopaminergic termlnals, Stein and Vise interpreted their
findings to support their notion that NE 1s central in the
phenomenon of ICSS. Ritter and Stein (1973) found that
chlorpromzine and AMPT suppressed LC ICSS, whille pimozide,
a dopaminergic receptor blocker, had no effect. Ellman et
al. (1975) have shown that IC ICSS is enhanced by d-amphe-
tamine to a significantly greater extent than by l-amphe-
tamine. Thus, a number of experiments have shown that ICSS

in many sites 1s subserved by NE.

However, the notions that NE is the most important
NHTS in ICSS, and that ICSS 1s basically a NA system, have
recently been challenged. Poschel (1969) found that mono-
amine oxidase Wlodkade did not enhance ICSS in the



SN as 1t dld in the MFB. Although Poschel did not propose
a different NHTS for ICSS at that level of the mesence-
phalon, Phillips and Fibiger (1973) did, after obtaining
differentlal effects of d- and l-amphetamine from the SN
and the MFB. They found that d-amphetamine was seven to
ten times more effectlve in enhancling MFB ICSS than the 1-
isomer. However, the two lsomers enhanced SN ICSS equally.
Thelr hypothesls that two systems, one NE, the other dopa-
minergic, medliate ICSS finds support in a recent experiment
reported by Ellman, Ackermann, Bodnar, Jackler, and

Steiner (1976). They found that the LC and the DB ICSS 1is
more sensitive to d- than l-amphetamine, whereas ICSS sites
at the mildventral periagueductal area are equally sensitive

to both isomers.

Belluzzi, Ritter, Wise, and Stein (1975) attempted to
show that SN ICSS 1s primarily a function of the ascending
NE bundles passing in the vicinity of the mesencephalic
dopaminergic cell groups tested by Phillips and Fibiger.

Belluzzl et al. showed that knife transsections and 6-

hydroxydopamine lesions of both the DB and VB together vir-

tually abolished SN ICSS for three days. After 12 days, SN
ICSS had returned to U40% to 60% of the pre-cut level., They
found that both the knife-cut and the 6-hydroxydopamine
lesion separately had greaﬁly reduced NE brain levels, with
1ittle reduction of striatal dopaminergic levels. They

ko
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also found that NE inhibition through DEDTC injections de-
creased SN ICSS, but thls decrease was reversed through
intraventricular injectlons of 1-NE. Thls reversal was not
obtained with dopamine lnjectlons. They conclude that SN
ICSS 1s not 1ndependent of NE.

Recently, Cooper, Cott, and Breese (1974) have claimed
that they were able to differentially affect dopamlnergle
and NE levels through different treatments of 6-hydroxy-
dopamine. . They report that the enhancing effects of d-
amphetamine and the reducing effects of AMPT in MFB ICSS
were dependent on the brain levels of dopamine and not NE.
Accordilng to these investlgators, the findlngs support theilr
hypothesls that the dopaminergic system is deeply involved
in the mailntenance of ICSS.

In summary, although 5-HT has been shown to be in-
volved in the medlation of ICSS, the data suggest that the
main responsibility for the maintenance of this behavior
lies with the CA's. Despite the fact that d- and l-amphe~
tamine will differentially affect ICSS depending on the
locus of stimulation, the puzzle still remains as to: (a)
the exlstence of two separate ICSS systems, one NE, the
other dopaminerglc, as proposed by Phillips and Flbiger;
or (b) the predominance of one system (NE) with the poten-
tiation of a second, less significant one (dopaminergic),

as proposed/by Stein and coworkers. Whichever the case may
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be, the results detalled above do assign a role, albelt
controversial, to the dopaminergic system in the mediation
of ICSS. Clavier and Routtenberg (1974) have reported that
lesions placed at the MFB wlll produce degenerétions in all
three systems of passge, the DB, the VB, and the nigro-
neostrlatal system stemming from the SN. If the dopaminer-
gle system 1ls involved in MFB-LH ICSS, as has been sug-
gested, the question remains as to why ICSS in this area 1s
so much more affected by d-amphetamine than l-amphetamine.
The possibility exists that the NE influence in this area
overwhelms the dopaminergic input, but the dopaminergic
input 1s significant nonetheless. Therefore, 1t can be
hypothesized that once the NE input 1is reduced, the dopa-
minergic input wlll become more apparent and the d-amphe-
tamine over l-amphetamline ratlo will be reduced. We

wanted to test this possibility, and therefore ran one
group of subjJects on d- and l-amphetamine before and after
LC leslon, in order to assess any changes in d- or 1-
amphetamlne effects due to lesions in the NE nuclel of the |
LC. If SN ICSS is part of a separate dopaminerglc system,
LC lesions will not affect this ICSS site.

F . The Hypotheses and Some Procedural Conslderafions

Given that the LC 1s important in the phenomenon of
REM sleep and has been postulated to be the nueleus of

origin of the REM-ICSS system, the following hypotheses
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have been mde:

(1) IC lesions will decrease rates and Increase

thresholds in IH ICSS;

(2) These lesions should not affeect SN ICSS if this

site 1is part of a separate dopaminergic ICSS system;

(3) D-amphetamine, but not l-amphetamine, will tem-

porarily restore LH ICSS to pre-leslon levels;

(4) If the lesions reduce NE levels at the ICSS
site and dopamine also partlicipates in the potentlation
of the behavior, the ratio of d-amphetamline over l-amphe~

tamine effects on ICSS will be reduced after the lesion;

(5) If the LC lesions affect LH ICSS, they will also

bring about a reduction in REM sleep.

In order to test these hypotheses, a number of proce-
dural criteria must be established. First, since bilaters
al lesions in many parts of the brain cause general defriaw
mental effects on the organism (see section D on lesions),
LC lesions will be placed unilaterally and their effects
will be tested at least on the ipsilateral site. Second,
given that special consliderations must be taken with de-
generation time course, possible sprouting, temporary
post-lesion side effects, and ICSS "reorganization" (terms
described in section D), the effects of the lesions are

monitored for -2 minimum amount of time that wlll allow



for the occurrence of any of these factors (14 to 16
days). This is followed by periodic checks on ICSS up to
a minimum of one montﬁ after the leslon. Fourth, subjects'
welghts will be continuously monitored in order to ascer-
tain any non-specific effects on ICSS other than the le-
sion itself. TPFifth, a full rate-intensity funection 1s
obtained that encompasses threshold, intermediate, peak,
and after-peak intensities in order to better assess the
effects of the drugs and the lesions. This type of strict
procedure reduces to a minimum the amount of varlance ex-

perienced in the above-described lesion studies.

Iesion technlque. Since a number of investlgators

have demonstrated that the morphology of brain lesions
depend largely on both types of electrode used and cur-
rent applied (DiCara et al., 1974; Gold, 1975; Rabin, 1968;
Reynolds, 1963), the use of this technique demands care-
ful application. Gold (1975) reports that direct current
(DC) reduces iron deposits. Furthermore, "slow lesions"”
(e.g. 100 uA for 200 seconds) destroy more tissue than
"fast lesion" (e.g. 2 mA for 10 seconds ), although the

same number of coulombs are delivered. He proposes the
possibility that ilron deposits expand the leslon over

time,

Reynolds' (1963) finding that radio-frequency (RF)
lesions placed in the ventromedial hypothalamus by way of

stalnless steel electrodes do not produce the hyperphagilc



symptoms that result from DC lesions further demonstrates
the differential effects that result from various leslon
parameters. Reynolds proposes that hyperphagla effects
are due to irritation produced by metallic deposits.

This has been supported by the findings by Rabin (1968).

DiCara et al. (1974) found that whlle RF was equally

effective for destroying nucleil and fibers, DC current de
stroys nuclel but spares peripheral fiber tracts. Thus,
unless the electrode is impinging dlrectly on the fiber
tracts, DC leslions will curve around fibers in the vici-

nity and produce uneven destruction.

Since our aim was to destroy LC nuclel and their as-
cending projectlons, RF parameters were chosen. In addi-
tion, the RF current was passed via stalinless steel elec-
trodes. This approach has been shown to prevent metallic

deposits (Aronow, 1960; Reynolds, 1963).

In terms of the amount of mA delivered in this site,
in order to produce the lesions (see Procedure), the fol-
lowlng consideratlon must be taken: RF currents in the
magnitude of 10.0 to U40.0 mA delivered for the duration
of 5 to 50 seconds, produce brain lesions from 0.5 to 2.0
‘mm. 1n diameter. These parameters produce the same size
lesions as DC currents varying from 0.8 to 2.0 mA for &ix

to 20 seconds (DiCara et al., 1974).

b5
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Stimulation technique. Our alm was to stimulate

specific areas within the hypothalamus and to test for

the differential effects of the LC leslons at these sites.
Valenstein and Beer (1962) have shown that bipolar stimu-
lation is more discrete than conventlonal monopolar tech-
nigques. We have thus chosen bipolar stimulation para-
meters in order to allow brecise specification bf the ana-

tomical sites under the electrode.



Method

Subjects
Forty-four male albino rats (Holtzman) welghing 350-

515 gms. at the time of the operation were used.

Surgery

Suwbjects were anesthetized with a mlixture of sodium
pentobarbitol and chloral hydrate combination (Equithesin,
Jensen) injected intraperitoneally (i.p.) (dose approxi-
mately 3 ml/kg). They were then implanted with the use of
a Kopf stereotaxlc instrument wilith bipolar, stalinless steel
electrodes (Plastic Products) which were completely insu-
lated except at the tip (0.24 mm. width between the tips).
In all subjects, electrodes were aimed at the LC unilater-
ally or bilaterally. In addltion to the LC electrode, 30
subJects had electrodes almed at the LH (LC~LH group),
elght subjects had electrodes almed at the LH and SN (LC-
SN-LH group), and in six subjects, the zona incerta was
aimed for (LC-ZI group) (Table 1). In order to maximlze
the success rate of ICSS implants, 14 of the 30 LC-LH sub-
Jects were implanted at both sites bilaterally. In such
cases, due to the close proximity of the ICSS sites to mid-
line, electrodes were entered at a mediolateral angle. The
lambda and bregma suture lines served as points of refer-
ence for the derivation of coordinates (Figure 2). The

incisor bar was set at -5 mm. in order to avold puncturing
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of the transverse sinus with the LC electrode.

The LC coordinates were: 0.3 mm. posterlor to lambda
line, 1.0 mm. lateral to the mid-sagglital suture, and 7.0
mm. from the surface of the skull for straight entry; .and
0.3 mm. posterior to lambda line, 3.0 mm. at a 16° angle
lateral to the mld-saggital suture, and 7.3 mm. from the
surface of the skull for angled entry. Lambda lline was a
hypothetical transverse line aligned with the lambda

suture at 2.0 mm. lateral from lambda point (Figure 2).

The coordinates for the LH implants were: 0.2 mm,
anterior to the midpolnt between lambda point and bregma,
1.5 mm. lateral to the mid-saggital suture, and 8.7 mm.
from the surface of the skull for straight entry; 0.3 mm.
anterior to the midpoint between lambda point and bregma,
2.9 mm, at a 10° angle lateral to the mid-saggital suture,

and 9.1 mm. from the surface of the skull.

ZI electrodes were almed at the midpolint between
lambda point and bregma, 1.7 mm. lateral to the mid-saggl-~

tal suture, and 8.5 mm. from the surface of the skull,

SN coordinates were 2.2 mm. posterior.to the midpoint
between lambda point and bregma, 2.0 mm. lateral to the
mid-saggital suture, and 8.2 mm. from the surface of the
skull. In most cases, unilateral implants were on the

left slde of the brain.
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Cortical screws and muscle electrodes were attached
in 22 of the operated subjects (four LC-ZI, two LC-SN-LH,
Six LC~IH unilateral, and ten LC-LH bilateral subjects)
(Table 1) in order to obtain EEG and EMG recordings. EEG
leads were connected to two stainless steel screws of 6.0
mm. length. One screw was placed at 2.0 mm.. anterior to
the midpoint between lambda .point and bregma, 1.0 mm.
lateral tb the mid-saggital suture, and at 1.0 mm. anter-
ior to bregma; the oﬁher screw was placed at 1.0 mm. la-
teral to the mid-saggital suture. Both screws were placed
ipsilaterally. A bipolar stainless steel electrode was
unwound, stripped of about 1.0 cm. of the Teflon Formvar
insulation, and each pole was tightiy wound around one
screw, separately, making sure that contact was made be-
tween the pole and the skull. A second bipolar stainless
steel electrode was stripped bare of insulation for approx-
imately 3.0 em. and wrapped around the belly of the nuchal
muscle for EMG recording. In all subjects, the plastic
electrode caps were fixed to the skull with dental acrylic
and stalnless steel screws. .Following the operation, the
skin was sutured and a 5 to 10 day recovery period was al-~

lowed.

This new EMG recording technique was developed in our
laboratory, since others (personal communication) have re-

ported difficulties in recording tonus changes in the rat's
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neck musc¢les.
Procedure
— T yry— — ———

All subjects were malntained on an ad 1lib schedule for
food and water, and were housed individually. After re-
covery from the operation, subjects were tralned to press
a bar for electrical stimulatlion delivered to each elec-
trode site. ICSS tests were run in a 20 cm, wide, 40 cm.
long, 22 cm. high Plexiglas operant chamber, placed in an
open, sound-deadened Lafayette enclosure. A Lehigh Valley
retractable lever, 2.0 cm. long and 3 em. wlde, located
4.0 em. above the floor, protruded into the chamber. A
force of 20 gms. on the lever was sufficient to actlvate a
microswitch and constituted the measurable response. Solid
state and electromechanical programming equlipment delivered
a .25-sec. train duration of 60-cycle, sinusoldal wave
stimulation after each response. The stimulator and moni-
toring oscilloscope were all isolated from ground. Stimu-
lation was adjustable from 0-10 volts root mean square (RMS).
Wave form and stimulus intensity were continuously moni-
tored by observing the voltagé drop across a 1,000-ohm re-
sistor in series with the subject on a Hewlett Packard
#110~-B ecathode ray oscilloscope. Subjects were allowed to
self-stimulate at each intensity for 7-min. periods.
Changes in current intensity occurred during a l-min.

timeout between each 7-min. period when the lever was re-



tracted from the chamber.

Subjects were shaped by the method of successive ap-
proximation at several intensitles from 15-250 mlcroamps
(uA) during a 1-1/2 hour session over several consecutive
days. Training always began with the IH site and was then
followed by the LC or SN locus. LC ICSS was maximized by
shaping the subject for at 1éast four days at that slte,
and in some cases, alternating stimulation.between the LC
and the LH. SubJects wlith electrodes that supported ICSS
at bllateral LH placements weré run each day at both LH
sites. The IH slte ipsilateral of the LC electrode that
ylelded the highest response rate was run first. We em-
ployed this procedure because we assumed that high re-
sponse rates at the pontine site reflected direct impinge-

ment of the electrode on the IC (Ellman et al., 1974).

