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, ABSTRACT -

Comparisons of the Medial Forebrain Bundle Substrates

. Subserving Stimulation-Induced Feeding and Brain Stimulation Reward

Alain Gratton, Ph.D.
Concordia University, 1985

Psychophysical’ techniques were used to explore the
possifxi.lty that stimulation-induced feeding (SIF) and brain
stimulation reward ,(BSR) are subserved by a cawmon or by separate
populations of medial forebrain bundle (MFB) fibers. Mapping of
the anterior-posterior extent of the MFB for SIF with moveable
electrodes showed that feeding can be elicited with electrode
placements extending from th;e anterior region of lateral
hypothalamic area to{‘ne\ventral tegmental area. The dorsal-

ventral distribution of MFD sites that support SIF and BSR

appear to be co-extensive and the relative sensitivities of each

Isite' to— _the rewarding and motivating effects of the stimulation
were well correlated. Behaviorally inferred estimates of
refractory periods of the fibers underlying SIF and BSR were
similar, suggesting that SIF an(; BSR are subserved by the same
population of M'B fibers or by diffgrent- populations of fibers
with lvery similar refractory period caracteristics. Finaily, the
refractory period functions for SIF and BSR each exhibited a |
near-zero slope between C-T intervals of 0.6 and 0.7 msec. This
feature of the refractory period functions was' interpreted as

. ; [,
suggesting that the !B substrates for SIF and BSR each comprise

. two sub-populations of fibers with non-overlapping distributions

of refractory periods. To test this hypothesis, the effects of

1

o



\central muscarinic receptor blockade on the refractory period
distribution for ESR were assessed. Because atropine bloc;ks
sali’v_ary'secretion and disrupts feéding, a similar test ocould not
be made in the SIF paradigm. Atropine sulfate eliminated the
l e‘arly éanronent of the refractory period functions for BSR:
initial increases ;;n T-pulse effectiveness values occurred at a
longer C-T interval (0.8 msec)'under atropiné sulfate treatment
than seen under control conditic;hs (approx. 0.5 msec). The
dopamine receptor blocker, pimozide, had no effect on the
distribution of refractory period;esti:mtes, suggesting that
dopaminergic systems do not contribute to the rewarding effect of
the stimulation at the first stage system. Based on cur"tent i
knowledge of the anatcmy of cholinergic pathways, the data suggest
that the reward circuitry c:ontgins' a cholinergic écrn[.onent'which
receives 'inputs from first stage reward fibers that have
refractory pericds i‘.nﬁdthe 0.5 to 0.7 msec range. Other
interprététims of the data are presen%éd and discussed.
Anatomical linkage between lateral hypothalamic and ventral
tegmental area SIF sites was esﬁablish’ed by applying adéehavioral
variation of the antidramic collision test. ' The results of the
oollision study suggest.- that SIF-relevaﬁt fibers extend along the
longitudinal axis of the MFB, at least between the lateral
hypothalamic area and the ve tral tegemental area. F\;thenmre, in
animals where collision effects for SIF were obtained, similar
collision effects for BSR were also ;.:btained. Estimates of

1

conducti@rwvelecity for SIF-relevant fibers (2.3 to 4.3 m/sec)



were within the range of previously reported a:nductlon velocity
estinates for BSR-relevant fibers. As ‘a whole the data greatiyi
reduce the credibility of the hypothesis that SIF and BSR are

subserved by independent MFB first stage systems.
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A) 'Ihe ubstrate for medial forebram bundle self-stunulatxon.
1—7

¥
PR

'

Rats will learn a variety of responses, including pressi.ng
? /
a lever, to administer ‘trains (bursts) of electrical pulses to

their own brain. Same of the most sensitive sites and those that

\yfeld 'same of the most vigorous self-stimulation behavior are

found along the 6mm length of the medial forebrain bundle’'(MFB)

. extending between the ;rentral tegmental area (VTA) and the
» ' . - <

hypothalamic preoptic area.

- BN

AR ‘ R
The MFB comprises approximately* 50 discrete fiber sygtens.
suneiof which course. t‘hrough the MFB in'a rostral-caudal
direction, \whereas other systems project their fibers in the
opposite d(iréctim (Nieuwen}iuys et al,, 1982). _1It is unli}.cely

that all these fiber systems are involved in BSR. A few'or

-possibly only cne fiber system is relevant to the rewarding

effect of MFB electrical stimulation. The BSR specialist is
faced with the difficult task of determining which of these fiber
systemé carries the )reward signal trigéered by the electrical .
stimilation. The problem is componded by the fact that
elﬁriml stimulation is not selective in the heuronal
excitation in produces; any number of fiber systems within the
field of effective stimulation may be.activated, |

)

A nurber of different strategies have been employed since



2

the discovery of BSR to uncover the identity of the substrate for
'MFB reward. Om.: strqtegy’employs techniqués” borrowed from
psychophysics. Over the past decade "tl*ade—,off" experiments -have
“ been used to establish a nurber of properties of the
. reward-relevant substrate ‘of the MFB In essence, trade-off .
experiments involve determining the value of a particular
stimulation par:anieter required to offset the effect of Yarymg
another\' stimulation parameter in order to maintain a constant
level of behavior. In addition to providing same of t;he
electrophysiological and anatomical characteristics of the MFB
/ | substrate directly activated by rewarding ‘stimulation, trad'e—off
expefiments have generated a useful model of the reward circuitry
; and theréfore testable as'smptiéds ahout the functions of each of,

%

'its bdsic components.

1) The minimal model. : ' "

Gallistel (1978) has de\;eloped a minimal model of BSR to
& incorporate the basi¢ functional camponents the reward cim\;itry
\should contain to account for the electrophysiological
characteristics of the BSR substrate which have emerged from
.trade-off experIfMents thus far. It is a minimal model in the
sense that it makes few assmrptions'about either the anatmucal
locus from v;)hich the rewarding experience arises or the: precise

. mechanism through which it is generated.

=
= .

