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Abstract
MONOPHASIC PULSE PAIR ANALYSIS OF INTRACRANIAL
SELF-STIMULATION LOCI AND INTERACTIONS
Richard J. Bodnar

Adivsers: Profs. Steven J. Ellman and Solomon S. Steiner
Intracranial self-stimulation (ICSS) is elicited from discrete

sub-cortical brain loci; these ICSS loci neurophysiologically
interact, and lesions of one ICSS locus can alter other ICSS beha-
vior, suggesting an interconnected and interactive ICSS system.

To further test sudh a notion, rats were stereotaxically implanted
with pairs of bipolar electrodes aimed at one of the following com-
binations: a) locus coeruleus (LC)-hypothalamus (HYP); b) midbrain
central gray (MCG)-HYP; c) substantia nigra (SN)-HYP; and d) septum-
LC. Animals were shaped to lever-press for ICSS on a crf schedule,
using 700 msec. trains of monophasic rectangular-wave stimulation
delivered in pulse pairs. The initial pulses were designated the

C pulses, while the trailing pulses were the T pulses; all were .]
msec. in duration. The interval between succeeding C pulses (C-C
interval) was usually set at 30 msec. After shaping, each pole of
each bipolar electrode was tested to determine the site which eli-
cited the highest rates at the Towest current. The preferred ICSS
pole was located in the LC for pontine placements, the MCG and SN
for mesencephalic placements, and the medial forebrain bundle/peri-
fornical area (MFB/PA) for HYP placements. The preferred pole
within each site was then tested for differential reactivity of
ICSS rates to temporal patterning. At a constant current and C-C
interval, the interval between C and T pulses (C-T interval) was

varied between 0 and 5 msec. In this single-site condition, ICSS
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rates at C-T intervals between .5 and 1.2 msec. were generally
similar to rates elicited when the T pulses were omitted, and
significantly lower than rétes elicited at longer C-T intervals.
The C-T interval which initially supported higher ICSS rates was
significantly shorter for MCG, SN, and HYP p]acements than for LC
or septal placements. After single-site functions were determined,
the C and T pulses were divided between each animal's ICSS loci at
their respective current intensities. ICSS rates in this split-
site condition were similar across all C-T intervals; The two
pulses delivered in the divided condition were significantly higher
than the sum of rates elicited when each site was stimulated singly
with C pulses alone, suggesting neurophysiological interactions.
Differential responding occurred in some site combinations depend-
ent upon which site of the combination received the C puise. 1In
LC-internal capsule/Fields of Forel (IC/FF) combinations, response
rates were always and significantly higher for the C-LC, T-IC/FF
condition than for the reverse condition, suggesting the interaction
occurs through an ascending excitatory influence. ICSS response
rates were always and significantly higher for the C-SN, T-IC/FF
and the C-MCG, T—MFB/PA conditions than for their respective re-
verse conditions, also suggesting ascending excitatory interactions
for these combinations. In contrast, ICSS response rates were usu-
ally similar regardless of interaction condition for LC-MFB/PA, SN-
MFB/PA, MCG-IC/FF and LC-septal combinations, suggesting bidirec-
tional interactive influences. In some cases, the C-MFB/PA, T-LC

and the C-IC/FFT, T-MCG conditions yielded higher rates than their
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respective reverse conditions, suggesting descending excitatory in-
fluences. Directional interactions were not altered by either
strychnine, a glycine inhibitor, or picrotoxin, a GABA inhibitor,
suggesting that the differential ICSS interaction rates were not
the result of inhibitory influences. The directional nature of the
interactions also served as a predictor of LC Tesions attenuating
IC/FF ICSS or facilitating MFB/PA ICSS. These results suggest the
existence of an interconnected interactive ICSS system with sub-
systems which are sensitive to temporally-distributed and direc-

tionally-oriented influences.
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" A central theme in psychological theory has been the role of
both rewarding and aversive stimuli in determining behavior. Physio-
logical psychologists, in particular, have been interested in the
neural mechanisms which determine whether a given stimulus will be
rewarding or aversive. The search for these mechanisms became in-
tensified when 0lds and Milner (1954) discovered that rats would
learn to perform tasks which would result in electrical stimulation
delivered to selective brain areas; this phenomenon became known as
intracrania1 self-stimulation (ICSS). This discovery suggested that
hedonistic theories of reinforcement may have some validity, as op-
posed to a pure tension-reduction notion; that is, rats were behav-
ing to acquire the effects of the stimulation and not to relieve
some internal deprivation state. Furthermore, the behavior had no
apparent pre-existing drive state for the stimulation and no appa-
rent satiation effects. Hence, the behavior could be controlled ai-
most entirely by stimulus parameter manipulation. In addition, ICSS
behavior was not ubiquitous; that is, some brain areas supported
ICSS at high rates, while others didn't support it at all. Hence,
some brain areas were thought to be specifically organized to trans-
mit information about the reward value of stimulation which gave
rise to several neuronal models of drive and reinforcement (Deutsch,
1964; Gallistel, 1973; Crow, 1972a). Further models attempted to de-
Jineate the brain areas which subserved ICSS by delineating the
neurohumoral transmitter substances responsible for the behavior.
The most prevalent of these were hypotheses which implicated mono-

amines, particularly catecholamines(Stein, 1964; Poschel & Ninteman,
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1964). Other studies (E1lman, Ackermann, Bodnar, Jackler, & Steiner,
1975; Ackermann, Bodnar, Jackler, Steiner, & Ellman, in preparation,a)
have investigated the interaction characteristics of ICSS Joci in
order to determine whether an ICSS neurophysiological system exists.
The present studies are extensions of the investigation into the
interactive properties of the ICSS system.

In order to provide a cohesive background into these studies,
this section is broken into six areas which will include a review of
relevant Titerature as well as an overall rationale. First, a re-
view of the histofluorescence 1i£erature will be done in order to
provide a neuroanatomical and neurochemical background for the brain
Toci presented later. Second, a systematic review of sites which
sustain ICSS will be done, paralleling the histofluorescence data.
Third, several ICSS hypotheses, including the noradrenergic, dopa-
minergic, and mixed hypotheses will be discussed concerning the role
of specific neurochemicals in subserving ICSS béhavior. Fourth, evi-
dence for an ICSS system will be presented by a review of lesion
studies and interaction studies. Review of the lesjon studies will
show the effects upon ICSS behavior from one brain Jocus by lesion-
ing another ICSS site. The behavioral evidence for neurophysiologi-
cal interactions between brain loci will be discussed. Fifth, as an
introduction to the present experiments, a description'of the mono-
phasic pulse pair technique will be presented as well as a review of
the ICSS literature using this technique. Specific studies which
bore directly upon the methodologies utilized in the present experi-

ments will be reviewed in detail. Sixth, a brief outline of the ra-
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tionales and purposes of the five experiments will be presented.
Detailed rationales of each experiment are presented separately,

with methods, results, and discussion.

A. Histofluorescence Studies

As stated above, early attempts to describe ICSS behavior
centered upon the identification of the neurohumoral transmitter
substance(s) responsible for the behavior; several early hypotheses
implicated the monoamines, particularly the catecholamines (Stein,
1964; Poschel & Ninteman, 1964). Correspondingly, development of
the histofluorescence method (Anden, Dahlstrom, Fuxe, Larsson, Olson,
& Ungerstedt, 1966; Fuxe, 1965; Dahlstrom & Fuxe, 1964) provided a
means by which monoamine-containing cell bodies, fibers, and termi-
nals could be mapped through the brain. Dahlstrom and Fuxe (1964)
mapped ascending monoaminergic cell groups through the sub-cortex;
cell groups identified as catecholaminergic were labelled "A", .
while cell groups identified as indolaminergic (serotoninergic)
were 1abe11ed fo. Within each letter designation, cell groups
were numerically ordered according to their posterior-to-anterior
position. The catecholaminergic-containing cell groups will be re-
viewed in detail here, beginning in the hindbrain and proceeding
anteriorally. Included in the description will be corresponding
neuroanatomical Jocation, emanating fibers, and terminal areas.

Hindbrain cell groups. Seven hindbrain cell groups (A-1, A-2,

A-3, A-4, A-5, A-6, and A-7) were identified by Dahlstrom and Fuxe
(1964). Cell groups A-2 and A-4 are located in the dorsal
medulla, while cell groups A-1, A-3 and A-5 are located in the
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ventral medulla. A1l of these catecholaminergic cell groups con-
tain exclusively norephinephrine, as demonstratedvby Ungerstedt
(1971) pharmacologically. Ascending fibers from cell groups A-1,
A-3, and A-5 join and form the ascending ventral noradrenergic
bundle (Dahlstrom & Fuxe, 1964; Ungerstedt, 1971). Cell groups A-2
and A-4 send diffuse fibers rostrally towards the dorsal pontine
nucleus, the locus coeruleus. Thefe are two pontine catecholaminer-
~gic-containing cell groups; cell group A-7 is located in the ventro-
1atefa] pons, contains exclusively norepinephrine and projects its
fibers into the ventral noradrenergic bundle (Dahlstrom & Fuxe,
1964; Ungerstedt, 1971). In the dorsal pontine area, cell Qroup
A-6, which corresponds with the nucleus locus coeruleus, has the
highest concentration of norephinephrine-containing cell bodies;
fibers arising from the Jocus coeruleus contribute to the ‘ventral
noradrenergic bundle and forms, with axons from A-2 and A-4, both
the dorsal noradrenergic bundie and periaqueductal noradrenergic
bundle, traverses the mesencephalon ventro-lateral to the aqueduct,
passes through the dqrso-media] hypothalamic area, and terminates
in the cortex, thalamus, hippocampus, and septum. The periaque-
ductal noradrenergic bundle is initially formed by A-6 cell bodies,
but, as it traverses the mesencephalon, it receives projections
from scattered cathecholamine-containing neurons in the periaque-
ductal midbrain central gray (Lindvall & Bjorklund, 1974). The
periaqueductal noradrenergic bundle is located lateral to the
cerebral aqueduct in the mesencephalon and lateral to the ITI

ventricle in the diencephalon, terminating in the preoptic hypo-
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thalamic area and amygdala. The ventral noradrenergic bundie, com-

- prised of fibers from cell groups A-1, A-3, A-5, A-6, and A-7, tra-
verses the ventral mesencephalon and ventro-lateral hypothalamic
area, terminating diffusely in forebrain areas (Lindvall & Bjorklund,
1974).

Mesencephalic cell groups. Dahlstrom and Fuxe (1964) identi-

fied}three catecholaminergic cell groups (A-8, A-9, and A-10) in the
mesencephalon, all of which were clustered in the ventro-lateral and
ventro-medial tegmentum. Cell group A-8 corresponds with the nucleus
substantia nigra, pars lateralis, while cell group A-9 corresponds
with the nucleus substantia nigra, pars compacta (Dahlstrom & Fuxe,
1964). Cell group A-10 corresponds with the nuclei in the medial
ventral tegmental area (Dahlstrom & Fuxe, 1964). Ungerstedt (]97])
demonstrated pharmacologically through 6-hydroxydopamine (6-0HDA)
lesions that these three cell groups contain exclusively dopamine.
Ascending dopaminergic fibers projecting from the substantia nigra,
pars compacta (A-9) form the nigro-striatal pathway which traverses
the ventro-lateral hypothalamus and terminates predominantly in the
caudate nucleus and putamen (Lindvall & Bjorkiund, 1974). Cell
group A-10 projects fibers rostrally to form the meso-1imbic path-
way which traverses the lateral hypothalamic area and terminates in
the amygdala, olfactory tubercule, nucleus accumbens, and medial
septal nucleus (Hokfelt, Ljungdahl, Fuxe, & Johnson, 1974; Lindvall
& Bjorklund, 1974; Lindvall, Bjorklund, Moore, & Stenevi, 1974;
Ungerstedt, 1971; Anden et al., 1966; Fuxe, 1965; Lindvall, 1975;

Brownstein, Saavedra, & Palkovits, 1974).
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Diencephalic cell groups. In addition to fibers of passage

and terminals from posterior catecholaminergic cell groups originat-
ing in the hindbrain (dorsal noradrenergic bundie, periaqueductal
noradrenergic bundle, and ventral noradrenergic bund]e) and mesence-
phalon (nigro-striatal pathway and meso-1imbic pathway), the hypo-
thalamus has intrinsic catecholaminergic cell groups which are de-
signated A-11, A-12, A-13, and A-14, all of which are located near

| the III ventricle. Groups A-11 and A-13 are located rostro-caudally
to one another between the dorso-lateral part of the hypothalamic
dorso-medial nucleus and the zona incerta. Cell group A-11 also
possess cell bodies as far caudal as the posterior midbrain cere-
bral aqueduct (Lindvall et al., 1974). Group A-12 surrounds the
infindibular recess which joins the hypothalamic area with the pi-
tuitary gland; most of these cells are found in the area of the
arcuate nucleus (Dahlstrom & Fuxe, 1964; Lindvall & Bjorklund, 1974).
Group A-14 is found in the area of the anterior periventricular
hypothalamic nuclei. Together, projections from groups A-11, A-13,
and A-14 form the diffuse incerto-hypothalamic tract which runs
laterally and longitudinally throughout the dorso-medial portions of
the hypothalamus and terminates in forebrain areas (Bjorkiund,
Lindvall, & Nobin, 1975).

Telencephalon. No catecholaminergic cell groups have been id-

entified in the telencephalon. However, the telencephalon is a ma-
jor terminal area for caudally-situated catecholamine cell groups.
Some telencephalic areas receive common terminals from different

catecholaminergic cell groups, providing common summation points

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



for different fiber systems. The nucleus accumbens, medial septum,
olfactory tubercule, and amygdala possess terminals from both thé
three ascending noradrenergic bundlés and from the dopaminergic
meso-1imbic system (Lindvall & Bjorklund, 1974; Lindvall, 1975;
Brownstein et al.,1975). The caudate nucleus and putamen possess
terminals exclusively from the nigro-striatal pathway, meso-Timbic
pathway, and the noradrenergic bundles (Lindvall & Bjorklund, 1974).
Before concluding this section, two points should be noted.
First, the histofluorescence technique only identifies monoamines;
the brain loci mentioned above most surely possess neurons with
transmitters other than monoamines. Second, histofluorescence is
only one means of identifying monoaminergic pathways; other means
will be discussed throughout the dissertation where appropriate,
particularly evidence which suggests hypothalamic terminals from
posterior catecholaminergic pathways. However, the histofluores-
cence method provides a usefu] map in identifying brain loci which

support ICSS.

B. ICSS Loci

In the first section, a systematic identification of cate-
cholamine-containing cell groups was accomplished. This mapping re-
view was done because sites which sustain ICSS behavior are highly
correlated with sites which contain catecholamines. ICSS behavior
has been elicited through a variety of operant techniques from many
brain loci ranging from the myelencephalon to the telencephalon.
Sites in the myelencephalon and metencephalon supporting ICSS are

cell groups A-2 (Carter & Phillips, 1975), A-7 (Ritter & Stein, 1974;
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Mattiace, in preparation), and A-6 (Farber, Steiner, & Ellman, 1972;
Crow, Spear, & Arbuthnott, 1972; Ritter & Stein, 1973; Ellman,
Ackermann, Farber, Mattiace, & Steiner, 1974; Eliman et al., 1975).
The dorsal, periaqueductal, and ventral noradrenergic bundies which
project from these hindbrain cell groups aiso support ICSS (Steiner,
Bodnar, Ackermann, & Eliman, 1973; Ellman et al., 1974, 1975;
Phillips, Brooke, & Fibiger, 1975; Thallman, 1975; Cooper & Taylor,
1967; Bodnar, Ellman, & Steiner, 1974; Ritter & Stein, 1974;
Ackermann, Bodnar, Jackler, Steiner, & E1lman, in preparation, (b).)
Mesencephalic loci, including cell groups A-8, A-9, and A-10
support ICSS (Routtenberg & Malsbury, 1969; Crow, 1972(b); Phillips
& Fibiger, 1973; Clavier, Phillips, & Fibiger, 1975; Ackermann et
al., in preparation(b); Deutsch, 1964; 01ds & Peretz, 1960), though
a recent study (Belluzzi, Ritter, Wise, & Stein, 1975) suggests that
substantia nigra, pars compacata ICSS is mediated by input from the
ventral noradrenergic bundie. Mesencephalic ICSS has also been re-
ported in the substantia nigra, pars reticulata (Ackermann et al.,
in preparation (a); Clavier ei al., 1975) which has afferents dis-
tinct from the compacta cells (Rinvik, 1975), but cantains dendritic
fields from the dopamine cell bodies of the compacta (Bjorklund &
Lindvall, 1975). Other sites supporting ICSS in the mesencephalon
are the interpeduncular nucleus, the brachium conjunctivum, and the
medial Jongitudinal fasciculus, including surrounding cell bodies
along its length from dorsal raphe nucleus to the oculomotor nuc-
leus (Crow, 1972; Routtenberg & Malsbury, 1969; Margules, 1969;
Ellman et al., 1974; Liebman, Mayer, & Liebeskind, 1973; 0lds,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Travis, & Schwing, 1960). The medial longitudinal fasciculus, dor-
sal raphe nucleus, and oculomotar nucleus possess catecholamine cell
bodies and fibers which may be the caudal extent of cell group A-]]_
(Felton, Laties, & Carpenter, 1974; Lindvall & Bjorklund, 1974;
Lindvall, Bjorklund, Nobin, & Stenevi, 1974; Nobin & Bjorklund, 1973;
Palkovits & Jacobowitz, 1974).

Diencephalic ICSS has been studied most extensively in the
hypothalamus, particularly in the early ICSS parametric studies (0lds,
1958, 01ds & Peretz, 1960; Deutsch, Howarth, Ball, & Deutsch, 1962;
Howarth & Deutsch, 1962; Deutsch, Adams, & Metzner, 1964; Deutsch,
1964; Roberts, 1958; Bower & Miller, 1958; Keesey, 1962, 1964;
Miller, 1958; Coons, 1964; Hoebel & Teitelbaum, 1962; Caggiula &
Hoebel, 1966; Caggiula, 1969). Many structures in the hypothalamus
elicit ICSS (see review 01ds & 01ds, 1962) including the medial fore-

. brain bundle, crus cerebri, zona incerta, Fields of Forel, preoptic
area, dorso-medial nucjeus, fornix, and ventro-medial nucleus.

Telencephalic ICSS has been elicited from several limbic
areas. In addition to 01ds and Milner's (1954) initial study in the’
septum, early studies fdund ICSS in the caudate (0lds, 1958; 01ds &
Peretz, 1960; Olds & 01ds, 1962) and the amygdala (Steiner & D'Amato,
1964). Recent studies have mapped ICSS sites throughout the caudate
and putamen, nucleus accumbens, and frontal sulcus (Carter & Phillips,
1975; Phillips et al., 1975; Rolls & Cooper, 1974; Phillips, Carter,
& Fibiger, 1976).
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Thus, ICSS behavior can be elicited from many brain loci in
the subcortex. However, the behayior is not ubiquitous throughout
the brain, but rather concentrated in discrete areas. Many of the
studies described above have control animals which did not self-sti-
mulate and had electrodes which were adjacent to, but not impinging
upon, the loci mentioned in this section. It is apparent from this
review that sites which support ICSS behavior and sites which contain
catecholamines are highly correlated. Therefore, it is not surpris-
ing that catecholaminergic theories of ICSS prevail in the Titerature
(Poschel & Ninteman, 1964; Stein, 1962, 1967, 1968; Stein & Wise,1969,
1971; Crow, 1972; Snyder, Banerjee, Yamamura, & Greenberg, 1974,

German & Bowden, 1974).

C. Catecholaminergic Hypotheses

The catecholaminergic hypotheses suggest that the integrity
of catecholamine system$ is necessary for ICSS behavior in either a
given site or through all brain loci, depending upon the extent of
catecholaminergic manipulation. The most common technique utilized
by various investigators has been the introduction of pharmacologi-
cal neuroleptics which specifically affect catecholamine levels.
For examp1e, d-amphetamine, a potent psycho-mimetic and rejeaser of
catecholamines, increases ICSS behavior (Stein, 1964; Stein & Wise,
1971; Phillips & Fibiger, 1973; Ellman et al., 1975; Steiner &
Stokely, 1973), as do monoamine-oxidase 1nhibitofs (Poschel &
Ninteman, 1964). Alpha-methyl paratyrosine, which blocks the enzyme
tyrosine hydroxylase and therefore the synthesis of dopamine and

norepinephrine, reduces ICSS (Black & Cooper, 1971; Stinus & Thierry,
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1973) as does diethyldithiocarbonate, which blocks dopamine beta
hydroxylase, the enzyme which converts dopamine to norepinephrine
(Ritter & Stein, 1973; Ritter, Belluzi, Wise, & Stein, in prepara-
tion). Pimozide, chloropromazine, and haloperidel, all potent post-
synaptic blockers of dopamine, reduce ICSS (Stein, 1962; Phillips,
Brooke, & Fibiger, 1975; Dresse, 1966; Liebman & Butcher, 1973;
Lippa, Antelman, Fisher, & Canfield, 1973). 6-hydroxydopamine, a
toxic agent which selectively destroys catecholaminergic terminals,
reduces or abolishes ICSS ejther through interventricular injections
(Cooper, Cott, & Breese, 1974), through intercisternal injections to
the sites themselves (Stinus, Thierry, & Cardo, 1975), or through
intercisternal injections to areas connected to ICSS sites (Belluzi
et al., 1975; Clavier et al., 1975). Finally, increased amounts of
dopamine metabolites were found after mesencephalic ICSS (Arbuthnott,
Crow, Fuxe, Olson, & Ungerstedt, 1970), as were increased amounts of
norepinephrine metabolites found after hypothalamic, amygdala (Stein
& Wise, 1969) and locus coeruleus ICSS (Anlezark, Walter, Arbuthnott,
Crow, & Eccleston, 1975). Thus, high correlations between catecho-
lamine levels and propensity for ICSS behavior has been suggested
through histochemical, anatomical, pharmacological, .and metabolic
techniques.

Since the catecholamine group contains two transmitters,
several theories of ICSS have attempted to explain the roles of
norepinephrine and dopamine in ICSS behavior. These theories can
be broken into three main groups: a) ICSS behavior is mediated

solely by norepinephrine (Stein, 1964, 1967, 1968); b) ICSS is me-
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diated solely by dopamine (Crow, 1972; Lippa et al., 1973; Liebman

& Butcher, 1973; Cooper et al., 1974; Cooper.& Breese, 1975); and c)
ICSS is mediated by both dopamine and norepinephrine, and further-
more, other transmitters may be involved; this is a so-called "mixed"
hypothesis (Phillips & Fibiger, 1973; Ellman et al., 1976; Clavier &
Routtenberg, 1974, 1976a,b; Rolls & Cooper, 1974; Coons, Smith, &
Ungerleider, in press). '

The first specific cafecho]aminergic theory of ICSS suggested
that ICSS behavior is mediated by nofepinephrine; the main proponent
of this position was Stein and his co-workers (Stein, 1964, 1967,
1968). Stein bases his theory on five findings. First, d-ampheta-
mine increases both ICSS behavior and norepinephrine release (Stein,
1964). Second, ICSS behavior elicited from the hypothalamus and
amygdala produces increased amounts of norepinephrine metabolites
(Stein & Wise, 1969). Third, interference with dopamine-beta hydro-
xylase synthesis reduces hypothalamic ICSS Jevels because norepine-
phrine is prevented from synthesis. This result is reversed by
jntraventricular administration of 1-norepinephrine, the active
stereotypic isomer (Wise & Stein, 1971). Fourth, lesions of the
ventral noradrenergic bundle reduced substantia nigra, pars compacta
ICSS behavior. Hence, lesions of a noradrenergic system reduced
ICSS behavior in a dopaminergic area, suggesting that ICSS is de-
pendent upon noradrenergic integrity (Belluzzi et al., 1975). Fifth,
substantia nigra ICSS is reduced after subcutaneous administration
of diethyldithiocarbamate, which blocks the synthesis of dopamine
into norepinephrine (Ritter et al., in preparation).

The second specific catecholaminergic hypothesis postulates
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that ICSS is mediated by dopamine (Crow, 1972; Lippa et al., 1973;
Liebman & Butcher, 1973; Cooper et al., 1974). This hypothesis is
based upon three findings: a) antipsychotic agents reduce ICSS be-
havior (Phillips et al., 1975; Lippa et al., 1973; Liebman & Butcher, -
1973); b) antipsychotic agents selectively affect dbpamine receptors
(Snyder et a1.2 1974; Iversen, 1975); and c) 6-hydroxydopamine re-
duces ICSS in hypothalamic and Tocus coeruleus ICSS areas after pre-
treatment with desimiprimine which protects noradrnergic terminals
from destruction (Cooper et al., 1974; Cooper, 1974; Cooper & Breese,
1975).

The third hypothesis involves roles for both norepinephrine and
dopamine in the elicitation of ICSS behavior, dependent upon the
brain locus tested (Phillips, 1975; Ellman, 1975). A series of ex-
periments involving the optical isomers of amphetamine reinforce this
third view and raises serious quéstions for the views that a single
transmitter substance can mediate all ICSS. These experiments are
based on findings (Coyle &Snyder, 1969, 1970; Snyder et al., 1974)
that d-amphetamine is eight to ten times as potent as T-amphetamine
in preventing re-uptake from noradrenergic synaptosomes, while nearly
equipotent for other synaptosomes. Taylor and Snyder (1970) provided
behavioral evidence for this differentiation by demonstrating that
Tocomotor activity is enhanced by d-amphetamine ten times as potently
as by 1-amphetamine, while compulsive gnawing behavior is potentiated
by d-amphetamine only twice as well as by 1-amphetamine. From this,
it was implied that reactivity to d-amphetamine, but not T1-ampheta-

mine indicated noradrenergic mediation, while nearly equipotent
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reactivity for the two isomers indicated dopaminergic mediation.

The biochemical distinctions made by Coyle and Snyder (1969) have
been challenged (Ferris, Tang, & Maxwell, 1972; Harris & Baldessarini,
1973), but the behavioral distinctions elucidated by the d- and 1-
amphetamine screening procedure have been extended, particularly in
ICSS studies. The experiments demonstrated that ICSS is greatly en-
hanced by d-amphetamine, but not 1-amphetamine in the locus coeruleus
(Bodnar et al., 1974; Ellman et al., 1975, 1976; Phillips et al.,
1975), the periaqueductal noradrenergic bundle (Bodnar et al., 1974;
Ackermann et al., in preparation, b), and the hypothalamus (Phillips
& Fibiger, 1973; Bodnar et al., 1974; Ellman et al., 1975; Stephens

& Herberg, 1975). A1l of these areas have high concentrations of
norephinephrine-containing cell bodies or fibers. Conversely,.

ICSS behavior was nearly equipotentally enhanced by both isomers in
the substantia nigra, pars compacta (Phillips & Fibiger, 1973), nuc-
leus accumbens (Phillips et al., 1975), caudate-putamen (Carter et
al., 1975), the far-lateral hypothalamus (Stephens & Herberg, 1975),
and the dorsal midbrain medial and ventral to the aqueduct, includ-
ing the oculomotor nucleus and dorsal raphe (Bodnar et al., 1974;
Eliman et al., 1976). A1l of these areas have large concentrations
of dopaminergic cell bodies or fibers. Therefore, whether or not the
biochemical data of the d- and 1-amphetamine screening procedure in
inferring that differential reactivity indicates noradrenergic or
dopaminergic mediation, remains valid, it is clear that this pharma-
cological screen reliably distinguishes ICSS loci into two classes,
dependent upon their relative reactivity to 1-amphetamine. This

differentiation implies that the mechanisms for ICSS, presently un-
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explained, are different across loci and thus cannot be explained by
a single transmitter model. The co-existence of differentially reac-
tive ICSS sites with parallel fiber bundles and common terminal areas
raised the question as to whether these two transmitter systems in-
teracted.

It is obvious from all of these studies that any specific
catecholaminergic hypothesis, be it noradrenergic or dopaminergic,
cannot account for all of the ICSS behavioral manipulations. A more
fruitful way in determining the characteristic properties of indivi-
dual ICSS sites would be to determine how these sites comprise a part
of an overall ICSS system. Two main tests of ICSS loci working as a

system appear in lesion studies and interaction studies.

D. ICSS Loci as a System: Lesion and Interaction Studies

Lesion studies in the ICSS literature have been largely incon-
clusive; that is, the size of lesions have varied, the ICSS place-
ments have varied, and hence overall results have varied. Most of
these studies have centered around the effects of lesions upon hypo-
thalamic medial forebrain bundle ICSS. Medial forebrain bundle ICSS
was impervious to a) 1esidns of the mesencephalic raphe (Lorens,
1966), b) lesions of the ventral tegmental area of Tsai (Valenstein
& Campbell, 1966; Boyd & Gardner, 1967), and c) rostral and/or
caudal lesions of the medial forebrain bundle itself (0lds & 0lds,
1969). These early studies seemed to indicate that despite the
number of ICSS sites, the ICSS phenomena was discrete and intrinsic
to each particular area. However, several recent studies with more

discrete lesions and more uniform electrode placements suggest that
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ICSS behavior in one site is mediated by the integrity of a second
1CSS site. As previously stated, Belluzzi et al. (1975) found that
lesions of the ventral noradrenergic bundle reduced ICSS behavior in
the substantia nigra, pars compacta, although Clavier et al. (1975)
failed to replicate this data. A recent study (Farber, Ellman,
Mattiace, Ippolito, Holtzman, Halperin, & Steiner, in preparation)
demonstrated that unilateral locus coeruleus lesions selectively
abolished or greatly reduced ICSS behavior in the ipsilateral crus
cerebri and Fields of Forel regions of the hypothalamus, while the
same lesions spared ICSS behavior in the medial forebrain bundle and
perifornical areas of the hypothalamus. In accordance with this,
Koob et al. (1976) found that locus coeruleus lesions facilitated
posterior medial forebrain bund]e ICSS. Moreover, Clavier and
Routtenberg (1976a) demonstrated thatmedial forebrain bundle lesions
attenuated dorsal noradrenergic bundle ICSS. Thus, in these studies,
a) lesions of predominant noradrenergic areas affected ICSS elicited
from areas in which the greatest concentration of ascending noradre-
nergic and dopaminergic fibers are situated; b) the same type of
lesion spared or facilitated ICSS behavior in areas of the hypotha-
lamus (medial forebrain bundle) where extrinsic ascending fibers are
few and where intrinsic tracts are diffusely organized into reticu-
Tum, in which direction of travel is largely undertermined (Lindvall
& Bjorklund, 1974; Ungerstedt, 1971; Dahlstrom & Fuxe, 1964; Nauta,
1958; Millhouse, 1969); and c) that medial forebrain bundle lesions
in turn attenuate ICSS from posterior noradrenergic projections.