Following ICSS training, LH rate-intensity functions
were obtained dally at the same time each day. Only sub-
jects that reliably self-stimulated were used in the ex-
periment. Subjects were tested at a minimum of six dif-
ferent intensities, chosen to encompass the range of in-
tensitles over which the subjects would reliably self-
stimulate. At the end of each sesslon, a T-min. extinctlon
period was run. Rate-intensity functions contained one 1in-
tenslty which ylelded a mean response rate of less than an

arbitrarily defined threshold of ten responses per minute
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over the last five nminutes of the 7-min. period, one in-
tensity at or above threshold, and four or more intensities
above threshold, includling the intensitilies which ylelded
peak rates. Thls procedure was repeated untll rate-inten-
sity functions stabilized. Rate-intensity functions col-
lected over the next four days were considered as either
pre-lesion or pre-drug basellne, depending on which group
the subject was assigned to. SubjJects were separated into
two groups; one group underwent a sleep-~drug paradlgm,
whlle the other group underwent LC lesions immedlately

after the four-day baseline run.

A. The sleep-drug paradigm. The subjJects that were

tested for the effects of d- and l-amphetamlne before and

after LC leslons were also recorded to assess the effects

of LC lesions on the sleep'cycle (see Figure 3). Subjects

were kept continuously in red-light i1llumination and not
stimulated for a minimum of four days. Seventy-two (72)
hours of continuous EEG and EMG recordings were obtained on
each rat. Recordings were made on a Grass polygraph, model
#78. VFollowing this procedure, the four-day pre-drug base-
line was run, followed by a 24-day drug paradigm which
tested for the effects of saline, d- and l-amphetaﬁine (1
and 2 mg/kg i.p.) on LH rate-intensity functions. SubjJects
were run for four consecutive days at the séme time each

‘day and at the same values and sequence of intensities.
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Each drug was administered two times over two successlve
3-day sequences. Drug was administered on the second day
of each sequence; days one and three served as pre- and
post-drug saline controls. The low dose (1 mg/kg) of
elther d- or l-amphetamline was administered first, follow-
ed by the 2 mg/kg dose. The sequence of d- or l-ampheta-

mine was counterbalanced across anlmals.

On drug days, subjects were Injected intraperliton-
-eally with either d- or l-amphetamine at a dosage of 1 or
2 mg/kg of body weight, adminlstered in concentrations of
1lor 2 mg/ml in 0.9% normal saline solution, 25 minutes
before the session. On pre- and post-drug days, only
saline (1 or 2 ml. 0.9% normal saline/kg. body weight) was

injected 25 minutes before the session.

Following the drug test, subjects were run again on
rate-intensity functlons untll stable. They were then
placed in red-light illumination for a period of three days.
During this adaptation period, subjects were not gilven ac-
cess to ICSS. They were then anesthetlized and leslons were
placed at the LC site with a radlo frequency Grass Leslon
Maker , model #LMUA. The lesions are produced by passing a
2-8 mA anodal current through the electrode tip to an in-
different cathode (metal plate or anal tube) fdr a duration
of 30 secs. Following the lesions, 72 hours of continuous

EEG and EMG polygraph recordings were obtained in each sub-
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Jeet. Ten to 14 days after ﬁhe LC lesion, self-stimulation
baseline and drug paradigm identical to the pre-lesilon
paradigm was run. -Subjects that showed a reduction of IH
ICSS post-~LC leslon were checked for recovery periodlcally

up to three months after the lesions.

Those subjects that did not show an LH ICSS decrement
were sacrificed after terminatlion of the post-lesion drug
paradigm, since the time course for possible fiber degenera-
tion or neurohumoral transmitter depletlon is a maximum of
12 days (Ross & Rels, 197Y4; Ungerstedt, 1971). All subjects
that had self-stimulated from the LC site before the lesion
were tested at that site after the lesion, to make sure
that at least the fibers or cell bodies directly under the
electrode had been destroyed. Had the subject still self-
stimulated from that electrode, that site would have been

lesioned again.

Since it had been reported that bllateral LC lesions af-
fect memory consolidation (Anlezark et al., 1973), the post-
leslon paradligm for those subjects that showed a LH ICSS de-
crement included priming and shaping at all Intensitles dur-
ing the first two minutes of the 7-min. trial if the subject
failed to emit a response wlthin that time. They were also
tested at hiéher intensitles, in addition to the pre-lesion
intensities, to establish if high respohse rates could
5t111 be elicited. After the post—lesion drug paradigm,



subjects were not run for approximately one month, and
were then re~run on a four-day post-lesion "recovery

check".

After completion of the ICSS paradlgm, all subjects
were agaln adapted to red—light illumination for three
days, and 24 hours of EEG and EMG recordings were obtalned.
Following thls, the animals were injected with an overdose
of Equithesin and perfused via an 1ntracardiac needle with
0.9% nomal saline soluéion followed by 10% formalin solu-
tion. The bralns were then removed from the cranla and
kept in 10% formalin for at least three days. Frozen
coronal sectlons, 40um thick, were stained with luxol fast
blue and cresyl violet, according to the method of Kluver-
Barrera (1953).

Sleep recordings were scored "blind" in units of 30-
sec. epochs. Scorable epochs were classified as either
"awake" , "REM", "slow wave sleep", "awake-REM" (A-R),"sleep-
REM' (S-R), or "mixed". This last category was used for
epochs in which neither of the three other stages occupled
the majority of the epoch. All three categorles, "A-R",
"S~R", and "mixed" were used when the epoch contained a
fragment but not a méjority of REM sleep. In such cases,
REM was tabulated in units of one-fifth of the epoch
("perlods REM") and was included in the final tally of

sleep stages. Thus, all REM sleep of 3 seconds' or more
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duration was accounted for.

B. Non-drug paradigm. In this paradlgm, subjects

were lesioned immedlately after the four days pre-lesion
baseline run described above. Thls procedure included the
LC~-LH and LC-SN groups. All subjects that self-stimulated
from the LC electrode that was lesioned were tested for
ICSS at that site following the leslon. If ICSS could
stlll be ellcited, the site was lesloned again within two

days and re—tested for ICSS.

One day followlng the LC lesion, the subjects were
started on a li-day baseline run. If the subjects showed
LH or SN ICSS decrements, they were '"shelved" for approxi-
mately one month, and then run again for a four-day recov-
ery baseline. In three subjects, this procedure was re-
peated one month later. The subjects thdat dld not show an
ICSS decrement after the LC leslon were elther sacrificed
after the l4~-day run, or were lesloned agaln at the same
site at a higher voltage. If the second leslon was inef-
fective, the subject was sacrificed and processed in the

manner described above.

C. Electrode placement and lesion size assessments.

The stained brain sections were examined under the micro-
scope and electrode locus and size of lesions were eva-
luated "blind" by two independent Judges. ICSS placements

were classified in terms of the neuroanatomlcal slte under
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the tlp of the electrode and in terms of Ungerstedt's
(1971) deseription of the monoaminergic nuclei and path-
ways. The slize of the lesions placed.under the LC elec~
trode were evaluated in terms of the percehtage destruction
of the neuroanatomical sites affected by the leslon and

Ungerstedt's (1971) description of these areas.
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Results

Seventeen subjects completed the experiment. Table 2
summarizes the extent of the LC lestons 1n each subject in
terms of the areas affected and percentage damaged. A
secondary lesion at the LC contralateral to the electro-
lytic lesion was found in subject 95E (FigurelB). It was
estimated that the LC in this subjJect had been bilaterally
obliterated and therefore this subject's data was analyzed
separately. In two subjects (62E and 10F), it was esti-
mated that 20% to 35% of IC cell bodies could still inner-
vate anterior areas of the braln by way of intact DB
fibers. In additlion, a secondary lesion was found in sub-
ject 62E which destroyed 20% of the VB in its ascent through
the posterior mlidbrain. These two subjJects were therefore
‘excluded from the experlimental groups and formed a separ-
ate control group. Figure 4A 1llustrates the extent and
overlap of the LC lesions in these two subjects in a caudo-

rostral series of brain sections.

IC lesions in the remaining 14 subjects either de-
stroyed 100% of the LC cell bodies at the levels of the an-
terior pons and the pons-midbrain transition area, inter-~
cepted and destroyed the DB in 1lts ascent from the LC, or
damaged enough LC cell bodles and aspects of the DB so that
no more than 10% of LC cell bodies from either level could

innervate rostral brain areas. Filgure 5 illustrates the ex-
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tent and overlap of the LC lesions in these 14 subjects
and shows Ungerstedt's (1971) maps of hindbrain CA nuclei

pathways.

Photomicrographs of histological sections (Figure 6,
7, 8, 9, 10, 11, and 12) show the extents of the pontine
lesions in 7 subjects. The spread of these lesions into
the areas adjacent to the IC are described in Table 2. Al-
though the destruction of neighboring structures is mini-
mal in subjects 69F and 1G (Figures 9 and 12), it 1s more

extensive in subjects 57E and 76E (Figures 6 and 7).

Table 3 lists the brain sltes lmpinged upon by the
hypothalamlic electrodes ipéilateral to the IC lesion in
all 17 subjects. Each neuroanatomical site 1s also de-
scribed in terms of the monoamlnergic nuclel and axons of
passage under the electrode tip, according to Ungerstedt's
(1971) descriptions and dlagrams. Reference to Konig and
Klippel's (1963) diagrams is given for each electrode site.
Figure 13 i1llustrates the areas directly under each elec-
trode in an anterlor-to-posterior series of braln sections,

and compares them to Ungerstedt's lllustrations.

The hypothalamic electrode tips of the 14 subjects
with 90% to 100% of the entire LC lesloned were located in
gour general areaas. Table 4 summarizes the histological
placements of the hypothalamié electrodes in terms of

these four areas, and the number of subjects 1n each group.

Four electrodes were locallzed in the zona incerta~H2
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Fields of Forel area, dorsal to the hypothalamus (D-H
group). Of these, two were at the level of the anterior as-
pects of the subthalamic nucleus, in areas largely inner-
vated by the DB and DA nigostriatal (NS) bundles (subJects‘
60E and 69F). Figure 1U4B shows a photomicrograph of sub-
ject 60E's hypothalamic electrode impingement. The third
subject's electrode was located dorsolateral to the dorso-
medial nucleus of the hypothalamus (pars dorsalis) at the
level of the mamillothalamic tract (subject 7F). Thls area
recelves axons from the DB and cdincides with the DA cell
group Al3 which 1s part of the tubero~infundibular DA sys-
tem. The third subject's electrode (subject B86E) was at a
more anterior level, ventrolaterally to the mamillothalamic
tract and dorsal to the IH nucleus. Thls area is also in-
nervated by the DB in 1ts passage into the MFB (Ungerstedt,
1971) and to some extent by the nigrostriatal bundle (L
(Lindvall & Bjorklund, 1974). '

In three subjects, the hypothalamic electrodes imping-
ed on the tip of the crus cerebri (CC-H group). Of these,
two were located at the 1level of the posterlor hypothalamic
nucleus (subjects T6E and 70F), and one was at a more ante-
rior placement, internal capsule (subjeect 68E) at the level
of the anterior portions of the dorsomedlal hypothalamic nuc-
leus. The area directly under these three electrodes is
largely and primarily innervated by the DA nigrostriatal sys-
tem ascending from the SN (Anden et al., 1965; Lindvall &
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Bjérklund, 1974; Ungerstedt, 1971). Photomicrographs of
these three subjects' electrode tips are shown in Figures

"14A (S 68E), 15B (S T76E), and 15D (S TOF).

The locatlon of the electrode tips in flve subjects
was along the MFB at various levels of the hypothalamus
(MFB group). In two subjects, the electrodes were located
on the lateral part of the MFB, brushing the crus cerebri.
One electrode placement (subject 92F) was posterior to the
lateral hypothalamic nucleus (Figure 15C). The'other (sub-
Ject 57E) was in the posterior MFB-LH area (Figure 154).
Two other electrode placements (subjects 96E and 1G) were
in the MFB-LH at the level of the dorsomedlal hypothalamic
nucleus. Flgure 14C shows the electrode tip of subject 1G.
The fifth electrode was located in the dorsal aspect of
the MFB-LH at the anterior level of the dorsomedial nucleus
(subject TBE). The extent of the MFB on which these filve
electrodes impinge is heavlily innervated, throughout, by
the VB, with contributions of the DB and .the DA systems at
the MFB's dorsolateral level (Lindvall & Bjdrklund, 1974;
Ungerstedt, 1971).

The hypothalamlc electrodes of two subjects were lo-
cated in the perifornical region ventral to the fornix and
medial to the MFB-LH (F-H group). Subject T75E's electrode
was at the level of the subthalamic nucleus, subject 15F's

electrode was at the level of the anterlor aspects of the



dorsomedial hypothalamic nucleus. Figure 14D shows the his-
tologlcal sectlon of subject 15F's hypothalamic placement.
The extent of the lesions in these four separate hypothala-~

mic groups is illustrated in Figure 16.

Of the two subjects with less than 80% of the entire LC
lesioned, one (62E) had its hypothalamic elecgrode imping-
ing on the MFB-LH at the level of the anterior hypothalamilc
nucleus, the second subject (10F) had its electrodes on the
dorsomedial nucleus of the hypothalamus. Subject 95E's hyp-
pothalamic electrode ipsllateral to the electrolytic LC le~
sion was located under the fornix, at the level of the an-

terior hypothalamic nucleus.

Two of the 14 subjects with over 90% of the LC destroy-
ed also had electrodes aimed at the SN (SN group). Both
electrodes impinged on the SN, one on the zona compacta
(subject 1G), and one on the SN pars lateralis (subject 69F).
This area is described as rich in DA cell bodies (group A9).
Figure 17 illustrates the electrode placements and the cate-
cholamines present at that level. A photomicrograph of sub-
Jeet's 1G SN electrode is shown in Figure 18. Table 5 shows
the five intensities choéen to encompass the rate-intensity

functions of hypothalamic and SN ICSS in the 14 subjects.

Of the four hypothalamic area groups described above,
two showed a significant and permanent decrease 1n ICSS
rates accompapied by a large increase in ICSS threshold.

Both the CC-H and D-H groups showed this effect during the
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four-day post-lesion baseline trials. Figures 19 and 20
show the proportional changes of both the CC-H and D-G
groups, respectively, at each of the five intensities,
(chosen to encompass the subjJects' rate-intensity functions).
The curves represent standardized scores where pre-lesion
response rates at each intensity 1is unity, and post-lesion
response rates are expressed as a ratio of the pre-lesion
rates. These two groups showed no recovery of ICSS to pre-
lesion levels, elther during the long-term pbst—lesion base~
line days or the recovery check tests (Figures 19 and 20).
Figufes 21-27 show the rate-intensity function curves for
pre-lesion, long-~term post-lesion, and recovery check base-
line meausres of the seven subjects from the CC~H and D-H
groups. Figures 22 and 24 also show that the additional
intensities on post-leslon trials do not yelld response

rates comparable to pre-lesion baseline days.

Two subjects in the CC-H group showed an immedlate and
permanent abolition in ICSS (Figures 21 and 22). The third
subject (70F) showed no post-lesion ICSS effect, and was
re-lesiored 16 days later. There was no immediate effect
on ICSS after the second lesion (see Figure 28); however,
a gradual Increase of threshold and decrease of response
ratés occurred over the next 12 days, after which the sub-

Ject stabilized.