- .a) The "cable" or "first stage" system comprises those MFB
. . ‘ [ ] . 4

LN
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reward-relevant fibers which lie directlcy'mdér the electrode tip
and which are depolarized by a pulse of electrical current. :

Unless stated ctherwise, these are the fibers of concern in the

present investigation, \\

b) The “integrator" ar “second stage" system represm;é the
QM neural network through which «tHe ngurophysiological signal must
pass in order to eventﬁally generate e; reward?ng effect. The
model makes no other assumption about the second stage systqn
exdept that it must sum both spatially and temporally t.he output
from the first ;:age ‘system, N
., ) _ |

c) The "conversion process" is assumed if the animal is to
keeb an enduring record of the rewarding effects of the
stimulation. Such a postulation is made necessary by the fact
that BSR, like conventional rewards, improvés an animal's
performance across successive trials (Gallistel et_al., 1974).
For this to happen the animal must remember, fram previctus t;'i,als“
the magnitude of the rewarding effect. The conversion process is
where the magnitude of the rewarding effect is measured and :

converted into a permanent memory.

~

2) Electrophysiological & anatamical cgpracteristics of the

first stage system.

r

! »

Considerable information has been gained about the manner

-

in which the first stage system reacts to different combinations



'of 'stimulation parameters. From this information, several
electrophysiological and anatomical characte_x"istics of the first
stage system have emerged. The neurophysiological properties of
the firs‘t: stage system have been derived from four types of

trade-off experiments.

a) Post-stimulation excitability cycles.

’An action potential will leave in its wake a portigdoi_f the.
axon in a state of refractoriness to any further stimulation. The
amount of time an axon remains in this state is the refractory
period. When oconventional unit reoord{mg techniques are used, the
refractory period of a neurcn can be measured by estimating the
‘minimum interval that must be allowed to pass ‘before a second
pulse will elicit a second action pot;antial. Henc’:e, by
systema’tiﬁa’lly shortening % interval between the first

=pulse) and second (T-pulse) pulse of a pair of pulses, a point
will be reached where the two pulses will elicit only one action
potentia;': this indicates that the T-pulse falls within the
refrégtory period of the action potential elicited by the

C-pulse. This approach has been used to estimate the refractory.
pericds of the first stage system of the reward circuit, except
tha‘t in this case the ability of the T—pulse\ in eliciting a

second action potential was inferred behaviorally by determining
the number of pulse pairs required for criterial behavior at ‘
vdrious intra-pair (C-T) intervals. Because a population of

relevant fibers with varying refractory periods is activated by

Y

wd



- the stimulation, the furiction relating the C-T interval to the

effectiveness of the T-pulse in‘producing a second action
potential rises gradually. In the MFB, the reward relevant
fibers have refractory periods ranging from 0.4 to 2.0 msec
(Bielajew;et al., 1981; Rompre & Miliaressis, 1980: Yecmans,
1975). It appears &Bt these values reflect in large part the
contribution of absolute refractory periods of the reward
relevant fibers (Yecmans, 1979;, ‘although a contr"bution of
relative refractory periods has been demonstrated ; Bielajew et
al., 1982). These behaviorally inferred estimates'of neural
refractory periods fall within the range of refractory periods of
myelinated axons recorded in the (NS by conventional
elect'rophysiologica‘li techniques (Waxman & Swadlow, 1977) and
suggest that t':he first stage system is m%de up of fine myelinated

fibers in the 0.2 to 3.0 micrameter diameter range (Szabo et al.,

- 1974; Yeomans, 1975).

That the behaviorally inferred refractory periods of the
first stage system truly reflect the post-stimulation excitability
properties of reward relevant fibers is suggested by several
features of the refractory period curve. Fohr instance, following
the refractory period same axons may became unusually sensitive to
further stimulation (Swadlow & Waxman,‘ 1979). This period of
hyperexcitability (or supernormal period) is observed when unequal
amplitude pulse pairs (CO>T) are used and manifests itself by an
unusually high T-pulse effectiveness at C-T intervals in the 2.0

to 10.0 msec range (Rompre, ﬂ’ Yeamans, 1979). However, at
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very short C-T intervals (0.15 to 0.4 mesec) the effectiveness of

" the T-pulse decreases as a éunction of ipcreasing the C-T

interval. This portion of the refractoyy period curve reflects
summation of local non-propagated potenjtials at the fringes of ‘

the field of effective stimulation, which are not brought

to firing threshold by the C-pulse define the fringe of the field

of effective stimulation. These axons, will, however be
partially depolarized by the C-puise. If the T-pulse arrives
fast enough it will be able to build upon the depolarization left
behind by the C-pulse and bring same of the axons to firing .
threshold. At longer C-T intervals however, the depolarization
elicited by the C-pulse will have dissipated before the arrival
of the T-pulse; in this case no local potential summation will

occur. Using current threshold measures Yeamans et .al. (1979)

© concluded that local potentials in reward relevant fibers decay

exponentially (at C-T intervals from 0.05 to 0.35 msec) with a
time constant of approximately 0.1 msec, although there was
evidence for same fibe,rs with longer time constants. The
exponential rat:e of decay of local f:otentials in reward fibers
found by Yeamans et al. (1979) compared favorably with their own
data obtained from unit recordings, indicating that presumed local
potential sumation effects observed with behavioral measures «)can
be reasonablf ascribed to a true neurophysiological property of

reward fibers.

The contention that refractory periods inferred from

behavioral measures can map the post-stimulation excitability
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cyc;,és of reward relevant fibers is also z;l.uported by several
?édies that show different rates of recovery fraom refractoriness

/at other BSR sites. Prefrontal cortex (Schenk et al., 1980),
// periaqued‘uctal grey (Bielajew et al., 1981), midline hindbrain
(Rampre, 1984) and thalamic (Rompre, 1984) BSR sites all appear
to be subserved by fibers with slower rates of‘ recovery fram .
.refractorinessﬁ)' "\'\The technique is also capable of discriminating
between the substrates for different electrically elicited
behaviors. The rate of recovery fram refractoriness for fibers
in the hindbrain rotation substrate (Miliaressis & Rompre, 1980)
and fibers in the len:isc‘al aversion substrate (Dennis et al.,
1976) is faster than what is seen for MFB s;alf—stinmlation.