A second technique in which individual ICSS sites can be tested
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as a system is interaction studies, by investigating the relation~
ship of two or more brain loci by parametric manipulation of vari-
ables.

Physiological interaction studies are rare in the literature,
considering the profusion of ICSS sites and the anatomical and histo-
chemical evidence suggesting interrelationships among ICSS sites.
Most work (01ds & Peretz, 1960; Routtenberg & 0lds, 1966; Porrino,
1975) dealt with interactions between an ICSS site and an aversive
site, and studied the re]ati?e inhibition of aversive stimulation
upon ICSS performance. Studies involving interactions between two
ICSS sites included substantia nigra/septum combinations (A1bino &
Lucas, 1962); contralateral hypotha]qmic combinations (Ungerieider
& Coons, 1970; German & Holloway, 1973; Ackermann, Bodnar, Jackler,
Ellman, & Steiner, in preparation, a); amygdala/hypothalamus combi-
nations (Ellman et al., 1975; Ackermann et al., in preparation, a);
substantia nigra/hypothalamus combinations and cell group A-10/hypo-
thalamus (Ackermann et al., in preparation, a). In all of the
latter studies, when two ICSS sites were tested for interaction, a
facilitation in responding occurred. On the 6ther hand, if one of
the two sites did not elicit ICSS behavior, no interactive facilita-
tion took place (Ungerleider & Coons, 1970; Coons et al., in press;
E1lman et al., 1975; Ackermann et al., in preparation, a).
Ackermann's et al. (in preparation, a) technique involved the deter-
mination of an intensity which elicited threshold responding for
each site tested singly of less than ten reponses per minute. After
this, the sites were stimulated simultaneously at those intensities,

and if response rates were enhanced over the sum of the rates eli-
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cited by the sites stimulated singly, an interaction was said to oc-
cur. If an interaction occurred, the current intensity at one site
was reduced repeatedly in fixed steps and retested until no interac-
tion occurred. Ackermann et al. (in preparation, a) found that the
magnitude of threshold reductions differed with differing site com-
binations. If both ICSS sites were reactive to d-, but not 1-amphe-
tamine, as determined by the amph;tamine screen described previously,
the magnitude of threshold reduction was generally small. On the
other hand, if one of the ICSS sites in the combination was reactive
to 1-amphetamine, while the other was insensitive as determined by
the amphetamine screen, the magnitude of threshold reduction was
significantly larger. From this study, it seemed that simultaneous
stimulation of differentially reacting inputs greatly enhanced each
other, while simultaneous stimulation of similarly reacting inputs
slightly enhanced each other, establishing a non-pharmacological
validation of differences between ICSS Toci.

It is apparent that the interaction data presented by Ackermann
et al. (in preparation, a) and the lesion data presented by Farber
et al. (in preparation) suggest the existence of an ICSS system in
which one part of the system (e.g., locus coeruleus) is necessary
for the integrity of ICSS behavior in a second part of the system
(e.g., crus cerebri and Fields of Forel) and that simultaneous sti-
mulation of the system results in potentiation. Thus, the fact that
the locus coeruleus, a noradrenergic pontine nucleus (Ungerstedt,
19715 Lindvall & Bjorklund, 1974; Ross & Reis, 1924), abolishes ICSS
in dopaminergic hypothalamic areas, is in accordance with the inter-

action data which demonstrated large threshold reductions when a nor-
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adrenergic site and a dopaminergic site were stimulated simultaneous-
ly. However, this data does not reveal the site of interaction be-
cause neither the locus coeruleus nor the nigro-striata] tract which
traverses the hypothalamus where the locus coeruleus lesions are most
effective, are known to have terminals in the hypothalamus (Lindvall
& Bjorklund, 1974; Olson & Fuxe, 1972; Loizou, 1969). However, le-
sions of the locus coeruleus reduce dopamine beta hydroxylase activi-
ty in the hypothalamus by 50% (Ross & Reis, 1974), and hypothalamic
lesions change locus coeruleus tyrosine hydroxylase and dopamine—
beta hydroxylase activity in a way that characterizes a reversible
retrograde reaction of central noradrenergic neurons (Ross, Joh, &
Reis, 1975). In addition, histofluorescence studies (Ungerstedt,
1971; Lindvall & Bjorklund, 1974) demonstrate that the ascending
fiber tracts have varicosities throughout the hypothalamus. Thus,
the site of interaction in Ackermann's et al. (in preparation, a)
‘study and in Farber's lesion study (in preparation) could indeed be
in the hypothalamus, but direct neuroanatomical evidence is lacking.
These studies suggest that the source of the interaction is

either at the anterior site itself, or at a placement anterior to
both sites with common termination. The nature of both studies pre-
cluded the ability to discern the direction of the ICSS system be-
cause their methodologies employed sinusoidal stimulation. In sinu-
soidal stimulation, the current is delivered to the ejectroce site
throughout the stimulus train, which preciudes the insertion of de-
lays into the stimulation parameters between the two sites. 1In

order to determine directionality of interaction within a system,

assymetrical components of the system should be differentially af-
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fected by manipulation of temporal delay. If, as in the postulated
case of an ascending catecholamine system, the components of the
system are arranged posterior-to-anterior, then initial stimulation
of the posterior segment followed by stimulation of the anterior seg-
ment should yield more optimal results than the reverse order. If
Ackermann et al. (in preparation, a) and Farber et al. (in prepara~
tion) are correct, initial stimulation of the Tlocus coeruleus fol-
lowed by stimulation of the crus cerebri should elicit greater ICSS
behavior than the reverse. In order to test such a hypothesis, one
must first be able to deliver temporally-spaced stimulation between
sites and, second, preferably make the stimulation discrete and non-
overlapping. Therefore, to establish directionality of interaction,
very brief pulses of stimulation must be delivered to each electrode
site and the pulses must be able to be temporally spaced. Such a
technique existed in classical neurophysiology (Sherrington, 1906;
Erlanger & Gasser, 1937) in which the speed and excitability cycle

of peribhera] nerves was studied.

E. MonOphaéic Pulse Pair Stimulation Technique: Within Site and

Between Site

The monophasic pulse pair technique, also known as the C-T
technique, allows discrete stimulation of electrode locus. A "Cﬁ
or conditioning monophasic pulse, of sufficient current intensity
to fire theneuron but of short duration (.1 msec.), was followed
at various intervals by a "T", or test monophasic pulse of equal
duration (C-T interval). The length of the C-T interval deter-
mined, for peripheral nerves, the temporal summation characteris-

tics (Lloyd, 1946; Eccles, 1964), the refractory characteristics
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(Erlanger & Gasser, 1937), and the Tatent addition characteristics
(Lucas, 1910) of individual neurons. This C-T technique was modi-
fied by Deutsch (1964) to ;tudy the characteristics of central ICSS
neurons in the medial forebrain bundle. Deutsch (1964), through a
variety of behavioral techniques, duplicated the latent addition,
refractory, and temporal summation characteristics observed peri-
pherally, though caution should be used in interpreting the data in
this way. In the peripheral studies, single or small groups of neu-
rons were tested, and stimulation usually occurred along the axon.
In Deutsch's (1964) and all other studies using this technique cen--
trally, a) many unidentified and possible heterogeneous neurons are
stimulated; 'b) the portion (dendrite, soma, axon) of each neuron sti-
mulated is unknown; c) different neurons are probably stimulated in
different portions, given the structure of the medial forebrain
bundle (M111house, 1969); and d) different groups of neurons are
stimulated with different amounts of current, depending upon their
distance from the source of stimulation. Because one pulse pair was
not enough to sustain ICSS behavior, Deutsch utilized trains of sti-
mulation in which successive pulse pairs were delivered at equally
spaced intervals (C-C interval) within a train for each behavioral
response. This is in contrast to the classic studies where only
sing]é C and T pulses were used.

In Deutsch's experiments, trains of C pulses ajone were com-
pared with C-T pulse pairs at various C-T intervals. Deutsch found
that at short C-T intervals (.1 and .2 msec), response rates were

greater than when C pulses alone were delivered. At C-T intervals

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

21



22

between .3 and .8 msec., response rates were similar to those ob-
tained by C pulses alone. Between C-T intervals of .5 and 1.2 msec.,
responding bééan td increase over that of C pulses alone. At C-T
intervals of 1.5 msec. to longer C-T intervals such as 10 msec., re-
sponding steadily increases to peak rates. Deutsch suggested that
axonal excitability cycles are the main causes of the Timitation of
central reward neurons to fire for every delivered pulse. Again,
these inferences could be made only if the stimulated neuronal pool
was homogenous and standardly stimulated. Szabo, in a series of
papers (1973; Szabo, Nad, & Szabo, 1972, b; Szabo, Lenard, & Kosaras,
1974) challenged Deutsch's (1964) notion that axonal events are the
sole reason for the changes in response rate as C-T interval is mani-
pulated. Szabo maintained that synaptic activation of neurons on

the periphery of the stimulation field was the mechanism by which
ICSS behavior increased markedly between 0.8 and 1.2 msec.

The results obtained by Deutsch and Szabo within an ICSS site
were replicated in various other experiments using different method-
ologies. Coons' group (§mith & Coons, 1970; Coons et al., in press)
established a criterion response rate and manipulated current inten-
sity. Between C-T intervals of .3 and .8 msec., current threshold
was similar to that used for the C pulse alone. As C-T interval in-
creased to 5 msec., current threshold needed to maintain criterion
responding decreased. The same results (Kestenbaum, Deutsch, &
Coons, 1970, 1973; Brauth & Coons, 1975) were also found in passive
stimulation of pain pathways. Gallistel (1969;a,b) demonstrated the

same results when he used pulse pairs as a priming stimulus in a
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running-speed situation; as C-T interval increased past .8 msec.,

running speed increased. Rose (1974) demonstrated the same temporal

patterning for the elucidation of stimulation-produced analgesia,

. while: several studies found the same relationship in stimulus-bound

eating and drinking (Rolls, 1972; Halboth & Coons, 1973; Hu, 1975;
Hawkins, 1974). Finally, studies demonstrated that brainstem single-
unit activity is increased when pulse pair stimulation in medial
forebrain bundle electrodes was presented at C-T intervals greater
than 0.8 msec. (Gallistel, Rolls, & Greene, 1969; Rolls, 1971,a;
Matthews & Gallistel, 1975).

Two studies have attempted to investigate the nature of ICSS
interactions between hypothalamic sites using the C-T pulse pair
technique (Ungerleider & Coons, 1970; German & Holloway, 1973).
Ungerleider and Coons implanted rats with electrodes in two contra-
lateral hypothalamic placements. Using Jatency to-lever-press and
inter-stimulation interval stimulation as a response heasure,mthey
found 1in all cases that when both C and T pulses were delivered to
a single hypothalamic site, interstimulation intebva]s and latencies
were significantly Jonger at short C-T intervals and with C pulses
alone, than at longer C-T intervals. These data are in accordance
with data showing an operant level of ICSS behavior elicited at
short C-T intervals and for C pulses alone, but as C-T intervals in-
crease, ICSS rates increase (Deutsch, 1964; Szabo et al., 1972,b;
Gallistel, 1969,a,b). However, when the C and T pulses were split
between the two contralateral hypothalamic placements, the Jatency
to press and the intgr-stimu]ation intervals were significantly

shorter at short C-T intervals as compared to the within-site condi-
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tion. Ungerleider and Coons interpreted this data as an elimination
of refractoriness. Since the two pulses were not delivered to the
same site, there could be no chance for the second pulse ever to be
refractory to the neuronal activity caused by the first pulse. How-
ever, even though the C and T pulses were delivered to different
sites, an interaction occurred as evidenced by the shorter latencies
to press. This interaction was hypothetically due to a commoh pool |
of neurons upon which contralateral hypothalamic placements synapse.
The sooner that the second pulse arrives after the first pulse, the
more their effects would summate. German and Holloway (1973) tested
these interactions with assymetric contra1atera1}hypothélamic ptace-
ments, the lateral hypothalamus and the lateral preoptic area. Once
again, when the C and T pulses were split between sites, an interac-
tion occurred. In this study, response rate was the measure, and at
short C-T intervals in the split-pulse condition, responding was
similar to that attained at Jonger C-T intervals, in contrast to Tow
responding when both C and T pulses were delivered to a single site
at short C-T intervals. Moreover, at one C-T interval, responding
was greater when the C pulse was delivered to the more anterior (pre-
optic) site and the T pulse to the more posterior sité, than when the
C pulse was delivered to the more posterior site and the T puise to
the more anterior site. From these resuits, German and Holloway
(1973) concluded that the point of summation for these placements
must be posterior to both, inferring that increased responding was a
consequence of optimal summation of the C and T pulses, the high

data point representing the transmission times from the two elec-

trode sites. Since the point of summation was posterior, then the C
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pulse would have to be placed in the anterior site. German and
Holloway (1973) provided behavioral evidence for directionality in
neurophysiological interactions; thus, this technique offers possi-
bilities of detecting the respective influences of each site on the
interaction and on each other.

Thus, it is apparent that the pulse pair technique offers op-
portunities to investigate the directionality of interactions and
enable one to judge the characteristic properties of individua]lICSS
sites within the system. Hence, one can ascertain the locus, neu-
ronal properties, interactive properties, and integrity of single
ICSS sites with relation to other ICSS sites.

The central purpose of this series of studies was to further
delineate the role of brain areas in ICSS behavior by defining
characteristics of the ICSS system. In Experiment I, a mapping
study of various brain loci was undertaken using monopolar stimula-
tion with bipolar electrodes. This provided an opportunity to
selectively study the capability of very discrete neuroanatomical
loci to sustain ICSS behavior. In Experiment II, within-site pulse
pair functions were studied in order to elucidate the axonal/synaptic
properties of ICSS from different sites. In Experiment III, which
is the pivotal point of this dissertation, neurophysiological inter-
actions were done between various ICSS sites in order to determine
the summation characteristics of the system. Furthermore, if ICSS
does correlate with catecholaminergic systems, then subtle differ-
ences in type'of interaction should occur. Specifically, ascending
excitatory influences should appear in certain combinations when the

two sites belong to the same system, but not appear if they belong
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to different systems. If two ICSS sites belong to the same system,
differences in responding should occur in interactions, dependent
only upon which site of the combination is stimulated first. If the
excitatory influence is ascending, then the condition in which the C
pulse of the pulse pair is delivered to the posterior site should
yield greater responding that the condition in which the C pulse of
the pulse pair is delivered to the anterior site. If the excitatory
influence is descending, then the condition in which the C pulse of
the pulse pair is delivered to the anterior site should yield greater
responding than the condition in which the C pulse of the pulse pair
is delivered to the posterior site. If the excitatory influence is
neither predominantly ascending nor predominantly descending,,then
responding under both conditions should be similar. 0bvious1y, this
model utilizes only excitatory mechanisms. Experiment IV investi-
gates the feasibility of an alternate hypothesis for Experiment III.
Rather than excitatory influences explaining differences in interac-
tions, one could explain the same results by suggesting inhibition of
one site upon another. In order to investigate this possibility,
the neurophysiological interactions of specific animals in Experi-
mentvIII were tested after administration of strychnine or picrotox-
in. These drugs are potent inhibitors of glycine and GABA respec-
tively, both of which have been implicated in inhibitory mechanisms.
Experiment V combined this interaction technique with lesions in
order to determine if predictions independent of histological verifi-
cation could be made about the effect of lesions of the hindbrain

site on the forebrain sites on the basis of the interactions. Cumu-
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latively, these studies should provide answers towards the under-

lying mechanisms of the ICSS system. .
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Experiment I. Specificity of ICSS Within an Electrode Site

Rationale

In the introduction section, a catecholaminergic hypothesis
accounting for ICSS was proposed, based on the following facts: a)
all electrodes supporting ICSS have catecholaminergic cell bodies or
projections either around the electrode or within the stimulating
field of the electrode; b) agents that block catecholaminergic acti-
vity facilitate ICSS; and c) significant ICSS reductions caused by
lesions or knife cuts occur only when catecholamine systems are dis-
rupted. It is possiblie, however, that disruptions of other systems
(e.g., cholinergic) (Shute & Lewis, 1967), which parallel
catecholamine systems, could also mediate ICSS. It is even possible
that heretofore undiscovered transmitters could mediate ICSS.

This latter point is given credence when one considers that the pu-
tative.transmitter for about 90% of central nervous system neurons
are still unknown (Eccles, 1964).

Several authors (Routtenberg & Malsbury, 1969; Clavier &
Routtenberg, 1974; Cooper & Rolls, 1974, Yeomans, 1975) have advo-
cated alterpatives to the catecholaminergic hypothesis. For ex-
ample, Routtenberg (1968) suggested a motor hypothesis in which ICSS
produces a reinforcing, and redundant, motor pattern. Thus,
Routtenberg and Malsbury (1969) found that the substantia nigra, the
brachium conjunctivum, and the peduncle of the fifth cranial nerve
supported ICSS. However, the red nucleus, a pivotal structure in

the extra-pyramidal system, did not support ICSS and was indeed
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aversive. Also, the other components of Routtenberg's motor ICSS
system either have catecholamines present within the site (e.qg.,
substantia nigra), or have proximal catecholaminergic cell bodies
(e.g., Tocus coeruleus proximal to the mesencephalic trigeminal nuc-
leus) or fiber tracts (e.g., dorsal noradrenergic bundle traverses
the brachium conjunctivum). Routtenberg (Amaral & Routtenberg, 1975;
Clavier & Routtenberg, 1974; Simon, Lemoal, & Cardo, 1975) claims,
however, in contradiction to other studies (Farber et al., 1972;
Crow et al., 1972; Ritter & Stein, 1973; Steiner et al., 1973;
Ellman et al., 1974, 1975; Phillips et al., 1975) that the locus
coeruleus and its ascending fiber tracts do not support ICSS.
Because the locus coeruleus is primarily noradrenergic, several
catecholaminergic theories assign a pivotal role to it. Ellman
(1975) proposes that ICSS, as an artificially motivated behavior,
taps certain specific and non-specific systems. The specific sys-
tems are involved in primary reinforcement, and most are Tocated in
the hypothalamus. He further suggests that rapid eye movement (REM)
sleep activates these specific systems during the sleep cycle and
Towers their thresholds for that behavior. Jouvet (1969, 1973) de-
monstrated in cats that REM sleep can be disrupted by lesions of the
1ocus coeruleus and the adjacent dorso-lateral tegmentum. Thus, in
Ellman's (1975) hypothesis, the locus coeruleus, in addition to trig-
gering the REM sleep system, must also be part of the ICSS system in
order to modulate specific-behavior systems. In support of this
hypothesis, a) Steiner and Ellman (1972) demonstrated that a reci-
procal relationship exists between REM sleep and hypothalamic ICSS,

where REM deprivation Towered ICSS thresholds and ICSS Towered REM
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rebound; b) Ellman et al. (1974, 1975) found that the locus coerule-
us is an ICSS site; and c) Ellman et al. (1975) demonstrated that
physiological interactions occur between locus coeruleus and hypo-
thalamus. These studies implied a functional relationship between
the REM sleep system and the ICSS system. Therefore, an important
theoretical consideration is the source of the rewarding aspects of
anterior mesencephalic brain stimulation, be it trigeminal nerve or
Tocus coeruleus.

Major methodological differences exist between Routtenberg's
technique and those of other laboratories. First, Routtenberg em-
pioys one intensity, 25 uA, an intensity which often fails to sup-
port even hypothalamic ICSS, while the other laboratories test the
animals over a range of intensities (5-200 uA). Routtenberg claims
that his method controls for current spread, a cautionary argument
initiated by Valenstein (1964). Though current spread should be ac-
countéd for, éhe fact that an animal does not self-stimujate for 25
uA delivered to a site does not negate the possibility that it would
seif—stimu]ate for some other intensity. Ellman et al. (1975) demon-
strated that intensities needed to support Tocus coeruleus ICSS do
not differ significantly from intensities needed to support hypotha-
lamic ICSS. Most importantly, Routtenberg does not shape his animals
to Tever-press, on the assumption that all sites eliciting ICSS react
in the same way as hypothalamic ICSS. Many studies (see review,
German & Bowden, 1974) report that hypothalamic ICSS, particularly
medial forebrain bundle ICSS, is characterized by behayioral exhibi-
tions of affect, such as furious grooming, biting, penile erections,

urination, defecation, hyper-excitability, hyper-activity, and con-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



31

vulsions. On the other hand, behavioral reports of locus ceorule-

us ICSS (Ritter & Stein, 1973; Crow et al., 1972; Ellman et al.,1975)
indicate methodical, "c]ock-workf Tever-pressing often accompanied

by either head or body movements, jaw or teeth movements, and rela-
tive quiescence, with no convulsions. Since locus coeruleus ICSS is
qualitatively different from hypothalamic. ICSS (Steiner et al., 1973)
and is often.accompanied by motor artifacts, if animals are not shap-
ed, and if one stimulus intensity is offered, ICSS behavior may fail
to appear even though the animal would self-stimulate if it were
shaped at different current intensities.

| A éimi]ar difficulty is encountered with midbrain periaqueduc-
tal gray electrode sites. In several studies (Margules, 1969;
Liebman et al., 1973) in which a single intensity was employed and

in which animals were not shaped, ICSS was elicited only from the
mid-ventral portion of the gray; the remainder of the gray was de-
scribed as aversive. Conversely, other investigators, employing a
variety of intensities (Cooper & Taylor, 1967; Bodnar et al., 1974,
Eliman et al., 1974; Ackermann, in preparation,b) have demonstrated
ICSS could be elicited from the lateral portions of the gray as well
as the mid-ventral portion.

In addition to the above-described methodological difficulties,
electrode size can also present difficulties in interpreting ICSS
data. In order to elicit ICSS, a large number of reward-relevant
neurons must be activated; electrodes with small transverse surface
areas do not elicit ICSS (Valenstein & Beer, 1971). Therefore, the
bipolar electrodes often used in ICSS studies have a transverse dia-

meter approaching that of the neuroanatomical area in question.
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Therefore, it is difficult to make precise histological determina-
tions of the area stimulated, especially when pertinent sites for
particular theories are close to one another (e.g., locus coeruleus
and mesencephalic trigeminal nucleus). Since electrode size is a
crucial factor, any technique which could reduce the area of stimula-
tion would resolve some of the questions concerning the locus of ef-
fective stimulation. In virtually all studies, bipolar electrodes
and eifher a sinusoidal or biphasic rectangular pulse-pair stimula-
tion technique are employed. In these types of stimulation, half of
the time one pole of the bipolar electrode is the cathode and the a-
node the other half of the time. By contrast, in the C-T technique,
monophasic stimulation is utilized in which one pole of the bipolar
electrode is always the cathode, and either the other pole or some
other referent serves as anode. This type of stimulation, delivered
over long periods of time, produces anodal lesions because of ionic
hyper-polarization. However, the C-T technique delivers stimulation
briefly (.1 mesc.), with long intervals between pulses to allow for
jonic repolarization. This technique was used (Szabo et al., 1972,
b; Szabo & Milner, 1973) to demonstrate the existence of anodal hyp-
er-polarization and to demonstrate that ICSS excitation travels in
a caudal-to-rostral (ascending) direction.

In the present experiment, the cathode source of stimulation
was manipulated for each pole of a bipolar electrode aimed at one
of five areas: Locus coeruleus, periaqueductal midbrain central
~gray, substantia nigra, hypothalamus, or septum. Each bipolar elec-

trode was aligned in a medio-lateral axis perpendicular to the mid-
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sagittal plane because: a) this avoided anodal hyperpolarization in
the direction of ascending stimulation(Szabo et al., 1972(b); Szabo
& Milner, 1973), and b) the pathways of the alternate hypotheses
proceed in an posterio-anterior direction, but are situated medial
and lateral with respect to each other. If response rate of one
pole acting as cathodewas less than the response rate of the other
pole .3 mm away, acting as cathode, it could be assumed that the
pole which elicited the higher response rate was closer to the
source of ICSS reward at that level. Hence, through this technique
and subsequent histological localization, a precise mapping study of
ICSS sites was possible. Both bipolar conditions (stimuylating be-
tween two po]es of the bipd]ar electrode) and monopolar conditions
(stimulating between oﬁe pole of the bipolar electrode and a corti-

cal screw) were tested.

Method

Subjects. Fifty (50) male, albino Holtzman Sprague-Dawley
rats, weighing between 350 and 500 grams, were anesthesized with 2
ml. of sodium pentobarbitol so]utioﬁ (Ch]orobent) per kilogram of
body weight. After sedation, incisions were made exposing the
skull and each animal was stereotaxically (Kopf) implanted with
two bipolar electrodes aimed at one of the following combinations of
sites: locus coeruleus/hypothalamus, midbrain periaqueductal gray/
hypothalamus, substantia nigra/hypothalamus, and locus coeruleus/
septum. The bipolar electrodes (Plastic Products, MS 303-.018-.312-
$S-.010) were insulated except at the tips, and were aligned in a

medio-lateral direction, perpendicular to the mid-sagittal plane.
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Two stainless steel cortical screws were attached to the skull and
connected to a third electrode by uninsulated wires; these screws
served as anchors to hold a cap of dental acrylic to the skull, and
also as anodal indifferents. The scalp was then sutured around the
cap and the animal returned to its home cage where he had ad 1ibitum
access to food and water.

Locus coeruleus electrode coordinates were: a) 1.5-2.0 mm. pos-
terior to the lambda suture, b) 1.0 mm. Tateral to a Tine extrapolat-
ed from the saggital suture, and c) 7.0 mm. from the top of the skull.
Periaqueductal midbrain central gray coordinates were: a) 0.6 mm. an-
terior to the lambda suture, b) 1.5 mm. lateral to the saggital su-
ture, c) 7.5 mm. from the top of the skull, and d) inserted at a 12°
angle to the mid-sagittal plane. Substantia nigra coordinates were:

a) 2.0 mm. anterior to the lambda suture, b) 2.0 mm. Tateral to the

saggital suture, and c) 8.2 mm. from the top of the skull. Hypotha-
lamic coordinates were: a) 4.2-4.4 mm. posterior to the bregma su-
ture, b) 1.5 mm. lateral to the sagittal suture, and c) 8.7 mm. from
the top of tﬁe skull. Septal coordinates were: a) even with the
bregma suture, b) 0.3 mm. lateral to the sagittal suture, and c) 6.4
mm. from the top of th skull. A1l electrode combinations were im-
planted 1psi]ateka1 with respect to one another, except for the peri-
aqueductal midbrain central gray placement, where contra-lateral im-
planation and the 12° angle placed the tip along the midline. In all
cases, the incisor bar was set at 5 mm. below the interaural line.
Apparatus. After recovery (ten days), each animal was tested
for ICSS behavior for each site. Each animal was placed in an iso-

lated operant conditioning chamber which was constructed of Plexiglas
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and stainless steel, with measurements of 20 cm. by 20 cm. by 22 cm.
A 4-cm. by 2-cm. retractable lever was located 4 cm. above the grid
floor on one wall of the chamber; a force of 0.2 Newtons was suffi-
cient to depress the lever and constituted a response. Electrical
and solid-state switching circuitry, located in an adjacent room,
monitored the animal's response rate, recorded minute-by-minute
response rates on a data tape, controlled the amount of time the
lever was available, and controlled contingencies of reinforcement.
Reinforcements were pulses of electrical stimulation deliver-
ed to the animal's electrode site from a stimulator constructed
from Digi-Bit solid-state logic circuitry, through an insulated and
shielded cable, and commutator equipment which allowed the animal
unrestricted movement. Each depression of a lever activated this
circuit. The Digi-Bit solid-state logic circuitry provided a con-
tinuous stream of pulses, the contingencies of which could be mani-
pulated by the experimenter. One multivibrator (MV262; BRS/LVE),
three one-shot timers (05204; BRS/LVE), one or-gate (0G205; BRS/LVE)
and one inverter (IN202; BRS/LVE) received positively-going pulses
generated by a -12 YDC power supply (PS007; BRS/LVE). These compo-
nents allowed the experimenter to independently manipulate the C-C
interval, the C-T interval, the C pulse duration, the T pulse dura-
tion, and whether the T pulse was placed into the circuit or not.
Independent of this circuitry was logic which determined whether or
not the animal would be placed into the current stream. When the
animal pressed the lever, a make-before-break relay (RY205; BRS/LVE)

was activiated, and the animal began to receive stimulation. Simui-
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téneous]y, a one-shot timer which determined the length of the stimu-
lation train was triggered. When the train duration ended, the make-
before-break relay was deactivated and the animal was removed from
the stimulation circuit until it depressed the lever again. Any re-
sponses made once a stimulation train had been initiated, but prior
to its termination, did not affect contingencies of reinforcement.