Table 6 shows that all four subjects in the D-H

group show a mrked reduction in ICSS response rates,
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accompanied by an increase in ICSS threshold after the

LC lesion. Figures 24, 25, 26, and 27 illustrate for

each i1ndividual subject the RI functlons of pre- and post-
lesion basellne runs. The post-lesion affect was immedi-
ate and permanent. However, in none of these subjects

was ICSS completely abolished. Of the five intensities
chosen to represent the full range of the subjects' RI
function,‘the first two intensities were the most affect—
ed by the lesion. The percentage ICSS response reductions
at these two intensities, as compared to pre-lesion mea-
sures, in all subjects ranged from 49% to 96% immediately
after the lesion (S-BL), 56% to 88% during the long-term
BL (L-BL), and 40% to 100% during the recovery check BL
(R-BL). Reductions at the three high intensities ranged
from 14% to 88% during short-term BL runs, 10% to T4% dur-
ing long-term BL days, and 27% to 100% on recovery check
BL runs. Figures 24 and 26 show the full RI function was
affected by the LC lesion in two subjects (60E and 7F).
This reduction of ICSS response rates and inérease in
threshold occurred immediately after the leslion, and re-
malned unchanged up to three months after the leslon.
Subject 86E (Figure 25 ) showed a post-lesion decrement at
the first two intensities above threshold, and at peak
intensity during both S-BL and L-BL trials. However, the

two intermediate intensitles were not affected. The



fourth subject in this group (69F) was affected by the
lesion at all Intensities on all three post-leslion base-
line measures, except at the lowest 1ntensity above
threshold during R-BL. Although the average response
rates at the filrst intensity during the R-BL was lower
than during the pre-leslon trlal, response rates for these
two measures overlap in terms of the standard error of

the mean (Figure 27).

Flgures 29 and 30 illustrate the RI functions of pre-
and post-lesion trials of subjects T5E and 15F (F-H group).
Average response rates for five intensitles representing
the full RI function for pre-lesion and post-lesion mea-
sures, and the post- over pre-ratlio of response rates are
shown in Table 6. The first LC lesion in subject 15F
proved not effective 1n reducling response rates at any of
the intensities. Thus, subjJect 15F was lesloned a second
time at a higher voltage. During both the immediate and
long~term BL runs, the first two intensities above thresh-
olds were not affected by the lesion; the third intensity
showed an increase in response rates followlng the lesion,
while the two peak Intensities were reduced after the
lesion. Since this subject showed no marked reduction
overall in ICSS after IC lesions, it was sacrificed after

L-BL run.

The second subjec¢t in thils group, 75E, did not show
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an affect after the filrst leslon, and.was lesioned agaln
at the higher voltage. As seen in Flgure 29, this subject
showed a marked reductlon at all intensities immedlately
after the lesion and during the long~term post-lesion
baseline run, However, when tested for recovery one month
after the lesion, the RI function as compared to pre-le-
slon levels, ylelded an Increase in response rates at the
first above-~threshold intensity, no affect at the two in-
termedliate intensities, and a reductlon of response rates

at the two last intensitiles.

Figures 31 to 35 illustrate the RI functlons of pre-
leslion and post-lesion trials for the subjeects in the MFB-
H group. Means of five Intenslties for pre- and post-
lesion trials and the post : pre-lesion response rate
ratio are summarized in Table 6. Except for subject 57TE,
at the flrst intensity above threshold, all five subjects
showed recovery from LC lesions when tested on the R-BL
trial, 'However, the rates and patterns of recovery dif—k
fered among subjects. Subjects 5T7E and 92F'(Figures 31
and 34) showed a strong reduction of ICSS response rates
immediately after the lesion (S-BL). This reductlion was

st11l spparent during L-BL trial. However, during recovery

baseline measures, both subjects had returned to pre-lesion

response rate levels at all intensitles except at the first
intensity of subject H57E and the last intensity of subject
92F. The hypothalamlc electrodes In these two subjects

have been described above as impinging on the lateral as-
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pects of the MFB borderling with the crus cerebrli. The area
under 96F's LC electrode was lesioned three times with in-
tervals of 14 to 18 days between lesions. None of the le-
sions proved effective in elther abolishing ICSS, décreas—
ing or increasing ICSS thresholds, or reducing ICSS re-
sponse rates at all intensities (Figure 33). Immediately
after the third lesion, only the last two intensities (the
highest two intensitles) were affected by the leslon by a
reduction of 15% of response rates. On the long baseline
run, this reductionwas lowered to 5% to 9%. This animal
was sacrificed after the long baseline trial. Subject 78F
showed a reduction of ICSS at all intensities on the S-BL
trial (Figure 36). However, this subject's response
rates returned to pre-lesion levels during the L-BL run.
During this sequence, the third intensity was reduced by
39%, as compared to pre-lesion measures. The last two in-
tenslities showed én increase in response rates. The re-
covery baseline showed response rates approximating pre-
lesion levels. Subject 1G (Figure 35) showed no decrease
of response rates Immedlately after the lesion. However,
response rates increased gradually over L-BL and R-BL.
Ultimately, post-leslon rates reached a 126% to 297% in~-

crease over pre-leslon rates.

In summary, as illustrated in Figures 21 to 36 and
Table 6, LC leslons affect ICSS differentially, depending

on the specific anatomlcal site impinged on by the ICSS
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electrode. These figures show that the CC-H groﬁp and
the D~H group have a marked and permanent reduction of
ICSS response rates, whlle the MFB-H and F-H groups

show an initlal reduction immedlately aftér the lesion,
wilth recovery over time and actual facllitation in two

subjects.

The 14 subjects described above were grouped into
two separate groups, according to the ventral bundle
involvement under the hypothalamic ICSS electrode. In
other words, subjects of groups F-H and MFB-H were
grouped together (VB-H group) and compared to the two
hypothalamic groups with nigrostriatal and DB involve-~
. ment (NS-DB group). The two sets of grouped data were
tested for ‘homogenelty of variance. It was found that
in both sets, as illustrated in Table 6, the pre-post
lesion varlance across intensities was not homogeneous.
There fore, no analysils of varlance  could be employed,
as 1t would violate the assumptlions of the F test. How-~
ever, there is homogeneityin the pre-post leslon varl-
ance across subjects. Therefore, a t-~test analysis was
performed to test if the lesion signiflicantly affected
response rates at each intensity. Table 7 summarizes
the data in terms of the two groups, thelr pre- and

post-lesion rates, and proportlional changes after the

the lesion. By the use of a t-test for related measures,
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it was found that the VB-H group was significantly affect-
ed by the leslon at the first intensity during the S-BL
trial (p<.05); however, no other intensilty was signifi-
cantly reduced durlng that run. No other slgniflicant re-
ductions were found at any Intensity during the L-BL and
R-BL tests (p>.10). The NS-DB group, on the other hand,
showed a significant difference between pre- and post-
measures at all intensities, throughout the experiment.
Response rates at all intensitles dulng S-BL, L-BL, and
R-BL were significantly reduced (p<.05).

In order to evaluate the relative effect of the le-
slon at each intensity, standardized scores were derived
from the post~lesion baseline measures. In other words,
intensit les were compared in terms of the: percentage
ICSS rate reductions produced by the lesions. These
standardized scores were also used to compare the VB-H
group to the NS-DB group to see 1f these two groups
differed from each other at all Intensitles on post-
lesion BL measures. NS-DB ICSS rates were signiflcantly
more reduced than ICSS rates of the VB group (Mann-

Whitney U Test, p<.001).

Since it 1s already known that the lesions will sig-
nificantly affect all intensitles of the NS-DB group and

not the MFB group, according to the previously descrlbed
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statistlcs, a nonparametric statistig was employed to de-
termine 1f Intensity i1s a significant varlable in terms

of lesion effects. Assuming that each pre~lesion BL
levels at each intensity 1s unlty, one can assess the ef-
fect of the lesion at each Individual intensity by calcu-
lating the post-lesion BL : pre~lesion BL ratio and rank-
ing each intenslty for each individual subject in terms of
the effect of the lesion. Table 8 shows the ranked data
for each subject in all post-lesion conditions and at each
intensity. The Priedman two-way analysis of variance by
ranks (Xi)(Siegel, 1956) determines whether the rank
totals differ significantly. This test compares favorably
with the most powerful parametric test, the F test. Since
the importance of the intensity Iin determining the lesidn
effect applies only where ICSS has not been totally abo-
lishedy the two CC-H subjects (76E and 68E) that showed
complete abolition of ICSS after the lesion, were not in-
cluded in thls analysis. Whlle the effects of the leslon
in the VB group were not dependent on the intensitles
testes (p>.30), the NS-DB groups' percentage decrease iﬁ

ICSS performance depends on the intensity tested (p<.001).

Table 9 summarizes the results obtalned from the SN
subjects during pre-lesion BL and the post-leslon S-LB,
L-LB, and R-LB trials. Figure 37 1llustrates the results
of subject 1G. In this case, the subject did not show a



leslon effect immediately after the leslon. However, 1ts
response rates decreased for all intensities during the
L-BL run, and stabllized without any further decrease
when tested again during the R-LB test. Subject 69F, on
the other hand, showed a strong post-lesion effect wilth
an increase in ICSS threshold immediately after the le-
sion, and maintained thils effect with a slight recovery,
up to the R-BL (Figure 38). Proportional measures for
these two subjects as a group are represented in Figure 39
for all three post~lesion baseline trials. Both subjects
as a group showed significant decrements at all intensi-
ties duringbbhe long baseline and recovery baseline as

measured by a t-test of related means(p< .05).

Figures 40, 41, and 42 summarize the above mentloned
findings for all three groups: the VB group, the NS-DB
group, and the SN group, for all three post-lesion base-
line measures In terms of the proportlonal effects of the

lesion.

D- and L-Amphetamine Effects

In order to assess the d- and l-amphetamine effects
on ICSS, pre- and post-lesion, subjects were pooled and
analyzed according to the histological results. Two
groups were formed: a VB-H group, and a NS-DB group. Of
the 18 subjects mun 1in the paradigm, eight subjects were
tested for the effects of d- and l-amphetamine effects be-

fore the IC lesion. One of the subjects,l10F, was excluded
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from the analysls for two reasons: (1) the LC lesion was
too small; (2) its hypothalamic electrode impinged on the
dorsomedial hypothalmus, an area not clearly defined in
terms of 1ts neurohumoral innervation. The MFB group in-
cluded subject 62E in addition to subjects 87TE and 57E.
Although thils subject was excluded from a post-lesion ana-
lysis, given that the IC was Jess than 90%.destroyed, the
pre-~-lesion data 1s lncluded so that a lérger samp le of
the MFB under pre-lesion screening procedures can be ob-
tained. The NS-DB group included subjects 68E, 60E, TF,
and 86E. Subject 86E was not tested on the post-lesion
drug paradigm since the subject had to be sacrificed for
a2 reason unrelated to the experiment. However, it 1s be-
lieved that the inclusion of this subject to the NS-DB
group adds information about pre-lesion d4- and l-ampheta-

mine effects and theilr differentiation. Table 10 summar-

izes the data of both groups in terms of the multiplicative

effect of the data for pre-lesion amphetamine tests. The
first two intensitles represent at-threshold and above-
threshold intensitles, the three last intensities repre-
sent an intermediate response rate intensity and two peak
rate Intensitles, respectively. Figures 43 and 44 11ius-
trate the effects of one mg/kg of amphetamine, d- and 1-,
on ‘hypothalamic ICSS. Although both groups were affected
by d-amphet amine but not by l-amphetamine, the NS-DB group

T2



was significantly more affected by d-amphetamine than was
the VB group (Mann-Whitney U test, p>.05). No differences
were observed in the lsamphetamine effects hetween both
groups. The affects are most striking at the two intensi-
ties corresponding to threshold intensities. The 2 mg/kg
amphetamine trials are illustrated in Figures 45 and U46.

In this case, again, at threshold and intermedlate intensi-
ties, the NS-DB group shows a more marked d-amphetamine
effect than does the VB group. The number of samples for
the 2 mg/kg groups are reduced by the fact that signé of
hyperactivity caused by the high dosages automatically

volded the test.

Figure 47 illustrates the effects of d- and l-amphe-
tamine on NS-DB self-stimulation after LC leslons. Flg-
ures 48 to 51 illustrate the effects of d- and l-ampheta-~
mine, 1 and 2 mg/kg, for subject T6E after LC lesion:
(Table 11). Figure 52 illustrates the proportional d- and
l-amphetamine effects after LC lesions in relation to pre-
leslon baseline which 1s held as unity. As described
before, post-lesion baseline is markedly lower than pre-
lesion unlty baseline. One mg/kg of l-amphetamine does
not prqduce any marked return to pre-lesion levels., How-
ever, 1 mg/kg of d-amphetamine returns response rates to
pre~lesion levels. Two mg/kg of l-amphetamine returns
ICSS threshold to pre-lesion levels, while 2 mg/kg of d-

amphetamine 1s more effective at higher intensitiles.



LC Lesions on the Sleep Cycle

The sleep data was analyzed by comparing time awake
and percentage REM for the same time of day periods on
pre-~lesion as post-lesion BL, for all subjects tested.
Table 12 summarizes the findings in terms of REM percent-
age and time awake during pre-leslon, post-~lesion, and re-
covery BL's. Both pre- and post-lesion measures include
30 hours of EEG and EMG recording; recovery check covers
12 hours of recording. All measures Include the nightly
part of thé circadian rhythm. Subjects were divided into
two categories: those with complete LC lesions (subjects
60E, 68E, 5TE, and TF)(Group I), and subjects with par-
tial lesions ( Ss 62E & "10F) (Group II)(FigureliA).Given.that
small sample iInvolved, the only significant difference re-
vealed by a t-test of related differences occurred in
Group I, comparing pre-leslion and post-lesion REM percent-
age (p<.05). No differences were found in both REM per-
centage and time awake in Group II and time awake in
Group I; nor were there any dlfferences in tlme awake be-
tween Groups IT and I. Post-lesion recovery checks were
not obtained from subjects T7F and 10F since thelir EEG and
EMG recordings were unscorable. Of the three subjects
from which recovery readings were obtained, subjects 60E
and 68E did not show a REM percent return to pre-lesion BL,
subject 62E showed a slight increase in REM percent, and

subject 57E's REM level returned to a pre-lesion level.

T4
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Discussion

In summary, the followlng results were foundiin
this experiment: (1) LC lesions which destroy at least
90% of the LC or its ascending bundles markedly reduce
ICSS response rates and drastically increase ICSS thresh-
olds, and in some animals abolish ICSS entirely, in sub-
jects whose electrodes are located in the hypothalamic
reglon innervated by the DB, the nigrostriatal bundle, or
both; (2) ICSS in subjects whose hypothalamic electrodes
impinge on areas that are largely and primarily inner-
vated by the VB are not reduced by these lesions; (3) LC
lesions reduce SN ICSS response rates; (4) d-amphetamine
affects NS-DB ICSS differently than it does VB-H ICSS;
while threshold intenslties are enhanced by d-ampheta-
mne in a 9 : 1 ratio over saline measures in the NS-DB
area, thils ratlo is 2 : 1 at most in the VB-H area.