-

b) ‘Anatamical 3inkage
\ :

By applying a pair of pulses through the same electrode and

varying the C-T interval, an estimate of the range of refractory

-y

periods of the first st:ée system is obtained. ’If /the Cand T
pulses are applied through two different electrod?s and the C-T
interval is varied in the same manner, it is possible to detémine
if the two BSR sites are connected by a cammon set of
reward-relevant fibers. The double electrode technique used to
determine anatamical linkage takes advantage of the fact that a
suprathreshold pulse of cathodal cn‘n'rent will trigger two action
potentials. One action potential will propagate antidramically
towards the soma, while the orthodromic action potential will

come to bear upon synaptic transmissién. If electrode A and

Kl
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electrode B are stimulating different portions of the same axon
and assuming that electt'cx; A lies between electrode B and .the
sama, one of two things will happen depending on the interval
between the C and T pulses and the conduction velocity properties
of the axon. At short C-T intervals, the orthodrdﬁc impulse
triggered by the C-pulse in electrode A will not have time to
propagate past electrode B before the antidramic impulse is -
triggered by the T-pulse. In this case collision between the two
impulse will ensue and. only tl;e orthodromic impulse fram
electrode B (T-pulse) will re. h the synapse. However, if the
C-T interval is sufficiently long, the orthodromic impulse (and
its refractory period) originating from electrode A will clear
electrodé B before any impulse is triggered by the T-pulse. In
this case the orthodromic action potentials triggered at both
electrode sites will reach the synapse and presumably double the
net post-synaptic level of excitation. The ihterva:l required by

the impulse from electrode A to propagate past electrode B is the

" oollision interval which is the sum of the time of conduction of

the impulse.between the two electrode sites and its refractory

period. ‘ )

Anatomical linkage of ventral tegmental and lateral’
hypoﬂmlandc BSR sites has been demonstrated by adapting the
collision test to behavioral trade-off experiments, where again

" the number of pulse pairs is traded—off against t:.he C~T interval
(Shizgal et al., 1980). By applying a train of C-pulses to the

lateral hypothalamus (IH) and a train of T-pulses to the ventral

P



tegmental area (VTA), Shizgal et al.‘:g_(_l980) showed that within a
restricted range of C-T intervals (as short as 0.5 msec) the
effe&ivr ness of the T-pulse rises abruptly. This unique
feature of the function relating T-pulse effectiveness to C-T
interval in'the double electrode experiment reflects the
oollision interval of reward relevant fibers coursing between,
and common to IH and VTA BSR sites. The fact that T-pulse
effectiveness increases abruptly at the same critical C-T
interval ,wﬁen the T-pulse is applied to either the IH or the VTA

strengthens the conclusion that these two BSR sites are linked by

" a cominon set of fibers and sugéests that conduction of the reward

~

signal between the two sites is not interrupted by a synapse.

Behavioral collision experiments have also provided the
means to estimate the conduction velocity of reward relevant
fibers, By diviaing C@E in_ter-electrode distance by the
oollision time (wlliéion interval - refractory period =
collisioﬁ time), it has been éoncluded that reward relevant

fibers have conduction velocities in the 1.0-7.8 m/sec range

(Bielajew & Shizgal, 1982: Shizgal et al., 1980). Again these

oconduction velocity estimates are compatible with those of small

" myelinated fibers (Waxman & Bennett, 1972) which are known to

2

exist in the MFB (Szabo et al., 1974).

c) Current integrating properties

" The intensity of a pulse of cathoda.l current necessary to
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elicit a single action potential in a neuron depends to large
extent;. on the duration of tl;\e pulse and the nature of the neural
element being stimilated (i.e. sama, myelinated vs unmyelinated
axon). As the pulse duration is increased the required current
'jntensity decreases until any further increases in pulse duration
entail negligeable reductions in required rent intensity. The
required current intensity at infinitely 1 pulse durations is
the rhecbase and in essence defines the 1lymits of the neuron's
ability to ’integrate current over time, essed differently,
the rheobase reflects the minimum current flux that will maintain
a suprathreshold depolarization over an infinitely long period of
time. A samewhat more convenient measure of the rate at vihich”
the intensity or strength-duration function approaches its
rheobase is the chronaxie: the pulse duration at which the
required current intensity is twice the rheobase. Several
variables wili affect the shape of the strength-duration
function. An analysis of each is beybnd the scope of this
review. The process of accamodation, however, is relevant to

present purposes and will be briefly explaine'd later.

By trading-off current intensity against pulse‘ duration,
Matthews (1977) inferred the current integrating propertiés of
MFB reward fibers. Chronaxies in the 0.7 to 3.0 msec range
(mean=1.5 msec) were cbtained by fitting a hyperbolic function to
the resulting strength-duration data (Gallistel, 1978; Matthews,
1977). similar chronaxie estimates for MFB reward fibers have |
been\reported in a more recent study (Schenk & Shizgal, 1985).

LY
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Contrasted égainst chronaxies of 0.15 to 0.48 msec for

.ocortico-spinal fibers subserving skeletal muscle twitches

(Matthews, 1977), these data suggest that some reward fibers are

cﬁpable of integrating current over exceptionnally long periods:

In fact, most of Mitthews ' {J¥77) strength-duration curves do not

. S
: ﬁnch rhecbase at pulse dura‘\j.ims of up to 15.0 msec: thus the

nece551ty to derive chronaxie values from a hyperbola fitted

the data. One possible explanation for the continued easw
current intensity requ1rements is that same reward flbp/rs fire
several times in response to pulses of long duration. \'I'hls would

~ Y
be equivalent to increasing the pulse frequency thus allowing the

2

cufrent intensity required to maintain ecriterial behavior to be

~
]

lowered.
Also telling of the current integrating properties of the
first .stage system are the strength-duration data using pulses of
a‘nodal current. Matthews (1977) showed that anodal current
requirements at various pulse durations were about twice the
" cathodal current requirements, except at longer pulse durations
where the required anodal current was at times lower than the
required cathodai current. Because anodal current will
Hyperpolarize the membrane, the fact that anodal current is more
effective at long pulse durations than cathodal current can
probably be ascribéd to anodal bréak firing. Unlike cathodal
cwrrent, hyperpolanzatlon produoed by a prolonged anodal pulse
will cause the f1r1ng threshold of the neuron to accamodate to a