The amplitude of the monophasic pulses was controlled by a variabie
50,000-ohm potentiometer (Clarostat) in series with a one-microfarad
capacitor and a 100-ohm precision resistor to regulate the currént in-
tensity between a range of 0 to 1200 microamperes. Stimulation ent-
ered the cathodal pole and left the brain via the anodal pole or an
indifferent. A 68,000-ohm precision resistor allowed ions to leak
back slowly during inter-pulse intervals to prevent hyper-polariza-
tion. Current travelled out of the brain through a 100-ohm return re-
sistor. Wave form, C-C interval, C-T interval, pulse and train dura-
tions, and stimulus intensity were continuously monitored by observ-
ing the current drop across the 100-ohm precision resistor in series
with the animal on a cathode ray oscilloscope (Hewlett-Packard 1200B).
A1l parameters of stimulation were preset before the stimulation pe-
riod by monitoring across the 100-ohm precision resistor on a cathode
ray oscilloscope a 10,000-ohm precision resistor which substituted
for the animal and then obtaining a ratio between the amplitude of

that resistor and the actual resistance of the animal.

Procedure. After recovery from surgery (ten days), each

animal was tested for ICSS in the apparatus described above. For
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each electrode site, each animal was shaped to lever-press on a con-
tinuous reinforcement schedule for a maximum of 15 daily sessions at
a variety of current intensities, C-C intervals, C-T intervals, and
train durations. Each pole was tested as a cathode, and both bi-
polar (the second pole acting as an anode) and monopolar (the cor-
tical screw acting as the anode) stimulation was utilized. If,
after 15 daily sessions, the rat did not self-stimulate, the second
site was tested in the same manner. If the rat did not self-stimu-
late from either electrode site, it was eliminated from the study.
If the animal self-stimulated from at least one electrode site, it
entered the following paradigm.

For each electrode site, an animal self-stimulated for the
following electrical stimulation parameters. The duration of the C
and T pulses were set at 0.1 msec. and the C-T interval was set at
5 msec. The C-C interval was 10 msec., unless the animal exhibited
motor artifacts which interferred with its lever-pressing, or if con-
vulsions occurred. In such cases, the C-C interval was lengthened
in order to eliminate these interferences. The train duration was
set at 700 msec.; this value was selected because this was comparable
to previous studies which used response rate as a measure (Deutsch,
1964; German & Holloway, 1973). The current intensity was varied in
50-microampere steps until the Towest intensity was found which
would elicit peak responding from one of the poles of the bipolar
electrode. When this intensity was set, the animal was tested for

specificity of response rate in the following manner. This thresh-

old intensity was monitored for any changes in animal impedence for
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each pole either within a testing session or between sessions; if
this occurred, the entire paradigm was re-run. This was done in all
experiments, except Experiment V where the Tesion could reasonably
account for impedence changes.

Over three days for each electrode site, each animal was tested
for six 7-min. periods at the stimulus parameters described above.
Data collected from the first two minutes of each 7-min. period was
discarded to control for any carry-over effects from the previous pe-
riod. Response rates over the last five minutes of the 7-min. period
were averaged, recorded, and constituted the dependent variable. Dur-
ing three of the six 7-min. periods, the lateral pole of the bipolar
electrode served as cathode; the medial pole of the bipolar electrode
served as cathode during the other three periods. The order in which
each pole served as cathode was alteranted in an a-b-b-a-a-b manner
over the six periods each day and counterbalanced over the three-day
testing session.

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

If an animal self-stimulated from both electrode sites, it con-
tinued into Experiment II. Selected animals which self-stimulated
from only one electrode site continued into Experiment II; the others

were sacrificed in the following histological procedure.
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Histology. After completion of the experiment, each rat was in-
jected with an overdose of Chloropent and perfused with 0.9% normal
saline solution, followed by 10% Formalin solution. After the perfu-
sjon, the brain was removed and blocked around the electrode tracks.
The block was mounted on a stand and frozen; 40-micron slices of the
track were collected by cutting the sections with a s1iding microtome
(Spencer 860). Sections were mounted on glass slides and stained with
luxol fast blue for fibers, and cresyl violet for cell bodies, by the
method described by Kluver and Barrera (1953). Microscopic examina-
tion of each electrode site with precise localization of each pole of
the bipolar electrode was done by comparing the stained sections with
available rat atlases (Konig & Klippel, 1963; Craigie, 1963).

Electrode localization was performed in the following manner.
A1l electrode calls were made by two raters, independent of one a-
nother. One rater knew the data of each animal, while the second
rater was blind with respect to the data. The independent rating had
a .98 correlation with one another; in cases where the raters were in
slight disagreement, the call was remade by the rater who was blind
to the data.

Results

Eighty-two (82) electrode placements in 46 animals were tested
for ICSS responding, with each electrode tip serving as cathode.
Thirty-seven (37) placements were located in the hypothalamus; 23
placements were in the Jocus coeruleus area; 12 placements were in
the periaqueductal midbrain central'gray area; three were in the sub-
stantia incra area; and seven were septal placements. Table 1 pro-

vides precise localizations of each tip of each electrode placement
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along with response rates elicited from each tip when it served as
cathode source.

Response rates elicited from the lateral and medial tips were
compared with one another by a t-test and the results were broken
into one of three categories: a) the lateral tip elicited response
rates significantly (p£.05) gkeater than response rates elicited
by the medial tip; b) the lateral and medial tips elicited response
rates which did not significantly (p.05) differ from one another;
and c) the medial tip elicited response rates significantly (pg .05)

greater than response rates elicited by the lateral trip. In 42 of
the 82 instances, response rates between the two tips were signifi-
cantly (t-test p€£.05) different when the two tips were located in
neuroanatomically distinct areas; in 16 p]acéments, no difference
was found neuroanatomical Tocation between the two tips of the bi-
polar electrode and in no case was there a significant difference
in response rates between these two tips. For the remaining 66
electrode placements, the number of significant differences in re-
sponse rate (t-test, pfg.OS) between the lateral and medial tips of
the bipolar electrode were as follows: a) hypothalamic area: 16 of
33 p]écements; b) Tocus coeruleus area: 13 of 18:placements; c)
periaqueductal midbrain central gray area: 10 of 12 placements; d)
substantia nigra area: 3 of 3 placements; e) septal area: 1 of 1
placement. Table 2 summarizes these results by dividing each area
into sub-sections which are neurcanatomically distinct. Table 1
provides the alpha Tevel achigyed for each comparison between

tips. It is apparent that the hypothalamic placements do not
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differentiate as much as the Jocus coeruleus, periaqueductal mid-
brain central gray, substantia nigra, and septal placements. The
following is an electrode tip analysis for each ICSS area.
Hypothalamic placements were compared in three ways: a)
medial forebrain bundle-perifornical area; b) medial forebrain
bundle-lateral to medial forebrain bundle, and c) perifornical area-
dorso-medial hypothalamic area. The first comparison included all
cases where the lateral tip of the bipolar electrode was impinging
upon the medial forebrain bundle and the medial tip of the bipolar
electrode was impinging either in the perifornical area or any area
dorso-medial or ventro-medial to the medial forebrain bundie. In
Table 2, the A-1 section summarizes these results; in seven of 14
animals, the tip in the medial forebrain bundle exhibits response
.rates which are significantly greater than the tip in the periforni-
cal area. In the remaining seven animals, electrode tips in the
medial forebrain bundle elicited higher rates than tips in the peri-
fornical area in five of the seven instances. Perifornical ICSS
rates were never significantly greater than medial forebrain ICSS
rates in any animal tested. The second comparison included all
cases where the medial tip of the bipolar electrode was impinging
upon the medial forebrain bundle and the lateral tip was impinging
on an area dorso-lateral, lateral, or ventro-lateral to the medial
forebrain bundle. In Table 2, the A-2 section summarizes these re-
sults; in six of 11 animals, the tip in the medial forebrain bundle

exhibits response rates which are significantly greater than the tip
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Jateral to it, whereas in no case is the reverse true. The third
comparison included all cases where the lateral tip was impinging
upon the perifornical area and the medial tip was impinging upon
the medial hypothalamic area. In Table 2, the A-3 section summar-
jzes these results; in three of the eight animals, the tip in the
perifornical area exhibits response rates which are significantly
greater than tips either dorsal to the perifornical area or medial
to it. In the remaining animals, four of five animals produced
higher response rates when stimulating from the perifornical area
than when sﬁimu]ating from an area dorsal or medial to it. In no
case did dorsal or medial placements elicit significantly higher re-
sponse rates than perffornical placements. Figure 1 provides a
schematic representation of these findings where the medial fore-
brain bundle yields the highest responding, followed by areas bor-
dering it, such as the perifornical area and crus cerebri, followed
by areas bordering medially‘to the perifornical area.

Locus coeruleus placements were compared in two ways: Tlocus
coeruleus-medial to locus coeruleus area, and locus coeruleus-
lateral to locus coeruleus area. The first comparisen included all
cases where the lateral tip of the bipolar electrode was impinging
upon or was closer to the locus coeruleus/dorsal noradrenergic
bundle, while the medial tip of the bipolar electrode was impinging
upon an area medial to the locus coeruleus and dorsal noradrenergic.
bundle. Section B-1 of Table 2 summarizes these results; in nine
of 13 animals, the tip either impinging upon or closer to the locus

coeruleus elicits response rates which are significantly greater
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than the tip medial to it. Of the remaining four animals, three had
higher response rates for the tip in the Tocus coeruleus than for
the tip medial to the locus coeruleus. No animals in this study
elicited significantly higher rates for stimulation delivered to
areas medial to the locus coeruleus as compared to the locus coeru-
Teus itself. In three cases, the tip impinging upon or closer to
the locus coeruleus elicited ICSS responding, while the tip medial
to it did not elicit any ICSS responding at any set of parameters.
In two of these cases, the animal was tested in the monopolar condi-
tion, that is, the indifferent was a cortical screw. When each of
these animals was tested for ICSS behavior under the bipolar condi-
tion, it failed to exhibit ICSS behavior from either tip. In both
of these cases, the placement was not impinging upon the Tocus coeru-
1eus}but close to it. Therefore, either bipolar stimulation with
its small stimulating field or monopolar stimulation at a tip more
distant from the locus coeruleus could not elicit ICSS behavior,
whereas monopolar stimulation with a proximal electrode tip to the
locus coeruleus does elicit the behavior. The second comparison in-
cluded all cases where the medial tip of the bipolar electrode was
impinging upon or was closer to the Tocus coeruleus and dorsal nor-
adrenergic bundle, while the lateral tip of the bipolar electrode
was impinging upon an area lateral to the Jocus coeruleus and dorsal
noradrenergic bundle. Section B-2 of Table 2 summarizes these re-
sults; in three of five animals, the tip either impinging upon or
closer to the locus coeruleus elicits response rates which are sig-

nificantly greater than the tip lateral to it. In one instance, the
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reverse was true; in this case, both tips impinged upon the locus
coeruleus, with the lateral tip also impinging upon the brachium
conjunctivum. In one case where ICSS rates were significantly
greater for the medial tip closer to the locus coeruleus, the la-
teral tip did not sustain ICSS behavior. Figure 2 provides a sche-
matic representation of these findings where tips either impinging
upon or closer to the locus coeruleus elicit higher responding than
tips in areas lateral or medial to locus coeruleus placements.
Periaqueductal midbrain central gray placements were com-
pared as to whether one tip was impinging upon midline structures
while the other tip was lateral to midline structures. Section C
of Table 2 summarizes these results; in ten of 12 animals, the tip
impinging upon midline central gray structures elicited response
rates which were significantly greater that the tip lateral to it.
In all instances, the electrode tip impinging upon midline central
gray structures yielded higher response rates than: the tip lateral
to it. In three cases, the tip impinging upon midline central gray
structures elicited ICSS responding while the tip Tateral to it did
not elicit ICSS responding for any set of parameters. Figure 3
provides a schematic representation of these findings where tips im-
pinging upon midline central gray structures elicit higher respond-
ing than tips located in areas lateral to midline.
Substantia nigra placements were compared as to their im-
pinging upon or proximity to the pars compacta of the substantia
nigra. Section D of Table 2 summarizes these results; in all three

cases, electrode tips located in or close to the pars compacta of
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the substantia nigra e]icited response rates which were significant-
ly greater than response rates elicited by electrode tips ventral or
medial to the pars compacta. Figure 3 provides a schematic repre-
sentation of these findings where tips impinging upon or closer to
the pars compacta elicit higher responding than tips ventral or
medial to it.

Septal placements were compared as to whether the tips were
located in the lateral versus the medial septum. In the only case,
the medial septum elicited response rates significantly greater than
those elicited by the lateral septum. In the remaining animals, no

further distinction could be made about site specificity.

Discussion

The results in Experiment I correlate in large part with
existing literature in the field. However, it should be stressed
at the outset that this was the first systematic attempt to map ICSS
sites using two poles of a bipolar electrode to test two specific
populations of neurons for ICSS. With this technique, four criti-
cisms can be overcome. First, current spread cannot be used as a
criticism. Since the electrode tips and hence cathodal sources are
.3 mm. apart, any difference between the two tips should necessarily
be attributed to activity beneath the tip since each tip has an
equipotent chance of spreading current to equivalent-sized areas.
Under a current-spread hypothesis, electrode tips in such proximity
should exhibit similar response rates, whereas in fact, 75% of the

placements tested elicited significantly different response rates
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from their electrode tips.

A second criticism Jevelled at previous mapping studies was
the use of response rate as a measure, where ceiling effects in some
animals might confound the results. Most mapping studies (0lds &
01ds, 1962; German & Bowden, 1974 - reviews) in the past have used
a separate-groups design, that is, only one electrode site was
tested in each animal. Therefore, if particular animals had re-
sponse limitations endemic to themselves, then response rate would
not be affected by locus of stimulation, but rather by some pecu-
liarity of the animal. In this study, comparisons are made within
a particular electrode locus within a particular animal. Thus, any
betweer animaldifferences are- conrelled.

A third possible criticism is differences in tissue conduc-
tivity under each electrode tip, as measured by differences in re-
sistance level. As described in the method, the amplitude of the
current intensity delivered to the animal is pre-set by comparing
the animal's resistance level to a 10,000-ohm resistor. This is
done for each electrode tip. Therefore, for each tip there is a
ratio established between the electrode tip and the resistor. Large
differences in resistance between electrode tips would be mirrored
in large differences in the ratios established across the resistor.
In virtually every case, there was no difference between the resis-
tance levels of the two tips, even though there may have been a sig-
nificant difference in response rate. In one case (rat 30H, Tocus
coeru]éus(Tab1e 1), the respective resistances between the two tips

were drastically different; this animal was not included in the ana-
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lysis. Thus, possible differences in tissue conductivity under each
electrode tip was not a factor which affected the outcome of the ex-
periment. ‘

The fourth possible criticism is that differences in response
rate are caused by tissue damage. Again, since this is a within-
animal design and in particular, a within-locus design, the possibi-
lities of large amounts of tissue damage under only one tip of the
bipolar electrode is at chance Jeve]. Furthermore, histological
verification of electrode tips did not reveal any noticeable pattern
in tissue damage which could explain the results. In most animals,
very little tissue damage was noted, and when it occurred, the
damage was under both tips of the bipolar electrode. It is apparent
that the differentiation in response rate was a result of electrode
locus placement and not because of some uncontrolled non-specific
effect.

In 59 of 80 placements tested, response rates elicited under
one tip serving as cathode was significantly greater than response
rates elicited by the other tip serving as cathode Jocated .3 mm.
away. This fact suggests very strongly that the areas supporting
the ICSS phenomena are very discrete, and small changes in electrode
placement produce significant changes in ICSS'behaviorﬁ

Hypothalamic ICSS, particularly medial forebrain bundle ICSS,
has been most widely studied by researchers (see review, German &
Bowden, 1974). In most studies, hypothalamic ICSS has been thought
of as uniform. However, recent lesion (Farber et al., in prepara-

tion) and pharmacological (Stephens & Herberg, 1925) studies have
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demonstrated different influences on various aspects of hypothalamic
ICSS. This study provides definite proof that hypothalamic ICSS can
be differentiated by response rate. As noted previously in other
studies (see review, German & Bowden, 1924), the medial forebrain
bundle elicits the highest level of responding. This area is follow-
ed by areas immediately bordering it, such as the perifornical area
and crus cerebri/internal capsule. The medial aspects of the hypo-
thalamus, including the dorso-medial, ventro-medial, periventricu-
lar, and anterior nuclei of the hypothalamus, elicit the Towest
levels of responding when directly compared to other hypothalamic
areas. Since the hypothalamus has been extensively mapped, compari-
sons of the present and previous studies' results are a means of
validating this particular procedure. German and Bowden (1974) re-
viewed over 500 hypothalamic placements described in over 30 sepa-
rate studies and reported the same respinse differentiations as
noted in the present study. It is apparent that the results of this
procedure are in accordance with the large amount of Tliterature re-
ported on hypothalamic ICSS. Therefore, this procedure should be an
accurate indicator of differentiations in responding for brain loci
where controversy exists as to the source of ICSS from that area.
This is apparent for dorsal pontine and periaqueductal midbrain
placements.
This study provides direct evidence for involvement of the
Jocus coeruleus and dorsal noradrenergic bundle in ICSS behavior.
Several laboratories (Farber et al., 1972; Crow et al., 1972; Ritter

& Stein, 1973; Ellman et al., 1974, 1975; Phillips &t al.,-1975)
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report that ICSS behayvior can be elicited from locus coeruleus and
dorsal noradrenergic bundie electrode sites. On the other hand, four
studies (Routtenberg & Malspury, 1969; Clavier & Routtenberg, 1974;
Amaral & Routtenberg, ]975; Simon et al., ]975) report that no ICSS
behavior could be elicited from locus coeruleus cell bddies. In this
study, 21 pontine placements supported ICSS behavior; in all cases,
one or both of the electrode tips was located in the region of the
Tocus coeruleus. In 12 of 18 cases, electrode tips impinging upon
or closer to the locus coeruleus elicited significantly greater re-
sponse rates than electrode tips either medial or lateral to the lc-
cus coeruleus. In four cases, the tips located too far medial or
too far Tateral from the locus coeruleus did not elicit any ICSS be-
havior at all. "It is apparent from this study that ICSS is elicited
from only a discrete dorsal pontine area, and that this area is ex-
clusively the Tocus coeruleus.
Periaqueductal placements exhibited the same degree of re-
sponse specificty with respect to electrode tip location. In ten
of 12 placements, electrode tips situated in the midline central
gray elicited response rates which were significantly greater than
rateé elicited by electrode tips situated lateral to the midline.
This data correlates well with reports of both ICSS and non-ICSS
behavior reported previously (Crow, 1972; Liebman et al., 1973;
Ellman et al., 1974). Midline placements supporting ICSS behavior
were the oculomotor/Edinger-Westphal nuclei, the medial longitudinal
fasciculus, the nucleus linearis, and the dorsal and ventral teg-
mental decussations. Most of these sites correlate with mesence-

phalic area A-10 (Dahistrom & Fuxe, 1964), and are considered to be
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dopaminergic (Ungerstedt, ]92]). In three cases, areas lateral to
midline failed to support ICSS, while the midline placement did. In
these three cases and in a fourth case for both tips, the electrode
tip was located in the red nucleus.

Substantia nigra and septal placements also demonstrate dif-
ferentiation between electrode tips in close correlation with pre-
vious studies (Crow, 1972). Suybstantia nigra, pars compacta place-
ments elicit higher rates than surrounding placements; this agrees
with other mapping studies (Routtenberg & Malsbury, i969;.Crow, 1972).
Medial septal placements both differ within the placement and eli-
cit greater responding than lateral placements.

The results of the present study provides data by which one
can analyze competing hypotheses. Routtenberg (1968; Routtenberg &
Malsbury, 1969) suggest that ICSS in the hindbrain is mediated by
the extrapyramidal system. Therefore, he postulated that the Tocus
of ICSS in the dorsal pons and posterior midbrain was the mesence-
phalic trigeminal nerve and the brachium conjunctivum, while mesen-
cephalic ventra1'tegmenta1 ICSS is mediated by the substantia nigra
and red nucleus. Routtenberg (Clavier & Routtenberg, 1974) specifi-
cally discounted the role of the locus coeruleus and its ascending
projections in ICSS. Contrary to this hypothesis, several investi-
gators (Ellman et al., 1974, 1975; Ritter & Stein, 1973; Crow et al.,
1972) assigned a pivotal role for the Jocus coeruleus and its ascend-
ing projections in ICSS behavior. The results of this study strong-
1y suggest that Routtenberg's extrapyramida] hypothesis cannot ac-

count for hindbrain ICSS. The locus coeruleus and dorsal noradre=
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nergic bundle consistently supported higher rates of ICSS through one
tip of a bipolar electrode when compared with areas adjacent to, but
outside of it. Perhaps, the most convincing point is the consistent
absence of ICSS behavior in the red nucleus; indeed, the area when
stimulated elicited clear aversive properties. The red nucleus, ac-
cording to Routtenberg's hypothésis, should occupy the nodal point
of an extrapyramidal ICSS system; however, it c]earl& does not. The
results of these experiments clearly support a pivotal role for the
Tocus coeruleus and its projections, as well as mesencephalic ventral
_ tegmental areas which highly correlate with the dopaminergic cell
bodies of Dahlstrom and Fuxe's area A-10.

This technique clearly differentiates locus bf respanding,

and should be used in future mapping studies.
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Experiment II. Determination of Within-Site C-T

Interval/Response Rate Functions

Rationale

As described in the background section, Deutsch (1964) and
others (Gallistel, 1969, a,b; Smith & Coons, 1970; German &
Holloway, 1972, 1973; Ungerleider & Coons, 1970; Szabo et al., 1974),
using a'variety of response measures, found that responding at
short C-T intervals (0.3-1.2 msec.) was similar to responding in
situations when C pulses were delivered alone. As C-T interval was
jncreased (0.8-1.5 msec.), the response measure for those intervals
approached response levels similar to when the C-T interval was 5
msec. or greater. Deutsch (1964) attributed this increase in re-
sponding to a recovery from refractdriness: at short C-T intervals,
responding was similar to that of C pulses alone because the T pulse
arrived within the refractory period caused by the C pulse. As C-T
interval increased, the T pulse was no longer within the refractory
period caused by the C pulse and the neurons were fired twice as
often, causing increased summation post-synaptically, and hence in-
creased behavior. Szabo et al. (1974) attributed this change in re-
sponding to synaptic events occurring on the peripheral field of sti-
mulation. Szabo described hypothalamic ICSS as a result of summating
potentials upon both fibers of passage and upon path neurons
(Millhouse, 1969) intrinsic to the hypothalamic area. In Szabo's
hypothesis, the C pulse fired neurons in the center of the stimulat-

ing field, but did not fire neurons inithe periphery. Rather, the C
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pulse activated neurons which caused excitatory post-synaptic poten-
tials (EPSP) on the peripheral neurons. The delivery of the T pulse
enabled more EPSP's to occur on the periphery and these in turn were
fired, causing an increase in behavior. The closer the C-T interval,
the more optimal the summation EPSP's will be. Szabo's hypothesis,
however, fails to explain why increased behaviors do not occur at
very short C-T intervals.

The thrust of C-T studies done within a site has been to
manipulate other behaviors (Gallistel, 1969(a),(b); Gallistel et al.,
1969; Rolls, 1971(a),(b). Only two studies have attempted to use
the within-site C-T function in order to determine if differences
exist between ICSS loci. Halboth (1973) and German and Holloway
(1972) have reported differences in the C-T interval/response rate
function across sites. Halboth found that, at very long C-T inter-
vals, medial forebrain bundle electrode sites capable of eliciting
stimulus-bound eating behavior do not show a decay in responding.

On the other hand, hypothalamic sites incapable of sustaining sti-
mulus-bound eating behavior do show a decay in responding at long
C-T intervals. German and‘Holloway (1972) found that C-T interval/
response rate functions for preoptic hypothalamic sites had Tower
thresholds than lateral hypothaiamic sites. Thus,C-T. interval-and
response rate is a way of discerning differences among ICSS sites.

In Experiment II, C-T interval/response rate functions for
the locus coeruleus, periaqueductal midbrain central gray, substan-
tia nigra, hypothalamus, and septum were obtained. The data for the

periaqueductal midbrain central gray area and for the substantia
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nigra were combined for the following reasons: a) pharmacological
studies have indicated that both areas respond similarly under a
variety of drug conditions (Phillips & Fibigér, 1973; Ellman et
al.,1976% Liebman & Butcher, 1973; Lippa et al., 1973) and have both
" been classified as dopaminergic (Ungerstedt, 1971); and b) on the

basis of Experiment I, ICSS behavior was 1imited to these areas and
no others tested in the ventral mesencephalon. On the other hand,
hypothalamic areas will be divided into two areas: medial forebrain
bundle/perifornical area, and those hypothalamic sites outside the
medial forebrain bundle and perifornical area. This was done because
the results of Experiment I and the results of previous studies,
both mapping (see review, German & Bowden, 1974) and pharmacological
(Stephens & Herberg, 1975), indicate differences between these two
categories. _

The functions of these five areas were analyzed to determine
if there were differences in the shape of the function between and

within neuroanatomical loci.

Method
Subjects.and apparatus. Forty-six (46) selected subjects de-

scribed in Experiment I were used in Experiment II. The apparatus

used in Experiment II was identical to Experiment I.

Procedure. After completion of Experiment I, electrode sites
in each animal which elicited ICSS behavior were tested under the
following stimulus parameters. Stimulation consisted of .1-msec.

pulses of monophasic square wave current delivered duringa 700-msec.
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train. The pole of the bipolar electrode which elicited the higher
response rate in Experiment I served as cathode and either the other
pole or the same bipolar electrode (bipolar condition) or the corti-
cal screw (monopolar condition) served as the anode. The C-C inter-
val was Tengthened from 10 msec. to 20, 30, or 50 mesc. in order to
prevent summation between succeeding C pulses, yet still elicit

ICSS behavior. An intensity was chosen which yielded optimal re-
sponse rates at a C-T interval of 5 msec., yet yielded rates below
ten responses per minute when the T pulse was omitted. When these
parameters were determined, the animal entered the following para-
digm.

Nine 7-min. periods of stimulation were run daily. As in Ex-
periment I, the data from the first two minutes of the 7-min. period
was discarded and the average response rate over the last five min-
utes of the 7-min. period constituted the dependent variable. Eight
C-T intervals, 0.5, 0.8, 1.0, 1.2, 1.5, 2.0, 3.0, and 5.0 msec. and
a condition where the T pulse was omitted were randomly presented in
each of nine days in a Latin Squgre design. The mean response rate
elicited under each C-T interval was determined. With animals with
two ICSS sites, the second site was tested in the same manner.

For each function in each animal, the response rate data was
transformed into a Z-score distribution and the response rate which
corresponded to a Z-score of 0.0 was determined. The corresponding
C-T interval was determined by plotting the response rate/C-T inter-
val function on a log-log plot and estimating the b-T‘interva1 from

the 0.0 Z-score response rate. This estimated C-T interval was de-
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signated as the point of inflection and measured in milliseconds.
This point of inflection served as a single-value estimate of the
area of the function in which response rates began to increase as a
function of C-T interval. A second single-value estimate of response
rate/C-T interval functions was the product-moment r-score between
response rate and C-T interval. In this estimate, both the response
rate data and the C-T intervals were respectively transformed into
Z-score distributions. A Pearson's product-moment correlation was
performed between the two Z-score distributions and a single value,
the r-score was obtained, this r-score was a valid estimate of the
slope of the function because when the two variables of a function
are transformed into Z-score distributions; the point of intercept
automatically equals zero. Thus, any correlative measure between
the two variables of the function indicates the slope and singly
represents the acceleration of the curve. For each site, point of
inflection, r-score and microamperage was determined. To compare
differences between different sites, an analysis of variance was
done using the microamperage, point of inflection, and slope as
scores.

After completion of Experiment II, all animals with two ICSS
electrode sites were continued into Experiment III; selected animals
with only one ICSS electrode site were also continued into Experi-
ment III. A1l others were sacrificed and histologically prepared,

as described in Experiment I.

Results

Forty-six (46) animals completed Experiment II; 109 within-
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site functions were collected over 83 electrode sites. In 17 elec-
trode sites, the same within-site function was tested under both
the bipolar and monopolar conditions. In nine electrode sites, the
same within-site function was tested with either the lateral and
medial tips of the same bipolar electrode. Fifty-six (56) within-
site functions were collected over 36 hypothalamic electrode sites;
27 within-site functions were collected over 23 locus coeruleus
electrode sites; 19 within-site functions were collected over 14
periaqueducta]vmidbrain central gray/substantia nigra electrode
sites; and seven within-site functions were collected over seven sep-
tum electrode sites. Table 1 Tists the precise electrode localiza-
tion of each site, while Table 3 Tists the mean of the microamper-
ages, points of inflection, and r-scores for each site grouping.
Electrode sites were divided into five groups: a) hypothalamic
medial forebrain bundle/perifornical area; b) hypothalamic areas out-
side the medial forebrain bundle/perifornical area; c) periaqueductal
midbrain central gray/substantia nigra; d) locus coeruleus; and e)
septum. There was no significant difference (F test p®.05) over
sites for the minimum Tevel of microamperage used to produce a func-
tion, that is, to elicit near optimal response rates for delivery of
C and T pulses five milliseconds apart while eliciting threshold
(1ess than ten responses per minute) response rates for delivery of
C pulses with T pulses omitted. There was a significant difference
across sites for the point of inflection of a given within-site func-
tion (F test, p!E.OS).