Ne lther hypothalamic area is enhanced by l-amphetamine;
(5) d-amphetamine, but not l-amphetamine, returns re-
duced NS-DB ICSS response rates and decreased ICSS
threshold to pre-lesion levels; (6) unllaterally placed
IC lesions will reduce REM sleep, whlle leslons that do
not destroy one side of the LC completely wilill not be as
effective.

The IC leslons greatly reduce hypothalamic self-

stimulation and, in some cases, abollshed the behavior
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entirely. The serendipity of these findings appear two-
fold: (1) this abolitlon or reduction 1s selectlve
within the hypothalamic area; (2) the lesions of this

-NA nucleus has a detrimental effect on hypothalamic
sites rich in dopamine. Thils surprising finding is ad-
ditional to the demonstratlion that hypothalamic self-
stimulation can be abolished with a relatively small,
discrete unilateral and distant lesion. Thus, this ex-
periment shows that self-stimulatlon cah be abolished and
that ICSS behavior 1s not necessarily a diffuse system

which 1s redundant and capable of recovery.

Before different and complex hypotheses that can
explain the obtained results are postulated, a number of
important procedural and control aspects must be pointed
out. Filrst, these unilateral lesions did not result in
welght losses in the rats, nor were there any behavioral
deficits observed. Thus, the obtalned results were not
artifactual non-specific side effects caused by neuro-
logical injury. Second, the slze of the lesion does not
correlate with the size of the effect. Comparisons of
photomicrographs of the LC lesions and corresponding ef-
feets 1llustrate this point. While the hindbrain le-
slons -in subjects T70F (Figure 10), 69F (Figure 9), and
1G (Figure 12) were small and limited themselves to the

IC, these lesions differentially affected hypothalamic
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ICSS. Subjeets 69F and TOF's response rates were greatly
reduced, while ICSS in subJject 1G was facilitated. On
the other hand, subjects with extensive hindbrain leslons
(Subject 57E, Figure 6; Subject T6E, Figure 7) were also
differentially affected by the lesions (Flgures 31 and
22). In additlon, subject 1G showed ICSS facllitation

at the MFB-LHE (Figure 35), but ICSS abolition in the SN
(Figure 37). Thus, glven the limited extent of these
lesions to begln with as long as the LC 1s destroyed,
the magnitude of the effect depends on the ICSS site im-

pinged on rather than lesion size.

Third, a possible argument that spread of current
puts limits to the case of differentiation within the
hypothalamus can be ruled out on two counts: (1) Sti-
mulation was delivered through bipolar electrodes. This
method allows anatomical specilficty as opposed to mono-
polar stimulation (Valenstein & Beer, 1962). (2) If
some spread of current to an adjacent area did not occur,
the fact stlll remains that the LC leslon abolished ICSS
behavior, even if 1t were from an adjacent ICSS site.
Even so, there can be no questlion that ICSS from that

adjacent slte depends on the integrity of the LC.

The spread of current argument 1is, furthermore,
weakened by the results of subjects 60E and 76E. Both

subjects showed elther ICSS reduction or abolition fol-
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lowing the ILC lesion (Figures 24 and 22). In both cases,
post-lesion intensities were increased up to 80 umA over
pre-lesion Intensities. Yet, no increase of ICSS re-
sponse rates could be elicited. 1In additlion, pre-lesion
IC3S thresholds for both subjects were simllar to thresh-
olds of subjects that were not affected by the lesion
(Table 5).

Fourth, the method employed in this experiment to
test subjects for long perlods of time after the lesion,
revealed valuable Information in terms of recovery or
decrements over time and patterns thereof, in conjunction
with the specificity of the ICSS site involved. This
was the case of most subjects tested In this experiment.
While ICSS from some placements was immedlately affected
(subjects 60E, 68E, and 76E), other sites showed gradual

decrements (70F) or gradual recovery (87E, 92F, 1G).

From the factors enumerated above, the results of
this experiment show that lesion studles on ICSS require
a strict methodology, without which confounded and ran-

dom results can be obtained.

The results of these experiments, some of whiech
were predicted while others were surprising, require a
model capable of explalning and integrating the results

of previous lesion and pharmacologlcal ICSS studies.



First, thls experiment confirms the hypothesls that ICSS
behavior can be abollished and 1s not a redundant pheno-
menon capable of recovery. However, the finding that
ICSS from areas rich in dopamine requires the integrity
of the NA nuclel of the IC, seems paradoxlcal in light
of Stein and Wise's (1969) and Cooper et al.'s (1974)
findings and the proposed distinction between different
DA and NA ICSS systems (Phillips & Fibiger, 1973). Se-
cond, the effects of the leslons on ICSS are far more
consistent in the differentlial effects than previous
lesion studies (Boyd & Gardner, 1967; Lorens, 1966; 0lds
& Olds, 1969; Valenstein & Campbell, 1966). Third, the
differential effects of d- and l-amphetamine on ICSS
vary according to hypothalamic sites involved. The
variation correlates with the magnitude of the LC lesion
effect. Thls finding in conJunction with the restora-
tion of ICSS after its decrease due to the LC lesion,
requires the postulation of a complex polysynaptic and

mixed ICSS system.

The fact that the effects of these lesions on ICSS
are more consistent and reliable than those obtained in
previous leslion studles is.explained by a number of

reasons:

(1) The hypotheses of this experiment predicted

that specific ICSS sites are part of one or several ICSS
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systems innervated by known noradrenerglic nuclel. Thus,
the lesions 1in this experiment were placed in an area
that innervates a known monoaminerglic system, namely the
LC~-DB system. The prediction that ICSS from anatomical
sites which receive fibers from this system would be
detrimentally affected by the LC lesion was conflrmed.
Previous leslon studies ‘did not postulate specific ICSS
networks, but rather searched for one ICSS center. These
studles were based on the hypothesis that such a "reward
center”" would mediate all ICSS behavior. In these
studlies, account was not taken of the fact that the
neurohumoral transmitter substances involved at anatom-
ical sites related to ICSS may be different, although
this was implied by the work of Dahlstrom and Fuxe in
1964, Rather, these studies took neuroanatomical and be-
havioral factors into consideration. For one, the MFB
was thought to interconnect all ICSS siltes, and also ICSS
from the MFB-~LH area seemed most sensitive. In addition,
ICSS models that did take the monoamines into account
also postulated one ICSS sytem (Arbuthnott et al., 1970;

Dresse, 1966).

Although an explanation for the few positive find-
ings in previous leslon studies 1s at best speculative,

a tentative hypothesis can be based, within limits, on
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the results of this study and the CA maps outlined by
the Sweldsh investigators (Lindvall & Bjorklund, 1974;
Ungerstedt, 1971).

It is possible that in Lorens' (1966), Boyd and
Gardner's (1967) and 0Olds and Olds' (1969) studies, the
lesions which reduced hypothalamic ICSS destroyed parts
of the CA bundles which innervate the ICSS sites. How-
ever, as the results of the present study indicate, le-
sion effects on ICSS not only depend on which bundles
are destroyed, but also on the specific site within the
hypothalamus which recelives mixed inputs from different
CA pathways and in actuality be a locus of two ICSS sys-
tems. Therefore, those hypothalamic ICSS sites des-
cribed in the previous lesion studies as a single ICSS
slte are, in fact, recipients of two or more CA innerva-
tion bundles. Our results clearly indicate thaﬁ the
hypothalamus 1s not a unitary ICSS center, but rather a
pool of different ICSS systems which can be differentil-
ated by way of specific hindbrain lesions that involve

specified CA nuclel.

(2) The possible time course of lesion effects was
not taken into consideration. Some studies looked only
at a short time period which satisfied the 5 to 9 day
time course for fiber degeneration to occur,‘but not the

12-day time course for NHTS depletion(Ross & Reis, 1974).
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The different time courses of IC3SS abolition or recovery
found in thls present study and illustrated above, sup-

ports thils last point.

(3) This experiment has demonstrated that even
those sites which do not show a permanent ICSS decrement
from the IC lesion are affected for about 4 to 6 days
after the lesion (S-BL), with the first intensity above
threshold being significantly decreased. Those studies
that did not follow-up for a long enough period may not
have allowed for full recovery in sltes which do not

have the ICSS behavior medlated by the lesloned site.

(4) Assessing the effects of a leslon on only one
intensity measure which varied from study to study in -
terms of 1ts value on the rate-intensity function could
have either accentuated or missed the effects. In this
experiment, it was found that in the MFB group, only the
first intensity was significantly affected during S-BL
(immediately after the lesion). On the other hand, the
NS-DB and the SN groups 4did not show the same magnitude

-of effect at all intensities. Peak intensities, although
significantly affected, were proportionally less reduced

than intensities that yielded lower rates (Table 8).

(5) The usual side effects resulting from bilateral
lesions (hypophagia, adipsia, turning, etc.) were not ob-

served in this study (Table 14).
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In summary, the need for the procedural considera-
tions outlined in the introduction section were confirmed
by the results. The procedure enabled the discrimina-
tion between temporary and long-term lesion effects, and
also the evaluation of the effects on a conplete‘rate-
intensity function. Thus, reliable results weré obtained

with small, distant, and unilaterally placed leslons.

To what extent were the hypotheses confirmed?
First, the lesions not only greatly reduced hypothalamic
ICS3, but in some cases they also abolished this beha-
vior entirely. However, some areas of the hypothalamus
were not affected by these lesions. Specifically, ICSS
from the MFB-LH and perifornical areas which receéive
large contributions from the NA ventral bundle, were
not reduced by the LC lesion on a long-term basis.
There was recovery over time. Areas that are primarily
innervated by the dopaminergic nigrostrilatal pathway
(crus cerebri-internal.capsule) stemming from the SN and
areas that are innervated by both dopaminergle fibers
and NA dorsal fibers (Fields of Forel) were markedly
affected by the IC lesion. In addition, ICSS from one
area that has been assocliated with a DA system, the SN,
was also greatly affected by the lesion. This had not
been predicted by the hypotheses. These results by no

means weaken the proposed REM-ICSS model. On the con-



trary, they seem to support some of the principal no-
tions and add new dimensions to it, which will be dis-

cussed later 1in this sectilon.

Since the IC lesions differentlally affected hypo-
thalamic self-stimulation, depending on the neuroanatomi-
cal structure impinged on by the electrode and the
' neurohumoral innervation of the site, these finaings re-
quire a new non-unitary outlook into the hypothalamic

area In terms of central reward.

Second, the prediction that d-amphetamine but not
l-amphetamline would temporarily restore the abolished or
reduced ICSS behavior was confirmed by the results of
this experiment. The fact that d-amphetamine but not
l-amphetamine (1 mg/kg) réstores hypothalamic ICSS to
pre-lesion levels appears to'point towards a dependence
of this area's rewérd properties on NA innervation.

This finding 1s even more striking slnce these hypothala-
mic sites (crus cerebrl and Fields of Forel) recelve
large contributions from DA fibers. Sinece a number of
subjects which showed ICSS abolition were tested at in-
tensities reaching uw to 75 ulA above pre-lesidn peak
intensity currents without restoring ICSS behavior (Fig-
ures 22 and 24), it seems unlikely that the post-d-amphe-
tamine effect is on spared neighboring NA fibers. 1In

additdion, l-amphetamine did not show a more enhancing
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effect after the lesion than 1t dld pre-lesion. This in-
dicates that the DA system involved in this region has
not taken over ICSS behavior and thus is not a sufficilent
condition for central reward. The return of ICSS beha-
vior to pre-lesion baselline with d-amphetamine may be
evidence that thls lsomer 1s acting as a NA post-synaptic
agonist to the LC dorsal bundle whose link and potentia-
tion to the DA ICSS system has been discontinued by the
LC lesion, These results support the notion of ICS3S
potentiation by, and the necessity of, a REM-ICSS system
stemming from the NA nucleil of the LC. In addition, the
pre- and post-leslion amphetamine effects indeed reflect
an interesting mixed catecholaminergic system. The full
model and explanatlon thereof will be described later in

this sectlon.

Third, this experiment has demonstrated that ICSS
from the dopaminergic SN, where ICSS is equally poten-
tiated by both d- and l-amphetamine and which glves
rise to the nigrostriatal system, 1s strongly affected
by the LC lesion. A tentative conclusion from these re-
sults (to be detailed later in this section) is that
this self-stimulation system depends on the integrity
of the noradrenergic LC and its potentiation. This
argument 1s strengthened by the fact that this dopaminer-
gle system innervates the crus cerebri-internal capsule

area and partly the Fields of Forel (Lindvall &



Bjérklund, 1974; Uhgérstedt, 1971), areas from which

ICSS was elther abolished on decreased. Given that no
known direct anatomical connectlons exist between the
IC and the SN, and that SN ICSS 1s virtually abolished
after IC lesions, it cannot be claimed that SN ICSS 1s
a result of stimulation of ventral noradrenergic flbers

of passage under the SN electrode (Belluzzi et al., 1974).

Fourth, the results of the sleep data suggest, al-
though not conclusively, that the LC in the rat is in-
volved in the phenomenon of REM sleep. The fact that
FEM sleep was not completely abolished, and that it
showed some return over time (subject 5TE) is probably

due to the fact that the 1lesions were unilateral.

The restoration of hypothalamic ICSS behavior by d—‘
amphetamine, the selective abolition of LC lesions of
ICSS from hypothalamic sites rich in dopamine, in addi-
tion to the SN abolltion, polnts to the possibility that
the locus of interactlion between ICSS from the dopamlner-
gle SN-nigrostriatal -system and ICSS from the NA LC-DB
system 1is anterior to the SN. These results suggest that
the LC lesions have disrupted the supply of the neuro-
humoral transmitter substances necessary to support or

potentiate ICSS at the affected sites.

This 1s the first study that reveals an ICSS system

that is abollished by a distant and specific leslon. It
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also reveals the existence of ét least one additional
IC~-independent ICSS system, the ventral bundle-hypotha-
lamic system, that in addition to not belng affected by
the destruction of the LC, responds to one pharmacological
agent, d-amphetamine, differently than does the NS-DB

system (Figures 43 to 46).

Whereas it was predicted that LH-MFB ICSS would be
permanently and markedly reduced by the lesion, and ICSS
assoclated with the DA system would not be affected, the
reverse was found in the experiment. While it 1s not
surprising that ICSS obtained from the hypothalamlc area
that 1s innervated by the DB is reduced by the destruc-
tion of this pathway's cell bodles, 1t seems peculiar at
first thought that the DA system, which has no known
connectlons with the LC system, should be so markedly af-
fected by the LC lesion. Furthermore, it would have been
expected that the LH-MFB area, which interacts with the
IC in terms of ICSS (Ellman et al., 1975) and which re-
portedly receives between U0% to 60% of its NE innerva-
tion from this nucleus (Ross & Reis, 1974), would be
detrimentally affected by the LC lesion. The results of
this study, however, indicate that the DA system and
the LC system interact in thelr medlation of ICSS. The
qQuestion arises, then, how does thls interaction manifest

1tself, and where 1s the neurcanatomlical locus of the in-



teraction?