new, more negatlve potential. Immediately upon offset. (t'reak) of



the anodal pulse, the rapid depolarization of the membrane
towards its rgstir;g potentiallmay cause it to ovexghoot the new
firing: threshold and generate an action potential. At shorter
pulse durations however, the fact that anodal current is capable
of maintaining self-stimulation can probably be attrilbwted to a
depolarizing current flowing at some point removed fram the
electrode tip. The hy-perpolarizing influx of current during an
anodal pulse will be counterbalanced at a remote portion of the
neuron by a depolarizing current efflux which may trigger an
action potential. The effectiveness of the remote current efflux
in generating an action .potential will depend on its density ’
along:the menbrane. If the current efflux is “restricted to a
small patch of menbrane, as would be the case in a myelinated
axon, the'depolarizing current may‘ ubring the potential to firil;mg
threshold. Under these conditions the nodes of Ranvier @ld be
susceptible to a suprathreshold depolarization. This expl'aqatim

would be consistent with other evidence indicating that the first

stage system camprises myelinated fibers. \
d) Normal direction of conduction of the reward-relevant

signal . .Y

y
The MFB compris swerhe\rete fibers systems same of
which project rostnéca dally while rs project m the

opposite direction. Several attempts have been made to deterinine
"EhE normal direcuon of conduction of t.hx ‘first stage system. tom

'Ihese stud:.es usually involved leslonu;g tissue either anterior

[

, / o
/
(

\
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or posterior to the BSR electrode and measuring the subsequent

.

loss of responsiveness to the rewarding stimulation. In general
posterior lesions appear to be more ;effective than anterior
lesions in suppressing x;ate of respénding for BSR (Keesey &
Powley, 1973; Olds & Olds, 1969; Stellar & Neeley, 1982). The
straightforward interpretation of these data is that the
reward-relevant sighal is carried in the rostral-caudal direction
and that posterior lesions disconnect the BSR electrode from the

reward relevant synapse. However, as discussed by Bielajew and

-
-~

Shizgal (note 37, these studies are subject to several criticisms
which diminish the significance of their conclusions. First there
is no way Of knowing whether the lesion destroys fibets of the
first stage system or fibers at several synapseé removed from the
first stage system. Second, loss of respmgivepess to BSR can be
ascribed to other effects associated to MFB lesions which may or
may not related to a decreased effectiveness of the rewarding
stimulationy these include aphagia and adipsia (Teitelbaum & |
Egist‘e_i_g,/l‘ia\z) ané L oss of senéory—mbor, integration (Marshall &
.Teitelbaum, \1€74). (\ '}‘hird and most inportantli}, anterior lesions
which are assnhraé’ﬁgxdisoonnect the BSR.electrode from the soma
may also affect the uctivity of t\be Qistal part of the axon.
Furthermore MFB fibe'ués have been shown to regenerate following
transection (Foerster, 1982). Thus any cor\x;:lusion on the
directionality of the reward signal based on lesion studie;s has
to be considered with caution.

A more se‘llective way of establishing directionality of the

-
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reward signal in the fir/s;: stage system would be to temporarily
) dWisb the excitabilty‘of a portion of the reward fibeYs which
gliee betwpveen the BSR electrode and reward relevant synapses.
Shizgal et al. (1980) and Bie%ajew & Shizgal (note 1) used a
variation of the collision test to demonstrate that reward
'v{glsvant fibers extendin& betr;ueen the LH and Vrcharry the reward )
sign:al primarily in the rostral-caudal direction. Using rats,
which showed a collision-like effect with LH and VIA electrodes,
they reasoned that if a Mlarizing pulse of anodal current:
is administered throucjh the electrode which lies between the “
reward-relevant synapse and the depolarizing eléctrode, f;he
.orthoarqnically_prop.agated reward signal would be blocked at the
regia: of Jnyperp\:olarization and not reach the reward relevant |
synapse. No ‘sgch effect would be expected -if the anodal pulse is
: ap:Iied to the portion of the reward fibers which lies between

the sama and the depolarizing electrode. ”

s
0

'I‘he/hyperpolarization block experiment is 'in effect:. a
' jqaﬂnda;\;!:rengt&\-duraiim experiment using four different
glectrnée configm'at‘ims. Under the two control eiectrode
oconfigurations either one of the depth electrodes (IH or \H‘A)‘ -
serves as'the cathode while the anode is-an indifferent electrode
(a set of screws imbedded in the cranium). The experimental
o;:‘orxiitims consist using each one of the depth electrodes as the
cathode while the other is used as the anode. Shizgal et al. '
(1980)'“M that the s;.rength-dm'atim curve obtained with the

cathode in VIA and anode in IH did not differ from the
)

-
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corresgpnding @trol curve: the curve obtained mth the cathode
in VIA and the anode in the indifferent electrode. When the
reverse configuration was used (anode ih VI ;nd cathode in IH)
the resulting strer)gth-duratim curve deviated uwards;.fran the
corresponding control curve (cathode’in IH and anode in
indifferent electrode) at long pulsé durations. In other words,
compared to the control curve, the cathodal current intensity
requirements for criterial IH self-stimulation increased at long
pulse durations (1.0 to 5.0 msec) when the VTA electrode served
as the anode. The fact that cathodal current intensity
requirements increase only at felatively long pulse durations
suggests that at .shorter pulse durat%ons the hyperpolarization
block had dissipated and thus did not impede the propagation of
~ the orthodramic reward signal triggered by the IH electrode.
Hence it appears that when the region of the VIA is
hypérpolarized, the effgctivéness of rewarding stimulation
applied to‘the IH is reduced; no such loss in effectiveness of ~
VTA rewarding stimulation is seen when the IH is hyperpolarized.
The straightforward interpretation of the these data is that the
reward signal is propagated by a significant portion of the

\ reward substrate in the caudal-rostral direction: fram IH to VTA.

v

~

" e) Neurochemical identity of the first stage
The neurotransmitter responsible for carrying the reward
signal across the first stage synapse has not yet been identified.