The septum C-T function yielded a significantly later (Duncan,
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€ .05) point of inflection (1.30 msec.) than the other four sites
combined (Table 3). The locus coeruleus C-T function yielded a signi-
ficantly later (Duncan, p:E.OS) point of inflection (1.15 msec.) than
the remaining three sites combined. The septal point of inflection
(1.30 msec.) and locus coeruleus point of inflection (1.15 msec.) were
not significantly (Duncan, p>.05) different from one another; how-
ever, there was a definite trend in the direction of difference be-
tween the two sites. There were no significant differences (Duncan,
p®.05) in point of inflection between the periaqueductal midbrain
central gray/substantia nigra group (1.02 msec.), or the medial fore-
brain bundle/perifornical area group (1.13 msec.) and the hypothalamic
areas outside of the medial forebrain bundle/perifornical area (1.03
msec.).

Corresponding with point of inflection, a significant difference
was found (F test, p€.05) across sites for r-scores which serve as an
indicator of slope. However, in using post-hoc comparisons, no signi-
ficant comparisons (Duncan, p».1) was found across sites. Complete
correspondence between point of inflection and r-scores were found
across sites. The periaqueductal midbrain central gary electrode
sites had the lowest r-score of .7380. This indicates that among all
of the sites with C-T intervals held constant, the periaqueductal mid-
brain central gray/substantia nigra electrode sites had the lowest cor-
relation between increases in response rate corresponding with in-
creases in C-T interval. Since this site also had the shortest re-
sponse activation as measured by point of inflection (1.02 msec.), both
measures give an indication of typical periaqueductal midbrain central

gray/substantia nigra ICSS, which involves a short C-T interval (.5-.8
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msec.) response activation for ICSS, followed by attainment of peak
rates, and then as asymptote in responding. Figure 4 shows four re-
presentative within-site functions for animals stimulating from peri-
aqueductal midbrain central gray/substantia nigra electrode sites.
As can be seen, response rates are at low levels for stimulation with
C pulses alone. In all functions, response rates a) rise quickly as
the C-T interval is increased, b) achieve near-peak response rates usu-
ally around a C-T interval of 1.5 msec. (t-test, p:§.05) asymptote
after approaching peak responding (t-test, p»>.05). A shorter point
of inflection score is attained in these sites because of the rapid
rise in response rates over short C-T intervals; response rates at .5
msec. were significantly (t-test, p€.01) greater than response rates
elicited by the C pulse alone. The Tower r-scores are attained be-
cause of the asymptotic response rate function after reaching peak.
The medial forebrain bundle/periofrnical area group and the non-
medial forebrain bundle/perifornical area group had the next lowest r-
scores (.7943 and .7235 respectively) when compared with other loci
(Table 3). Correspondingly, the points of inflection for the two
groups (1.13 msec. and 1.03 msec. respectively) also occupied the same
rank position as r-scores. No significant (Duncan, p2.1) difference
was found between the two hypothalamic groups in comparisons of point
of inflection and r-score. Figure 5 represents four within-site func-
tions for animals stimulating from hypothalamic electrode sites; Fig-
ures 5B and 5D are functions produced by medial forebrain bundle/peri-
fornical area placements, while Figures 5A and 5C are functions pro-
duced by hypothalamic placements outside of those areas. Hypothalamic

placements showed more variability in the shape of the C-T function
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than did periaqueductal midbrain central gray/substantia nigra sites.
Figure 5A, a non-medial forebrain bundle placement, resembles the
periaqueductal midbrain central gray/substantia nigra fﬁnctions where
a) the response rates rise quickly at short C-T intervals, b) reach
peak responsing at a C-T interval around 1.5 msec. (t-test, p£.05),
and then c) response rate is asymptotic out to C-T intervals of 5 msec.
(t-test, p2.05). Figures 5B and 5C, a medial forebrain bundle and
non-medial forebrain bundle placement respectively, represent hypotha-
lamic within-site functions where response ratesrise quickly at short
c-T intervals, but do not reach peak responding until longer C-T inter-
vals. In Figure 5D, a medial forebrain bundle placement, the repres-
entative function neither rises quickly at short C-T intervals nor
reaches peak with asymptotic response rates before C-T intervals of
5 msec. Thus, in contrast to periaqueductal midbrain central gray/
substantia nigra electrode sites, hypothalamic placements are more va-
riable in point of inflection and r-score.
Overall locus coeruleus placements had a significantly (Duncan,

p€.05) later point of inflection (1.15 msec.) and higher r-score

(.8150) than hypothalamic and periaqueductal midbrain central

gary/substantia nigra placements (Table 3). Figure 6 represents

four within-site functions for animals stimulating from Tocus

coeruleus electrode sites. As in hypothalamic within-site func-

tions, locus coeruleus functions vary in shape and acceleration

of the function. Figures 6A and 6B show rises at short C- inter-

vals, peak responding before the 5-msec. C-T interval, and asympto-

tic responding at longer intervals, while Figures 6C and 6D demon-

strate a high correlation between increases in response rate con-
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commitant with increases in C-T interval.

The seven septal placements had the significantly (Duncan,

p £ .05) latest point of inflection (1.30 msec.) and the highest
r-score (.8590) of all sites (Table 3). Figure 7 represents four
within-site functions for animals stimulating from septal electrode
sites. Septal animals have the highest correspondence between
changes in Q-T interval and concommitant changes in response rate.
Small changés at the shorter C-T intervals elicit small changes in
response rate (Figures 7A, 7B, 7C), while larger changes in C-T
interval at longer C-T intervals elicit large changes in response
rate. This is particularly striking at the C-T interval of 5 msec.,
the longest interval tested. In all animals, responding at 5 msec.
was higher than at any other and as seen particularly in Figures

7C and 7D, responding increased markedly at this interval. This
surge in responding corresponded with the C-T intervals tested
(i.e., the 5-msec. interval was much higher than the others) and
also influenced the point of inflection. The septal placements
apparently generated functiongmmost closely resembling linearity,
indicating a high correlation between C-T interval tested and re-
sultant response rate.

In addition to attaining comparisons of within-site func-
tions across sites, the relative influence of anodal source of sti-
mulation was measured. In 17 animals, 34 within-site functions
were collected. Seventeen (17) functions in 17 animals were tested
under the bipolar condition, that is, one pole of the bipoiar eiec-

trode served as cathodal source, while the other pole of the bipolar

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

61



62

electrode served as anodal source. Subsequently, 17 more functions
in the same animals at the same C-C intervals were tested under the
monoplar condition, that is, one pole of the bipolar electrode
served as cathodal source while a cortical screw served as the in-
different anodal source. For each pair of within-site functions,
differences between the bipolar condition and the monopolar condi-
tion were determined for a) the minimum microamperage to produce
the function, b) the point of inflection,.and c) the product-moment
r-score. Table 4 indicates the results of each of these measures by
site location.

There was a significant difference (t-test, p £ .05) in
minimum microamperage needed to produce a within-site function
which would differentiate between C puises alone which elicited Tow
ICSS rates, and a C-T finterval of 5 msec. which elicited peak ICSS
rates. Moreover, there was no significant (t-test, p> .1) differ-
ence between the bipolar and monopolar conditions with respect to
response rate. The monoplar condition, regardless of electrode site,
had a significantly lower microamperage to produce a within-site
function than the bipolar condition (Table 4). No significant
differences (t-tests, p > .05) were found in point of inflection and
r-scores between the monoplar and bipolar conditions when all sites
were analyzed collectively.

However, as can be seen in Table 4, differenceé in reaction
to the bipolar and monqpolar condition for point of inflection and
r-score were noted across sites. Twelve animals of the 17 tested

had hypothalamic placements, while the other five placements were
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either in the locuys coeruleus or periaqueductal midbrain central
gray. Hypothalamic placements when tested in the monopolar condition
had significantly (t-test pf§,05) shorter points of inflection than
when those same placements were tested under the bipolar condition.
Correspondingly, hypothalamic placements when tested in the mono-
polar condition had significantly (t-test, p<£ .05) Tower r-scores
than when those same placements were tested under the bipoiar condi-
tion. Thus for hypothalamic placements, the monopolar condition

a) elicits the mean response rate over the entire within-site func-
tion at an earlier C-T interval than the bipolar condition, b)
reaches peak responding at an earlier C-T interval than the bipolar
condition, and c¢) is not as closely correlated with changes in C-T
jnterval as the bipolar condition.

Both hindbrain placements (Jocus coeruleus and périaqueductal
midbrain central gray) yielded opposite fesu]ts to the hypothalamic
placements for the bipolar and monopolar conditions as measured by
point of inflection and r-score. In contrast to hypothalamic func-
tions, hindbrain placements when tested in the monopo]ar“condition
has later points of inflection than when those same placements were
tested under the bipolar condition. Similarly, hindbrain placements
when tested in the monopolar condition had higher r-scores than when
those same placements were tested under the bipolar condition. In
both cases, although the difference was not significant (t-test,

p > .05), the trend was definitely in the opposite direction to the
hypothalamic placements and significance level was highly affected

by the small number of subjects. Thus, for hindbrain placements,
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the monopolar conditon a) elicits the mean response rate over the
entire within-site function at a later C-T interval than the bi-
polar condition, b) reaches peak responding at a later C-T interval
than the bipolar condition, and c) is more closely correlated with
changes in C-T interval as compared to the bipolar condition.
Finally, all 109 functions collected demonstrated differ-
entiation in responding. In all cases, animals yielded low response
rates for the C pulsealone condition as compared to the rates eli-
cited by the pulse pai¢ C-T interval of 5 msec. Furthermore, in
most cases, animals yielded low response rates for short C-T inter-
vals (.5 and .8 msec.), and did not reach peak responding usually
until 1.2 to 1.5 msec. This data is in accordance with the litera-
ture (Deutsch, 1964; Gallistel, 1969a; Smith & Coons, 1970;
Ungeirleider & Coons, 1970; German & Holloway, 1972; Szabo, 1973).

Discussion

When stimulation' pulse pairsare delivered to one electrode
site at short C-T intervals, responding resembles the C pulse alone
condition rather than the stimulation pulse pair condition at
longer C-T intervals. Deutsch (1964) and others (Gallistel, 1969a;
German & Holloway, 1972; Yeomans, 1975) attribute this response
level at short C-T intervals to refractoriness properties of the
neurons stimulated, while Sazbo (1974) attributes this response
level mainly to a lack of synaptic activation. It is apparent that
this data is in accordance with previous studies which show low
responding at short C-T intervals, which increases as the C-T inter-

val increases.
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From this data, it seems that there are subtle differences
in the type of function elicited which is dependent upon electrode
locus. German and Holloway (1972) found that preoptic hypothalamic
I1CSS electrode sites had a Jonger recovery from refractoriness than
did medial forebrain bundle hypothalamic electrode sites. The
present study demonstrates that septal ICSS electrode sites had the
highest point of inflection and the highest correlation of response
rate to changes in the C-T interval. Small changes in short C-T
intervals elicited small increases in response rate while as the C-T
interval increased, the response rate increased accordingly. The
C-T intervals tested in this study are in the range of absolute re-
factory period, relative refractory period, supra-normal period,
and normal resting state (Yeomans, 1975). Septal electrode
placements seem to correlate to a high degree with these de-
lineations (Figure 7). As one can see, septal response rates at
short C-T intervals (.5-.8) were similar to response rates elicited
by the C pulse alone; seemingly, this part of the function corres-
ponds with the absolute refractory period where a second pulse
causes no change in behavior because it is refractory to the first
pulse. As the C-T interval increases (.8-2 msec.), the septal re-
sponse rate increases in small steps. This corresponds with the
relative refractory period where the sécond pulse increases behaviors
some of the time, specifically when enough excitatory post-synaptic
potentials overcome the increase in summation threshold. It is ob-
vious from the septal data that this increased threshold in summation

does not dissipate quickly. Of all of the groups tested, only the
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septal animals failed to reach peak responding before 5.0 msec.

In fact, the septal response rate in several animals at a C-T inter-
val of 5 msec. demonstrated an abrupt rise as compared to shorter
C-T intervals. It seems that by 5 msec., septal placements have
recovered fully from the relative refractoriness caused by C pulses.
The Jocus coeruleus group seems to produce functions similar to the
septum,

In contrast, functions elicited from periaqueductal midbrain
central gray/substantia nigra ICSS electrode sites had the Towest
point of inflection and Jowest correlation of response rate to
changes in the C-T interval. A quick rise in responding was noted
in most of these functions (Figure 4) with response rates approach-
ing peak at C-T intervals of .5 to 1.0 msec. and then asymptoting for
longer C-T intervals. It seems, therefore, that these ejectrode
sites experience very fast recovery from refractoriness, or else,
the behavior isn't measured at all. It is possible that the C
pulse is stimulating one group of neurons in the central area, but
not effectively stimulating the peripheral neurons. When the T
pulse arrives, the central area is refractory to the C pulse, but
the peripheral area is receptive to this pulse and fires. An impli-
cit assumption is that this area is rich in reward-relevant neurons.
The two hypothalamic groups seem to produce functions similar to the
periaqueductal midbrain central gray/substantia nigra group.

Thus, differences in within-site functions across sites may be
suggestive of“the relative number of réward-relevent elements in par-

ticular ICSS Toci. In ICSS loci largely dependent upon increments in
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response rates, the relative number of reward—re]eyant e]emgnts wqu]d
be small (e.g., locus coeruleus and septum). This interpretation is
supported by data presented in Experiment I in which small deviatiqns
in the placement from the Jocus coeruleus area resulted in either
sharply attenuated or an absence of ICSS behayior. In ICSS loci rela-
tively independent of C-T interval for response rate increments, the
relative number of reward-relevant elements would be larger and more
diverse. Hence, at shorter C-T intervals, response rates may increase
because some elements recover from refractoriness occurs before others.
Periaqueductal and hypothalamic sites possess diverse reward-relevant
elements, if catecholaminergic hypotheses are assumed.

Differences between bipolar and monopolar stimulation were also
found. Stimulation under the monopolar condition required signifi-
cantly less microamperage than stimulation under the bipolar condition
to produce a differentiated function. This is in accordance with the
results of Valenstein and Beer (1961) and is attributed to two factors.
The first factor is that monopolar stimulation produces a larger stimu-
lating field, since when cathodal and anodal sources are distant from
each other, the possible paths which the current could take becomes
greater. The size of the field correlates with the distance between
cathodal and anodal source; hence, bipolar stimulation reduces the num-
ber of possible paths which the current could take. The second factor
is anodal hyperpolarization which increases the firing thresholds for
the influenced neurons. Anodal hyperpolarization affects the bipolar
condition more than the monopolar condition because the hyperpolarized
neurons which do not fire under the bipolar condition could fire and

increase ICSS behavior in the monopolar condition. In the bipolar con-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

67



68

dition, anodal hyperpolarization is a factor because the anode is the
other tip of the same bipolar electrode as the cathodal source. Hence,
the anode is .3 mm. away from the cathode. The cathodal stimulation
may stimulate the tissue under the tip in any number of directions.
However, since the anode is in close proximity to the cathodal source,
some of the tissue which could be fired by the cathode could also be
hyperpolarized by the anode. Hyperpolarization increases the thresh-
old for summation; hence, tissue normally accessible to firing by the
cathode without hyperpolarization is no longer accessible because of
hyperpolarization by the other tip in the bipolar condition. Hyper-
polarization is removed when monopolar stimulation is used because the
cortical screw acts as anode and the cortical screw is usually at least
one millimeter or more away from the cathode. Thus, in the monopolar
condition, the cathodal and anodal fields do not overlap the same tis-
sue.

For hypothalamic sites, stimulation under the monopojar con-
dition elicited significantly lower points of inflection and Tower
correlations between response rate and C-T qinterval than stimulation
under the bipolar condition. Conversely, for hindbrain sites, sti-
mulation under the monopoiar condition elicited higher points of
inflection and higher correlations between response rate and C-T in-
terval than stimulation under the bipolar condition. As reviewed in
the introduction, hindbrain ICSS is Timited to highly discrete
areas, while ICSS can be elicited from virtually any part of the
hypothalamic area. Monopolar stimulation produces a larger stimu-
lating field than bipolar stimulation. Hence, hypothalamic stimula-

tion under the monopolar condition should activate more ICSS fibers
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in the area than the bipolar condition. As discussed eariier, if
more reward elements are activated as. monopolar stimulation does,

the response rate will rise more quickly at short C-T intervals,
reach peak responding at an earlier C-T interval, and then asymptote
for the longer C-T intervals. From this model, it would be predicted
that hypothalamic functions should activate quicker under monopolar
stimulation.

The same mode] explains the opposite results found in the
hindbrain. Monopolar stimulation elicited higher points of inflec-
tion and higher correlates between response rate and C-T interval
than bipolar stimulation in hindbrain sites because these sites have
concentrated areas of ICSS-sustaining neurons. In the bipolar con-
dition, stimulation of these areas triggered a large number of these
neurons, while in the monopolar condition, these neurons plus adja-
cent structures were stimulated. In these cases, the adjacent
structures, such as the red nucleus or the mesencephalic V nuclei
could elicit aversive responses. Hence, at the shorter C-T intervals
where optimal triggering of the system has not taken place, that is,
where the pulse pair did not fire the stimulated area twice, the
aversive component could exert influence over response rate. This
influence diminishes with intervals where the pulse pair fires the
stimulated area twice. Since the monopolar condition stimulated
these areas, the response rate is Jower at these points. -Thus,
under the monopolar condition, the function rises slower and is
more sensitive to changes in C-T interval than under the bipolar

condition.
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Thus, within-site functions yield reliable differences across
sites and yields differential effects as to the type of stimulation
(monopolar vs. bipolar) condition used. Therefore, the ICSS system
does not react uniformly to stimulation; rather, important differences
occur depending upon where in the system one stimulates. This data
provides further evidence that the stimulation delivered is discrete
and confined to a small area as compared to a hypothesis which would
suggest that no matter where the stimulation is delivered, the same
result would occur because the stimulation 16cus is only an indirect

source of reward.
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Experiment III. Directionality of Interactions Determined

by C-T Interval/Response Rate Functions

Rationale

Neurophysiological interactions have been demonstrated for
locus coeruleus/hypothalamus, substantia nigra/hypothalamus, periaque-
duéta] midbrain central gray/hypothalamus, hypothalamus/contra-
lateral hypothalamus, amygdala/hypothalamus, and substantia nigra/
septum (Ackermann et al., in preparation,a; Eliman et al., 1975; Szabo
et al., 1972a; Albino & Lucas, 1962; Ungerleider & Coons, 1970;

German & Holloway, 1973). In interactions involving either the

lTocus coeruleus, substantia nigra, or periaqueductal midbrain central
gray with the hypothalamus, there is ample evidence to suggest that
these cell bodies possess fibers which ascend through the hypotha-
lamus through the dorso-medial nucleus, crus cerebri, Fields of
Forel, periventricular area, and zona incerta (Dahistrom & Fuxe, 1964;
Ungerstedt, 1971; Lindvall & Bjorkiund, 1974). Data from Farber's

(in preparation) lesion studies also suggest ascending influences
from locus' coreuleus to crus cerebri, but not to the medial fore-
brain bundle.

The C-T technique proved to be a useful tool in measuring
interactions. Ungerleider and Coons (]970) obtained within-site C-T
interval/response rate functions for two contralateral hypothalamic
placements, then split the pulses between the two sites. This pro-
duced an interaction, as measured by increased responding during the
interaction for C-T intervals which support minimal responding when

delivered within a site. Moreover, if the hypothalamic sites are
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assymetrical, the C-T technique can differentiate directionality of
the interaction by varying which site receives the C pulse (German
& Holloway, 1973).

For the site combinations which have as its hypothalamic
electrode placement the crus cerebri or Fields of Forel, and which
have either the locus coeruleus, substantia nigra, or periaqueductal
central gray as its caudal placement, an ascending directionality
of interaction would be predicted assuming that the catecholaminer-
gic hypothesis is indeed valid. If the C pulse was delivered to
the Tocus coeruleus and the T pulse was delivered to the crus cere-
bri, a catecholaminergic hypothesis would predict that this condi-
tion should elicit a higher response rate than if the C pulse was
delivered to the crus cerebri and the T pulse to the locus coeru-
leus. This prediction is made because the source of the interac-
tion would probably Tie rostral to both ICSS sites, so hence the
locus coeruleus would be more distant from this pool. In order to
achieve optimal summation (both pulses arriving at the same point
at about the same time), the initial pulse would necessarily have
to be delivered to the more distal site. From this reasoning, re-
sponse rates should be higher when the C pulse is placed in the cau-
dal site of a combination which has as its hypothalamic placement
either the crus cerebri or Fields of Forei.

Due to the lack of strong ascending influences upon its ICSS
response rates (Farber et al., in preparation), the medial forebrain
bundle should not react in the same way as the crus cerebri or Fields
of Forel. Therefore, response rates elicited when the C pulse is de-

1ivered to the locus coeruleus should not differ from the condition
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when the C pulse is delivered to the medial forebrain bundle. Both
conditions of the locus coeruleus/medial forebrain bundle combina-
tion should produce an interaction, with 1ittle dependence upon which
site is stimulated first.

Seven combinations of sites were tested in Experiment III for
three findings: a) whether a neurophysiological interaction took
place such that response rates in the interaction condition were
significantly higher than the sum of response rates elicited by de-
livery of C pulses to each site singly; b) given that a neurophysio-
logical interaction occurred, would elimination of within-site pulse
pair function refractoriness occur in the interaction condition; and
c) would there be differences in response rate dependent upon which
site received the C pulse first. The seven combinations of elec-
trode sites tested were: a) locus coeruleus-crus cerebri/Fields of
Forel; b) Tocus coeruleus-medial forebrain bundle/perifornical area;
c) substantia nigra-medial forebrain bundle/perifornical area; d)
substantia nigra-non-medial forebrain bundle; e) periaqueductal mid-
brain central gray-mediaT forebrain bundle/perifornical area; f)
periaqueductal midbrain central gray-non-medial forebrain bundle;

and g) locus coeruleus-septum.

Method
Subjects and apparatus. Thirty-six (36) selected subjects

from Experiment II were used. The apparatus used in Experiment III

is as described in Experiment I.

Procedure. After completion of Experiment II, each animal
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was tested under the following parameters. The C-T interval/response
rate function parameters for each electrode site was held constant
with the C-C interval set at 30 msec. The C and T pulses were then
split between the two electrode sites with the C-C interval set at
30 msec. and delivered at the sites' respective intensities. In one
condition, in an animal with a locus coeruleus/hypothalamus combina-
tion, the C pulse was delivered to the Tlocus coeruleus at its within-
site intensity, and the T pulse was delivered to the hypothalamus at
its within-site intensity. In the reverse condition, the C pulse was
delivered to the hypothalamus at its within-site intensity and the

T pulse was delivered to the Tocus coeruleus at its within-site in-
tensity. Nine days of C-Tlocus coeruleus, T-hypothalamus and nine
days of C-hypothalamus, T-Jocus coeruleus, alternating in an a-b-b-a
manner were randomly tested over the nine C-T intervals each day.

To compare differences between the two conditions over different C-T
intervals, a two-way analysis of variance was done. Furthermore, the
sum of the response rates elicited by the sites stimulated by C
pulses alone was compared with the split-site response rate to de-
termine whether significant differences are found, indicating the
presence of an interaction.

The same procedure was used for substantia nigra/hypothalamus,
periaqueductal midbrain central gray/hypothalamus, and locus coeru-
Teus/septum combinations. After completion of Experiment III, se-
lected animals were tested separately in Experiments IV or V; the
remainder were sacrificed as described in Experiment I.

Results

Thirty-six {36) animals with 36 combinations of ICSS sites
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completed Experiment III. Fourteen (14) animals were tested for in-
teractions for the locus coeruleus/hypothalamus combination; 13
animals were tested for interactions for the periaqueductal mid-
brain central gray area/hypothalamus combination; four animals were
tested for interactions for the substantia nigra/hypothalamus com-
bination; and five animals were tested for interactions for the
septum/Tocus coeruleus combination. Table 5 lists the electrode
localization for each site of each combination.

In 31 of the 36 combinations, the animal sustained reliable
ICSS behavior from both electrode sites. In the remaining five com-
binations (88G, 7H, 8H, 10H, 23H), the animal sejf-stimulated from
only one electrode site. In four of these cases, the animal demon-
strated qualitative interest in the stimulation, but would not sus-
tain ICSS behavior. By qualitative interest, the animal would lever-
press either when primed with stimulation or when actively shaped to
the lever by the experimenter. The 1htensity at which the animal
demonstrated maximal interest was used in the interaction. In one
case (8H), one electrode site supported ICSS while the second elec-
trode site elicited aversive behaviors (red nucleus); this animal
was tested over a variety of intensities in the interaction.

An interaction was determined by comparing the response
rates elicited when both electrode sites were stimulated by simul-
taneous delivery of C-pulse trains, with the sum of response rates
elicited when each site alone was stimulated by delivery of C-pulse
trains. In 35 of 36 combinations, simultaneous stimulation.of both

sites with C-pulse trains elicited significantly (t-tests, p< .05)
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higher response rates than the sum of the response rates elicited
when each site alone was stimulated by delivery of C-pulse trains.
The remaining case, 8H, had one site which elicited aversive beha-

" viors. In this case, simultaneous stimulation of both sites with
C-pulse trains elicited significantly (t-test, p< .05) Tower re-
sponse rates than when its ICSS site alone was stimulated by delivery
of C-pulse trains. Thus, in cases where either an animal supported
ICSS behavior for both electrode sites or sustained interest in a
non-ICSS electrode site, an interaction took place such that simul-
taneous stimulation of both electrode sites yielded higher response
rates than the sum of the response rates for each site stimulated
singly.

As determined in Experiment II, all electrode sites when de-
livered trains of pulse pairs will demonstrate decrements in response
rate when C and T pulses are presented at short C-T interval (.5-1.5
msec.) as compared to response rates elicited when longer C-T inter-
vals (2-5 msec.) are presented. Moreover, the response rates eli-
cited short C-T intervals are comparable to response rates elicited
for the C-pulses alone. The term refractoriness will be used to de-
scribe this within-site function condition and the term elimination
from refractoriness will be used to describe when the decrement in
response rate at short C-T intervals is eliminated. In the elimina-
tion from refractoriness condition, therefore, response rates for
any pulse pair regardless of C-T interval will be similar. Figure
8 shows the hypothalamic within-site function of Rat 67G; mean re-

sponse rate per 5-min. period is on the ordinate, while C-T interval
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in mi1liseconds is on the abscissa. As can be seen, response rates
at short C-T intervals are similar to the C-pulse alone condition
and significantly (ANOVA p£ .05) less than response rates at longer
C-T intervals. Figure 9 shows the locus coeruleus within-site func-
tion of Rat 67G; again, response rates at short C-T intervals are
similar to the C-pulse alone condition and significantly (ANOVA,

p £ .05) less than response rates at longer C-T intervals. Figure
10 shows the interaction function of Rat 67G when the C-pulse was
delivered to the hypothalamus and T-pulse was delivered to the locus
coeruleus. Unlike the within-site functions, the interaction func-
tidn response rates do not differ from one another significantly
(ANOVA, p> .05); response rates elicited at short C-T intervals are
similar to response rates at Jonger C-T intervals.

In 35 of 36 cases, an elimination of refractoriness took
place such that response rates at short C-T intervals did not differ
significantly (ANOVA, p > .05) from response rates at longer C-T in-
tervals when the C and T pulses were split across sites. Moreover,
in all of these cases, the response rate elicited at all C-T inter-
vals when the pulse pair was split between sites was significantly
greater (ANOVA, p< .05) than the sum of response rates elicited
when each site alone was stimulated by the C-pulse trains. Thus, in
both the simultaneous condition (pulses split between sites and de-
livered at the same time) and the staggered condition (pulses split
between sites and delivered at different times with respect to one
another), both interactions and elimination from refractoriness took

place. The remaining case involved again the animal with one elec-
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trode placement which, when stimulated, elicited aversive behavior.
Both under the simultaneous and staggered conditions, there was no
significant difference (ANOVA, p> .05) between response rates eli-
cited by delivery of the pulse pair split across sites and response
rates elicited by the ICSS site stimulated by C-pulse trains. There-
~fore, in order to maintain an interaction in both the simultaneous
and staggered conditions, either both sites must sustain ICSS or

one site must at least elicit interest in the stimulation and paired
with an ICSS site.

Fourteen (14) animals were tested under the staggered pulse
pair condition split between the locus coeruleus and hypothalamus.
In five animals, response rates were significantly (ANOVA, p< .05)
higher when the C pulse of the pulse pair was delivered to the Jocus
coeruleus and the T pulse of the pulse pair was delivered to the
hypothalamus, than when the C pulse of the pulse pair was delivered
to the hypothalamus and the T pulse of the pulse pair was delivered
to the locus coeruleus. Figure 11 demonstrates this realtionship in
four representative animals. As can be seen, there was no overlap
between response rates over any C-T interval. A1l five animals had
their brainstem electrodes localized in and around the locus coeru-
leus. Figure 12 displays these placements with closed triangles.
Three of the five animals which demonstrated differential responding
between the C-locus coeruleus, T-hypothalamus condition and the C-
hypothalamus, T-locus coeruleus condition had their hypothalamic
placements in the area of the internal capsule and crus cerebri.

The remaining two animals had their hypothalamic electrodes located
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in the anterior H] Fields of Forel. Figure 13 displays these place-
ments with closed triangles. Table 5 lists precise histological
electrode localizations for each animal. These five animals will
subsequently be refefred to as the locus coeruleus-crus cerebri/
Fields of Forel group.

In seven of nine animals, response rates did not differ sig-
nigicantly (ANOVA, p>.05) between the C-locus coeruleus T-hypotha-
lamus condition and the C-hypothalamus, T-locus coeruleus condition.