In an attempt to wnderstand how the two NE systems
(DB and VB) are independent of each other in terms of
ICSS behavior and how the DA and DB systems interact in
this behavior, it seems worthwhile to analyze first the
VB area system and lts possible medliation of an indepen-
dent ICSS network. The results clearly indicate that the
IC system 1is not necessary for the maintenance of MFB
ICSS and F-H. The redundancy and recovery abllity of
this area manlfests 1tself within days after the lesion.
However, post-lesion ICSS patterns in MFB-LH and F-H
subjects was not uniform. Theilr RI functlions were
slightly, though not significantly, altered by the le-
sions. Immediately after the lesion, the threshold in-
tensity first shows a reduction of response rates. Also,
rates at peak level intensities remained reduced through-
out the experiment in some subjects (78E and 92F), while
they are enhanced in others (57E and 1G). Furthermore,
the ICSS threshold in one subject (57E) remained raised

throughout the experiment.

ne tentative explanation is that high response
rates at higher Intensitles produces recrultment of DB
fibers and enhance ICSS. It mlight be that after the IC
lesion, these fibers do not respond to stimulation any

more, and response rates at those lntensitiles are re-
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duced. This hypothesis 1s tentatively supported in parti-
cular by the results in two subjects, T8E and 92F (Fig-

wes 32 and 34).

The return of ICSS rates to pre-leslion levels in
these two subjects was particularly slow. The hypotha-
lamic electrodes-of these two subjects impinged on the
lateral aspects of the MFB bordering on the crus cerebri
and possibly innervating some of the dopamlnergic system
fibers. Evidence for this explanation is found in the
photomicrograph of subject 92F's ICSS electrode placement
at its most caudal extent (Figure 54). While the tip of
the electrode was predominantly in the MFB (Figure 15C),
a small part of one electrode pole impinged on the crus

cerebri.

Although 57E's threshold was raised after the le-
sion, 1t seems significant that,after recovering from
the lesion during S-BL or L-BL trials, the VB-H group
as a whole had ﬁigher response rates at the first two
intensitles. A possible Interpretation of thilis finding
is that thls ICSS system is compensating for the loss of
the "reward" properties of the NS-DB ICSS network.

This hypothesis requires the postulation of a facllita-

tory interaction between both ICSS systems.

The lesion effects on two subjects (57E and 1G) ICSS

give support to the "facllitation” hypothesis. Although
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the IC leslon abolished SN ICSS in 1G, 1t increased re-
sponse rates and lowered the threshold of that same
subject's MFB-LH IESS site (Figures 35 and 37). In ad-
dition, the ILC lesion greatly increased the SB eating
threshold elicited from subject 57E's lateral hypothala-
mic electrode (Table 13). However, ICSS response rates
in this subject were elevated. A recent study (Marshall
et al., 1974) suggests that the hypothalamic syndrome
(aphagia and adipsia) is a phenomenon related to the
nigrostriatal system stemming from the SN. By implica-
tion, it would seem that the involvement of the hypotha-
lamus iIn eating is related to the DA fibers of the NS
system. Thus, in both 1G and 57E, the LC lesion detri-
mentally affected behaviors wich by implication are

part of a DA network.(SN ICSS because of d- and l-amphe-
tamine equipotentiation, Phillips & Fibiger, 1973; hypo-
thalamic eating because of the occurrence of the hypotha-
lamic syndrome with NS lesions, Marshall et al., 1974).
At the same time, MFB-LH ICSS from both the subjects was
facilitated. From this, at least two hypotheses can be

formulated:

(1) That the ICSS network (VB-ICSS) which is not
dependent on the poténtiation and integrity of the LC
compensates for the deflecit of the disrupted reward sys-

tem, i.e., LC nigrostriatal system. The facilitatlon re-



sulting in fthese two cases may be a direct observation
of CNS recovery of funetlion, which in this case 1s com-
pensation of one reward system for a deficlt created in
another. Definite evidence for the phenomenon of ICSS
facilitatlion in different ICSS sites followlng hindbrain
lesions has been demonstrated by Mattiace (personal com-

munication).

(2) The second explanatlon for the facillitatory ef-
fect at some MFB ICSS sites is that the LC input is inhi-
biltory. Such an explanation, however, is speculative at

best and requires further investigation.

The possibility that a separate NE ventral bundle
system operates ilndependently from DB and DA inputs in
the mediatibn of central reward is ralsed in studlies by
Arbuthnott et al. (1970, 1971) and Dresse (1966). Al-
though their concluslons are not always in agreement,
they have shown that stimulation of areas which recelve
primarily ventral bundle fibers cause NE depletion ofA
ventral limbic areas. Mattiace (personal communication)
postulated that 1f this 1s iIndeed the case, ICSS from
areas of the hypothalamus whlich are heavily innervated
by the ventral bundle (LH~MFB and perifornical region)
should be detrimentally .affected: by lesions of NA nuclel
in the pons and medulla which contribute to the ventral
bundle. This hypothesis finds tentative support in

Mattiace's current study.

91



Although MFB-LH and F-H ICSS 1s not drastilcally re-
duced by the leslons, and even facilitated in some cases,
the effects are not uniform. The reductions of NS-DB
ICSS, although drastic, are not uniform either. From the
results of lesions on FB-H described up to this point,
and those on NS-DB ICSS yet to be described, one tenable
conclusion seems the most evident: The characterlstics
of CA innervation throughout the hypothalamus differs
from site to site. This fact has recéntly been clarified
by Lindvall and Bjorklund's (1974) elucidating study of
CA pathways. The results of our study are in full
agreement with thelr findings. It 1is clear from our re-
sults that the magnitude of the LC lesion effects on
ICSS is dependent on the amount of different CA inputs

to the ICSS site.

An added characteristic of interest in this VB-H
group is the fact that 1 mg/kg of d-amphetamine does not
markedly enhance ICSS,in contrast to the DB-NS group,and
as 1t has generally been reported to do at other CA
ICSS sites. It is quite possible that this ICSS system,
being mainly ‘noradrenergic and generally activated at
low thresholds, already functions at an optimal level,
Thus, enhancement of the responsible neurochumoral sub-
stance will not greatly flacilitate the system. In addi-

tion, a dose of 1 mg/kg of d-amphetamine may be too

92



large and over-activate the system to the extent that no
clear behavioral effects can be observed. If this 1s in-
deed the case, a smaller dose will produce a. more marked
enhancement of self-stimulation. Thilis hypothesis seems
to be supported by the fact that the effect of 2 mg/kg

of d-amphetamine on MFB~LH ICSS thresholds 1s markedly
smaller than the 1 mg/kg dose. At any rate, the results
clearly show that the two ICSS systems, the VB system

and the DB-SN system, respond differently to the same

doses of this pharmacological agent.

The possibllity should not be discounted that ICSS
at the MFB-LH may also be subserved by an additional
neurohumoral substance other than the known CA's. A
number of studies (Dahlstrom & Fuxe, 1964; Ungerstedt,
1971) havé revealed that this MFB area also recelves
5HT and acetylcholinergic innervation. It would, there-
fore, not be surprising if these neurohumoral substances

had a role in the mediation of CISS at that site.

Besides having demonstrated that at least two ICSS
systems can functlon independently of each other, the re-
sults of thls experiment make 1t possible to explaln the
conflliceting results of previous experliments. For, when-
ever an experiment clalms to have demonstrated that ICSS
In general 1s subserved by one or another system or

neurohumoral substance, one will now have to consider the
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possibility that what 1s necessary and sufficient for one
system may not be for another. A second important consl-
deration is our finding that close structures within the
hypothalamus are not necessarily part of the same ICSS

network.

A number of experiments have addressed themselves to
the investigation of the involvement 6f the different
monoamines in the medlation ofirreward. Some have claimed
that lateral hypbthalamic ICSS 1s mediated by NE (Stein &
Wise, 1969). Others have shown that DA (Cooper et al.,
1974) or 5-HT (Stark et al., 1964; Gibson et al., 1970)
may be necessary for the maintenance of the ICSS system.
Given the results of this experiment, 1t 1s qulte possible
that the above-~-mentioned results are not in conflict, but
rather each result reflects the predominant operation of

a system among two or more.

Evidence for the existence of different NE ICSS sys-
tems stems from Clavier and Routtenberg's (1973) inves-
tigation of the role of the monoaminergic pathways in
ICSS by way of lesioning hypothalamic ICSS sites. The
conclusions from thelr extensive and careful study is
that the main monoaminergic inputs for ICSS rise from the
IC via the NA DB and the DA systems originating from areas
A9 and Al0. Although they minimize VB involvement in
ICSS behavior, they did find the MFB lesions cause de-
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generatlons along the VB as well,

In summary, the studies by Stein and Wise (1969),
Dresse (1966) and both Arbuthnott et al. (1970, 1971) on
one hand, and Clavier and Routtenberg (1974) on the other
support our contention that DB and VB ICSS systems are

independent and differentiable.

At this point, the enigma to be solved 1s the rela-
tionship between DA ICSS and DB ICSS, As mentioned be-
fore, no known neuroanatomical connections between those
systems have been described. In terms of the results ob-
tained in thils experiment, it is not surprising thét
self-stimulation from the hypothalamic area assoclated
with the DB i1s reduced by IC lesions. In addition, how-
ever, self-stimulation is practically abolished from the
hypothalamic area through which the DA systems stemming
from the SN,pass. Also, ICSS in both subjects with SN
electrodes was drastically affected by the lesion. Ac-
cordingly, Phillips and Fibiger's (1973) claim that the
NA and DA systems are separate is not borne out by the
results of this experiment. On the other hand,

Belluzzl et al.'s (1974) claim that SN self-stimulation
is NA rather than DA does not seem tenable in light of
the finding that both d- and l-amphetamine equally en-
hance ICSS at this site. The results of this experiment

seem to Ilndicate an intricate relationship between the
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LC-DB and DA-~NS systems. Thls relationshlp and interac-
tion between both systems does not take place at the SN,

but rather at the hypothalamus or more anterior site.

Some evidence supporting this hypothesis is obtained
from Huang and Routtenberg's (1970) study. They found
that leslons of hypothalamic self-stimulation sites
produced degeneration of fibers traceable to the SN pars
compacta. In addition, SN pars compacta lesions resulted
in retrograde chromatolysis in hypothalamlc neurons.
Stimulation of the LH resulted 1In a decrease of activity
in neurons located in the SN pars compacta. They con-
clude that "an intimate, though poorly understood rela-
tion between the lateral hypothalamus and substantia
nigra pars compacta" (p. 430) is indicated by their con-
vergent data. Of great interest to our hypothesis is
thelr finding that lesioning of the HZ2 Flelds of Torel
did not produce chromatolysis in the lateral hypothalamus.
However, they were able to demonstrate chromatolysis in
the SN pars compacta followlng lesions at the H2 Flelds
of Forel ICSS site. They expressed thelr uncertalnty
"whether self-stimulation from H2 Flelds of Forel depends
on the integrity of fibers running from MFB to H2" (p.
431).

The results of the present study propose an ICSS

model which will explain the interaction and relation-



ship between DB and NS ICSS. In addition, 1t will try to
intergrate conflicting results from previous studies.
The ICSS interaction between the different systems can
be explained in terms of a DB potentiation role in SN
and NS ICSS. A lesion of the IC would reduce the NA in-
nervation at the point of interaction between the DB and
NS systems. Once this occurs, ICSS from the DA system
is abolished. The fact that DB ICSS was not abolished,
whereas SN and NS ICSS were elther completely abolished
or mérkedly reduced, can be Interpreted in terms of the
leQels of NE needed in order to maintain DA ICSS, and
also in terms of synaptlec mediatlon of the interaction
between both systems. Thus, if the LC leslon reduces
the available NE in the DB system by 50%, this amount
would still be sufficient to at least partlally sustailn
the behavior. However, this may not be the éase in
terms of the NA potentiation of the DA system, for if
the amount of stimulation of the DA system which would
normally be sufficlent to produce ICSS produces synaptic
transmission into the DB system, which in turn mediates
the reinforcing properties of ICSS,.this same amount of
stimulation on the DA system may not be sufficient to
excite the DB, now functioning at 50% of its capacity.
If this were in fact the case, the LC system would be
implicated in a unique role as a potentiator of ICSS.

However, if this were the role of the LC system, 1t seems
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at least at first glance, difficult to explain the re-
sults of the pre-lesion d~ and l-amphetamine paradigm.

It would have been expected that l-amphetamine be as
effective as d-amphetamine in enhancing ICSS, since we
are also dealing wlth a DA system. However, the postula-
tion of a NA potentiation system explains these results.
If the mediator of ICSS in this system 1s the DB, which
also potentiates the DA pathways, then it 1s the enhance-
ment of NE release which will facilitate ICSS, rather
than l-amphetamine, which would not act on the potentia-
tor. In addition, d-amphetamine also enhances dopamine
and the results reflect an additive effect of d-ampheta-
mine on both CA's. The post-lesion d~>and l-amphetamine
results also tend to support the postulated role of the
IC as a potentiating system in the mechanisms of ICSS.
The fact that a temporary return of response rates to
pre-lesion levels 1s achieved through the administration
of d-amphetamine, indicates the necessity of this trans-
mitter substance in the mediation of ICSS in both the DA

and NA systems.

If the lesion results of representative subjects
are plotted as power functions by transforming the inten-
sity and rate values Into logarithmic scales, the results
give further information about the mechanisms of the re-

ward systems. First, it willl be assumed that no changes



in the post-lesion function as compared to the pre-
lesion function indicates that the system has not been
affected. Second, the possible changes in a post-lesion
function will reflect the new states in the system the
following way: a change In the intercept alone, but not
the slope, 1s reflective of a quantitative but not qua-
litative change. In terms of ICSS, this would mean that,
experientially, the rewarding properties and the rela-
tionship between the stlmulus and the sensation of re-
ward have not been affected. However, the stimulus Iin-
tensity neeessary for the behavior has changed. This
could reflect a decrease or increase in the neurohumoral
transmitter involved. An example of such a case would be
the effects of d-amphetamine on the rate-intensity func-~
tion, where the whole functlon is shifted to the left
Steiner & Stokely, 1973). In a power curve representa-
tion, it would differ from the saline RI function 1in

terms of a higher intercept value, but no slope change.