Whether or not it is reasonable to assume that only one

/-.
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neurotransmitter is involved in this task is also open to debate.
However same evidence has recently been marshalled for an
involvement of ventral tegmental muscarlm.g receptors in BSR
(Yeomans et al., 1985). The idea of a cholinergic system as the

first stage reward system for BSR will be discussed later.on in

this work.,

Although the trade-off experiments outlined above ha\]_‘e ot
yet identified the pharmacological properties of the first g gé
system, they have prwidéd the ele&:ti';dphysiological criteria to
guide the search for a possible candidate. The candidate s;y;'sten
must comprise small myelinated fibers same of which ‘should course
rostra}-caudplly along the longitudinal extent of the MFB fram
the lateral hypothalamus to ::he ventral tegmental area. Most of
the fibers of the first stage system should have ak;solute ‘
refractory periods in the 0.4 to 2.0 msec range and propagat;e
impulses at velocities of pl—B meters per second. The local
mn-propagatéd potentials ?f the first stage fibers should decay
exponentially with a time constant of approximately 0.1 msec.
Finally zhe r;award fibérs should have chronaxies of 0.7 to 3.0
msec, be able to ?.ntégi‘ate cathodal current over periods as long
as 15:0 msec and fire on the offset of anodal pulses longer than

- ¢

5.0 msec.

The moncaminergic systems which course through the MFB,
and in pért{cular midbrain dopaminergic neurons which play a role.
in BSR, cannot constitute a significant part of the first stage

3 .
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system. The behaviorally inferred electrophysiologicai
properties of the first stage éysten do not fit those c;f
dc;paminergic neurons( and therefore cannot account for the effects
of rewarding stimulation directly under the electrode tip. ‘

Dopaminergic; heurons ascend through the MFB (Lindvall &

Bjorklurid, 19%4) whereas at least a major portion of the first

LS

stage system descenlié through the MFB. The first stage system is
capable of propagating impulses at velocities u;\ic}{ by far exceed
those which are seen in dopaminergic neurons (Feltz &
Albe-Fess;ard, 1972; German et al., 1980; Yim & Mogenson, 1980).
The role of dopamine in BSR must therefore came iﬁto p1a§ at
least one, but maybe several synapses away fram the elec.'-tlrode '

. -~
N v

tip.

3) Quantitative properties of the second stage systtn> b
A

The second stage system or “integrator" is dét‘ component
. » .
of the réward circuit wﬁich receives the synaptic output of the
first. étage systen;. The second stage system must summate both in
time and in space the net output of the first stage system. The |
manner in which the second stage subsequently treats the reward
signal it receives fram the first stage system has been
characterized by trading-off current intensity against the nurber

of pulses in a train of fixed duration.

1

a) _Spatia%tempogal integration: the counter model.:
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The rate at which a rat self-stimulates can be augmented by
increasing either ;:he current intensity or the number of pulses
in a train of fixed duration. Although these two variables
affect the rate of self-stimulation behavior in thc;7 same
direction, they do so by diff?rent means. Pulse frequency is a
temporal variable. Assuming that each pulse fires a reward fiber
only once, then va}-ying the pulse frequency changes the number of
times each first sg:age‘ fibef will fire. Thus there is a scalar
relation between the nurber of times a fiber fires and the
frequency of stimulation. Current intensity is a spatial
variable; varying the current intensity changes the size of the
field of effective stimulation and, by extention, the number of
first stage fibers that are fired by thea stimulation. The
current flux of effective stimulation decreases as the square
root of the radial distance fram the electrode tip (Fouriezos &
Wisg, 1985; Ranck, 1975). However, assuming a harogéneous
distribution of reward fibers around the electrode tip, the a
nurber of reward fibers within a certain field of stimulation
should inqrefxse as the square of the radius of that field. From
this it follows that the number of fibers recruited by the
stimulation should be proportional to the current intensity. Thus
it is fair to assume that the function relating the muber of °
‘ timulated fibers to current intensity should be linear. If each
pulse prod;.lces only one action potential in each reward fiber
stimuiated,‘it is reas;'zggble to assume that the level of
excitation the second stage system "sees" is the product of (a)

the nuiiber of impulses propagated by each of the first stage



neurons and (b) the number of first stage fibers fired by the
stimilation. If the role of the second stage system is simply to
ocount the total number impulses propagated by the fibers of the
first stage system, then the function relatmg current intensity
(I) required for criterial behavior to the reciprical of the
pulse frequency (1/N) should be linear. A linear I vs IN
functlon would 1mp1y that the output of the second stage system
is constant over a wide variety of pulse frequency and current
intensity combinations. A non-linear I vs 1/N function would
imply that the first stage system did nc.zt react to the temporal
or spatial variables of electri stimulation in a linear
fashion or that the second stage system integrated the reward
signal it rece;ves fram the first stage system in a non-linear

fashion.

Gallistel (1978) determined, for trains of fixed duration,
the required current intensity for criterial running speed at
various éulse frequenciés. By plc£ting the required current
against the reciprocal of the frequency (Shizgal et al., note 2)
a linear relation was shown between the effects of these two
parameters. The linearity of tfne current 1 vs 1M
function indicated that the second stage system behaved as an
impulse counter that is blind to the spa;ial-tanporal
distribution of a burst of impulses carried by the first stage
system. In other words the second stage system treated the inpn;t
of two first stage fibers each carryirig two impulses in the same

way it treated four fibers each carrying one impulse; in both
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‘caaea the integrator "saw" four impulses. The linearity of the I
vs 1/N curve al.so’ suggests that, within a range of frequencies
and current intensities, the reward signal does‘ not mdergo
synaptic facilitation or accammodation at the second stage.

b) Neurochemical identity of the second stage system

The neurotransmitéer(s) used by the second stage sys‘tem has
not yet been iden£ified. Dopamine, however appears to be a
potential candidate. There is now considerable evidence indicating
that the midbrain dopaminergic cell groups A9 and Al0 mediate the
effects of various rewards ‘including BSR. Blockade of

- dopaminergic post-synaptic receptors by neuroleptics (pimozide)
produces, in animals working for BSR; response decrements that
are consistent. with what is seen when the stimulation is '
decreased (Fouriezos & ‘wise, 1976; Franklin & McCoy, 1979).
Neuroleptics will also decrease the animals responsiveness to
BSR; dose dependant increases in pulse frequency (Gallistel &

" Karras, 1984) or current intensity (Franklin, 1978) are necessary
to offset their response attenuating effects. Although these
data do not directly implicate dopamine as the neurctransmitter

. of the second stage system, they do point to a, role for dopamine

at same point in the reward circuitry.
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B) The medial forebrain bundle substrate for stimulation-
induced feeding.