In two cases, C-hypothalamus, T-locus coeruleus was significantly

( 15.05) greater than C-locus coeruleus, T-hypothalamus. Figure 14

demonstrates this relationship in four representative animals, two

with similar rates and two with C-hypothalamus, T-Tocus coeruleus
higher rates. Like the previous group, all nine of these animals
had their brainstem electrodes localized in and around the locus
coeruleus; Figure 12 displays these placements with closed circles.
A11 nine of these animals had their hypothalamic electrodes lo-
cated in either the medial forebrain bundle or the perifornical area;
Figure 13 displays these placements with closed circles. Table 5
Tists precise histological electrode localizations for each animal.
These nine animals will subsequently be referred to as the locus
coeruleus-medial forebrain bundle/perifornical group.

In summary, the locus coeruleus-crus cerebri/Fields of Forel

group elicit differential response rates across the two staggered

split pulse-pair conditions, that is, response rates elicited by C-

locus coeruleus, T-crus cerebri/Fields of Forel ICSS is greater than

response rates elicited by C-crus cerebri/Fields of Forel, T-locus

coeruleus ICSS (Figure 11). On the other hand, the locus coeruleus-
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medial forebrain bundle/perifornical group elicits similar response
rates across both staggered split-pulse-pair conditions (Figure 14).
As Figure 12 shows, locus coeruleus placements for both the C-locus
coeruleus-crus cerebri/Fields of Forel condition (closed triangles)
and for the locus coeruleus-medial forebrain bundie/perifornical

area condition (closed circles) overlap each other. Conversely, in
Figure 13 there is a clear difference with no overlap between condi-
tions for the hypothalamic electrode placements. Hypothalamic place-
ments in the crus cerebri or Fields of Forel (closed triangles) exhi-
bit differential responding while placements in the medial forebrain
bundle and perifornical area {closed circles) do not exhibit differ-
ences in responding across the two conditions. Therefore, it seems
apparent that the placement of the hypothalamic electrode determines
the type of differentiation attained between the two conditions.

Four animals were tested under the staggered pulse pair con-
dition split between the substantia nigra and hypothalamus. In two
animals, response rates were significantly (ANOVA, p< .05) higher
when the C pulse of the pulse pair was delivered to the substantia
nigra and the T pulse was delivered to the hypothalamus, than when
the C pulse was delivered to the hypothalamus and the T pulse was
delivered to the substantia nigra.

In the top two parts of Figure 15 (A and B), this relationship
is demonstrated in the two animals; again, there was no overlap in
response rates across C-T interval. Brainstem electrodes were local-
ized in the pars reticulata and pars compacta of the substantia

nigra; Figure 16 displays these placements with closed triangies.
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The nypothalamic placements were the periventricular nucleus of the
nypotnalamus and the area ventro-lateral to the medial forebrain
bundle. Figure 17 displays these placements with closed triangles.
Table 5 lists precise histological electrode localizations for each
animal. These two animals will subsequently be referred to as the
substantia nigra-non-medial forebrain bundle group.

In the remaining two animals, response rates did not differ
significantly (ANOVAs, p> .05) between the C-substantia nigra, T-
hypothalamus condition and the C-hypcthalamus, T-substantia nigra
condition. In the bottom two parts of Figure 15 (C and D), this re-
lationship is demonstrated in the two animals. Like the previous
group, brainstem electrodes were localized in the pars reticulata
and pars compacta of the substantia nigra; Figure 16 displays these
placements with closed circles. The hypothalamic placements were
localized in the medial aspects of the medial forebrain bundle for
both animals; Figure 17 displays these placements with closed circles.
Table 5 Tists precise histological electrode localizations for each
animal. These two animals will be subsequently referred to as the
substantia nigra-medial forebrain bundle group.

In summary, the locus coeruleus-crus cerebri/Fields of Forel
group and the substantia nigra-non-medial forebrain bundle groups ex-
hibit differential response rates between the two staggered split-
pulse conditions where response rates elicited when the C pulse is
in either the locus coeruleus or substantia nigra and the T pulse is
in a hypothalamic area outside the medial forebrain bundle and peri-

fornical area, is greater than response rates elicited when the C
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pulse is delivered to the hypothalamic area outside the medial fore-
brain bundle and the T pulse is delivered to either the substantia
nigra or the locus coeruleus (Figures 11 and 15 (A and B); Table 5).
Conversely, the locus coeruleus-medial forebrain bundle/perifornical
area and the substantia nigra-medial forebrain bundle groups exhibit
similar response rates between the two staggered split-pulse condi-
tions where response rates elicited by either C-Jocus coeruleus or
C-substantia nigra, and T-medial forebrain bundle/perifornical area
are similar to response rates elicited by C-medial forebrain bundle/
perifornical area and either T-locus coeruleus or T-substantia nigra
(Figures 14 and 15 (C and D); Table 5). Hence, despite overlap in
Tocus coeruleus and substantia nigra placements (Figures 12 and 16),
hypothalamic placements in the medial forebrain bundle and periforni-
cal area exhibit a single type of interaction in both staggered con-
ditions (Figures 13 and 17, closed circles), while hypothalamic
placements in the crus cerebri, Fields of Forel and periventricular
area exhibit two types of interactions dependent upon whether the
hindbrain placement receives the C or the T pulse (Figures 13 and 17,
closed triangles).

Thirteen (13) animals were tested under the staggered pulse
pair condition split between the periaqueductal midbrain central
gray area and the hypothalamus. In four of the 13 animals, response
rates were significantly (ANOVAs, p< .05) higher when the C pulse
was delivered to the periaqueductal midbrain central gray area and
the T pulse was delivered to the hypothalamus, than when the C pulse

was delivered to the hypothalamus and the T pulse was delivered to
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the periaqueductal midbrain centra] gray area. Figure 18 displays
the relationship for the four animals involved. Brainstem electrodes
were localized in the mesencephalic dorsal tegmental decussation, the
medial longitudinal fasciculus, the Edinger-Westphal/oculomotor nuc-
lei and the mesencephalic nucleus linearis; Figure 19 displays these
placements with closed triangles. No overlap occurred between re-
sponse rates across C-T intervals. The hypothalamic placements were
Tocated in either the medial forebrain bundle or the perifornical
area; Figure 20 displays these placements with closed triangles.
Table 5 1ists precise histological electrode localizations for each
animal. These four animals will subsequently be referred to as the
periaqueductal midbrain central gray area-medial forebrain bundle/
perifornical area group.

In eight of the 13 animals tested for interactions in the
periaqueductal midbrain central gray area and hypothalamus, response
rates did not differ significantly (ANOVAs, p ~ .05) between the C-
periaqueductal midbrain central gray area, T-hypothalamus condition,
and the C-hypothalamus, T-periaqueductal midbrain central gray area
condition. In two of these animals (Rat 75H), response rates under
the C-hypothalamus, T-periaqueductal midbrain central gray was sig-
nificantly (ANOVA, p< .05) greater than the reverse. Figure 2] dis-
plays this relationship for four representative anima]§. Like the
previous group, brainstem electrodes were localized in the mesence-
phalic dorsal tegmental decussation, oculomotor nuclei, and surround-
ing area ventro-laterally, and the mesencephalic nucleus linearis.

In addition, brainstem electrodes were localized in the mesencephalic

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

83



84

ventral tegmental decussation; also, one animal (Rat 75H) had an an-
terior mesencephalic placement dorsal to the third ventricle and
medial to the fasciculus retrofiexus. Figure 19 displays all of
these placements with closed circles. The hypothalamic placements
in fhis.group were clustered in two areas; four animals were located
in the far lateral part of the medial forebrain bundie, while the
remaining four were located around the anterior Hy Fields of Forel
and dorso-medial nucleus of the hypothalamus. Figure 20 displays
all of these placements with closed circles. Table 5 lists precise

histological electrode localizations for each animal. These eight

animals will subsequently be referred to as the periaqueductal mid-
brain central gray area-non-medial forebrain bundle group.

In the -remaining animal (8H) tested for interactions in the
periaqueductal midbrain central gray area and hypothalamus, response
rates for the C-hypothalamus, T-periaqueductal midbrain central

gray area condition were significantly (ANOVA, p<£ .05) Tower than
response rates for either the C-periaqueductal midbrain central gray
area, T-hypothalamus condition, or the condition where C pulses were
delivered to the hypothalamus alone. The latter two conditions did
not differ significantly (ANOVA, p> .05) from one another in terms
of response rate. This was the same animal which: a) demonstrated
an aversive reaction to periaqueductal midbrain central gray area
stimulation, b) did not show an interaction when comparing response
rates elicited when the C-pulses were delivered to the hypothalamus
alone condition, and when C-pulses were delivered simultaneously to

the periaqueductal midbrain central gray area.and the hypothalamus,
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and c) did not demonstrate elimination from refractoriness when the
pulse pair was split in a staggered fashion across the two sites.
Figure 22 displays this interaction relationship for Rat 8H; the
periaqueductal midbrain central gray area electrode placement was
localized in the red nucleus, while the hypothalamic electrode place-
ment was localized in the medial forebrain bundle. Figure 19 displays
this placement with a closed square. |
In summary, the periaqueductal midbrain central gray area-
medial forebrain bundie/perifornical area group exhibited different-
jal response rates betiween the two staggered split-pulse conditions
where response rates elicited by the C-periaqueductai midbrain central
gray area, T-medial forebrain bundie/perinfornical area condition
are greater than response rates elicited by the C-medial forebrain
bundle/perifornical area, T-periaqueductal central gray area condi-
tion (Figure 18). On the other hand, for the periaqueductal mid-
brain central gray area-non-medial forebrain bundle group, response
rates did not differ between the two staggered conditions (Figure 21).
Hence, despite overlap in periaqueductal midbrain central gray area
placements (Figure 19), hypothalamic placements not in the medial
forebrain bundle and perifornical area exhibit a single type of in-
teraction in both staggered conditions (Figure 20, closed éirc]es),
while hypothalamic placements located in the medial forebrain bundle
and perifornical area exhibit two types of interactions dependent
upon whether the hindbrain piacement receives the C or the T pulse
(Figure 20, closed triangles). In one case, a) no interaction took

place, b) no elimination from refractoriness took place, c) the
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periaqueductal midbrain central gray area electrode placement was
Jocalized in the red nucleus (Figure 19, closed square) which was
behaviorally aversive, and d) exhibited differential response rates
in which one staggered condition was significantly Tower than either
the other staggered condition or C pulses delivered to the ICSS elec-
trode alone.

Five animals were tested under the staggered pulse pair con-
dition split between the locus coeruleus and septum. In one case,
response rates were significantly (ANOVA, p< .05) higher when C
pulse was delivered to the Tocus coeruleus and the T pulse was de-
Tivered to the septum, than when the C pulse was delivered to the
septum and the T pulse was delivered to the locus coeruleus. The
left panel of Figure 23 (A) displays this relationship for Rat 88G.
Histological localization of the electrodes revealed the placements
to be in the dorsal noradrenergic bundle and the lateral septum
respectively (Figures 24 and 25, closed triangles). In the remain-
ing four cases, response rates did not differ significantly (ANOVA,
p ».05) between the C-locus coreuleus, T-septum condition and the
C-septum, T-locus coeruleus condition. The right panel of Figure 23
(B) displays this relationship for a representative animal of this
group. The placements for these animals were localized in the dorsal
noradrenergic bundle and the medial septum respectively (Figures
24 and 25, closed circles). Hence, despite ovef]ap in Jocus coeru-
leus placements (Figure 24), medial septal placements exhibit a
singié type of interaction in both staggered conditions, while the

lateral septal placement exhibits two types of interactions dependent
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upon whether the hindbrain placement receives the Cor T pulse (Figure
25).

These results are encapsulated in Table 6, and can be summar-
jzed by the following points:

1) When both sites tested support ICSS behavior, an inter-
action takes place such that the response rates elicited by simul-
taneous delivery of C pulses to both sites are significantly greater
than the sum of the response rates elicited when each site is stimu-
lated by C pulses alone.

2) The same type of interaction can occur if one site can
support ICSS, while the other site sustains interest. This inter-
action does not occur if one site supports ICSS, while the other site
demonstrates behavioral aversion.

3) -The sites which demonstrate interactions under simultane-
ous conditions will also demonstrate interactions when the pulses
delivered_to each site are staggered. This has been described as an
elimination of refractoriness where response rates under the split
pulse condition are similar across all C-T intervals. Normally,
when both pulses are delivered within a given site, response rates
are significantly lower at short C-T intervals as compared to Jonger
C-T intervals. The sites which did not demonstrate an interaction
under the simultaneous condition did not eliminate refractoriness
under the staggered condition.

4) 1In all combinations of sites tested, differential results
were obtained, a) dependent upon hypothalamic placement within each

combination, and b) dependent upon which brainstem area was tested
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across combinations.
5) For the Tocus coeruleus-crus cerebri/Fields of Forel

group, response rates were significantly greater when the C pulse

was placed in the locus coeruleus and the T pulse was placed in the
crus cerebri/Fields of Forel, than when the reverse took place. For
the substantia nigra-non-medial forebrain bundle group, response

rates were significantly greater when the C pulse was placed in the
substantia nigra and the T pulse was placed in a non-medial fore-
brain bundle hypothalamic p]écement, than when the reverse took place.

6) For the locus coeruleus-medial forebrain bundle/periforni-
cal area group, response rates were similar, regardless of which site
received the C pulse. In two cases, response rates were significant-
ly greater for C-medial forebrain bundle, T-locus coeruleus rather
than the reverse. For the substantia nigra-medial forebrain bundle

_group, response rates were similar regardless of which site received
the C pulse.

7) Therefore, in Tocus coeruleus/hypothalamus combinations
and substantia nigra/hypothalamus combinations, different rates of
responding will occur under the two staggered conditions only when
the hypothalamic placement is outside of the medial forebrain bundle/
perifornical area.

8) For the periaqueductal midbrain central gray area-medial
forebrain bundle/perifornical area group, response rates were signi-
ficantly greater when the C pulse was placed in the:periaqueductal
midbrain central gray area and the T pulse was placed in the medial

forebrain bundle/perifornical area group, than when the reverse took
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place.

9) For the periaqueductal midbrain centra1,gray area-non-
medial forebrain bundle group, response rates were similar, regard-
less of which site received the C pulse. In two cases, response
rates were significantly greater when the C pulse was placed in a
hypothalamic area outside the medial forebrain bundle and the C pulse
was placed in the periaqueductal midbrain central gray area, than
when the reverse took place.

10) Therefore, in periaqueductal midbrain central gray area/
hypothalamus combinations, differential rates of responding will oc-
cur under the two staggered conditions only when the hypothalamic
placement is inside the medial forebrain bundle/perifornical area.

11) For locus coeruleus/septum combinations, the location of
the septal placement elicits differential results. If the septal
placement placement is lateral, then response rates elicited under
C-locus coeruleus, T-lateral septum is greater than the reverse.

If the septal placement js medial, then response rates are similar
regardliess of which site, locus coeruleus or medial septum, received

the C pulse.

Discussion

When two sites are capable of supporting ICSS, an interaction
took place such that simultaneous delivery of C pulses to both ICSS
sites elicited response rates which were significantly greater than
the sum of the response rates eticited by stimulating each site with

C pulses alone at the same intensities used in the simultaneous
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condition. This data {s in accordance with virtually all interac-
tion studies which measured this variable (Ungerleider & Coons, 1970;
Szabo, 1972; Ellman et al., 1975; Coons et al., in press; Ackermann et
al., in preparation,a). In addition, an interaction took place even
when one of the sites does not sustain reliable ICSS responding, but
only qualitative behavioral interest. In four cases, while the ani-
mal would respond reliably from one electrode site, the second place-
ment would support intermittent responding operantly and approach-
behavior towards the Tever when shaped. Administration of one and
two mg/kg doses of d-amphetamine, a catehcolamine releaser and an
agent which enhances ICSS (Stein, 1964; Steiner & Stokely, 1973)
would not increase responding above this level. Yet, when tested for
interactions with an ICSS site, response rates elicited by simultan-
eous de]i?ery to both sites were significantly greater than the sum
of response rates elicited by stimulating each site with C pulses
alone. 1In all four cases, the non-ICSS electrode placement was in

a site which supported ICSS in the present or other studies. There-
fore, one must qualify this statement by reporting that ICSS could
not be maintained within the site by this stimulation technique and
these stimulus parameters. As previously noted in Experiment I, it
is not feasible to report that an electrode placement is incapable

of sustaining ICSS based on a study which utilizes restrictive para-
meters (Routtenberg & Malsbury, 1969). Still, interactions occurring
between an ICSS site and a non-ICSS site are unreported in the 1iter-
ature. In fact, four studies (ElIman et al., 1975; Ungerleider &

Coons, 1970; Ackermann et a1{,‘in preparation,a;Coons et al.,.in press)
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have demonstrated that interactions will not take place {f one or
both of the two sites does not support ICSS. However, procedural
and histological differences can account for the results. Two
studies (Eliman et al., 1975; Ackermann et al., in preparation;, a)
tested the non-ICSS over a wide range of intensities with sinusoidal
stimu]ation-which delivers current continuously during the train.
Therefore, their report of a non-ICSS site actually not sustaining
ICSS has more validity because of a more comprehensive screening
procedure. In addition, these studies and the two others (Ungerleider
& Coons, 1970; Coons et al., in press) Jocalized their non-ICSS
electrode placements in sites where either no ICSS reports in the
Titerature existed or where behavioral aversion took place. As was
pointed out previously, the non-ICSS sites which elicited an inter-
action when paired with an ICSS site, sustained qualitative beha-
vioral interest and were located in areas where ICSS placements were
reported previously.

In one case, an interaction did not take place between an
ICSS site and non-ICSS site; response rates did not differ when sti-
mulation was delivered to the ICSS site as compared to simultaneous
stimulation of both sites. In contrast to the four animals described
above, the non-ICSS placement was localized in the red nucleus in
which previous studies (Routtenberg & Malsbury, 1969; Crow, 1972)
have reported no ICSS behaviar. In this animal, stimulation of the
red nucleus elicited behavioral aversion, and when stimulated simul-
taneously with a hypothalamic 1CSS site, did not produce a bhehavioral

facilitation. This is in accordance with studies (E11man et al.,
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1975; Ungerleider & Coons, IQZO;ACoqns et al., in press; Ackermann
et al., in preparation,a) where interactions will not take place if
one or both sites does not support ICSS.

A further finding was that if a site combination was capable
of supporting an interaction under simultaneous conditions, then it
was able to support the interaction under staggered conditions, that
is, the C pulse and T pulse are delivered to different sites with a
varied interval in milliseconds between C and T puises. This data
for the seven-site combinatiom tested constitutes a so-called elimi-
nation from refractioriness since pulses delivered at short C-T in-
tervals within a site do not support ICSS behavior at the level
gained at longer C-T intervals. However, when pulses are split
between sites, staggered response rates are similar over all C-T
intervals tested when one particular site receives the C pulse and
a second particular site receives the T puise. This elimination
from refractoriness has been demonstrated previously (Ungerleider &
Coons, 1970; German & Holloway, 1973L although at very long C-T in-
tervals (100 msec. or more), this elimination from refractoriness
dissipates. Hence, it seems that the interaction under simultaneous
and staggered conditions is triggered by synaptic and summative,
rather than axonal, events. As delay between succeeding pulses in-
creases, chances of optimal summation decreases.

Further evidence of summation is apparent (Figure 10) when
one considers that responding at ail C-T intervals in the split-
pulse staggered condition is not uniform. Note that in Figure 10,

response rates at 1.2 msec. are non-significantly lower than at the
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other C-T intervals, while response rates at 1.0 msec. are non-
significantly higher. This small deviation could be due to the
optimal summative ability of the common point of influence is at
1.0 msec. If the hypothalamic site is stimulated 1.0 msec. before
the Tocus coeruleus site, optimal summative capacity for that par-
ticular ordered combination is reached and many cells are fired.
However, if the hypothalamic pulse is delivered 1.2 msec. after the
Tocus coeruleus pulse, then either: a) limited refractoriness to
the effects of the locus coeruleus pulse is indicated by deciine in
response rate, or b) stimulation by the locus coeruleuys pulse trig-
gered concommitant transmitter which creates IPSP's at the summation
point. This Tatter possibility will be explored in Experiment IV.
The split-pulse staggered condition was tested in two ways
for each combination. In one condition,the C pulse was delivered to
the hindbrain electrode site and the T pulse was delivered to the
forebrain electrode site. In the second condition, the C pulse was
delivered to the forebrain electrode site and the T pulse was deliver-
ed to the hindbrain electrode site. Seven site combinations were
tested; the locus coeruleus-septum combination will be discussed
later. Of the six remaining site combinations tested, three of
them demonstrated significant differentiation in response rate which
was dependent upon which electrode site of the particular combination
received the C pulse. 1In the Jocus coeruleus-crus cerebri/Fields
of Forel group, the substantia nigra-non-medial forebrain bundle
group, and the periaqueductal midbrain central gray-medial forebrain

bundle/perifornical area group, response rates were significantiy
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higher when the C pulse was delivered to the hindbrain electrode site
and the T pulse was delivered to the hypothalamic electrode site,
than when the reverse condition was tested. 1In Table 5, sections
A, C, and E summarize these results. These groups will be collective-

1y called the differential interaction group. In the other three

combinations, most of the animals demonstrated similar response rates
under both conditions of the interaction. In the Tocus coeruleus-
medial forebrain bundle/perifornical area group. the substantia nigra-
medial forebrain bundle group, and the periaqueductal midbrain cen-
tral gray-non-medial forebrain bundle group, response rates were
usually similar regardliess of whether the C pulse was delivered to
the hindbrain electrode site and the T pulse was delivered to the
hypothalamic electrode site or whether the réverse condition was
tested. In a minority of animals (N = 4), response rates were sig-
nificantly higher when the C pulse was delivered to the hypothalamic
electrode site and the T pulse was delivered to the hindbrain elec-
trode site, than when the reverse condition was tested. In Table

5, sections B, D, and F summarize these results. These groups will

be collectively called the similar interaction group.

There are several explanations for the differences in respond-

ing under the two conditions for the differentiated interaction group

and the similar interaction group. First, four possible explanations

of the data produced by the differential interaction group will be

discussed, followed by four possible explanations of the data pro-

duced by the similar_ interaction group.

The four explanations for the differentiated interaction
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group are: a) the differential interaction is caused by a direct
ascending excitatory influence by the hindbrain electrode site upon
the hypothalamic electrode site; b) the differential interaction is
caused by ascending excitatory influences by both electrode sites
upon a common summation point anterior to both sites; c) the differ-
ential interaction is caused by excitement of an ascending system
and re-excitement of that same system by path neurons; and d) the
differential interaction is caused by a direct inhibitory influence
by the hypothalamic electrode site upon the hindbrain electrode site.

The first explanation postulates that the differential inter-
action is caused by a direct ascending excitation by the hindbrain
electrode site upon the hypothalamic electrode site. Evidence for
this explanation are found is histofluorescence, assay, and drug
studies. In the locus coeruleus-crus cerebri/Fields of Forel group,
histofluorescence studies iﬁdicate that the locus coeruleus sends
fibers of passage through the crus cerebri and Fields of Forel via
the ventral noradrenergic bundle and dorsal noradrenergic bundle
respectively (Ungerstedt, 1971; Lindvall & Bjorklund, 1974), al-
though there is negative evidence of Tocus coeruleus terminals in
the hypothalamus (Ungerstedt, 1971; Lindvall & Bjorklund, 1974).
This relationship is still unclear, however, since studies (Ross &
Reis, 1974; Ross, Joh, & Reis, 1975) have demonstrated that locus
coeruleus lesions reduce hypothalamic dopamine-beta-hydroxylase
activity while hypothalamic lesions reduce the retrograde reaction
of tyrosine hydroxylase and dopamine-beta-hydroxylase in locus

coeruleus cell bodies. This evidence has been interpreted as sup-
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port for locus coeruleus terminals in hypothalamic areas. In the
substantia nigra-non-medial forebrain bundle group, one animal's
hypothalamic placement was ventro-lateral to the medial forebrain
‘bundle, an area where histofluorescence studies have located the
nigro-striatal pathway (Dahlstrom & Fuxe, 1964; Ungerstedt, 1971;
Lindvall & Bjorklund, 1974). In the second animal, howaver, the
hypothalamic placement was localized in the periventricular hypo-
thalamic nuclei, certainly an area where ascending nigro-striatal
fibers do not pass. In the periaqueductal midbrain central gray-
medial forebrain bundle group, the evidence for exclusively ascend-
ing fiber systems is small, although the meso-limbic system passing
from mesencephalic cell group A-10 to forebrain nuclei in the accum-
bens, amygdala, septum and striatum passes through the medial fore-
brain bundle (Lindvall & Bjorklund, 1974). It is more medial to
the nigro-striatal or ventral noradrenergic bundles and.thus be
more affected by medial forebrain bundle and perifornical ICSS.
Hence, it seems that this first explanation, although tenab]e, does
not apparently have overwhelming evidence in support of it.

The second explanation for differential interactions suggests
the existence of a common summation point for the two electrode
sites of each combination where each electrode site exerts an ascend-

ing excitatory influence. Since the data for the differential inter-

action group demonstrates that response rates are

greater in the condition when the C pulse is delivered to the hind-
brain site, than in the condition when the C pulse is delivered to

the hypothalamic site, this suggests that the summation point must
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be anterior to both electrode sites so as to allow the excitatory
influence from the hindbrain site adequate lead time to optimally
summate with the excitatory influence from the hypothalamic site.
Evidence for this notion for the locus coeruleus-crus cerebri/Fields
of Forel group indicates that the nigro-striatal tract clearly
traverses the crus cerebri area (Dahlstrom & Fuxe, 1964; Ungerstedt,
1971; Lindvall & Bjorklund, 1974) and innervates the striatum, an-
terior cingulate cortex and the amygdala. The Fields of Forel does
not have as strong histochemical evidence for ascending fibers, al-
though lateral aspects of the dorsal noradrenergic bundle and medial
aspects of the incerto-hypothalamic bundle could be involved (Lindvall
& Bjorklund, 1974; Bjorklund, Lindvall, & Nobin, 1975). Stimulation
of the Jocus coeruleus and crus cerebri or Fields of Forel could
result in summation of limbic nuclei in the forebrain. Delivery of
the C pulse to the Jocus coeruleus provides the adequate lead time
so that transmitters are released by both locus coeruleus and crus
cerebri/Fields of Forel terminal areas which in turn create summa-
tive EPSPs upon forebrain nuclei. If the C pulse is delivered to
the crus cerebri or Fields of Forel and the T pulse is delivered to
the locus coeruleus, then the crus cerebri or Fields of Forel ter-
minal areas will release transmitter well in advance of locus coeru-
leus terminals. Furthermore, transmitter released by locus coeruleus
terminals will create forebrain nuclei EPSPs after the EPSPs of crus
cerebri/Fields of Forel, transmitter has been Jargely dissipated,
causing less than optimal summation. It appears then, that while

both conditions cause an enhancement in responding over delivery of
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C-pulses from either site alone, the greater enhancement occurs

when the C pulse is in the locus coeruleus because of more optimal
summative capacities in forebrain nuclei. In the substantia nigra-
non-medial forebrain bundle group, one animal had its hypothalamic
electrode ventro-lateral to the medial forebrain bundle in a location
near the nigro-striatal pathway. Thus, it is possible that hypotha-
lamic stimulation excites the same terminal areas as the nigro-
striatal pathway. The second animal's hypothalamic placement was
the periventricular nucleus where ICSS rates are Jow, corresponding
with response rates elicited by midbrain periaqueductal bundle ICSS
(Ackermann et al., in preparation,a). The periaqueductal bundle
(Lindvall & Bjorklund, 1974) arises from the locus coeruleus and
ascends through the lateral periaqueductal and periventricular gray,
and then traverses ventro-laterally into the preoptic area and
amygdala, areas innervated by the nigro-striatal tract. Another
possibility is that ICSS is triggering A-12, A-13, or A-14 hypotha-
lamic cell groups (Lindvall & Bjorklund, 1974) which activate the
incerto-hypothalamic system (Bjorklund et al., 1975). The nigro-
striatal and incerto-hypothalamic systems are both ascending and may
have common forebrain terminal areas. As in the case of the locus
coeruleus-crus cerebri/Fields of Forel group, the most optimal
summation in forebrain areas would involve initial C-pulse activa-
tion of the poserior site (substantia nigra) to provide adequate
lead time so that the transmitters are released by both substantia
nigra and non-medial forebrain bundle terminal areas in close

temporal succession. In the periaqueductal midbrain central gray-
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medial forebrain bundle/perifonrical area group, if one assumes
that the hypbtha1amic placement is directly stimulating parts of
the mesolimbic pathway, then the common summation point hypothesis
is valid. Again, evidence for this second explanation is available,
though not overwhelming.