A change iIn the slope, however, would reflect that
the qualltative, or experlential, aspect of the stimulus-
sensation relatlonship has changed. In other words, the
reward properties of the stlimulation have been altered.
Figure 53 illustrates the log-log function of pre-lesion
ard post-L-BL and R~-BL 1in four subjects representing each
ICSS group (CC-H, D-H, MFB-LH, and SN). Sequence A
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(subject 96E) shows that the pre- and post-lesion funec-
tions do not differ in elther slope or intercept measures.
The results are different, however, in the other three
groups. The two D-H group  subjects show an effect in
both the intercept and the slope values (Figure 53). In
other words, the LC lesion has not only drastically re-
duced the reinforeing properties of thls system, but

the characteristics of the stimulation have been changed.
In terms of the stimulus-sensation relationship, the sub-
jeet 1s now responding to an experientlally different
system. Although the SN subject's (1G) functions differ
in terms of both the slope and the intercept (or thresh-
old), the latter has not been as drastically increased

as in the DB-NS group. Thus, the quantitatlve value of
the stimulation at low intensities has not been drastic-
ally changed, but the stimulatlion-sensation relationship

has been greatly altered.

This psychophysical analysls of the dat? confirms
the previously stated hypothesis that the MJE-LH ICSS is
not affected by the LC leslions and may be part of a
different ICSS system. However, the differential effects
of the lesion on threshold intensitiles (intercept) in the
DB-NS group, on one hand, and SN group on the other, may
add information as to the relationship between these two

systems. The fact that the quality of the ICSS in both
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systems has been altered by the LC lesion reflects the
reliance of their reward proverties on the integrity of
the IC-DB. The surprisingly smaller effect on SN-ICSS
threshold could be explained by postulating an axoaxomlc
connection between these two systems at a level anterior

to the SN.

In order to understand the interactlon between the
DA SN system and the NA LC system, a number of factors al-
ready described in the Introduction shou%g be restated.
First, Phillips and Fibiger (1973) have shown that d- and
l-amphetamline have an equivalent enhancement on SN TICSS.
Second, Cooper et al. (1974) claim that the enhancing
properties 6f d-amphetamine on hypothalamic ICSS are not
observed if the DA system is disrupted. If this 1s indeed
the case, the amphetamine effects on post-~-LC lesion ICSS
reported in this experiment indicate that these lesions
have not disrupted the DA system. The interaction be-
tween the SN and the IC system could, therefore, be ex-
plained the following way: Stimulation of the SN pro-
duces excitation of the IC system by way of a synaptic
dopamine transmission. Therefore, both the d- andll-
isomers which affect DA and NE equally,will enhance ICSS
elicited from the SN. In terms of the above-mentioned
IC lesion effects on SN ICSS, this lnnervation of the IC
system by the SN flbers would still occur 1f the LC ICSS
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system had not been completely abollshed. Thus, the
effects of the LC lesion on SN ICSS would not be as dras-
tic at threshold intensities, which reflect the elicilta-
tion of an action potentlal of the LC-DB fibers, as on
the overall RI function which depends on the NE levels

at the DB terminals. It is predicted from this model
that a'SN lesion will not affect DB or LC ICSS, since

the DB-LC reward system is not dependent on the integrity
of the SN. Figure 55 1s a schematic representation of

the proposed SN-DBE model of interaction.

How does thls DB-NS ICS3S systeh correspond to the
postulated REM-ICSS system? We had postulated that the
REM~ICSS system medlates the non-specific ICSS and the
specific "drive" behavior systems. The first part of the
hypothesls 1s partially supported by these results. It
appears that the LC, in addition to medlating the DB ICSS
system, acts as a potentiator of the DA=ICSS system. At
this point in time, 1t seems that MFB-ICSS 1s largely in-
dependent of the REM network. However, a number of fac-
tors must be taken Into account. It is very vossible
that complete abolitlon of:all ICSS activity will require
a billateral destruction of the REM sleep center. In addi-
tion, although the sleep data tends to show that the IC
in the rat 1s involved in the mechanisms of REM sleep,

other areas in the pons may also be involved. Hobson and
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McCarley (1973) have clalmed that 1in the cat, nuclel

which lie ventral to the LC regulate REM sleep.

The role of the REM-ICSS system in the mediation of
"drive", or SB behaviors, is touched on 1n some pilot
data gathered in this experiment. Subject 57E, in addi-
tion to supporting IC3S from its MFB electrode, was
also a 3B eater. It was found that, although lesioning
of the LC produced only a temporary reduction in ICSS,
the threshold for SB eating was drastically raised after
the leslon, and remained ralsed for the duration of the
experiment, long after ICSS had returned to pre-lesion
levels (Table 13). This data glves tentative support to
the notlon that the ICSS system subserved by the LC in-
cludes the speclflic system that mediates SB behaviors,

and that these behaviors are not part of the VB system,

In addition to the postulated role of the REM-ICSS
system in NE and DA ICSS and "drive" behaviors partially
supported by this study, the results of this experiment
add an additional component to the REM-ICSS system in
terms of the role of reinforcement and motivation in
learned behaviors. A number of studies have shown that
long~term retention 1is dependent on REM sleep (Fishbeln,
1967, 1970; Leconte et al., 1973). In addition,
Anzelark et al. (1973) have shown that billateral LC le-

sions produce learning deficits. Zis et al. (1974)
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demonstrated that SN lesions interfere with the acquisi-
tion of learned instrumental responses. The SN and its
crus cerebri tracts have been described as a "way-station"
in cortical extrapyramlidal discharge (Elliott, 1969).
Thus, the SN, playing a major role in the modulation of
motor outflow, is also involved in learning. It is pos-
tulated that the functioning of this specific system
relies on the integrity of the REM~ICSS system and its
mediation of reinforcement, in other words, the firing

of the non-specific ICSS system. Thus, not only are
"drive'" behaviors mediated by the REM-ICSS system, but
this system, because of its reinforcement medlation pro-
perties, 1is necessary for the occufrence of learning.
This hypothesis can be carried further into the role of
the IC in the ontogensis of the organisms and its acqui-
sition of adaptive behaviors. Such behaviors would be
internally reinforced by the firing of the REM-ICSS sys-
‘tem. (It is meedless to say that the organism's exper-
ience of posltive reinforcement through the firing_of

the REM-ICSS system will occur without the artificially
supplied electrical stimulation.) Therefore, the organ-—
ism will acquire its behavioral repertolre in the form of
motor output through the modulation of positive reinforce-
ment by the REM-ICSS system. Thls hypothesis, therefore,

also explains the results relatlng learning to REM sleep,
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the IC, and the SN.

In contrast to Olds and Olds (1969) finding that
the lesions that most affect ICSSE are close to the elec-
trode slte and large In size, we have found that small,
distant, and speclfic unllateral leslons are capable of
abolishing a complete ICSS system. These findings indi-
cate that the IC, which is involved in the mechanisms of
REM sleep, medliates an ICSS system by way of its own par-
ticular pathways and by potentiating a dependent DA sys-
tem. Thus, the results of this experiment at least
partially support the notion of a REM-ICSS system, and
add a new and exciting dimension to the interactlion be-
tween this system and the substnatia nigra DA system.
This dimension is in the nature of a REM-ICSS network in-
volved in the reinforcement properties of motlvated and

learned behaviors.
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TABLE 1

Subject Groups - ICSS Sites Aimed For

N with

Group + N Imp lants t  recording

electrodes
LC-LH ' 14 Bllateral 10
16 Unilateral 6
LC-SN-LH 8 Unilateral 2
LC-ZI 6 Unilateral y
4y 22

Tet



Percentage Destruction of IC and Adjaéent Areas

TABLE 2

by Electrolytic Lesion

S # Level LC DB VB MLF Mesc SCP- DTN
= i BC
60# | Anterior pons 100% 100% 0 100% 100% . 20% 100%
Transitional area 100% 100% 0 100% 100% 30% 100%
Posterior midbrain (100%) 100% 15% 100% 100% 40% 100%
68E | Anterior pons 100% 100% 0 0 100% 90% 20%
Transitioml area 100% 100% 35% 100% 100% 100% 100%
Postefior midbrain (100%) 100¢% 25% 100% 0 0 100%
76E | Anterior pons 100% 100% 0 0 100% 20% 70%
Transitional area 100% 100% 0 0 50% 20% 50%
Posterior midbrain ( 40%) 100% 10% 0 0 0 0
86E | Anterior pons 100% 90% 0 0 100% 100% 0
-Transitional area 100% 100% 5% 0 95% 30% 40%
Posterior midbrain ( 65%) 80% 0 0 50% 15% 0
contlinued
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TABLE 2 (continued)

S #

SCP-

Level LC DB VB MLF Y BC DTN
7F | Anterior pons 15% 20% 0 0 50% 0 0
Transitional area 4oz 70% 0 0 100% 30% 0
Posterior midbrain (100%) 100% 0 0 100% 10% 0
70F | Anterior pons 10% 0 0 0 80% 0 0
Transit ional area 100% 100% 0 0 100% 50% 95%
Posterior midbrain ( 20%) 50% 0 0 0 0 0
69F | Anterior pons 4og 0 0 0 0 0 0
Transitional area 100% 100% 0 0 1100% 20% 20%
Posterior midbrain ( 95%) 0 0 0 0 0 0
92F | Anterior pons 95% .95% 0 0 100% 70% 0
Transitional area 100% 100% 0 0 100% 95% 5%
Posterior midbrain (o ) 100% 15% 0 0 0 0
57E | Anterior pons 100% 100% 0 0 80% 0 70%
Transitional area 100% 100% 0 1002% 100% 80% 100%
N continued
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TABLE 2 (continued)

et — —
S # Level LC DB VB MLF Mese SCP- DTN
s ; 7 BC
Posterior midbrain (100%) 100% 0 100% 100% 100% 100%
75E | Anterior pons 65% 0 0 0 0 0 0
Transitional area 80% L4og 0 0 L4og 0 L4o4%
Posterior midbrain (0 ) 15% 0 0 0 0 0
78E | Anterior pons 15% 0 0 0 0 0 0
Transitional area 100% 70% 0 0 L4o% 15% 0
Posterior midbrain (100%) 80% 5% 100% 90% 20% 0
96E | Anterior pons 95% 60% 0 0 5% 5% 0
Transitional area 100% 70% 0 0 60% 5% 5%
Posterior midbrain ( 90%) 70% 0 0 60% 5% 0
15F |Anterior pons 0 0 0 0 0 0 0
Transitional area 100% 90% 0 0 90% 15% :90%"
Posterior midbrain ( 90% 30% 0 40% 0 0 4]
continued
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TABLE 2 (continued)

S # Level LC DB VB MLF Yese' SCP- DTN
s 7 BC
1G | Anterior pons 70% 0 0 0 100% 0 0

= Transitional area 100% 30% 0 0 100% 20% 40%
Posterior midbrain ( 50%) 20% 0 0 0 0 0

62E | Anterior pons 0 0 0 0 0 0 0
Transitional area 50% 20% 0 0 50% 15% 0
Posterior midorain (100%) 60% 20%% 0 70% 20% 0

10F | Anterior pons 80% 0 0 0 0 0 30%
Transitional area 30% 0 0 0 0 0 70%
Posterior midbrain (o ) 0 0 0 0 0 0

95E | Anterior pons 0 0 0 0 0 0 0
Transitional area 100% 95% 0 0 a0% 70% 20%
Posterior midbrain (100%) 100% 30% 80% 100% 90% 100%

95E ¥| Anterior pons 90% % oL & 0 0 10%% 5% % 10%%
Transitional area 90% "10%% 0 0 907 * 5g% | 20%%

continued

TAN



TABLE 2 (continued)

————

S # Level LC DB VB MLF Mesc SCP- DTN
s v BC
Posterior midbrain (100%)#% 60% 0 50% % 80%% 10%% 209 %

* Secondary lesion
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TABLE 3

Hypothalamic ICSS Sites Ipsilateral to LC Lesion

Subject No. Ana:;g:cal Mbnoamiﬁeggigrguclei %%gggei

as

60E H2 Forel Dorsal NE bundle , NS-DA p. 39
68E Intemal capsule Nigrostriatal-DA system 33
T76E Crus cerebri Nigrostriatal-DA system 39
86E H2 Forel Dorsal NE bundle, NS-DA 35
TF H2 Forel Dorsal NE bundle-Al3 36
T0F Crus cerebri Nigrostriatal-DA system 38
69F H2 Forel Dorsal NE bundle, NS-DA 37
92F MFB Ventral NE bundle ko
57E MPB-LH Ventral NE bundle 37
75E Perifornical Ventral NE bundle 38
78E MFB-LH Ventral NE bundle 32
96E MFB-LH Ventral NE bundle 36

continued
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TABLE 3 (continued)

Konlg &
Subject No. Ana:ggical Monoamige§%§:r:uclei Kiiggzl
15F Perifornical Ventral NE bundle p. 34

iG MFB-LH Ventral NE bundle 36

62E MFB-LH Ventral NE bundle 31

10F Dorsomedial nucleus Mixed NE terminals 36

95E Perifornical Ventral NE bundle 33

gct
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TABLE 4

Hypothalamic ICSS Groups

CA systems
Group Area involved Subject No.
D -H group Filelds of Forel NS-DA
(H2) - zona NE—DB’ b 60E,86E,TF,69F
incerta
CC-H group Crus cerebri - NS-DA 3 68E, 76E, TOF
internal capsule
MFB group Medial forebrain NE-VB 5 57E, 78E,92E,90E,1G
bundle
F -H group Perifornical area NE-VB 2 75E, 15F
14 .