N N\

In addition to acting as a powerful reward, electrical
stimilation of the MFB appears to notiva‘te or drive the animal,
Given ¥ right stimulation parameters and electrode placement,
MFB stimulation will elicit varlous consummatory behaviors. Of )
all the behaviors that can be induced in the rat by electrical
stimulation of the MFB, feeding is certainly the behavior that
has been subjected to the most systematic analysis. Of great
interest is the fact that stimulation induced feeding (SIF) is
obtained at MFB sites which also support BSR (Margules & Olds,
1962). |
\,,{

At A time when drive reduction theory was‘the daminant
theoretjcal framewark for the analysis of central motivational -

systemfis, the fact a rat would feed in response to lateral

hﬁothalamic stimulation as well as press a lever to stimulate
/

/ its own lateral hypothalamus, was seen as paradoxical.
e
Drive. reduction theory proposes that lateral hypothalamic
stimulation produces a drive which in turn elicits a response
presumably aimed at ‘reducing the aversive impact of the drive
state. Thus a rat was thought to eat in response to lateral
hypothalamic stimulation because the stimulation makes it hungry

and because food reduces the aversiveness of this hunger. The

k paradox resides in the fact that the same rat finds electrical
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stimulation of that same)MFB site highly rewarding. Drive
reduction theory would predict\the opposite outocome; the rat
should awvoid any opportunity to stéamulate its lateral
hypothalamus if the “drive” produ:ed by the stimulation were
aversive. e

\

-

The drive-reward paradox fdrced many specialists in the
field to assume that the motivating and rewardir_\g effects of MFB
stimulation are subserved by two independant substrat.es. In the
following sections the literature pertaining to the anatamical
spec;ificity ‘of the motivating and rewarding effects of ‘MFB
stimulation will be examined. Most of the literature reviewed
will focus on the anatamical specificity of SIF in relation to the
anatamny of the MFB substrate for BSR. The question of interest
throughout the review will be: " Are SIF and BSR'two behaviors
that ?re subserVed by a camon or by'a separate MFB first stage
systems?" However, before reviewing the relevant literature
several gssm@ions underlying the study of SIF as well as the
working models of the substrate of SIF will rbe exposed in the

following two sections.,

1) stimulation induced feeding: phenamenoclogy and basic

assumptions.

Probably the most striking feature of SIF is that it is
temporally locked to the period of stimulation. Upon onset of the

stimilation, a sated rat will begin to explore the floor of his

¥
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cage and when it encounters a piece of food will pick it up with
its forepaws, assume a sitting éosition and chew (and swallow)
the food with the avidity of a normal, hungry rat. Upon offset
of the stimulation, the rat will drop the food pellet and, while
chewing on the last mouthful of food, will r"esume a normal
pattern of behavior. In this sense SIF appears to be stimula;ion
bound. This is not to say that SIF is stereotyped. The sequence
of ervements which brings the animal in contact with the food as
weli) as the consummatory response itself are not bound to the
sﬁimulation but rather to the ocontingencies of th;e environment.
Feeders will npt chew m response to lateral hypothalamic
stimulation if no food is available but will perform an operant
response to obtain food if they have been previously trained to
do so (Coons et al., 1965). Hence lateral hypothalamic
stimulation does not elicit an invariant motor response which
operates in isolation of the animal's environnent: Rather it
appéars that the stimulation induces feeding by operating through

motivational factors.

The exact nature of the motivational variables that are
called into play by SIF is unknown. Superficially, a feeder
Yeacts to lateral hypothalamic stimulation as a food deprived rat
would, when given access to food. It oould therefore be
concluded that lateral hypothalamic stimulation makes the animal
hungry. This conclusion brings us no closer to defining the ’

motivational state imposed by the electrical stimulation, for

what is hunger? Hunger is most often defined by operation-




<

alization. For instance, hunger and variations in the
intensity of the hunger experience are usually inferred from the
number of hours an animal has been food deprived. Hence an
animal deprived of food for 23 hours :;_\ppears,. judging by the
gfeater amoux;t of food it oconsumes, to be hungrier than when it
is deprived for 1 hour. The circularity involved in defining an
inferred motivational state in temms of another inferred

motivational state is ocbvious. Whether electrical stimilation of -

the lateral hypothalamus elicits feeding by producing a state of

hunger (whatever hunger may be) or by increasing the rewarding

~r

. impact of the food, for instance, is not important for the

moment. What is important is that latera) hypothalamic
stimulation can reliably elicit a feedir/v; behavior which is
sensitive to most of the factors which impinge upon and influence
normal feeding (Devor et al., 1970; Wise, 1974\). Neither-is it

reasonable to assume that SIF is an exact replicate of normal

' feeding. It is obvious that normal feeding is under the control

of several factors, both central and pefipheral. It is

reasonable to assume, however, that yhate’ver the multiplicity of
physiological systems involved in the normal elaboration of the
feeding act, the system-_which lies under the electrode tip of a

feeder is of great, if not central importance.

The ability to induce a feeding response electrically
offers the advantage of subjecting what is presumed to be the
substrate for normal feeding to quantitative analysis by using

the psychophysical techniques which have been applied to
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determirie the quantitative properties of the MFB reward !
substrate. 'frade-off experiments can be used to Getermine the '
electrophysiological and anatamical duraé:terist'ics‘of the
feeding-relevant fibers which lie directly under the electrodé
tip. Determining the quantitative properties’of the "first stage .
éystem" of the substrate for SIF is i.mportgt in its own right.

However, the question of interest in the present {nvestigatim is

whether SIF and BSR have common or separate first stage systems,

2) Anatomical models of the MFB substrate for stimulation-

induced feeding.

The anatomical specificity of the rewarding and motivating

_effects of MFB electrical stimulation is an issue that has been

sut;jected_to experimenta) analysis for appf'oxijmtely 25 years.
Evidence has'béen marshalled for and against the idea that BSR and
SIF are subse;vea by a common substrate. Yet, as will be seen
later, no strong conclusions can be made concerning the
relationship, if any, between the substrates for BSR and SIF’.\
Nonetheless, in light of what is known of the anatamy of the first
stage syst’en for. BSR (re. secf:ion A),.there are at least four
basic anatomical models that can be developed to describe the o /
anatomy of the SIF substrate. These models will provide a useful ‘ e
framework to guide the review of the literature relevant to th‘e

relationship betweén SIF and BSR.