The third explanation for directional interactions contends
that the differentiation is caused by excitement of an ascending
system and re-excitement of that same system by path neurons. Re-
sponse rates are higher if the ascending system component fs excited
initially and the path neurons are excited at some point after the
ascending component passes. In the locus coeruleus-crus cerebri/
Fields of Forel group, path neurons in the Fields of Forel region
or the crus cerebri region are activated by stimulation to these areas
and trigger ascending fibers of passage. If the C pulse is delivered
to the Jocus coreuleus, activation of these fibers occur before the
path neurons are activated by the T-puise; hence, both pulses are
propagated along the same axons and maximal summation occurs. How-
ever, if the C pulse is delivered to the path neurons in the area
of the crus cerebri or Fields of Forel, then they in turn propo-
gate pulses along the same axons where T pulses from the Jocus
coeruleus are travelling. Some of the path neuron propogations
travel orthodromically and trigger EPSPs; some of the path neuron
propogations travel antidromically and cancel out the ascending T
pulse propogations. Thus, the C-crus cerebri/Fields of Forel T-
locus coeruleus condition allows less activation of terminal areas

with Tess than maximal summation with correspondingly lower response
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rates. In the substantia nigra-non-medial forebrain bundle group,
the path neurons described above will act in the same way. In the
periaqueductal midbrain central gfay-media] forebrain bundle/peri-
fornical area 9roup, path neurons in the medial forebrain bundle are
involved. Delivery of the C pulse to the periaqueductal midbrain
central gray activates an ascending excitatory influence on fore-
brain nuclei. Delivery of the T pulse in the medial forebrain

bundle or perifornical area activates path neurons which propagate
impulses onto the same axons which the C pulse has activated. How-
ever, since the C pulse activation has already passed, this system

is then stimulated twice in short temporal succession insuring
maximal transmitter release and optimal EPSP summation on forebrain
nuclei. In the reverse condition, C pulse activation of medial fore-
brain bundle or perifopnical path neurons create orthodromic exci-
tability but also antidromic cancelling of advancing T-pulses ascend-
ing from periaqueductal midbrain central gray cell bodies. This
cancelling reduces amount of transmitter release and less than opti-
mal EPSP summation on forebrin nuclei.

Therefore, it seems that behavioral evidence exists for three
ascending excitatory systems: the dorsal-periaqueductal-ventral
noradrenergic bundle system, the nigro-stniatal system, and the meso-
Timbic system. If the posterior aspect of a system is stimulated
initially by the C pulse and the anterior aspect of a system is sti-
mulated by the T pulse, elicited response rates are greater than
when the reverse condition is tested. For an ascending system to

work at maximal capacity, the posterior part must be stimulated
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initially to allow lead time for maximal forebrain summation. In
the cases of the locus coeruleus-crus cerebri/Fields of Forel group,
the substantia nigra-non-medial forebrain bundle group and the peri-
aqueductal midbrain central gray area-medial forebrain bundle/peri-
fornical area group, both behavioral and histochemical evidence sug-
gest an ascending excitatory influence.

The fourth and final explanation for the results produced

by the differential interaction group postulates that the differ-

entiation is caused by direct inhibitory influences by the hypothala-
mic electrode site upon the hindbrain electrode site. In this

model, when the C pulse is delivered to the hypothalamic electrode
site, it interacts in an inhibitory fashion with the T pulse arriv-
ing later from the hindbrain site, causing a decrease in behavior.

If the C pulse is delivered to the hindbrain electrode site, however,
the resulting excitation will produce a behavior before the T pulse
in the hypothalamus produces its inhibitory effects. Hence, re-
sponse rates in the C-hindbrain, T-hypothalamus condition

are higher because of less inhibition than rates in the C-hypothala-
mus, T-hindbrain condition which produces more inhibition. Experi-
ment IV provides a direct pharmacological test of this hypothesis.

The four explanations for the similar interaction group are:

a) the similar interaction is caused by an ascending excitatory in-
fluence from the hindbrain electrode site and an equally strong de-
scending excitatory influence from the hypothalamic electrode; b)
the similar interaction is caused by two ascending excitatory influ-
ences with indirectly connected summation points; c) the similar

interaction is caused by excitement of an ascending system and in-
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direct re-excitement of the same system by path neurons; d) the simi-
lar interaction would be differential except there exists inhibitory
influences.

The first explanation suggests equally strong ascending and
descending influences. Hence, the C-hindbrain, T-hypothalamus condi-
tion more effectively excites the ascending influence while the C-
hypothalamus, T-hindbrain condition more effectively excites the
descending influence resulting in similar response rate behavior.
The evidence for descending systems is small, involving a choliner-
gic network (Shute & Lewis, 1967) heretofore not involved in ICSS
behavior as evidenced by the Jack of effect of pharmacological
cholinergic manipulations upon ICSS (Newman, 1972; Domino, Olds; &
Wilson, 1975). A second descending system not involved in ICSS be-
havior is the pallido-nigral pathway which contains GABA (Groves
et al., 1975). The last descending pathway is the medial forebrain
bundle itself (Nauta, 1958), but it does not heavily innervate the
hindbrain areas of the interaction. Thus, this hypothesis does not
have much evidence to support it.

The second explanation postulates that the similar inter-
actions are caused by two ascending excitatory influences with indi-
rectly connected summation points. In the locus coeruleus-medial
forebrain bundle/perifornical area group, the path of interaction
can be ascending in both cases, but with sTightly overlapping summa-
tion points rather than heavily overlapping summation points. The
data indicating that response rates are greater under the C-medial

forebrain bundle/perifornical area, T-locus coeruleus condition
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than the reverse could still be explained in terms of ascending in-
fluences where the Tocus coeruleus stimulation has less synaptic
connections to cross to reach the common summation point than the
medial forebrain bundle or perifornical area placement. In the sub-
stantia nigra-medial forebrain bundle group and in the periaqueduc-
tal midbrain central gray-non-medial forebrain bundle group, fore-
brain placements from each electrode placement should be in close
proximity to one another, but not directly synapsing on a common
post-synaptic receptor site. Therefore, the polysynaptic connec-
tions will dissipate the temporality of the summation. Again, little
direct evidence can support this position.

The third explanation implicates path neuron connections which
are polysynaptic between the source of the ascending influence and
the source of the hypothalamic stimulation. The path neuron system
(Millhouse, 1969) is certainly capable of activating neurons several
synapses away, but again direct evidence for this hypothesis is not
readily.available.

The fourth explanation for similar interactions by way of in-

hibition will be tested in Experiment IV along with the differential

interaction group.

Experiments which can effectively isolate suspected summation
points from the interaction sites should be done in order to pro-
vide further insight into the mechanisms of the interactions them-
selves.

The seventh combination of sites involved the Tocus coeruleus

and septum, where an interaction took place such that response rates
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elicited under either the simuyltaneous or staggered delivery of
pulses split between the two sites were significantly greater than
the sum of response rates elicited by delivery of C pulses to each
site alone. This is the first report of interactions between these
two sites and thus further corroborates the premise (Ungerleider &
Coons, 1970; Ellman et al., 1975; Ackermann et al., in preparation,a)
that any two ICSS sites should produce a neurophysiological inter- :
action, In four of the septal-locus coeruleus combinations, re-
sponse rates were similar under both the C-septum, T-Jocus coeruleus
and C-locus coeruleus, T-septum conditions. The septal placements
in these cases were located medially, where a confluence of noradre-
nergic and meso-1imbic dopaminergic terminals are located (Lindvall,
1975; Brownstein et al., 1974). The fact that these placements
exhibit a bidirectional influence when interacting with the Tocus
coeruleus correlates with the bidirectional interactions between locus
and medial forebrain bundle-perifornical area where meso-1imbic in-
fluences were also apparent. In one case, the septal placement was
lateral and response rates elicited by the C-Tocus coerujeus, T-
septum condition were significantly greater than the response rates
elicited by C-septum, T-locus coeruleus condition. Catecholaminer-
gic terminals in this area have been found to be primarily noradre-
nergic (Ungerstedt, 1971); this correlates with Tocus-coeruleus-
crus cerebri/Fields of Forel interactions.

It seems from this data that there are two distinct ICSS
systems which interact but do not overlap to any great degree. The

first system is comprised of: a) the ascending noradrenergic fiber

-
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system arising principally fram the locus coeruleus, and b) the
nigro-striatal fiber system arising from the substantia nigra. In-
teractions between aspects of this system will be greater if the
posterior part is stimulated initially, causing a greater enhancement
of the ascending excitatory influence as demonstrated by locus
coeruleus-crus cerebri/Fields of Forel interactions and substantia-
nigra-non-medial forebrain bundle interactions. Further support for
this system is that Tocus coeruleus lesions selectively abolish crus
cerebri/Fields of Forel ICSS (Farber et al., in preparation) and
reduce substantia nigra ICSS (Farber et al., in preparation;
Belluzzi et al., 1975). The second system is comprised of the meso-
limbic fiber system arising from the mesencephalic ventral teg-
mental aream notably dopaminergic cell group A-10. Interactions
between aspects of this system will be greater if the posterior part
is stimulated initially causing a greater enhancement of the ascend-
ing excitatory influence as demonstrated by periaqueductal midbrain
gray-medial forebrain bundle/perifornical area interactions. When
the two systems are tested, an interaction without exclusive direct-
jonality occurs as demonstrated by locus coeruleus medial forebrain
bundle/perifornical area interactions, substantia nigra-medial fore-
brain bundie/perifornica] area interaction and periaqueductal mid-
brain central gray-non-medial forebrain bundie/perifornical area

interactions.
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Experiment IV. Effect of Gamma-butyric Acid and Glycine

Inhibitors upon C-T Function Interations

Rationale
The results of Experiment III demonstrated that differential
interactions could occur depending upon the site combinations. In

the differential interaction group, response rates were higher in

the C-hindbrain, T-hypothalamus condition than in the reverse con-
dition. This data was analyzed in terms of three separate excita-
tory hypotheses and one inhibitory hypothesis which suggested that
the interaction is differential because of hypothalamic inhibition
upon hindbrain excitation. Hence, response rates are higher in the
C-hindbrain, T-hypothalamus cdnditknnbecause the hypothalamic pulse
cannot inhibit the hindbrain pulse because it is occurring after
the hindbrain pulse. In the C-hypothalamus, T-hindbrain condition,
the C-pulse in the hypothalamus has a more ideal chance of inhibit-
ing the T pulse in the hindbrain, producing less responding and

thus the differentiation. In the simi]ar'interaction group, re-

sponse rates were similar under both conditions. An inhibitory
hypothesis here would suggest that there really are differences in
response depending upon placement of the C pulse, but they are
masked by inhibition. This experiment will attempt to reconcile the
inhibitory hypothesis by pharmacological manipulation.

Specifically, the inhibitory mechanism upon excitatory acti-
vity is usually explained in terms of neurohumoral transmitter sub-
stances producing inhibitary post-synaptic potentials (IPSPs) and

thus increasing the threshold for firing. Two transmitter substances
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have been implicated in largely inhibitory roles; they are gamma-
butyric acid (GABA) and glycine (Groves et al., 1975). Thus direct
pharmacological manipulation of these two transmitters may a]]éw
for direct testing of inhibitory hypotheses particularly by inhi-
biting the inhibitor, or disinhibiton. If disinhibition occurs,
response rates which are differential should become similar, and,
correspondingly, response rates which are similar should become
differential.

A potent inhibitor of GABA is picrotoxin, which fills GABA
receptors without activating the post-synaptic membrane with IPSPs,
while a potent inhibitor of glycine 1is strychnine which also oc-
cupies glycine receptor sites. Porrino (1975) demonstrated that
stimulation of the medial hypothalamus inhibits lateral hypothalamic
ICSS at different C-T intervals. Decreases in response rate were
found at 1.0 and 3.0 msec. respectively. Intraperitoneal injec-
tions of strychnine, a glycine inhibitor, eliminated inhibition
at 1.0 msec., while intraperitoneal injections of picrotoxin, a GABA
inhibitor, eliminate inhibition at 3.0 mesc. From this data, Porrino
inferred that glycine inhibition occurs at short C-T intervals, while
GABA inhibition occurs at longer C-T.intervals.

The effects of stnychniné and picrotoxin on the C-T function
interactions of selected animals in different brainstem combinations

with the hypothalamus were tested in this experiment.

Method

Subjects and apparatus. Ten selected subjects from Experiment
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111 were used. The apparatus used in Experiment IV is described in

Experiment I.

Procedure. After completion of Experiment III, each animal
was tested under the following procedure. Holding all of the para-
meters described in Experiment III constant, an animal was tested:
a) under picrotoxin for the C-brainstem, T-hypothalamus condition;
b) under picrotoxin for the C-hypothalamus, T-brainstem condition;
c) under strychnine for the C-brainstem, T-hypothalamus condition,
and d) under picrotoxin for the C-hypothalamus, T-brainstem condition.
Condition order and drug order was counterbalanced across animals.

Each condition described above consisted of a minimum four-
day sequence. On days'one, two, and four, each animal received an
intraperitoneal injection of normal saline solution (1 m]. of saline
solution/kg. of body weight) 20 minutes before the ICSS session.

On day three, each animal received an intraperitoneal injection of
either strychninesulfate(.5 mg. of strychnine suifate/ml. of saline
solution/kg. of body weight; Sigma Laboratories) or picrotoxin (.75
mg. of picrotoxin/ml. of saline solution/kg. of body weight; Sigma
Laboratories) 20 minutes before the ICSS session. If response rates
of days one and two were similar to those of day four, the animal
entered the next condition. However, if day four response rates
differed from those of days one and two, the animal was tested under
saline on subsequent days unti] rates returned to those of days one
and two. The doses chosen for this study were those found effective
in Porrino's study, yet were non-toxic and free of behaviaral con-

vulsions.
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After cqmp1etiqn of all drug sequences, all animals in this

experiment were sacrificed as described in Experiment I.

Results

Of the 35 combinations of sites tested in Experiment III, ten
combinations were selected for Experiment IV. Table 7 gives the
combination group of each animal,which is the particular group which
a site combination in an animal was assigned, based on the interaction
data in Experiment III. The number of animals tested in the drug
screen for each particular group were: locus coeruleus-crus cerebri/
Fields of Forel: 2 animals; locus coeruleus-medial forebrain
bundle/perifornical area: 2 animals; substantia nigra-medial fore-
brain bundle: 1 animal; substantia nigra-non-medial forebrain bupd]e:
1 animal; periaqueductal midbrain central gray-medial forebirain: bundlé/
perifornical area: 2 animals; and periaqueductal midbrain central

~gray-non-medial forebrain bundle: 2 animals. Four conditions were
tested for each animal involving combination condition and drug:
a) C-hindbrain, T-hypothalamus: strychnine; b) C-hindbrain, T-
hypothalamus: picrotoxin; c) C-hypothalamus, T-hindbrain: strychnine;
d) C-hypothalamus, T-hindbrain: pcirotoxin.

There were no overall excitatory effects for either of the
drugs under either condition. Table 8 Tists the mean multiplicative
effect of strychnine. and picrotoxin for each C-T interval in each
condition for all animals as compared to saline baseline. Multipli-
cative effect is measured by dividing an animal's drug response

rate by the énima]'s saline response rate for the same C-T finterval
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and condition. Thus, across two conditions, there was neither a
discernable rise in one condition nor a discernable decrease in
responding in another condition.

However, if one just looks at the effects of strychnine or
picrotoxin within. the nine C-T intervals tested in each condition,
the results of the drugs is apparent. The major effect of strychnine
and picrotoxin was a selective abolition of troughs in the interaction
function. As reported in Experiment III, neurophysiological inter-
actions between two ICSS sites took place such that elimination.from
refractoriness took place, that is, response rates elicited through-
out the C-T function were similar and were significantly greater than
response rates elicited by the C pulse alone. However, in one case
(Rat 82G), response rates across the C-T function were significantly
(ANOVA, p<£ .05) different from one another; responding at the 1.2
msec. C-T interval was significantly lower than the other C-T inter-
vals. However, this rate was still significantly (ANOVA, p £.05)
higher than the sum of response rates elicited by delivery of C pulses
to each site alone. In many other cases, the elimination of refrac-
toriness phenomenon did not result in equal response rates across
all C-T intervals. Rather, as seen in Figure 26A (circles-saline),
some C-T intervals elicited response rates higher than the rest
(peaks), but not significantly so (Duncan, p > .05). On the other
hand, some C-T intervals elicited response rates Tower than the
rest (troughs), but not significantly so (Duncan, p> .05). In nine
cases, administration of strychnine or picrotoxin selectively

abolished troughs in one condition of the interaction function
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(Tab]e 7). Figure 26 displays a representative animal showing aboli-
tion of troughs: Rat 11H: C-locus coeruleus, T-medial forebrain
bundle - strychnine; b) Rat 7H; C-periaqueductal midbrain central
gray, T-fornix - picrotoxin; c¢) Rat 75G: C-periventricular hypo-
thalamus, T-substantia nigra - strychnine; d) Rat 69: C-Fields of
'forel, T-locus coeruleus - picrotoxin. Table 7 summarizes the ef-
fects of picrotoxin and strychnine upon eliminating troughs in one
condition of an interaction function. Strychnine abolished troughs
in four cases, three of which were in the C-hypothalamus, T-hindbrain
conditon of the interaction. Picrotoxin abolished troughs in five
cases, three of which were in the C-hindbrain, T-hypothalamus condi-
tion of the interaction. In combinations where response rates eli-
cited by the C-hindbrain, T-hypothalamus condition were signifi-
cantly greater than response rates elicited by the C-hypothalamus,
T-hindbrain condition, picrotoxin eliminated troughs in three animals
while strychnine eliminated it in one. On the other hand, in com-
binations where response rates elicited by the C-hypothalamus, T-
hindbrain condition were either significantly greater thancor
similar to response rates elicited by the C-hindbrain, T-hypothala-
mus condition, strychnine eliminated troughs in three animals while
picrotoxin eliminated it in two. Strychnine eliminated troughs in
two animals with medial forebrain bundle/perifornical area elec-
trodes, and in two animals with electrodes outside that hypothalamic
area. Picrotoxin eliminated troughs in two animals with medial

. forebrain bundle/perifornical aréa electrodes in three animals with

electrodes outside that hypothalamic area.
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In no case did either strychnine or picrotoxin abolish the
overall significant differences in response rates for those animals
which demonstrated significantly greater response rates for the
C-hindbrain, T-hypothalamus condition over the reverse. In addition,
in no case did either strychnine or picrotoxin establish a signi-
ficant difference in response rates for those animals which demon-

strated similar responding for both conditions.

Discussion
In Experiment III, two different types of interactions oc-

curred across combinations. In the differential interaction group,

response rates were significantly higher in the C-hindbrain, T-
hypothalamus condition when compared to the reverse, while in the

similar interaction group, response rates were similar regardless

of whether the hindbrain or the hypothalamus received the C pulse.
Two general types of interactions were suggested for these results;
one type was generally excitatory while the other was generally in-
hibitory. »

An ascending excitatory system was proposed as the main
reason for differential effects of magnitude of interaction in Ex-
periment III; the effect was determined within a particular hind-
brain-hypothalamic combination (e.g., locus coeruleus-hypothalamus)
by the placement of the hypothalamic electrode (e.g., ascending -
crus cerebri; bidirectional - medial forebrain bundle). It was sug-
gested that differential interactions occur in the Tocus coeruleus-
crus cerebri combination because the crus cerebri hypothalamic

placement is in the direct ascending line of the locus coeruleus/
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substantia nigra system; similar interactions occur in the locus
coeruleus-medial forebrain bundle combination because the medial
forebrain bundie placement does not belong to the same ascending
system, but rather another system which indirectly connects with
the locus coeruleus/substantia nigra system.

The alternate hypotheses which explained the same data was
inhibition. In this explanation, differential effects occur in the
locus coeruleus-crus cerebri combination because of hypothalamic in-
hibition, that is, the C-locus coeruleus, T-crus cerebri condition is
greater than the C-crus cerebri T-locus coeruleus condition because
the C pulse in the crus cerebri is acting as an inhibitor upon the
pulse in the locus coeruleus. This inhibiton does not occur when the
C pulse is placed in the Jocus coeruleus. This inhibitory process
does not work in the locus coeruleus-medial forebrain bundie combina-
tion because the medial forebrain bundle inhibits the periaqueductal
midbrain central gray, and not the locus coeruleus; therefore, simi-
lar rates occur under both conditions of the Jocus coeruleus-medial
forebrain bundle combination. This inhibitory hypothesis would ex-
plain each of the combinations in the same way. A prime candidate
for the mechanism which would underlie the inhibitory mechanism would
be GABA-containing and/or glycine-containing neurons in the hypotha-
lamus and forebrain. They have been shown to be selectively inhibi-
tory on catecholaminergic excitatory activity in eating (Kimura, 1975),
motor modulation (Groves et al., 1975) and ventro-media]/]aterai
hypothalamic ICSS interactions (Porrino, 1975).

However, in this study, the inhibitory activity of GABA and
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glycine did not account for the differentiation in interactions when
it occurred in particular combinations. In the five animals se-

lected from the differential interaction group, the combination was

such that response rates were higher in the C-hindbrain, T-hypo-
thalamus condition than the C-hypothalamus, T—hindbrain condition.
The disinhibitory effects of strychnine and picrotoxin

could have equalized this differentiation in three ways: a) depress-
ing C-hindbrain T-hypothalamus rates to C-hypothalamus, T-hindbrain
levels; b) raising C-hypothalamus, T-hindbrain rates to C-hindbrain,
T-hypothalamus levels; or c) both depressing: C-hindbrain, T-hypo-
thalamus rates slightly and raising C-hypothalamus, T-hindbrain

rates slightly, thus equalizing these rates. An inhibitory hypo-
thesis with GABA and glycine as prime mechanisms would predict one
of these results. In no animal with differentiation in interaction
combination did this occur. Hence, it is apparent that the differ-
entiation in interaction combinations reported in Experiment III can-
not be accounted for in terms of a GABA or glycine inhibitory mech-
ansim acting upon one part of particular combinations.

This is not to say that GABA and glycine do not exert any
effect upon the interaction functions. In nine of ten animals, either
picrotoxin or strychnine selectively eliminated one or more troughs
(decrements in interaction response rate at a particular C-T inter-
val) in one condition of the C-T function. This disinhibitory effect
of strychnine and picrotoxin suggests an inhibitory roje for GABA and
glycine upon catecholaminergic interactions which occurs post-

synaptically at the summation point or one synapse beyond. The
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peaks and troughs in the interaction C-T function are probably de-
termined by the phase in the neural excitability cycle of the post-
synaptic summation neuron. 1In all cases, both of the stimulation
outcomes produced by the C and T pulses are excitatory upon the post-
snyaptic receptor sites. At some poinf in the interaction function,
many post-synaptic neurons are in one of the two stages of neuronal
refractoriness; some of these neurons will be in the absdlute re-
fractory period and hence be incapable of firing in response to any
stimulus, while many other neurons will be in the relative refrac-
tory period. During the reldative refractory period, the neuron will
not propagate another action potential unless a higher threshold of
summative excitability is reached (Erlanger & Gasser, 1937). The
summative capacity is governed by the relative amounts of excitatory
post-synaptic potentials (EPSPs) and inhibitory post-synaptic po-
tentials (IPSPs). At this particular point in the interaction func-
tion, despite the amount of potentially excitable transmitter re-
leased by the interaction stimulation, too many post-synaptic neu-
rons are in relative refractoriness where IPSPs in part determine
the ability to fire. These IPSPs are produced by the normal activa-
tion of GABA and glycine-containing neurons which are acting as
modulators. Depending upon which type neuron is impinging upon

this particular set of post-synaptic receptors, the disinhibitory
effects of strychnine or picrotoxin should exert an influence such
that the IPSPs produced by GABA or glycine neurons will be cance]led.
With the influence of IPSPs negated, the relative refractoriness

threshold is reduced and the EPSPs caused by the transmitter release
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of interaction neurons should fire the post-synaptic receptors at a
higher rate, . thus eliminating the trough in the function.

This model can also account for the findings which show that
both strychnine and picrotoxin do not exert overall excitatory
effects upon the C-T function, that is, response rates elicited at
C-T intervals where no trough exists are not facilitated by either
drug. Reasons for the Tlack of facilitation by strychnine or picro-
toxin can be explained. The baseline function upon which the drugs
are administered is an interaction function where maximal EPSP sum-
mation is occurring at post-synaptic receptor sites. Therefore,
theoretically, more than enough EPSPs are occurring to produce sum-
mation post-synaptically. Thus, administration of strychnine and
picrotoxin which act to lower IPSPs will not affect response rates
simply because their action is redundant. If summation occurs even
with a normal level of IPSPs, then it will still occur at the same
rate with a lower level of IPSPs. Thus, this same Jevel in summa-

tion still produces the same Jevel of response rate behavior.
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Experiment V. Effects of Locus Coeruleus Lesions on
Hypothalamic C-T Functions . and-.on Locus Coeruleus/

Hypothalamus C-T Interactions

Rationale

Unilateral locus coeruleus lesions selectively abolished or.
reduced crus cerebri/Fields of Forel ICSS, whiTe sparing medial
forebrain bundle ICSS (Farber et al., in preparation). The results
of Experiment III have demonstrated that locus coeruleus/crus cere-
bri-Fields of Forel combinations should shew an ascending inter-
action; that is, response rates wére greater when the C pulse is de-
livered to the locus coeruleus and the T to the crus cerebri-Fields
of Forel than response rates elicited in the reverse coﬁdition.
However, locus coeruleus/medial forebrain bundle-perifornical area
combinations did not show corresponding differentiations in inter-
action.

Farber (in preparatian) used sinusoidal stimulation which
does not allow the study of the summative characteristics of the
effect. The C-T technique holds current constant and could provide
answers as to why the reductions take place, such as less synaptic
activation as proposed by Szabo (1973). This change is measured by
changes in response rate for particular C-T intervals.

Based on the results of Experiment III which suggested an
ascending excitatory hypothesis for locus coeruleus-crus cerebri/
Fields of Forel animals and an indirect excitatory hypothesis for

Jocus coeruleus-medial forebrain bundle/periofrnical area animals,
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certain predictions as to the effects of locus coeruleus lesions
upon hypothalamic ICSS can be made. If an animal demonstrates re-
sponse rates which are significantly higher in the C-locus coeruleus,
T-hypothalamus condition as compared to the reverse, it is predicted
that: a) the hypothalamic electrode will be Jocated in the crus
cerebri or Fields of Forel, and b) a locus coeruleus Jesion will
abolish or reduce hypothalamic ICSS over-the entire C-T function.
However, if an animal demonstrates similar response rates under

both interaction conditions for the locus coeruleus-hypothalamus
combination, it is predicted that: a) the hypothalamic electrode
will be located in the medial forebrain bundle or perifornical

area, and b) a Tocus coeruleus lesion will not affect hypothalamic

1CSS over the entire C-T function.

Subjects. Eight selected subjects with locus coeruleus/
hypothalamus combinations from Experiment III were used.

Apparatus. The C-T apparatus described in Experiment I was
used. Lesions were made with a Grass (LM-4) radio-frequency lesion
maker, which controlled for the possibility of iron deposits and
blockade of stimulation (Aranow, 1960; DiCara, Weaver, & Wolf, 1974;
Reynolds, 1963).

Procedure. Pre-lesion baseline consisted of ten days in
which ten days of hypothalamic C-T interval/response rate functions,
five days of C-locus coeruleus, T-hypothalamus functions, and five
days of C-hypothalamus, T-Tocus coeruleus functions were collected.
The two interaction conditions were alternated over the ten days in

an a-b-b-a manner and were randomly presented each day in a Latin
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Square design; the hypothalamic function was randamly presented
daily in a Latin Square design. The order of the hypothalamic
function and the interaction function were alternated in an a-b-b-a
manner over days.

After baseline, each animal was 1ightly anesthetized (.70 cc
Equithesin) and underwent a 25-volt radio-frequency lesion for 30
seconds, to the locus coeruleus. Both poles of the bipolar electrode
served as cathode; a plate situated under the animal served as
ground. AT1 overt behavior and the milliamperage delivered was
noted through the lesion.

After the lesion, each animal was tested daily for 30 days,
broken into three 10-day segments. Each segment of post-lesion
testing was identical to the pre-lesion baseline. Every tenth day,
each animal was retested through its Jocus coeruleus electrode to
determine if it recovered the capability to elicit ICSS.

After the post-lesion testing, all animals were sacrificed

as described in Experiment I.

Results

Eight rats completed Experiment V; in the pre-lesion condition,
seven animals produced interaction response rates which were simijar
(ANOVA, p>> .05) under both interaction conditions. Histological
verification revealed that the placements were in the Jocus coeru-
Teus and medial forebrain bundle/perifornical area; these animals
will collectively be referred to as the locus coeruleus-medial fore-
hrain bundle group (see annotations, Table 5, section A). In the

pre-lesion condition, one animal produced interaction response
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rates in which the C-Jocus coeruleus, T-hypothalamus condition yield-
ed significantly higher (ANOVA, p< .05) response rates than the
reverse coﬁdition. Electrode placements were localized in the jocus
coreuleus and internal capsule; this animal will be referred to as
the Tocus coeruleys internal capsule group (see annotation, Table 5,
section B).

Results of the locus coeruleus Tesion will be analyzed in
the following manner. First, the Jocus coeruleus-medial forebrain
bundle group will be analyzed for: a) extent of Tocus coeruleus
Tesion, b) effects of the Tesion upon the within-site hypothalamic
C-T function, and c) effects of the lesion upon the two interaction
conditions between the locus coeruleus and medial forebrain bundle.

The locus coeruleus-internal capsule group will be analyzed later.

A. Locus Coeruleus-Medial Forebrain Bundle Group: Extent of

Lesion

In the Tocus coeruleus-medial forebrain bundle group, three
of the locus coeruleus lesians (Rats 33H, 38H, Z7H) effectively
eliminated 100% of the anterior one-third of the cell group located
in the posterior mesencephalon and anterior pontine area. The ante-
rior part of the dorsal tegmental nucleus was also destroyed by
the lesion; in all three cases, the posterior two-thirds of the
pontine cell bodies of the Tocus coeruleus and dorsal tegmental nuc-
Teus were spared. In two of these cases (Rat 33H and 7ZH), the
lesion spread to the contra-lateral side and also eliminated the
contra-lateral locus coeruleus and dorsal tegmental nucleus. In four

animals *Rats 31H, 80H, 6I, 17I), the lesion destroyed the posterior
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two-thirds of the locus coeruleus while sparing the anterior one-

third of the locus coeruleus cell bodies.