62T



Current Values (uA) of Five Intensitiles

TABLE 5

Chosen to Encompass Rate-Intenslty Function

in Hypothalamic and Substantia Nigra ICSS

. s 4 igii Intensities (ua)
1 2 3 4 5

60E D-H 24.8 28.3 35.4 42.4 56 .6
68E c-C 63.6 | 70.7| 77.8 84.8 | 91.9
T6E C-C 28.3| 35.4| 38.9| 42.4] 46.0
86E D-H 31.8| 35.4) 56.6| 70.7) 99.0
TF D-H 31.8| 35.4| 2.4 56.5 -

69F D-H 84.8 88.4 99.0 | 106.1 | 127.3
70F | c-c y2.4 | 56.6| 70.7|127.3 | 141.4
57E MFB-LH 7.7} 21.2| 24.8| 28.3| 31.8
78E MFB-LH h2.4 | b9.5| 56.6| B84.8] 99.0
96E MFB~LH 21,2 | 2u.8) 28.3] 42.4| k9,5
92F MFB 21.2| 24,8 28.3| u2.4| 56.6
1G MFB-LH 28.3| 35.4| L42.4) 56.6| 70.7
75E F-H 35.4) 38.9| 56.6| 70.7| 48.8
15F F-H 31.8| 35.4] 70.7| '91.9 | 106.1
69F SN 113.0 | 121.1] 141.4] 155.5| 169.5
16 SN 141.4 | 155.5] 169.5| 183.8 | 212.1
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Pre- and Post-Lesion ICSS Rates,

————

TABLE 6

PerdentageS'at Fiyve Intensities of Rate—Intensity Functions

and Post-Lesion/Pre-Lesion Response

S-BL (post-lesion)
Subject No. Condition
I1 12 I3 I4 I5
CC-H group

68E Pre-lesion 11.80 | 13.00{ 16.10 16.60 16.80
Post-lesion 1.70 1.30 2.30 1.50 1.10
Post/pre 0.14 0.10 0.14 0.09 0.06
76E Pre-lesion 15.90 72.60 58.80 55.20 431.40

Post-lesion 0.50 0.0 0.10 0.0 0.0
Post /pre 0.00 0.00 0.00 0.00 0.00
70F Pre-lesion 25.70 | 82.60 | 118.20 143.60 136.40
Post-lesion 8.30 | 30.20 83.40 136.00 140.40

continued
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TABLES6 - continued

S-BL (post-lesion
Subject No. Condition
I1 I2 I3 I4 I5
Post-lesion 3.6 12.3 33.5 60.8 93.5
Post/pre 0.27 0.51 0.53 0.53 0.72
pre 122.6 368.6 532.2 676.5 470.3
post 26.9 82.8 246.1 397.7 319.5
X post/pre 0.19 0.21 0.39 0.44 0.46
continued
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TABLE 6 - continued

e et

| S-BL (post-lesion)
Subject No. Condition T1 12 13 4 15
Post /pre 0.30 0.36 0.70 0.95 1.03
DB-H group
60E Pre-lesion 12.60 17.60 37.60 48.30 40,30
Post-lesion 2.00 0.70 4,60 10.30 10.90
Post/pre 0.16 0.04 0.12 0.21 0.27
86E Pre-lesion 16.90 33.90 67.00 79.60 106.50
Post-lesion 2.40 4,00 57.80 57.30 73.60
‘Post/pre 0.14 0.18 0.86 0.72 0.69
TF Pre-lesion 25.90 1 125.00 ) 171.00 217.50 -
Post-lesion 8.40 34,30 65.50 121.80 -
Post/pre 0.32 0.26 0.38 0.61 -
69F Pre-lesion 13.80 23.90 63.50 115.70 129.00
continued
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TABLE 6 (continued)

L-BL (post-lesion)
Subject No. Condition
11 I2 I3 14 I5
CC-H group

6 8E Pre-lesion 11.8 13.0 16.1 16 .6 16.8
Post-lesion 3.3 1.9 2.8 2.1 3.0

Post/pre 0.28 0.15 0.17 0.13 0.18

B 76E Pre-lesion 15.9 72.6 58.8 55.2 4i.4
' Post-lesion 0.3 0.7 0.3 1.5 1.9
Post/pre 0.03 0.01 0.02 0.00 0.03

70F Pre-lesion 25.7 82.6 | 118.2 143.6 136.4
Post-lesion 1.8 9.1 30.9 90.1 98.1

Post/pre 0.07 0.11 0.26 0.63 0.72

contlnued
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TABLE 6 (continued)

L-BL (post-lesion)

Subject No. Condition
. I1 I2 I3 14 15
DB-H group
6 OE Pre-lesion 12.6 17.6 37.6 48.3 40.3
Post-lesion 3.3 6.9 9.8 20.0 22.6
Post/pre 0.26 0.39 0.26 0.41 0.56
8 6E Pre-lesion 16.9 33.9 67.0 79.6 106.5
Post-lesion 2.1 6.1 60.4 74.2 78.2
Post/pre 0.12 0.18 0.90 0.92 0.73
TF Pre-lesion 25.9 125.0 171.0 217.5 -
Post~lesion 6.4 23.7 54,1 158.4 -
Postpre 0.25 0.19 0.32 0.73 -
6 9F Pre-lesion 13.8 23.9 63.5 115.7 129.0
Post-lesion 2.2 6.6 24.8 58.8 109.0
continued
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TABLE 6 (continued)

L-BL (post-lesion)

Subject No. Condition 1 = I3 Th -
Post /pre 0.16 0.28 0.39 0.51 0.85
pre 122.6 368.6 532.2 676.5 470.3
post 19.3 55.0 183.1 4o5.1 312.8
X Post/pre 0.17 0.19 0.33 0.47 0.51
continued
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TABLE 6 (continued)

R-BL(post~lesion)

Subject No. Condition
I1 12 I3 I4 15
CC-H group
6 8E Pre-lesion 11.8 13.0 16.1 16.6 16.8
Post~lesion 0.4 0.2 0.5 0.2 0.9
Post/pre 0.03 0.02 0.03 0.01 0.05
T6E Pre-lesion 15.9 76 .6 58.8 55.2 41.4
Post~lesion 0.4 1.5 1.9 6.2 2.2
Post /pre 0.00 0.00 0.00 0.10 0.05
T70F Pre-lesion 25.7 82.6 118.2 143.6 136.4
Post~lesion 0.8 0.1 0.7 93.4 84.7
Post /pre 0.03 0.00 0.00 0.65 0.62
continued
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TABLE 6 (continued)

Subject No.

Condlition

R-BL (post-lesion)

I1 I2 13 14 I5
DB-H group
6 OE Pre-lesion 12.6 17.6 37.6 48.3 4o.3
Post-lesion 1.2 0.1 6.1 11.4 15.7
Post/pre 0.10 0.00 0.16 0.24 0.39
1F Pre-lesion 25.9 125.0 171.0 217.5 -
Post-lesion 0.3 16.9 48,9 148.5 -
Post/pre 0.01 0.14 0.29 0.68 -
6 9F Pre-lesion 13.8 23.9 63.5 115.7 129.0
Post-lesion 8.3 6.5 21.9 45.4 93.8
Post /pre 0.60 0.27 0.35 0.39 0.75
pre 105.7| 334.7 | 465.2 596.9 363.8
post 11.4 25.3 80.0 305.1 197.2
continued
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TABLE 6 (continued)

R-BL (post-lesion)

Subject No. Condition
I1 I2 I3 Ih I5
X Post/pre 0.13 0.14 0.14 0.34 0.37
continued

6ET



TABLE 6 (continued)

S-BL
Subject No. Condition
I1 I2 I3 I4 I5
MFB-H group
57E Pre-lesion 2.0 8.6 146.2 188.4 197.0
Post-lesion 4.8 1 19.7 8.6 77.0 104.7
Post/pre 0.11 | 0.25 - 0.57 0.41 0.53
78E Pre~lesion 12.4{ 16.7 46 .7 96.3 105.4
Post-lesion 9.1 9.9 22.9 82.4 84.9
Post/pre 0.73 ] 0.59 0.49 0.86 0.81
96E Pre~lesion 21.3| 56.0 112.2 198.1 188.7
Post-lesion 24.7 1 64.8 105.6 169.2 167.1
Post/pre 1.16 | 1.16 0.94 0.85 0.89
continued
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TABLE 6 (continued)

S-BL
Subject No. Condition 11 12 I3 I4 15

9 2F Pre-lesion 26.8 63.2 100.3 215.7 214.8
Post-lesion 7.5 24.3 46 .5 186.6 0.81

1G Pre-lesion 21.0 T2.9 167.1 203.9 190.6
Post-lesion 20.7 95.9 | 178.5 217.8 213.8

Post fpre 0.99 1.31 1.07 1.07 1.12

‘ F-H group

75E Pre-lesion 22.7 64.3 162.2 203.4 189.7
Post-lesion 2.8 17.0 119.6 154.0 145.7

Post/pre 0.12 0.26 0.74 0.76 0.77

15F Pre-lesion 16.3 25.6 81.0 89.3 98.5
Post-lesion 12.1 25.0 88.8 81.7 77.6

Post/pre 0.74 0.98 1.10 0.91 0.79

continued
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TABLE 6 (continued)

— s

—— -

S-BL
Subject No. Condition
I1 I2 I3 I4 15
Pre 162.5 384.2 815.7 }1195.1 ] 1184.7
Post 81.7 256.6 610.5 968.7 967.3
X Post/pre 0.59 0.73 0.77 0.82 0.82
continued
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TABLE 6 - continued

L-BL
Subject No. Condition
Il I2 I3 I4 I5
MFBfH group
57E Pre-lesion 42.0 85.6 146.2| 188.4 197.0
Post-lesion 6.2 5.2 111.3| 143.7 165.9
Post /pre 0.15 0.53 0.78 0.76 0.84
78E Pre-lesion 12.4 16.7 46,7 96.3 105.4
Post-lesion 12.8 14,2 21.3} 118.4 124.7
Post /pre 1.03 0.85 0.69 1.22 1.18
96E Pre-lesion 21.3 56.0 112.2] 198.1 188.7
Post-lesion 22.4 66.8 98.61 180.7 179.0
Post/pre 1.05 1.19 0.88] 0.91 0.95
continued
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TABLE 6 - continued

L-BL
Subject No. Condition
I1 I2 I3 Ih I5

92F Pre-lesion 26.8 63.2 '100.3 | 215.7 214.8
. Post-lesion 13.2 32.3 56.2 | 195.0 177.3
Post/pre 0.49 0.51 0.56 | 0.90 0.83

1G Pre-lesion 21.0 72.9 167.1 | 203.9 190.6
Post-lesion 43,2 120.8 203.9 | 224 .4 221.0

Post/pre 2.50 1.67 1.35 | 1.12 1.21

F-H group

T5E Pre-lesion 22.7 64.3 162.2 | 203.4 189.7
Post-lesion 14,4 21.6 133.9 {174.0 171.7

Post/pre 0.64 0.34 0.83 0.85 0.90

15F Pre-lesion 16.3 25.6 81.0 | 89.3 98.5
Post-lesion 13.2 269.8 92.6 88.2 84.1

continued
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TABLE 6 - continued

_ L-BL
Subject No. Condition
I1 I2 I3 I4 15
Post/pre 0.81 1.05 1.14] 0.99 0.85
pre 162.5 384.2 815.7{1195.1 1184.7
post 125.4 327.9) 728.8)1124.2 1123.5
X Post/pre 0.95 0.88 0.89} 0.96 0.97
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TABLE 6 -~ continued

R-BL
Sub ject No. Condition
I1 I2 13 IH 15
MFB-H group
57E Pre~lesion 1_42.0 85.6 146.2 | 188.4 197.0
Post-lesion 6.1 96.2 151.3 | 196.6 195.0
Post /pre 0.15 1.12 1.03 ‘1.04 0.99
78E Pre~lesion 12.4 16.7 46,7 96.3 105.4
Post-lesion 8.3 20.9 37.8 91.6 116.1
Post/pre 0.67 1.26 0.81 0.95 1.0.
92F Pre-lesion 26.8 63.2 100.3 | 215.7 214.8
Post/pre 1.40 1.16 1.11 0.92 0.79
continued

ant



TABLE 6 - continued

' R~-BL
Subject No. Condition
Il I2 13 Iy I5
1G Pre-lesion 21.0 72.9 167.1 | 203.9 190.6
Post-lesion 62.4 167.8 254.4 | 257.4 2uy ,2
Post/pre 2.97 2.30 1.52| 1.26 1.28
F-H group
T5E Pre-lesion 22.7 64.3 162.2 | 203.4 189.7
Post-lesion 37.0 72.4 136.1 | 158.3 137.0
Post/pre 1.62 1.12 0.84 0.78 0.72
pre 124.9 302.6 703.5 1 997.0 996.,0
post 151.2 430.4 691.2 | 902.1 862.0
X Post/pre 1.36 1.39 1.06 | 0.99 0.96
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TABLE 7

Summary of Pre- and Post-Lesion ICSS Rates and

Percentages of Hypothalamiec Subjects

Subject Condltion I1 12 I3 I4 15
S-BL (post-lesion
NS-DB pre 122.6 | 368.6 | 532.2| 676.5| 470.3
group
(n =7) post 26.9 82.8 | 246.1| 397.7| 319.5
X Post/pre 0.19 | 0.21 ] 0.39| o.u4) o0.46
L-BL (post-lesion
NS -DB pre 122.6 | 368.6 | 532.2| 676.5| 470.3
group
(n =17) post 19.3 55.0 | 183.1| 405.1| 312.8
X Post/pre 0.17 | 0.19 | 0.33] 0.47} 0.51
R-BL (post-lesion
NS-DB pre 105.7 | 334.7 { 465.2] 596.9| 363.8
group
n =6) post 11.4 25.3 80.0| 305:1( 197.2
X Post/pre 0.13| 0.14 | o.24| 0.34] 0.37
S-BL (post-lesion)
VB ~H pre 162.5 | 384.2 |815.711195.1]1184.7
group
n=7 post 81.7 | 256.6 | 610.5] 968.7| 967.3
X Post/pre 0.59 0.73 0.77 0.82] 0.82

continued
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TABLE ¥ - continued
- ) oA ——
Subject Condition Il I2 I3 I4 I5
L-BL (post-~lesion)
V.B-H pre 162.5 | 384.2 | 815.7 |1195.1 1184.7
group ,
(n=T1T post 125.4 | 327.9 | 728.8 |1124.2] 1123.5
X Post/pre 0.95| 0.88 | 0.89| 0.96] 0.97
R-BL (post-lesion)
VB-H pre 124.9 | 302.6 | 703.5( 997.0 996.0
group :
(n = 5) post 151.2 | 430.4.] 691.2| 902.1 862.0
X Post/pre 1.36 | 1.39| 1.06] 0.99] 0.96




TABLE 8

Ranked Lesion Effects

S no. S-BL L-BL R-BL
3 4 5 1 2 3 4 5 3 4 5
70F 3 L 511 213 4| s 1 51 4
60E 2.1 4 511.5 311.5{ 4| 5 3 b1 5
8 6E 5 g 311 2 j 5 3 3 h 5
1F 3| 51 2 1|3 4| 5 - I
69F 3.51 3.5{ 511 2 | 3 y | 5 3 15
16.5[19.5 23 )| 6.5 |10 [14.5 |21 |23 11 |17 |19
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SN-IC Post-Lesion Rates and Post/Pre Ratios

TABLE 9

. S-BL
Subject No. Condition
’ I1 I2 I3 I4 I5
SN group
69G Pre-lesion 24,1 34.1 y7.2 53.7 61.0
" Post-lesion 2.8 0.8 12.9 | 25.0 27.3
Post/pre 0.12 0.02 0.27 0.46 0.45
1G Pre~lesion 31.4 65.9 su.7 97.6 101.4
Post-lesion 52.7 63.8 76.0 69.0 91.0
Post /pre 1.68 | 0.97 0.90 | 0.71 0.90
pre 55.5 100.8 131.9 1 151.3 162.4
post 55.5 6l.6 88.9 | 94.0 118.3
X Post/pre 0.90 0.49 0.59 0.59 0.67
continued

TGT



TABLE 9 - continued

L-BL
Sub ject No. Condition
11 I2 I3 I4 15
69G Pre-lesion 24,1 34.9 1.2 53.7 61.0
Post-lesion 7.4 9.3 16.4 27.2 26.8
Post/pre 0.30 0.26 0.34 0.51 o.u44
1G Pre-~lesion 31.4 65.9 84.7 97.6 101.4
Post-lesion 28.3 33.7 43.2 §5.7 61.8
Post/pre 0.90 0.51 0.51 0.47 0.61
pre 55.5 | 100.8 131.9 151.3 162.4
post 35.7 43.0 59.6 72.9 88.6
X Post/pre 0.60 0.39 0.43] 0.49 0.53
continued
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TABLE 9 - continued