The models for the substrate for SIF contain certain

4
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assumptions ﬂﬁt are paralle‘l to those made for the ‘substra_te for
BSR. First, it is ass,limed tbat the ‘feeding-rele%nt fibers which
lie under the electrode tip do not give rise to the feeding drive. -
The feeding-relevant fibers of the MFB are a:ssumed to carry the
neurophysiological signal triggered by the electrical stimulation

to same other part of the brain. This camponent of the feeding

'substrate corresponds to the cable 'or first ., stage system of the

BSR substrate.

»
{

The output of the first stage~ ‘system’ for SIF is also
assumed to be summed, both temporally and spatially, by an
intégra'tbr or second stage system. This assumptign appears to be
sul‘aported by the linearity of the function a£ing the required
pulse freque&ncy to currernit intensity 24 SIF (Gratton and w;.se,’
no-te 3). As is the case for the second stage systén of BSR, no

assumptions are made concerning the location or anatamical ’

arrangement of the second stage system of SIF.

The necessity to post_;ylate a oconversion process for SIF is
difficult to assess. A superficial observation of a ra‘t feeding
in response to MFB electrical stimulation suggests that the
effects of the stixﬁulatim on a given trial are transient and
have little bearing on-the_animal's behavior on subosequent
&1315; However other variables, such as changes in the
palatabilty of the food will infllence the anm\al 5
responsweness to the stunulatmn on subsequent trials (Smith,

1972; Tenen & Miller, 1964; Wise & Albin, 1973). For such
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changes .in the animal's behavior to occur, it must remember from
previous trials 'ho;w the food tasted. In t}ﬂs‘cashe a conversion
process which measures the rewarding impact of the food and
p@mes an enduring record of the magnitude of the rewarding
effect must be assumed. However, for the purpose'of the present
investigation only the first and second stage systems for SIF are

of direct concern.

4 ‘ °

a) Models of separate SIF and BSR first stage ‘systems

>

The first model (Figure la) represents anatcmically

distinct first and second stage systems for SIF and BSR. The

i \first stage system for SIF is shown coursing perpendicufdrly to

the first stage system for BSR. This merely serves to illustrate
the.type of arrangement that would be anticipated if sites

supporting SIF were to be localized in a.restricted region of the
E) . ‘/- -

A
MFB reward system. In this case electrical stiffulation applied

at the intersection of the SIF and BSR first stage systems would
induce féedg’.ng as well as support self-stimulation behavior.’
Electrical stimulation of any other portion of,the MFB would not”

induce feeding but would presumably support self-stimulation.
; 3 .

? . a

¢

P

The second'model (Figure 1b) represents the case-
first stage systems for SIF and BSR while being 1
distinct, course parallel to each other through the/MFB. Such an
arrangement implies that sites that are positive for, SIF are not

restricted to any partiéular region of the MFB but can be found

-

' 4
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‘all along the rostral-caudal extent of the MFB. The model, as it

is shown in Figure 1b, also implies that the first stage systems

for SIF and BSR, alt:hough parallel to each other, are confined to '
different portions of the MFB. For example, SIF relevant fibers

- could course through the MFB in a position lateral to the BSR

relevang fibers. This may or may not be:the cgse. The model also
afllows ij'or an arrangement whereby the SIF rele,{ant fibers and BSR ‘
relevént fibers are closely intertwined within the MFB. Hence if
electrical stimulation of a particular site of the MFB were shown

to support self-stimulation as well as elicit a feeding response,

it could not be oconcluded that SIF and BSR had a common first ¢
stage system, It may be that the field of effective stimulation |
recruits distinct SIF and BSR relevant fibers which course

through the MFB in close anatamical proximity.

b) Models of a common SIF and BSR first stage system
The model depicted in Figure 2a assumes that SIF and BSR

are subserved by the same first stage system., It makes the

-

further assumption that the feeding- and reward-relevant signals \/
propagated by the first stage system are summed temporally and

spatially by a common second stage system. This is equivalent to
saying that SIF and BSR are different behavioral manifestations

. of the, same neulrophysiok,\gical event in the. first and second

~ stage systems. It is difficult to imagine a single systém which
can inteérate the indiscriminate excitation produced by a train

of~electrical pulses to generate two different behavioral .
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outputs. At' same poiﬁt beyond the seoond stage system, the
feeding- and reward-relevant signals must input into different
systems. The present model makes no assumptions concerhing the
nature of thqfeeding—relevant circuitry beyond the second stage
system, except; that it should at&sane point diverge from the

reward-relevant circuitry.

-

~

Figure 2b illustrates a single first stage system common to
bm;h SIF and BSR‘which synapses onto two different second  stage
systems. This model assumes that the impulges triggered by
electrical sltinmlation are equally propagated by two branches of
the first stage system and sumated temporally and spatially by
two independent second stage systems—— ane relevant to feeding
and the other to reward. The present model differs from the
preceeding model only .in the point of divergence of the feeding-
and reward-relevant signals. Hence, in order to generate two
different behavioral outputs, the present rrodel'must. still
postulate the existence of a third stage system in the SIF
circuitry vhich differs in its function fram the conversion

process for BSR.

3) Anatomical specificity of stimulation induced feeding
Stimulation-induced feeding in the rat has long been
thought to be restricted to the anterior portion of the lateral

hypothalamic MFB (i.e. Caggiula, 1969). Brain stimulation reward,. ’

however, is supported by electrical stimulation of sites which
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extend the full rostral-caudal trajectory of the MFB. The notion
of distinct SIF and BSR substrates on the one hand and the more
general idea of anatomically distinct motivational systems on the
other rests in'large part on studies showing that electrical

i
stimulation of ‘differerit regions of the hypothalamic MFB elifit

different behaviors. It has been assumed in the past that [if BSR
is obtained all along the MFB while SIF and other elicit
behaviors are obtained only fram restricted areas of the
then the substrates underlying BSR, SIF and the other elicjted
behaviors must have distinct anatomies. However, the anatamical
specificity of SIF and of electrically elicited behaviors in
general has been queétioned because (a) the sites which support
SIF do not appear to be as locaiized as once.suggested, (b)
stimulation of a single MFB site can elicit several diffgrent '
behaviors. These two issues will be examined in the next two

' sections. - | | ‘

a) Distribution of stimulation mduceg feeding sites.
Elec.jtric'al stimulation of the lateral hypothalamic MFB -

. induces feeding (Delgado & Anand, 1953; Margules & Olds, 1962;
Wise,_1971) and drinking (Mendelson, 19707 Mogenson & Stevenson,
1967; Wise, 1971). Male cop:la}tofy behavior, however is reported
to be elicited by electrical stimulation of a more .c‘audal region
of the lateral hypothalamic MFB (Caggiula, 1969; Caggiula &
Hoebel, 1966).