B. Locus Coeruleus-Medial Forebrain Bundle Group: Effect of

In three animals with anterior Tocus coeruleus lesions, the
lesion significantly (ANOVA, p< .07) increased response rates over
the entire medial forebrain bundie/perifornical area pulse-pair
function. However, the time course, magnitude, and specific inter-
vals affected by the lesion varied from animal to animal. In rat
33H, after one day post-lesion, hypothalamic response rates returned
to baseline ICSS rates, and after three days post-lesion, response
rates were significantly (ANOVA, p< .01) elevated at all C-T inter-
vals (Figure 27). Peak responding for this site doubled in rate;
responding remained at significantly (ANOVA, p < .05) elevated
levels through the 30-day post-lesion test period. In contrast to
Rat 33H, Rat 38H (Figure 28) demonstrates a very gradual change in
responding. During the first five days post-lesion, response rates
were depressed across all C-T intervals of the hypothalamus. How-
ever, as can be seen in Figure 28, response rates elicited at short
(0, .5, .8 msec.) C-T intervals during the next five days post-lesion
became significantly (ANOVA, p<£ .05) greater than pre-lesion base-
line. By 20 to 30 days post-lesion (panel C of Figure 28), response
rates at C-T intervals from O to 1.2 msec. were significantly (ANOVA,
p £.05) greater than baseline. By 40 days post-lesion (panel D of
Figure 28), response rates were greater at all C-T intervals except

5 msec. Rat 77H, the third animal with an anterior locus coeruleus
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lesion, had medial forebrain bundle response rates returned to base-
line levels within two days post-lesion (Figure 29). Between five
days post-lesion and 15 days post-lesion, response rates were signi-
ficantly (ANOVA, p€.05) greater than pre-lesion levels over all C-T
intervals tested (Figure 29). Bewteen 15 days post-lesion and 25 days
post-lesion, response rates returned (ANOVA, p2.05) to baseline le-
vels (Figure 29). The facilitations demonstrated by anterior locus
coeruleus lesions upon medial forebrain bundie were not as pronounced
with the animal (Rat 31H) with a posterior iocus coeruleus Jesion
(Figure 30). After two days of sub-baseline responding, post-lesion
response rates elicited by medial forebrain pbundle ICSS recovered to
baseline levels at short (0 to 1.5 msec.) C-T intervals and were sig-
nificantly (ANOVA, p€£.05) greater than pre-lesion response rates at
long C-T intervals (Figure 30). This increase lasted until 15 days
post-lesion, after which post-lesion response rates were similar
(ANOVA, p>.05) to pre-lesion response rates. In the remaining three
animals (rats 80H, 6I, and 171), initial post-lesion response rates
were significantly (ANOVA, p€.05) depressed over all C-T intervals.
After five to ten days post-lesion, response rates at all C-T inter-
vals recovered (ANOVA, p>.05) to baseline Tlevels and demonstrated no
facilitation.

C. Locus Coeruleus-Medial Forebrain Bundle Group: Effect of

Lesjons upon Interactions

During the same period as post-lesion hypothalamic functions
were tested, both interaction functions were tested. In the seven
animals tested in the locus coeruleus-medial forebrain bundie group,

interactions still persisted such that post-lesion response rates
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elicited under either interaction condition were significantly
greater (ANOVA, p:;.os) than the sum of the pre-lesion response
rates elicited by delivery of C puises to each site alone. There-
fore, despite the absence of post-lesion locus coeruleus ICSS at any
parameters, an interaction between the locus coeruleus and medial
forebrain bundle still took place. Differences were also noted
within animals when comparing pre-lesjon interaction response rates
with post-lesion interaction response rates. In Rat 33H, a signifi-
cant (ANOVA, p1§.05) difference between pre-lesion interactions and
post-lesion interaction response rates (Figure 31). At short (.3-1.5
msec.) intervals, post-lesjon response rates for both conditions of
the interaction were lower than pre-lesion response rates through all
phases of post-lesion testing. On the other hand, at Tonger (2—5
msec.) C-T intervals, post-Jesion interaction response rates were
either similar to or significantly greater (ANOVA, p£.05) than pre-
lesidn response rates (Figure 31). In Rat 38H, a gradual recovery
in interaction response rates occurred. As with the hypothalamic
function, the first ten days of post-lesion interaction responding
yielded significantly Tower (ANOVA, p&£.05) rates as compared to
baseline under both conditions (Figure 32). During the next 30 days
post-Tesion, response rates elicited at short C-T intervals (.3, .5,
.8 msec.) were significantly (ANOVA, p £.05) Tower than baseline,
under both conditions, while response rates elicited at longer C-T
intervails (2, 3, 5 msec.) were significantly (ANOVA, p £.05) higher
than baseline under both conditions (Figure 32). In contrast to the

other two animals with anterior locus coeruleus lesions, post-lesion
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interaction response rates under both conditions for the remaining
five animals were significantly (ANOVA, .‘..05) lower than pre-le-
sion interaction response rates at alil tested C-T intervals. Fi-
gure 33 displays this relationship for rat 77H, a representative
animal.

In summary, the locus coeruleus-medial forebrain bundie group:
a) had Tocus coeruleus lesions which destroyed either the anterior or
posterior extent, but never all of the cell bodies in any one animal;
b) demonstrated facilitations in response rate elicited by within-
site hypothalamic functions; c) maintained an interaction despite
the locus coeruleus lesion; and d) in two animals, the interaction
elicited higher responding post-lesion over pre-lesion baseline.

In the locus coeruleus-internal capsule group, only the hypotha-
lamic function was tested after the Jesion destroyed the anterior
one-third of thelocus coeruleus cell bodies. In this animal, post-
lesion response rates remained significantly (ANOVA, p£.05) Tower
than pre-lesion response rates throughout the 15-day post-lesion
test period (Figure 34). Response rates elicited in the post-lesion
condition only reached 50% of the level elicited pre-lesion. How-
ever, in the C pulse alone condition and at the shortest C-T interval
tested (.5 msec.), post-lesion response rates were significantly
(ANOVA, p5.05) higher than pre-lesion Tevels (Figure 34) from the
fifth to fifteenth day post-lesion. As the C-T interval increased
and pre-lesjon response rates increased, concommitantly, post-lesion
response rates asymptoted throughout the entire C-T function. No post-

lesion locus coeruleus ICSS could be elicited under any parameters.
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Discussion

It is apparent that ipsilateral unilateral Jocus coeruleus
lesions exert different effects on ICSS from different hypothalamic
areas. Farber et al. (in preparation) found that crus cerebri or
Fields of Forel ICSS is selectively reduced or abolished by locus
coeruleus lesions, while medial forebrain hundle or perifornical
area ICSS remains unaffected by the same size and location of lesion.
The results of Experiment III demonstrated that a strong ascending
excitatory influence exists between a locus coeruleus-crus cerebri/
Fields of Forel interaction combination while indirect excitatory
influences not strongly directional in nature exists for a locus
coeruleus-medial forebrain bundle/perifornical area interaction
combination.

The results of Experiment V joins these two findings and, in
effect, validates the capacity of interaction data to predict the
outcome of a lesion. In seven animals with Jocus coeruleus-medial
forebrain bundle/perifornical area combination, response rates under
both conditions were similar. Lesions of the Tocus coeruleus pro-
duced significant facilitations in medial forebrain bundle/perifor-
nical ICSS in four of the seven animals, and baseline recovery in
the remaining three animals. In one animal with a Tocus coeruleus-
internal capsule combination, response rates elicited by the C-locus
coeruleus, T-internal capsule condition were significantly higher
than response rates elicited by the C-internal capsule, T-locus
coeruleus condition. Lesion of the Tocus coeruleus produced a sig-

nificant reduction to 50% of baseline response rates in internal
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capsule ICSS. ‘ _

Preliminary indications suggest that the area of the locus
coeruleus destroyed influences the size of the effect upon hypothala-
mic ICSS. In this study, the strongest facilitations in medial
forebrain bundle/perifornical area ICSS occurred when the anterior
one-third of the locus coeruleus cell bodies situated in the posterior
midbrain and anterior pons were destroyed. Correspondingly, the
decrement in internal capsule ICSS occurred when the anterior one-
third of the locus coeruleus cell bodies situated in the posterior
midbrain and anterior pons were destroyed. The smallest facilitation
in medial forebrain bundle ICSS occurred when the posterior two-
thirds of the locus coeruleus cell bodies were destroyed while the
anterior one-third were spared. This data is in accordance with that
of Farber et al. (in preparation).

Data presented in Experiment III may explain why ICSS elicited
from the internal capsule area of the hypothalamus is reduced by
Tocus coeruleus lesions while ICSS elicited from the medial forebrain
bundle and perifornical area is facilitated. Both the locus coeru-
leus-crisrcerebri/Figldscof Forel group and the substantia nigra-
non-medial forebrain bundle group demonstrated direct ascending
excitatory influences. Projections of the locus coreuleus through
the ascendin g ventral noradrenergic bundle pass the crus cerebri and
internal capsule while projections of the substantia nigra also pass
through this region; both locus coeruleus terminals and substantia
nigra terminals are found in the amygdala and cingulate cortex

(Lindvall & Bjorklund, 1974). Farber et al. (in preparation) reports
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that Tocus coeruleus lesians cause reductions in substantia nigra
ICSS 1in addition to crus cerebri/Fields of Forel ICSS. Al] of
this data suggests that the Tocus coeruleus and substantia nigra
cell bodies are the nodal points of one ascending excitatory system
‘and where the integrity of the Tocus coeruleus seems hecessary for
full maintenance of ICSS behavior in the substantia nigra and its
ascending fiber tract. A reciprocal relationship has not been tested
investigating whether locus coeruleus ICSS needs an integral sub-
stantia nigra. Therefore, lesions of the locus coeruleus remove a
vital 1ink in the maintenancee of internal capsule ICSS, assuming
that this region's capability to support ICSS is dependent upon
Jocus coeruleus and/or substantia nigra fibers of passage.

Data from Experiment III suggests explanations for the
facilitations in medial forebrain bundle ICSS as a result of Tocus
coeruleus lesions. Interactions between either the locus coeruleus-
medial forebrain bundle/perifornical area combination or the sub-
stantia nigra-medial forebrain bundle combination were such that
response rates elicited under both conditions of each combination
were similar. In contrast, interactions between the periaqueductal

 midbrain central gray-medial forebrain bundie/perifornical area
combination elicited response rates which were significantly higher
in the C-periaqueductal midbrain central gray, T-media] forebrain
bundle condition than in the reverse condition. This data suggested
that within the medial forebrain bundle/perifornical area, an ascend-
ing excitatory influence exists, probably the meso-~Timbic system

which emanates from the mesencephalic catecholaminergic cell group
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A-10 in the midline ventral tegmentum. It was postujated that

this system overlapped with the Tocus cogruleus/substantia nigra
system in such forebrain areas as the accumbens, olfactory tubercies,
cingulate cortex, and septum (Lindvall & Bjorklund, 1974; Lindvall,
1975). Thus, two excitatory systems, independent yet overlapping,
possess terminal areas in those forebrain areas, particulary the
septum where ICSS is elicited at Tow rates and often produces con-
vulsions (0lds & Milner, 1954; Reid,Gibson,Gledhill,& Porter, 1964).
Mattiace et al. (1976)' has demonstrated that Tocus coeruleus
Tesions produce facilitations in septal and accumbens ICSS. The
present study demonstrated that lesions of the Jocus coeruleus pro-
duce facilitations in medial forebrain bundle ICSS. It is apparent
that removal of one excitatory influence (the locus coeruleus sys-
tem) potentiates the response .activity of a second excitdtory sys-
tem (the meso-Timbic system), perhaps.thmodgh somefgating mechanism.
Excitatory locus coeruleus influences, acting in'a modulatory role,
may be potentiating inhibitory systems (e.g., cholinergic, GABA,

- glycine interneurons) which in turn dissipate the'ekcitatory meso-
Timbic system. Lesions of the locus coreuleus would remove inhi-
bitory potentiatﬁﬁland‘thus indirectly produce Jower thresholds
(EPSPs) for the eXcitatory meso-1imbic system. In this way, the
only manifestation of the indirect disinhibition would be by stimu-
lating the meso-Tlimbic system itself. Therefore, Tocus coeruleus
lesians would facilitate A-10, medial forebrain bundle, and septal/
accumbens I1CSS, while A-10 ICSS should have no effect on locus

coeruleus ICSS because the locus coeruleus indirectly affects meso-
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Timbic ICSS and not vice versa.

Evidence for GABA and glycine-containing neurons, acting in
an inhibitory role on post-synaptic receptor sites excited by cate-
cholamines, is found in ventro-medial hypothalamic mediation of Ta-
teral hypothalamic activity (Kimura, 1925) and in a negative feed-
back loop between dopaminergic cel] bodies in the mesencephalon and
GABA-containing neurons in the striatum (Groves et al., 1975).
Ventro-medial hypothalamic excitatory influences on satiety arise
from the periaqueductal and ventral noradrenergic bundle (Ahlskog
& Hoebel, 1973; Gold, 1967), while lateral hypothalamic exci-
tatory mechanisms on feeding arise from dopaminergic mesencephalic
cell bodies (Zigmond & Stricker, 1973; Marshall, Richardson, &
Teitelbaum, 1975). Thus, in the eating literature, evidence for
this dichotomous influence of two excitatory systems is apparent
where one (the noradrenergic locus coeruleus) system thorugh exci-
tatory activity indirectly inhibits the second (the dopaminergic
meso-1imbic) system by means of activating an inhibitory system
(GABA and glycine interneurons). Further evidence for inhibitory
roles for GABA and glycine was demonstrated in Experiment IV where
the effects of these inhibitors were seen in interactions. GABA
and glycine seemed to exert maximal effects at times when many sti-
mulated neurons were either in their absolute or relative refractory
periods. The disinhibiting effects of picrotoxin and strychnine
reduced the effectiveness of GABA and glycine to produce IPSPs.
Therefore, it is tenable to suggest that GABA or glycine~containing

neurons can exert inhibitory influences on the excitatory systems
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in question.

Another explanation of the effects of Jocus coeruleus Jesions
upon hypqtha]amic ICSS is that the dorsal and ventral noradrenergic
bundles exert paradoxical influences upon one another, that is, the
dorsal bundle excites some systems and inhibits others, while the
ventral noradrenergic bundle does the reverse. Thus, if the locus
coeruleus lesion disrupts dorsal bundle input and the hypothalamic
placement is in a system of dorsal bundle inhibition, a facilitation
should take place. However, if the hypothalamic placement is in a
system of dorsal bundle excitation, a reduction in behavior should
take place. Lesiaons of the Jocus coeruleus input to the ventral
bundle shouild have opposite effects in this model.

The second significant result in Experiment V was the main-
tenance of an interaction between the Tocus coeruleus and hypothala-
mus despite the absence of post-Jesian locus coeruleus ICSS where
response rates elicited by delivery of staggered pulse pairs to the
locus coeruleus and hypothalamus in the post-lesion locus coeruleus
condition were significantly greater than the sum of the response
rates elicited by delivery of C pulses to each site alone. This
occurred under both conditions of the interactiom for-all-animals. In
two of the four interaction combinations, an interaction still oc-
curred, yet response rates elicited under both conditions of the
post-Tlesion testing were significantly less than the pre-lesion con-
dition (Figure 33). As can he seen, the respective relationships

amang C-T intervals within a condition was still maintained, that is,
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increments ar decrements in responding a]icited by particular C-T in-
tervals in the pre-Tesion condition still occur in the post-lesion
condition at overall Tower response Jevels. In two animals, response
rates elicited at shart (.3, .5, .8, 1.0 msec.) C-T:intervals.inithe
post-lesion condition were significantly Tower than response rates
elicited at the same intervals in the pre-lesion condition. In con-
trast, respanse rates elicited at Tonger (2, 3, 5 msec.) C-T intervals
in the post-lesion condition were significantly higher than response
rates elicited at the same intervals in the pre-Jesion condition.
As Figures 31 and 32 demonstrate, pre-lesion interaction response
rates increase slightly, though non-significantly, as C-T intervals
increase from short to long. The effects of the locus coeruleus
lesion seem to have changed the slope of the increase in the inter-
action. It should be noted that in both animals, the change occurred
under both the C-locus coeruleus, T-medial forebrain bundle condi-
tion and the C-medial forebrain bundle, T-Tocus coeruleus condition.
A possible explanation for any maintenance of the interaction
despite the absence of locus coeruleus ICSS is recruitment and sti-
mulation of other cells or fibers under the field of the locus coeru-
leus stimulating electrode. A typical occurrence after a locus
coeruleus lesion was an increase in resistance under the locus coeru-
leus electrode. This increase usually persisted over a few days,
but would then steadily decrease. In the three animals with inter-
actions pgst-]esiqn, but Tower rates than haseline, the resistance
remained at higher levels than pre-lesion, indicating that the

current was passing through tissue with lower conductance capacitance
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(i.e., neuroglia rather than neurens). On the other hand, in the
two animals with interactions which changed slope in the post-lesion
condition after the initial rise, the resistance was comparable to
baseline. In the first case, it seems that some neurons from the
original group stimulated are still intact, and that the stimulation
is relegated to this area. In this case, these remaining neurons are
insufficient in number to support ICSS behavior themselves, but are
enough ta support an interaction with another ICSS:site. In the se-
cond case, some original neurons are intact, but in addition, neurons
outside the original field are now being stimulated; this may be due
either to current spread or dendritic sprouting. These newly-stimu-
Tated neurons are also insufficient in number to support ICSS them-
selves, but capable of supporting an interaction with another ICSS
site. In addition, thg relationship between the newly-stimulated
neurons and the second ICSS site is different than the relationship
between the original neurons and the second ICSS site. Hence, one
would expect a difference between responses elicited under the pre-
and post-lesion conditions. This interaction data strongly suggests
that an integral locus coeruleus is essential to maintain ICSS be-
havior from the dorsal pontine area. Part of the locus coeruleus
can support neurophysiological interactions with other brain.loci,
but cannot support self-stimulation behavior itse1f. In the post-
lesion interaction, the remaining cell bodies of the Jocus coeruleus
are triggered by the C or T pulse of the interaction condition and
their projections interact‘with the intact hypothalamic placement.

A test of this hypothesis would be to insure a complete Tocus
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coeruleus lesion either electrolytically or chemically. With a com-
plete destruction of Tocus coeruleus cell hodies, the »interaction

should cease.

1
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General Discussion

A catecholamine hypothesis for ICSS had been suggested by
many investigators (see reyiew, German & Bowden, 1974). This series
of studies has demonstrated further credence for this hypothesis.
The mapping study in Experiment I strongly suggests that it is
catecholamine-containing cell bodies and fibers of passage which
discretely support ICSS while areas closely adjacent to catechola-
mines play either an irrelevent or aversive role in ICSS behavior.
Experiment II demonstrated suybtle differences between within-site
C-T functions across ICSS loci. The data correlated with-the pre-~
mise that in some cases, cell bodies were the source of ICSS; in
some cases, fibers were the source of ICSS, and in some cases ter-
minal areas. The cell body case correlated with within-site func-
tions for the locus coeruleus, a pontine noradrenergic nucleus
(Dahlstrom & Fuxe, 1964). The fiber case correlated with within-
site functions.for the hypothalamus and periaqueductal midbrain
central gray, through which the major ascending noradrenergic and
dopaminergic fiber groups traverse towards forebrain cell bodies
(Dahlstrom & Fuxe, 1964). Finally, the terminal area case correlated
with within-site functions for the septum, a telencephalic nuclear

group with noradrenergic and dopaminergic terminal areas (Brownstein
et al., 1974; Lindvall, ]925). In Experiment III, ngurophysio]o-

~gical interaction enhancements were obtained either when two ICSS
sites were testad or when one ICSS site was tested with a site

demonstrating behavioral interest and histologically Jocated in a
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site previously capable of supporting ICSS.  On the other hand, a
combination inyolving one ICSS site and a second site eliciting
aversion did not elicit enhancements in the interaction. Thus, in
keeping with previous studies (Ungerleider & Coons, 19705 German &
Holloway, 1973; Ackermann, in preparation,a), neurophysiological :in-
teraction enhancements only occur betweenrtwo areas capable of sup-
porting ICSS; all of these placements contain catecholamines
(Dahlstrom & Fuxe, 1964; Ungerstedt, 1971; Lindvall & Bjorklund,
1974).

Directionality of interactions also correlated with existing
catecholaminergic pathways. In the Tocus coeruleus-crus cerebri/
Fields of Forel interaction, response rates were higher in the C-
locus coeruleus, T-crus cerebri condtion than in the C-crus cerebri,
T-locus coeruleus condition. These areas of the hypothalamus are
adjacent to or traversed by the fibers of passage of the dorsal and
Qentra] noradrenergic bundles and the nigro-striatal tract (Lindvall
& Bjorklund, 1974). The fibers which traverse this hypothalamic
area possess common terminal areas with fibers emanating from the
locus coeruleus. Therefore, activation of two fiber bundles with
common forebrain terminal areas can explain this result. In con-
trast, activation of one fiber bundle, one directly at the locus
coeruleus, the other through hypothalamic path neurons in the vici-
nity of the bundle can explain the same result. Bath exblanations
would predict that initial stimylation of the Tocus coeruleus by the
C pulse wauld produce greater summative capabilities than initial

stimuylation of the crus cerebri by the C pulse. The common forebrain
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terminal area hypothesis necessitates initial Jocus coeryleus stimu-
lation to provide adequate Jead time so0 the two terminal points would
release transmitter simyltaneously to insure maximal summation. The
path neuron hypothesis necessitates initial Tocus coeruleus stimula-
tion to insure that the propagation from the pulse passes the hypo-
thalamic area before the second pulse enters this area. This is ne-
cessary because path neyron stimulation would propagate pulses along
the fiber of passage both orthodromically and antidromically, the
latter cancelling any oncoming pulse. Both hypotheses suggest di-
rect ascending connections for the Tocus coeruleus-crus cerebri
group, and also serve to explain directionality of interaction for
the substantia nigra-non-medial forebrain bundie group and the peri-
aqueductal midbrain central gray-medial forebrain bundle group. In
both of these cases, there is either a direct ascending path neuron
connection in the hypothalamus with the nigro-striatal tract and
meso-1limbic system or hypothalamic areas share common terminal
points with these tracts in forebrain areas, probably through the
incerto-hypothalamic system (Bjorklund & Lindvall, 1975).

In three cases, ascending directionality of interactions did
not occur: Tlocus coeruleus-medial forebrain bundle/perifornical
area; substantia nigra-medial forebrain bundie, and periaqueductal
midbrain central gray-non-medial fqrebrain bundle. In these cases,
a direct ascending cennection through path neurons is-less Tikely and
that the termina] areas for each of these comhinations may slightly
overiap, but are not comparable ta those discussed in the previous

section. In two animals, response rates were significantly higher
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‘when the C pulse was delivered to the hypothalamic . placement and
the T pulse was delivered tq the hinderain placement than in the
reverse condition; moreover, other animals with these combinations
elicited response rate differentiations in this direction, but did
not significantly so. It coyld be postulated on the basis of this
data that strong descending influences exist and this could indeed
be the case, although no predaminantly descending catecholaminergic
system has been identified (Lindvall & Bjorklund, 1974). One cannot
preclude the possibility that this descending system is not cate-
cholaminergic (Rolls & Cooper, 1974; Clavier & Routtenberg, 1974).
However, this differentiation can occur and be explained
within the existing ascending catecholaminergic system. In the
combinations of locus coeruleus-medial forebrain bundle/perifornical
area, substantia nigra-medial forebrain bundie and periaqueductal
midbrain central gray/non-medial forebrain bundle, there are not
direct ascending connections between the two parts of any of these
combinations. The Tocus coeruleus projections extend through the
dorso-medial, medial, and ventro-lateral hypothalamus, while sub-
stantia nigra projections extend through the ventro-lateral hypotha-
jamus. In both cases, medial forebrain bundie or perifornical area
placements will neither be directly stimulating fibers of passage
from the Tocus coeruleus or substantia nigra, nor directly stimu]dting
path neurans which directly impinge upon these fihers of passage.
Rather, stimulation of the medial forebrain bundle or perifornical
area can have one or both of two possibilities: a) the path .neurons

can stimulate other path neurons which directly activate ihe fibers
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of passage from the Jocus coeruleus and Substantia nigra, or b)

the path neurons can directly stimulate the meso-Timbic system

which has slightly overlapping terminals with Jocus coeryleus or
substantia nigra terminal areas. It seems that the first possibility
can better explain the reverse condition differentiation in the Tocus
coeryleus-medial forebrain bundle/perifornical area combination as
compared to the locus coeruleus-crus cerebri/Fields of Forel com-
bination. The reason why the C-medial forebrain bundle/perifornical
area, T-locus coeruleus conditions elicits greater response rates
than the C-locus coeruleus, T-medial forebrain bundie condition is
because the medial forebrain bundle path neurons are indirectly and
hence polysynaptically connected to the locus coeruleus fibers of
passage. Thus, if the C pulse is delivered to the lTocus coeruieus,

a long monosynaptic activation occurs which is quick and allows
little summation time with the delayed T pulse which has to activate
a number of connections before summation. However, if the C pulse

is delivered to the medial forebrain bundle or perifornical area,
this lead time allows the multi-synaptic connections to activate and
summate with the delayed and longer-travelling monosynaptic activa-
tion from delivery of the T pulse in the locus coeruleus. The same
explanations hold for the substantia nigra-medial forebrain bundle
and periaqueductal midbrain central gray-non-medial forebrain bundje.
Since the hypothalamic placements do not stimuTate the ascending
system by a direct route, polysnaptic connections are necessary to
activate the ascending system indirectly with.the.resu]t being a

reversal in the relationship between the optimal delivery of pulse
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pairs.

In summary, locus coeruleus-crus cerebri/Fields of Forel com-
binations, substantia nigra-~non-medial forebrain bundle combinations
and periaqueductal midbrain central gray-medial forebrain bundle
combinations elicit optimal response rates by delivery of the C
pulse to the hindbrain site because these combinations possess direct
ascending influences. In contrast, locus coeruleus-medial forebrain
bundle combinations and periaqueductal midbrain central gray area-
non-medial forebrain bundle combinations elicit similar response
rates under both conditions because these combinations have only
indirect ascending influences upon each other. Thus, a catehcolamine
hypothesis can explain these results parsimoniously.

Differentiations in interaction conditions cannot be explained
by inhibitory processes, that is, response rates which are differ-
ential.under one condition as opposed to the second condition for
particular combinations seem to be due to excitatory influences and
not inhibitory influences. Strychnine, a potent inhibitor of glycine
and picrotoxim, a potent inhibitor of GABA did not eliminate differ¥
entiations between conditians in an interaction combination which
exhibited them during baseline, nor did these agents establish dif-
ferentiations beteen conditions in an intgraction combination which
were similar during baseline. However, strychnine and picrotoxin
selectively eliminated decrements in interaction responding at par-
ticular C-T intervals within a particular interaction condition.

This disinhibitory effect of a particular drug was Timited to one
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conditian only, and seemed to affect the leve]l of IPSPs produced at
the post-synaptic part of the summatiye area. Neither strychnine
nor picrotoxin demonstrated any generalizgd excitatory influence.
The 1imitations of strychnine and picrotoxin to a disinhibitory
mechanism. provides further credence for catecholaminergic substrates
- of neurophysiological interactions because avialable literature
suggests that roles for GABA and glycine act-as—inhibitors post-
synaptically where catecholamines act as excitatory influences
(Groves et al., 1975; Kimura, 1975; Porrino, ]975).

Lesions of the Tocus coeruleys selectively reduce ICSS within
the internal capsule while facilitating ICSS in the medial forebrain
bundle or perifornical area. The reductions and facilitations occur
across the entire C-T function and last from fifteen to forty days
post-lesion. Differences in placement of lesion affects the magni-
tude of the effect; Tlesions in the anterior one-third of the Jocus
coeruleus are more effective in producing reductions in internal
capsule ICSS and producing facilitations in medial forebrain bundle/
perifornical area ICSS than Tesions of the posterior two-thirds of
the locus coeruleus. Predictions as to effect of lesion.could be
made on the basis of the type of interaction. Interactions demon-
strating directionality elicited reductians in hypothalamic ICSS,
while interactions demonstrating similarities between conditions
elicited hypothalamic facilitations. An interaction still persisted
after the Jesion despite the absence of post-lesian locus coeruleus
IQSS, suggesting that either some neurons remained which could sus-

tain an interaction but were incapable of supporting ICSS, or neurons
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outside the original stimulating field were recruited to support
the interaction, yet were 1insufficient to support ICSS.

The underlying mechanisms of the Tocus coeruleys JesiQns pro-
ducing either reductions or facilitations can be explained in terms
of the catecholamine system. In internal capsule ICSS, lesians of
the Tocus coeruleus reduce this behavior through a direct depletion
of fibers of passage. Activation.of local path neurons under the
hypothalamic electrode in the internal capsule do not in turn acti-
vate fibers of passage which are depleted by the lesion. Thus, a
long-lasting reduction in ICSS would be expected.