R-BL
Subject No. Condition
I1 I2 13 14 15
69G Pre-lesion 24,1 3.9 7.2 | 53.7 61.0
Post-lesion 5.2 7.2 12.5 15.5 16.9
Post/pre 0.21 0.21 0.26 0.29 0.28
1G Pre-lesion 31.4 65.9 84.7 97.6 101.4
Post-lesion 14.0 18.3 21.2 22.9 18.1
Post/pre 0.45 0.28 0.25 0.23 0.18
pre 55.5 | 100.8 131.9 [156.3 162.4
post 19.2 25.5 33.7 | 38.4 35.0
X Post/pre 0.33 0.25 0.25 0.26 0.23

€61



TABLE 10

Multiplicative Pre-lesion D- and L-amphetamine Effects over Saline

(1 and 2 mg/kg) on Two Hypothalamic Groups at Five Intensities

D-amphetamine

L-amphetamine

1 mg/kg 1 mg/kg
DB-NS group =4 9.80( 3.50| 1.80| 1.40( 1.20 || n=4 | 1.30 | 1.50 { 1.10 | 1.00 | 0.90 4
VB-H group =3 0.64] 1.44)1.62| 1.16| 1.08 =3 | 0.50 |0.80|0.80]1.10| 1.00
1 2 3 i 5 1 2 3 b 5
2 mg/ke | 2 mg/ke
DB-NS group | n=4 3.4012.15 | 1.54{ 1.29{ 1.13 =3 | 2.46 | 2.16 | 1.45 |1.13] 0.90
VB-H group n=2 1.27 | .67 {1.80| 1.19{1.21 || n=2 | 1.89 | 0.57 | 0.89 |1.16 | 1.20
u 1 2] 3| 4] s 1| 2] 3| s s

haT



TABLE 11

Pre- and Post-LC Lesion ICSS and Post-LC Lesion D- and L-amphetamine

Effects on ICSS - Subject #76E - Crus Cerebri

D-ampheta-|D-ampheta-| L-amphe ta-| L-ampheta-
Intensity|Baseline| Baseline| Saline mine mine mine mine
(ua) n =8 n=1U4 | n=28 1 mg/kg 2 mg/kg 1 mg/kg 2 mg/kg
n=2 n=2 n=2 n=2
21.2 0.1 0.0 - - - - -
24,7 2.7 0.3 - - - - -
28.3 15.9 6.0 0.4 0.6 1.8 0.4 0.2
31.8 53.1 0.0 - - - - -
35.4 72.6 0.2 1.0 0.4 71.0 0.3 0.1
38.9 58.8 0.0 0.5 11.1 87.7 3.9 7.7
2 .4 55.2 0.0 2.1 14.3 80.2 14,6 37.7
6.0 hi.4 0.0 2.8 36.1 84.5 9.9 26.3
k9.5 hi.2 0.3 1.6 28.3 84.3 11.4 21.5
-53.0 - 0.0 2.7 33.9 77.3 4.9 29.4
56.5 18.7 0.0 0.5 24,0 76.6 9.5 31.6
continued
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TABLE 11 - continued

D-ampheta-|D-ampheta-~| L-ampheta- |L-ampheta-
Intensity|Baseline|Baseline | Saline mine mine mine mine
(ua) n= 8§ n=4 |n=28 1 mg/kg 2 mg/kg 1 mg/kg 2 mg/kg
n=2 n =2 n=2 n=2
63.6 - - 1.1 9.0 46.6 12.6 10.6
7007 - 0-3 1-8 9-5 3705 11-5 900
0 0.1 0.0 0.2 0.3 0.2 0.0 0.1

94T



TABLE 12

Comparison of Sleep Stages Pre- and Post-LC Lesion

Extent lesion

Pre-lesion BL
(30 hrs.recording)

Post-lesion BL
(30 hrs.recording)

Recovery check
(12 hrs.recording,

LC DB REM % REM % 3 mos'pgzﬁ_%esmn)
r603 100% 100% 16.1 7.9 4.5
" J68E 100% 100% 17.6 11.9 11.2
=
cgjsm 100% 100% 4.1 8.4 18.3
G 30% 100% 11.6 3.1 -
X - - 14.9 7.9 -
H162E 25% 60% 18.8 12.4 13.7
& 110F 55% 0% 14.6 13.6 -
X - - 17.6 13.0 -

LGt



TABLE 13
Stimulus-Bound Eating Threshold in pA (R50) for Subject #57E

in the lLeft Lateral Hypothalamus

S — e et ———————— 4—_7
: D-ampheta- |D-amphe-} L-ampheta- L-ampheta-
Baseline Saline mine tamine mine mine
1 mg/kg 2 mg/kg 1 mg/kg 2 mg/kg
nl R 50} SD In|{ R 50| SD in{ R 50| SD §n|R50|SD|n|{ R 50| SD {n| R 50 SD
| did
- 3
Fre-LLC*} 7]10.u6]0.57)8|11.17]1.34)2 [17.32 |1.98f 1|not | -2 |13.081.98]/2 [16.61 [1.98
eat
did did did
PfS:;LgC 13]15.70]1.6706]/18.38]2.56l2 | not | - |1|not | -}2]16.97])1.98}|2] not
esio eat eat | eat

# Left locus coeruleus

861



Table 14

Weights of Four Subjects Before and After the Hindbrain Lesion

’ Weigh
s Pre-lesion 1 veok 2 veeks
after lesion after lesion
60E 190 mg. 445 mg. 489 mg.
62E 497 mg. 490 mg. 505 mg.
6 8E 507 mg. h95 mg. 497 mg.
TF 533 mg. 512 mg. 527 mg.

69T



Figure

Figure

Figure

Figure

Figure

Figure

5.

6.

160

FIGURE LEGENDS

Schematic Representation of CA Pathways from

Ungerstedt (1971) -~ NE and DA Systems Stemm-

Ing from Hindbrain and Mesencephalon

Rat's Cranial Landmarks and Estimated Lambda

Iine used for ICSS Electrode Implants

Sequence of Sleep-Drug Paradigm

Schematlc Representation of Hindbrain Lesions

Shown in a Serles of Coronal Braln Sectlons

A. Extent and Overlap (solid area) of
Lesion in Subjects 62E and 10F

B. Electrolytic Lesion (Right Side) and Se-
condary Lesion (Left Side) found in Sub-
Ject 95E

Serial Hindbrain Sections Illustrating the

Full Extent of the Lesions in 14 Subjects

(Solid and Shaded Areas) and Area of Overlap

Aof all Lesions (So0lid Area) as compared to

Ungerstedt's Illustration of the Hindbrain CA
Systems

Photomlerographs of Subject 57E's Hindbrain
Iesion Shown in a Sequence from Anterior Pons
to Posterior Midbrain (For a full descriptlon
of areas affected by the leslon in thils and

subsequent illustrations, see Table 2)



Figure

Flgure

Figure

Figure

Figure

Figure

Figure

Figure 14,

10.

11.

12.

13.

Series of Photomlcrographs Showing Extent of

Subject T76E's Hindbrain Lesion

Series of Photomicrographs Showlng Extent of

Subject 15F's Hindbrain Lesion

Series of Photomicrographs Showing Exent of

Subject 69F's Hindbrain Lesion

Series of Photomlcrographs Showing Extent of

Subject TOF's Hindbraln Lesion

Serles of Photomicrographs Showling Extent of

Subject 92F's Hindbraln Lesion

Series of Photomicrographﬁ Showing Extent of

Subject 1G's Hindbrain Lesion

A. Ungerstedt's Illustration of Forebrain
CA Pathways

B. Serial Forebraln Sections Showing ICSS
Electrode Tips. Circles (left slde) are
sites from which ICSS was permanently
abolished or reduced by the LC lesion.
Triangles (right side) indicate areas
not reduced by the LC leslon. CC: Crus
Cerebrli; 1 and 2: Fields of Forel; MFB-
IH: Medial Forebraln Bundle-Lateral
Hypothalamus; IC: Internal Capsule; ZI:
Zona Incerta.

Photomicrographs of Hypothalamic ICSS Sites:

A. Subject 68E (Crus Cerebri-Internal

161



Figure 15.

Figure 16.

Figure 17.

Figure 18.

Figure 19.

Figure 20.

162

Capsule) v
B. Subject 60E (H2 Flelds of Forel)
C. Subject 1G (MFB-LH)
D. Subject 15F (Perifornical Reglon)
Photomicrographs of Hypothalamic ICSS Sites:
A. Subject 57E (MFB-LH)
B. Subject 76E (Crus Cerebri)
C. Subject 92F (MFB)
D. Subject TOF (Crus Cerebri)
Serial Representation of Hindbrain Lesions
in the Four ICSS Groups as Distingulshed
by the CA Systems at the Hypothalamle ICSS
Sites
Illustration of Substantla Nigra ICSS Sites
in Comparison with Ungerstedt's Illustration
of the DA Nucleil
Photomicrograph of 1G's Substantia Nigra
Eiectrode
Effects of LC Leslions on Hypothalamiec ICSS
(CC Group) Expressed in Terms of Proportional
Changes over Pre-Leslon Baseline with Pre-
Ieslion Rates held as Unity. The five inten-
sities chosen represent the full rate-inten-
sity function.,
Proportional Changes in D-H ICSS



Flgure

Flgure

Figure

Figure

Figure
Figure
Figure

Figure

21.

22.

23.

24,

25.

26.

27.

28.

163

Subject 68E's Pre-Lesion and Post-Lesion
Rate-Intensity (RI) Functions (Crus Cerebri-
Internal Capsule. See Figure 1U4A) (S.E.M.:
Standard Error of the Mean)

Subject T76E’s Pre-Lesion and Post-Lesion RI
Functions (Crus Cerebri. See Figures 15B
and 7) (Post-lesion intensities were in-
creased in order to assess 1f ICSS can be
elicited with higher currents.)

Subject 70F's Pre-Lesion and Post-~Lesion RI
Functions (Crus Cerebri. See Figures 15D
and 10)

Subject 60E's Pre-Lesion and Post-Lesion RI
Functions (H2 Fields of Forel. See Figure
14B)

Subject B86E's Pre-Lesion and Post-Lesion RI
Functions (H2 Fields of Forel)

Subject TF's Pre-Lesion and Post-Lesion RI
Functions (Dorsal Hypothalamus-Al3)

Subject 69F's Pre-Lesion and Post-Lesion RI
Functions (H2 Field of Forel. See Figure 9)
Short-Term Post-Lesion RI Functlon of Sub~
ject TOF as Taken over Four Days after the

Iesion



Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

29.

30.

31.

3.

33.

34,

35.

36.

37.

38.

Subject TH5E's Pre-Lesion and Post-Lesion RI
Functions (Perifornical area)

Subject 15F's Pre-Leslilon and Post-~Leslion RI
Functions (Perifornical area. See Figures
14D and 8)

Subject 57E's Pre-Lesion and Post-Lesion RI
Functions (MFB-LH Internal Capsule. See

Figures 15A-and 6)

. Subject 78E's Pre-Lesion and Post-Lesion RI

Functlions (MFB-LH)

Subject 96E's Pre-Lesion and Post-Lesion RI
Functions (MFB-ILH)

SubjJect 92F's Pre-Lesion and Post-Lesion RI
Functions (MFB). -

(See Figures 15C and 11)

Subject 1lG's Pre-~Lesion and Post-Lesion RI
Functions (MFB-LH. See Figures 1lA4C and 12)
Short-Term Post-Lesion RI Function of Subject
78E as taken over Four Days after the Leslon
Pre-Lésion and Post~-Lesion RI Function from
the Substantia Nigra in Subject 1G (See Fig-
ures 18 and 12 and compare with hypothalamic
ICSS in Figure 35)

Pre-Lesion and Post-Lesion RI Function from
the Substantia Nigra in Subject 69F (See

Figure 9 and compare with hypothalamic ICSS
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Figure

Flgure

Figure

Figure

Figure

Figure

Flgure

Figure

b6,

165

in Figure 27)

Proportional ICSS Changes in Substantila
Nigra ICSS (Subjects 1G and 69F)
Proportional ICSS Changes Observed Withiln
Four Days after the Lesion in the Three ICSS
Groups Separated According to CA Systems
Involved

Proportional ICSS Changes Observed up to 20
Days (Long-Term Baseline) in the Three ICSS
Groups Separated According to CA ICSS Sys-
tems Involved

Proportional ICSS Changes Observed durling
Recovery Check at Least One Month after

the Lesion in the Three ICSS Groups Separat-
ed According to CA ICSS Systems Involved
Multiplicative Effects of 1 mg/kg D- and L-
Amphetamine over Saline Pre-Lesion Baseline
in NS-DB Group

Multiplicative Effects of 1 mg/kg D- and L-
Mmphetamine over Saline Pre-Leslon Baselilne
in VB Group

Multiplicative Effects of 2 mg/kg D- and L-
Amphetamine over Saline Pre-Lesion Baseline
in NS-DB Group

Multiplicative Effects of 2 mg/kg D- and L-

Amphetamine over Saline Pre-Lesion Baseline



Figure Uu7.

figuré 48.
Figure 49,
Figure 50.
Flgure 51.

Figure 52,

Figure 53.

in VB Group

Effects of D- and L-Amphetamine (1 and 2 mg)

on Post~Lesion ICSS. ICSS response measures
are given In terms of proportional changes
over pre-lesion levels which are held as
unity. The five intensities chosen encom-
pass the range of the RI functions of ﬁhe
subjects tested.

Effects of 1 mg/kg D-Amphetamine on Subject
T6E's Post-Lesion ICSS (Crus Cerebri)
Effects of 1 mg/kg L-Amphetamine on Subject
T6E's Post-Lesion ICSS

Effects of 2 mg/kg D-Amphetamine on Subject
T6E's ‘Post-Lesion ICSS '

Effects of 2 mg/kg L—Amphetamine on Subject
T6E's Post-Lesion ICSS | |
Proportional Effects of 1 mg/kg D- and L~
Amphetamine on SN-DB ICSS (Subjects 60E,
68E, T6E, and 7F). Pre-leslon response
levels on five intensities are held as unity
and drug effects are reported as percentages
of the pre-lesion levels.

RI Functions of Four Subjects are Plotted

in Power Functions in order to Assess Slope
and Intercept Changes due to the LC Lesions.

Intensities and rates are transformed into
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Figure 54,

Figure 55.

167

logorithmic units.

Thls photomlcrograph of Subject 92F's Hypo-
thalamle Electrode Placement, at 1ts most
posterior extent, shows limited implngement
an crus cerebri.

Illustration of a Saggital Section of the
Rat's Brain Showing the Proposed ICSS Model
of Dorsal Bundle LC and NS-DA ICSS Inter-

action
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FIGURE 2
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FIGURE 3

Sequence of Sleep-Drug Paradigm

EEG 1 1 Saline vs.
' Baseline 1 & 2 mg/kg
Shaping recording (4 da ILC LESION
——) T ys) d- and 1-
(72 frs.) amphetamine
Saline vs. "Retvovery
EEG EEG
1 & 2 mg/kg Baseline check
€e§ogdin§v d- and 1- (4 days) baseline ?Sﬁoigi?%
72 hrs. amphetamine (4 days)
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FIGURE 6
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FIGURE 7
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