On the other hand, lesions of the Tocus coeruleus could faci-
litate medial forebrain bundle ICSS through indirect disinhibition,
that is, the activation of locus coeruleus neurons excite neurons of
indetermined transmitter (e.g., GABA, glycine, acetylcholine, sero-
tonin) which in turn inhibit medial forebrain bundle path neurons.
However, at the same time, locus coeruleus neurons could also be
exciting post-synaptic receptor sites which are also excited by meso-
1imbic neurons. Thus, the Tocus coeruleus excites forebrain areas
excited by the meso-Timbic system, but modulates meso-1imbic acti-
vity by indirectly inhibiting medial forebrain bundle path neurons.
Lesions of the Tocus coeruleus deactivate the inhibitory neurons,
disinhibiting the medial forebrain bundje path neurons. Stimulation
of the medial forebrain bundle under disfnhibitiqn produces more
optimal summatiqn for the same excitation and hence the meso-limbic
system fires at higher rates. Since Jocus coeruleus and meso-]imbic

terminals share overlapping areas and since post-synaptic sites are
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affected by.the lack of post-Jesian.locus coeruleus transmitier,

the more highly activiated meso-]imhic system triggers the super-
sensitive forebrain post-synaptic.sites of the Jocus coerujeus to-
gether with forebrain areas normally activated by the meso-Timbic
system itse]f. This increase in activation elicits greater ICSS be-
havior.

A11 of these experiments lend credence to the hypothesis
which implicates the catechalamines in motivated behavior. Moreover,
the delineation of two types of directional interactions along two
discrete ascending fiber systems suggests a dual influence on rein-
forced behavior which has been postulated by the Jaboratory of
E1lman and Steiner (1971). Ellman and Steiner propose two rein-
forcement systems, one specific, the other non-specific. The non-
specific reinforcement system can lower the threshold of any or all
of the specific system and thus acts as a modulator of goal-directed
activity. This non-specific system seems to be embodied in the
locus coeruleus and substantia nigra cell bodies and their ascending
fiber tracts which project to striatal motor areas, hippocampus, and
cortex. Both the locus coeruleus and substantia nigra act as modula-
tors of motor outflow and hence can be often viewed as a checking or
gating influence. In contrast, the specific system seems to emanate
from the ventral tegmental area and more closely follow classic
Jimbic pathways including the medial. forebrain bundle and periforni-
cal area. Projections of the ventral tegmental area primarily inner-
vate affective-coding nuclei such as the accumbens, amygdala, and

septum. Thus, the ventral tegmental nuclei proyide input to nuclei

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



143

which affectiyely inflyence incoming sensory information. The
balance qf thg two excitatqry systems, one quulatqry, one affective,
provides the decision-making mechanisms for motivated and reinforced
behaviar.

This pulse pair technique is an invaluable means by which
titration of stimulation can be controlled, and in so doing, contin-
gencies of ICSS reinforcement. If animal models of psychopatho-
logical behaviors (Stein, 1973, 1974; Snyder et al., 1974) have
any credence, this technique provides simple, yet well-controlled
manipulation over ICSS behavior by which one can effectively test
excitatory system models. Further work in this area may allow a
braoder understanding of how basic coding of incoming stimuli is
processed, along with identifying the various structures responsible
for various components of the stimuli. Selective pharmacological,
Jesion, stimulation, and recording techniques appiied with the pulse
pair technique may allow us to separate the basic constituents of

organized and reinforcing behaviar.
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TABLE 1

Comparison of Self-Stimulation Response Rates

between Electrode Tips

Rat Tip Localization
A. Hypothalamus

606G Lat. Posterior medial forebrain bundie

61G

626G

67G

69G

726G

75G

76G

776G

786G

Med.
Lat.
Med.
Lat.
Med.
Lat.
Med.
Lat.
Med.
Lat.
Med.
Lat.
Med.
Lat.
Med.
Lat.
Med.
Lat.
Med.

Ventral tegmental area of Tsai

Medial forebrain bundle

Perifornical area

Dorsal medial forebrain bundle

Dorsal medial forebrain bundie
Internal capsule

Lateral medial forebrain bundle

H2 Fields of Forel

Dorso-medial medial forebrain bundle
Dorsal perifornical area

Dorso-medial nucleus of hypothalamus
Periventricular nuclei of hypothalamus
Periventricular nuclei of hypothalamus
Anterior H1 Fields of Forel

Anterior H1 Fields of Forel
Ventro-medial nucleus of hypothalamus
Ventro-medial nucleus of hypothalamus
Dorso-medial medial forebrain bundle

Dorso-medial medial forebrain bundle

164

Response

rate p Level
82.3 p>.1
84.2

53.0 p~>.l
48.4

99.6 p< .1
111.9
104.8 p>.1
103.6

31.6 p<£.01
50.2

43.1  p< .001
18.1

16.1 p>.1
15.8

64.2 p” .1
65.8

20.5 p>.1
18.2

61.9 p”7.1
65.3
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Rat

826G

866G

896G

94G

7H

8H

11H

2TH

23H

30H

31TH

33H

Lat.
Med.
Lat.
Med.
Lat.
Med.
Lat.
Med.
Lat.
Med.
lat.
Med.
Lat.
Med.
Lat.
Med.
Lat.
Med.
Lat.
Med.
Lat.
Med.
Lat.
Med.

Localization

H1 Fields of Forel

H1 Fields of Forel

Medial medial forebrain bundle
Dorso-medial nucleus of hypothalamus
Medial forebrain bundle

Medial medial forebrain bundie
Internal capsule

Lateral medial forebrain bundle
Perifornical area

Dorso-medial nucleus of hypothalamus
Lateral medial forebrain bundle
Medial forebrain bundle

Perifornical area

Perifornical area

Medial forebrain bundie

Perifornical area

Ventro-lateral to medial forebrain bundle
Ventral to fornix above optic tract
TIP BAD

Dorso-medial medial forebrain bundle
Medial forebrain bundie

Fornix

Dorso-medial perifornical area

Anterior hypothalamic nucleus
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Response
rate p Level
8.2 p<.001
23.0
71.4  p<£.01
56.7
101.2  pX£.01
74.9
42.8 py.1
48.7
61.2 p<£.01
41.7
48.4 p< .05
55.1
40.0 p>.1
37.7
98.9 p”.]
97.4
60.3 p./.]
53.8
50.4
33.3  p< .00
22.0
9.0 p<.1
7.4
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Rat

34H

36H

38H

42H

474

59H

60H

63H

75H

774

80H

89H
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Lat.
Med.
lat.
Med.
Lat.
Med.
Lat.
Med.
Lat.
Med.
Lat.
Med.
Lat.
Med.
Lat.
Med.
Lat.

Med.

Lat.
Med }
Lat.
Med.

Lat.
Med.

Localization

Medial forebrain bundle

Dorsal perifornical area

Lateral medial forebrain bundle
Medial forebrain bundle

Medial forebrain bundle

Fornix

Dorsal medial forebrain bundle
Perifornical area

Medial medial forebrain bundle
Lateral fornix

Medio-ventral to medial forebrain bundle
Anterior nucleus of hypothalamus
Lateral internal capsule
Internal capsule

Medial medial forebrain bundie
Lateral perifornical area

Anterior & lateral to medial forebrain
bundle

Anterior & lateral to medial forebrain
bundle

Ventro-lateral medial forebrain bundle

Medial forebrain bundle

Perifornical area

Lateral to medial forebrain bundle

Lateral medial forebrain bundle

Response

rate p Level
72.0 p<.05
60.7

14.4 p< .001
63.9

64.4 p~.]
60.4

43.1 p<.01
28.0

100.3 p<.01
70.1

29.6 p<.02
20.1

27.9 p£.00]
43.5

85.7 p> .1
80.4

20.4 p7.1d
19.0

17.6  p< .001
50.6

3.7 p< .001
11.3

16.0 p<.00]
26.3
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Rat

11

61

171

B.

Tip

Lat.
Med.
Lat.
Med.
Lat.
Med.

Localijzation

Post medial forebrain bundle
perifornical area

Medial forebrain bundle

Perifornical area

Lateral medial forebrain bundle

Medial forebrain bundle

Locus Coeruleus

61G Lat.

67G

696G

72G

886G

10H
10H
11H

30H
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Med.
Lat.
Med.
Lat.
Med.

Lat.
Med.
Lat.
Med.

Lat.
Med.
Lat.
Med.
Lat.
Med.

Locus coeruleus

Locus coeruleus/dorsal tegmental nucleus
Ventral cerebe-Tum

Locus coeruleus/dorsal tegmental nucleus
Floor IV ventricle above locus coeruleus

Floor IV ventricle above dorsal tegmental
nucleus

Dorsal locus coeruleus
Dorsal tegmental nucleu
Locus coeruleus

Area between locus coeruleus and dorsal
raphe in posterior midbrain

Locus coeruleus/brachium conjunctivum
Medial locus coeruleus

Locus coeruleus

Locus coeruleus

Ventral cerebelium (Tingua) at benue

of VII nerve

Reigzgse p Level
56.6 p< .1
64.9
36.6 p<.001
17.8
20.9 p< . 001
51.5
20.5 p>.1
20.4

0.7 p<.001
9.6
24.6 p<.001
2.2
47.8 p< .05
29.9
12.2 p<.007
2.2
55.8 p<£ .00]
21.5
12.9 p£.05
14.8
59.0 p<.05
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Rat

31H

33H

34H

38H

42H

60H

73H

74H

77H

80H

85H

93H

Tip

Lat.
Med.
Lat.
Med.
Lat.
Med.

Lat.
Med.

Lat.

Med.
Lat.
Med.
Lat.
Med.
Lat.
Med.
Lat.
Med.
Lat.
Med.
Lat.
Med.
Lat.
Med.

Localization

Locus coeruleus

Dorsal tegmental nucleus
Midbrain locus coeruleus
Midbrain locus coeruleus
Anterior locus coeruleus

Dorsal noradrenergic bundle lateral
to dorsal raphe

Subcoeruleus

Medial to subcoeruleus

Dorsal locus coeruleus/forsal tegmental

nucleus

Dorsal tegmental nucleus
Midbrain Tocus coeruleus
Midbrain locus coeruleus
Dorsal noradrenergic bundle
Medial to dorsal noradrenergic bundle
Lateral to dorsal noradrenergic bundle
Dorsal noradrenergic bundle
Posterior midbrain ventral
to dorsal tegmental nuclei
Lateral locus coeruieus
Locus coeruleus
Dorsal raphe

Lateral to dorsal raphe

Postmidbrain dorsal noradrenergic bundle

Medial to dorsal noradrenergic bunlde

Response

rate p Level
10.2 p”.1
9.4

31.5 p<.01
19.2

- 19.7 pL.1

12.1

26.4  p<.001
14.9

18.6  p<.001
0.0
11.9 p~.1
13.8

12.2 p” .1
10.1

8.2 p<.00]
16.8

17.9 p<.1
20.6

7.7 p<.001
17.3

33.2  p<£.00]
11.9

27.6  p<.001
16.9
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Rat

94H

61

171

766G

776G

786G

826G

866G

H

21H

47H
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Tip Localization Re?gzgse p Level
Lat. Post midbrain dorsal noradrenergic bundle 10.2 p< .001
Med. Medial to dorsal noradrenergic bundle 5.6
Lat. Lateral to locus coeruleus 7.7 p<.001
Med. Locus coeruleus 19.4
Lat. Lateral to Jocus coeruleus 32.8 p<.001
Med. Locus coeruleus 47.6
Periaqueductal Midbrain Central Gray/Substantia Nigra
Lat. Edinger-Westphal nucleus - 48.0 p~.1
Med. Edinger-Westphal nucleus 48.6
Lat. Ventral tegmental decussation 47.9 p<.05
Med. Ventral tegmental decussation 65.0
Lat. Lateral dorsal tegmental decussation 21.7 p>.1
Med. Dorsal tegmental decussation 25.2
Lat. Ventro-lateral to oculomotor nucleus

dorsal to red nucleus 1.8 p<.001
Med. Ventro-lateral to oculomotor nucleus 30.9
Lat. Dorsal tegmental decussation 53.1 p< .00]
Med. Lateral to dorsal tegmental decussation 17.8
Lat. Edinger-Westphal nucleus 3.1 p<.0]
Med. Medial longitudinal fasciculus 0.7_
Lat. Nucleus linearis/dorsal tegmental

decussation 57.8 p< .001
Med. Lateral to dorsal tegmental decussation 33.0
Lat. Dorsal nucleus Tinearis 32.1 p<L .05
Med. Dorsal nucleus Tlinearis 36.2

169



Rat
59H

63H

75H

89H

75G

896G

36H

D. Septum
Lat.

73H

74H

82H

85H

Tip

Lat.
Med.
Lat.
Med.
Lat.
Med.

Lat.
Med.
Lat.

Med.
Lat.
Med.
Lat.
Med.

Med.
Lat.
Med.
Lat.
Med.
Lat.
Med.

Localization

Ventral tegmental decussation

Lateral to ventral tegmental decussation
Lateral to medial longitudinal fasciculus
Medial longitudinal fasciculus
Fasciculus retroflexus

Medial to fasciculus retroflexus;
dorsal to III ventricle

Dorso-lateral to red nucleus
Dorso-medial to red nucleus

Substantis nigra, pars compacta/lateral
medial lemniscus

Substantis nigra, pars compacta

Substantia nigra, pars reticulata
Substantia nigra, pars reticulata
Substantia nigra, pars reticulata

Substantia nigra, pars compacta

Lateral septum
Medial septum
Medial septum
Medial septum
Ventro-lateral septum
Ventro-lateral septum
Medial septum

Medial septum

Response
rate p Level
44.3  p<.00]
18.0
17.7  p<£.001
47.3
0.0 p<.00]
4.4
4.0 p<.007
24.2
8.7 p £.05
14.0
4.6 p<.01
1.0
55.2  p<.00]
81.6
5.3 p<£.05
7.0
10.1 p< .01
13.0
1.4  p2.1
8.5
14.0 p<L .05
17.2
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Rat Tip

93H

94H

98H

Lat.
Med.
Lat.
Med.
Lat.
Med.

Localization

Ventro-medial septum dorsaj
to Isles of Caleja
Accumbens

Accumbens

Diagonal Band of Broca

Accumbens
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Response

_rate p_Level
22.4 p>.1
19.9
18.2 p< .01
14.6
27.5  p<.07
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Figure Legends

1. Schematic representation of differential response rate areas
in the. hypothalamus. Area A corresponds with the medial fore-
brain bundle; area B corresponds with the perifornical area and
far-lateral hypothalamus. Area C corresponds with the dorsal
and medial hypothalamus. Area A suphorted the highest ICSS
response rates; area C supported the lowest. This section cor-
responds with Figure 35b in Konig and Klippel (1963).

2. Schematic representation of differential response rate areas
in the dorsal pons. Area A corresponds with the Tocus coeruleus
and sub-coeruleus, while area B corresponds with areas lateral
and medial to the locus coeruleus which support lower ICSS re-
sponse rates. This section was drawn from the slides of
Palkovits and Jacobowitz (]974).

3. Schematic representation of differential response rate areas
in the mesencephalon. Area A-1 corresponds with the midline
structures of the periaqueductal midbrain central gray, while
area A-2 corresponds with the pars compacta of the substantia
nigra. Area B-1 corresponds with areas lateral to the peri-
aqueductal midbrain central gray, while area B-2 corresponds
with areas lateral or ventral to the pars compacta of the sub-
stantia nigra. Both parts of area B supported Jower ICSS
rates thatn both parts of area A. This section corresponds
with Figure 49b in Konig and Klippel (1963).

4. Representative within-site pulse-pair functians of response
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rate to C-T interval for electrode placements Tocalized in the
periaqueductal midbrain central gray.

5. Representative within-site pulse-pair functions of response
rate to C-T interval for electrode placements localized in
the hypothalamus. Sections A and C are functions elicited
from non-medial forebrain bundle/perifornical area placements,
while sections B and D are functions elicited from medial fore-
brain bundle/perifornical area placements.

6. Representative within-site pulse-pair functions of response
rates to C-T interval for electrode placements Jocalized in
the locus coeruleus.

7. Representative within-site pulse-pair functions of response
rates to C-T interval for electrode placements localized in
the septum.

8. Representative within-site pulse-pair function of response
rate to C-T interval for Rat 67G with an electrode placement
localized in the internal capsule of the hypothalamus.
(Standard errors of the mean are indicated for each interval.)

9. Representative within-site pulse-pair function of response
rate to C-T interval for Rat 67G with an electrode placement
localized in the locus coeruleus. (Standard errors of the mean
are indicated for each interval.)

10. Pulse-pair function of response rate to C-T interval for Rat
676 with the C pulse delivered to the hypothalamus and the T
pulse deliverd to the locus coeruleus. The triangle on the

ordinate represents the sum of response rates elicited by
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delivery of C pulses to the hypothalamus alone and delivery of
T pulses to the Tocus coeruleus alone. (Standard errors of
the mean are indicated for each interval.)

11. Representative functions of response rate to C-T interval with
the pulse pair split between electrode placements Jocalized
in the locus coeruleus and crus cerebri/Fields of Forel. Tri-
angles represent response rates elicited by the delivery of the
C pulse to the locus coeruleus and the T pulse to the crus
cerebri/Fields of Forel. Circles represent response rates
elicited by the delivery of the C pulse to the crus cerebri/
Fields of Forel and the T pulse to the Tocus coeruleus.

12. Schematic representation of the locus coeruleus placements of
animals tested in the locus coeruleus/hypothalamus interaction
combination. Triangles represent the locus coeruleus electrode
placements for the locus coeruleus-crus cerebri/Fields of
Forel group. Circles represent the locus coeruleus electrode
placements for the Tocus coeruleus-medial forebrain bundle/
perifornical area group. The first two sections correspond
with Figures 55b and 57b in Konig and Kiippel (1963). The
last three sections were drawn from the slides of Palkovits
and Jacobowitz (1974).

13. Schematic representation of the hypothalamic placements tested
in the locus coeruleus/hypothalamus interaction combination.
Triangles represent the hypothalamic electrode placements for
the locus coeruleus-crus cerebri/Fields of Forel group.

Circles represent the hypothalamic electrode placements for the

locus coeruleus-medial forebrain bundle/perifornical area
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group. A1l enumerated sections correspond with those in Konig
and Klippel (1963). ‘
14. Representative functions of respénse rate to C-T interval
with the pulse pair split between-electrode placements local-
ized in the'locus coeruleus and medial forebrain bundle/peri-
fornical area. Triangles represent response rates elicited
by the delivery of the C pulse to théllocus coeruleus and the
T pulse to the medial forebrain bundle/perifornical area.
Circles represent response rates elicited by the delivery of
the C pulse to the medial forebrain bundle/perifornical area
and the T pulse to the locus coeruleus.
15. Representative functions of response rate to C-T interval
with the pulse pair split between electrode placements localized
in the substantia nigra and hypothalamic areas either outside
of the medial forebrain bundle/perifornical area (A and B) or
inside of the medial forebrain bundle/perifornical area (C or
D). Triangles represent response rates e]icited by the de-
livery of the C-puise to the substantia nigra and the T pulse
to the hypothalamic placement. ~Circles represent response
rates elicited by the delivery of the C pulse to the hypothalamic
placement and the T pulse to the substantia nigra. |
16. Schematic representation of the substantia nigra placements
tested in the substantia nigra/hypothalamus interaction combina-
tion. Triangles represent the substantia nigra electrode
placements for the substantia nigra-non-medial forebrain bundle

group. Circles represent the substantia nigra electrode place-

14
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ments for the substantia nigra-medial forebrain bundle group.
A1l enumerated sectians correspond with those in Konig and
Klippel (1963).

17. Schematic representation of the hypothalamic placements tested
in the substantia nigra/hypothajamus interaction combination.
Triangles represent the hypothalamic electrode placements for
the substantia nigra-non-medial ferebrain bundie group. All
enumerated sections correspond with those in Konig and Kiippel
(1963).

18. Representative functions of response rate to C-T interval with
the pulse pair split between electrode placements Tocalized in
the periaqueductal midbrain central gray and medial forebrain
bundle/perifornical area. Triangles represent response rates
elicited by the delivery of the C pulse to.the periaqueductal
midbrain central gray and the T pulse to the medial forebrain
bundle/perifornical area. Circles represgnt response rates
elicited by the delivery of the C pulse to the medial forebrain
bundle/perifornical area. Circles represent response rates
elicited by the delivery of the C pulse to the medial forebrain
bundle and the T pulse to the periaqueductal midbrain central
gray.

19. Schematic representation of the periaqueductal midbrain central
gray placements tested in the periaqueductal midbrain central

~gray/hypothalamus interaction combination. Triangles represent
the periaqueductal midbrain central gray electrode placements

for the periaqueductal midbrain central gray-medial forebrain
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bundle/perifornical area group. Circles represent the periaque-
ductal midbrain central gray electrade placements for the peri-
aqueductal midbrain central gray-non-medial forebrain bundle/
perifornical area group. The square represents the red nucleus
placement for the red nucleus-medial forebrain bundle animal.
A1l enumerated sections correspond with those in Konig and
Klippel (1963).

20. Schematic representation of the hypothalamic placements tested
in the periaqueductal midbrain central gray/hypothalamus inter-
action combination. Triangles represent the hypothalamic elec-
trode placements for the periaqueductal midbrain central gray-
medial forebrain bundie/perifornical area group. Circles re-
present the hypothalamic electrode placements for the periaque-
ductal midbrain central gray-non-medial forebrain bundle peri-
formical area group. Al71 enumerated sections correspond with
those in Konig and Kiippel (1963).

21. Representative functions of response rate to C-T interval with
the pulse pair split between electrode placements localized in
the periaqueductal midbrain central gray and non-medial fore-
brain bundie/perifornical area. Triangles represent response
rates elicited by the delivery of the C pulse to the periaque-
ductal midbrain central gray and the T pulse to the non-medial
forebrain bundle/perifornical area. Circles represent response
rates elicited by the delivery of the C pulse to the non—medial
forebrain bundle/perifornical area and the T pulse to the peri-

aqueductal midbrain centra] gray .
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22. Response rate to C-T interval function for an animal with the
pulse pair split between'e]ectrode placements localized in the
red nucleus and medial forebrain bundle. Triangles represent
the response rates elicited by the delivery of the C pulse to
the red nucleus and the T pulse to the medial forebrain bundle.
Circles represent response rates elicited by the delivery of the
C pulse to the medial forebrain bundle and the T pulse to the
red nucleus. The'thin 7ine notates the response rate elicited
by delivery of the C pulse to the medial forebrain bundie alone.

23. Representative functions of response rate to C-T interval with
the pulse pair split between electrode placements localized in
the locus coeruleus and either in the Tateral septem (A) or
medial septum (B). Triangles represent response rates elicited
by the delivery of the C pulse to the locus coeruleus and the
T pulse to the septum. Circles represent response rates eli-
cited by the delivery of the C pulse to the septum and the T
pulse to the Tocus coeruleus.

24. Schematic representation of the locus coeruleus placements
tested in the locus coeruleus/septum interaction combination.
Triangles represent the locus coeruleus electrode placements
for the locus coeruleus-lateral septum group. Circles represent
the locus coeruleus electrode placements for the locus coeru-
leus-medial septum group. The first two sections correspond
with Figures 54b and 55b in Konig and Kiippel (1963). The last
three sections were drawn from the slides of Palkovits and

Jacobowitz (1974).
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25. Schematic representation of the septal placements tested in
the locus coeruleus/septum interaction combination. Triangles
represent the septal electrode placements for the locus coeru-
leus-lateral septum group. Circles represent the septum elec-
trode placements for the Tocus coeruleus-medial septum group.
A1l enumerated sections correspond with those in Konig and
Klippel (1963).

26. Representative functions of response rate to C-T interval with
the pulse pair split between brainstem and hypothalamic elec-
trode placements. In sections A and B, the C pulse was delivered
to the brainstem electrode placement and the T pulse was
delivered to the brainstem electrode placement. In all sections,
circles represent response rates elicited by the delivery of ap-
propriate pulse pairs after the administration of intraperito-
neal injections of saline. In sections A and C, triangles re-
present response rates elicited by the delivery of appropriate
pulse pairs after the administration of intraperitoneal injec-
tions of strychnine (.5 mg/ml/kg). In sections B and D, tri-
angles represent response rates elicited by the delivery of
appropriate pulse pairs after the administration of intraperi-
toneal injections of picrotoxin (.75 mg/mi/kg).

27. Within-site pulse pair function of response rate to C-T inter-
val for the perifornical electrode placement of Rat 33H., In
all sections, circies represent'the baseline response rate eli-
cited from each C-T interval before the locus coeruleus lesion.

In section A, triangles represent the elicited response rates
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for days 1-5 after the locus coeruleus lesion; squares represent
the elicited response rates for days 6-10 after the locus coeru-
leus lesion. In sectian B, triangles represent response rates
for days 16-20 post-locus coeruleus lesion. In section C, tri-
angles represent response rates for days 21-25 post-Jocus coeru-
leus lesion;squares represent response rates for days 26-30
vpost-]ocus coeruleus lesion.

28. Within-site pulse pair function of response rate to C-T inter-
val for the medial forebrain bundle electrode placement of Rat
38H. In all sections, circles represent the baseline response -
rate elicited from each C-T interval before the Tocus coeruleus
lesion. In section A, triangles represent the elicited response
rates for days 1-5 after the locus coeruleus lesion; squares
represent the elicited response rates for days 6-10 after the
locus coeruleus lesion. In section B, triangles represent
response rates for days 11-15 post-locus coeruleus lesion;
squares represent response rates for days 16-20 post-jocus
coeruleus lesijon. In section C, triangles represent response
rates for days 21-25; squares 26-30. In section
D, triangles represent response rates for days 31-35; squares
36-40.

29. Within-site pulse pair function of response rate to C-T interval
for the medial forebrain hundle electrode placement of Rat 77H.
In all sections, circles represent the baseline response rate
elicited from each C-T interval before the Tocus coeruleus

lesion. In section A, triangles represent the elicited response
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rates for days 1-5 after the Tocus coeruleus lesion; squares re-
present the elicited response rates for days 6-10 after the
locus coeruleus lesion. In section B, triangles represent re-
sponse rates for days 11-15 post locus coeruleus Jesion; squares
represent response rates for days 16-20 post locus coeruleus
Jesion. In section C, trianges represent response rates for
days 21-25 post locus coeruleus lesion.

30. Within-site pulse pair function of response rate to C—T interval
for the medial forebrain bundle electrode placement of Rat
31H. In all sections, circles represent the baseline response
rate elicited from each C-T interval before the locus coeruleus
lesion. In section A, triangles represent the elicited response
rates for days 1-5 after the locus coeruleus Tesion; squares
represent the elicited response rates for days 6-10 after the
Tocus coeruleus lesion. In section B, triangles represent re-
sponse rates for days 11-15 post locus coeruleus Tesion; squares
represent response rates for days 16-20 post locus coeruleus
lesion. In section C, triangles represent respohse rates for
days 21-25 post locus coeruleus lesion; squares represent
response rates for days 26-30 post Tocus coeruleus lesion.

31. Function of response rate to C-T interval with the pulse pair
split between electrode placements Tocalized in the locus
coeruleus and perifornical ~ area for Rat 33H. In sections
A-1 and A-2, the C pulse was delivered to the perifornical area
and the T pulse was delivered to the Tocus coeruleus; in sec-

tions B-1 and B-2, the C pulse was delivered to the Jocus coeru-
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leus and the T pulse was delivered to the perﬁfornica] area.

In all sections, circles represent the baseline response rate
élicited from the respective interaction conditions before the
locus coeruleus lesion. In sections A-1 and B-7, triangles
represent the respective elicited response rates for days 1-10
after the locus coeruleus lesion; squares represent the respec-
tive elicited response rates for days 11-20 after the locus
coeruleus lesion. In sections A-2 and B-2, triangles represent
the respective elicited response rates for days 21-30 after the
locus coeruleus lesion.

32. Function of response rate to C-T interval with the pulse pair
split between electrode placements Tocalized in the locus coeru-
Teus and medial forebrain bundle for Rat 38H. In sections A-]
and A-2, the C pulse was delivered to the medial forebrain
bundle and the T pulse was delivered to the Tocus coreuleus. In
sections B-1 and B-2, the C pulse was delivered to the Tocus
coeruleus and the T pulse was delivered to the medial forebrain
bundle. In all sections, circles represent the baseline re-
sponse rate elicited from the respective interaction conditions
before the locus coeruleus lesion. In sections A-1 and B-1,
triangles represent the respective elicited response rates for
days 1-10 after the locus coeruleus lesion; squares represent
the respective elicited response rates for days 11-20 after the
locus coeruleus lesion. In sections A-2 and B-2, triangles re-
present the respective elicited response rates for days 21-30

after the locus coeruleus lesion; squares represent the respec-
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tive elicited response rates for days 31-40 after the locus coe-
ruleus lesion.

33. Function of response rate to C-T interval with the pulse pair
split between electrode placements ]oca]ized in the Tocus
coeruleus and medial forebrain bundle for Rat 77H. In section
A, the C pulse was delivered to the medial forebrain bundle and
the T pulse was delivered to the locus coeruleus. In section B,
the C pulse was delivered to the locus coeruleus and the T
pulse was delivered to the medial forebrain bundle. In all sec-
tions, circles represent the baseline response rate elicited from
the respective interaction conditions before the locus coeruleus
lesion. In all sections, triangles represent the respective
elicited response rates for days 1-10 after the locus coerulues
lesion; squares represent the respective elicited response rates
for days 11-20 after the locus coeruleus lesian. D

34. Within-site pulse pair function of response rate to C-T inter-
val for the internal capsule electrode placement of Rat 60H.

In both sections, circles represent the baseline response rate
elicited from each C-T interval before the locus coeruleus le-
sion. In section A, triangles represent the elicited response
rates for days 1-5 after the locus coeruleus lesion; squares
represent the elicited résponse rates for days 6-10 after the
Tocus coerﬁ]eus Tesian. In sgctiqn B, triang]es represent the
elicited response rates far days 11-15 post Tocus coeruieus

Tesion.
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