The apparent localizat_ion of specific stimulation induced
feeding, drinking and copulation sites-along the MFB is consistent
with the anatamical model in Figure la. This model can be
expanded to depict the first stage systems for feeding and
drinking as being restricted to the latexjal hypothalamic MFB,
whereas meffEE% stage system for copulation would be confined
to a more posteriiss region of the lateral hypothalamic MFB. The
first stage system' for BSR, however, courses through both the),
lateral and posterior hypothalamic x:egions of the MFB (Shizgal et 5
al., ‘'1980). The fact that feeding sites and copulation sites
also support BSR (Caggiﬁla & Hoebel, 1966; Margules & Olds, 1962)
suggests, in the context of the present model, that first stage-
feeding and copulation fibers intersect first stage BSR fibers
ocoursing through “the MFB.

There is, however, a considerable amount of data suggesting
that the anatomical model in Figure la is invalid. For the most
part these data argue against the site specificity of electrically
élicited behaviors in rat and by extension against the notion of”

N\

separate first ‘stage systems for BSR and SIF.

) Consider first the case of stimulation induced feeding.'
Cox & Valenstein (1969) showed that feeding (and drinking) can be
elicited by stimulating MFB sites éxt.ending fram the, anterior
region of the. lateral hypothalamus to the ventral 'tegnmtal area.
.waldbillig (1975) later partially oconfirmed and extended these

findings by showing that feeding can be elicited at sites
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extending into the lateral tegmentum of the hindbrain. Taken

- together, these two studies suggest that the first stage fibers

‘'underlying SIF are not confinedto any particula®region of the

MFB, but extend along the entire longitudinal axis of the MFB.

Congider now the issue of site specificity of stimulation
induced copulation. Copulation sites appear to be associated with
the posterior hypothalamus. 'meré is, however,' considerable
anbiguity gissociated with what has been termed “posterior
hypothalamic copulation center", since copulation is reportedly
not elicited by stimulatior; of the posterior hypothalamic nucleus
per se, but rather by stimulation of the posterior region of thv:e
lateral hypothalamic MFB. The posterior hypothalamic nucleus is a
pex"iventricular nucleus lying 1.0-1.5 mm medial to MFB stimulation
sites which are reported to eligit copulation (Caggiula, 1969).
Therefore the term "posterior hypothalamic copulation center” doés

not refer to any conventionnal anatamical delineation of the

hypothalamic nuclei, but rather to a loosely defined area

corresponding to the more posterior levels of the lateral
hypothalamic MFB. In view of these facts, the most caudal

copulation sites reported by Caggiula (1969) can be seen to be

encompassed by the lateral hypothalamic area.

motivational systems. Indeed, there is considerable overlap

- between the so-called posterior hypothalamic oopulati‘oﬁ sites and
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lateral hypothalamic feedi-.ng sites. Close inépection of
Cagéiula's (1969) data shows that of the 15 electrode placements
vhich are positive for copulation, at least half are cl%rly
located within the lateral hypothalamic region which has been
traditionally associated w1th SIF. 1In light of Cox &
Valenstein's (1969) study showing SIF sites that extend beyond
the oconfines of the hypothalamic MFB, the anatamical dissociation
of stimulation induced feeding and copulation is not as clear as
was once suggested (Caggiula, 1969; Caggiula & Hoebel, 1966;

Hoebel, 1969).

It may be easier to oonsider the anatomical models
depicted in Figures lb, 2a and 2b as more plausible
representations of the anatamy of the SIF first stage system.

All three of these models represent the first stage system for
SIF as a bundle of fibers ooursing along the longitudinal extent
of the' MFB. Although models 2a and 2b make the additional
postulation of a camon first stage system for BSR and SIF,
nothing in the 1itera£uré reviewed thus far invalidates model 1lb,
whereby SIF and BSR are subserved by separate first stage
systems. Indeed the fact remains that stimulation of the
anterior region of the MFB does seem to preferentially elicit
feeding, whereas stimulation of more posterior MFB sites  appears
to preferentially elicit copulation. It may be, however, that
more careful mapping of the MFB for various elicted behaviors will

uncover a medial to lateral dissociation between specific

‘motivational systems., However, Caggiula's (1969) study also shows
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five sites at which both feeding and copulation could be elicited,
suggesting a considerable amount of overlap between the substrates
for feeding and copulation. The fact that stimulation at a single

site elicits more than one behavior has be used to argue against

the anatomical specificity of electrically elicited behaviors.

This issue will be examined next.
b) Modification of stimulation induced feeding

" Rats that "2ed in response to MFB stimulation-will.
frequently exhibit other elicited behaviors if they are
stimulated long enough in the pres~nce of the appropriate goal

stimuli. ‘Valenstein et al. (1968) showed that rats which

&

initially exhibit SIF can be made to drink or gnaw on a piece of .

.

wood.  Wise (1971) mapped the dorsal-ventral extent of the

lateral hypothalamic MFB for stimulation induced feeding and ‘ ﬁ%

drinking and showed that sites which support feeding support

drinking as well. E‘L;rthenrore, Caggiula (1969) as well as
Gallistel (1969) found that both feeding and copulation can be.
elicited at the same stimulation site. The gradual emergence of
a second elicited behavior first observed by Valenstein et al.
(1968) occurs without manipulating the stimulation parameters and ‘
can be accelerated by replacing the initially preferred goal

stimilus (i.e. food) with a second goal stimulus (water or a

block of wood). mce the second behavior is elicited reliably, 2,
it will persist even after the initial goal stimulus is

reintroduced in the test box. In this case, however, the rat

y



will, over a given number of trials, exhibit both the initial and

the new elicited behaviors.

Valenstein et al. (1968).interpreteci the extensive
stimulation experience necessary fgr the new elicit:ed behavior to
emerge as additional support for the notion that MFB stimulation
does not activate anataomically distinct motivational systems; but
rather a general, non-specific motivational system. He argued ‘
that if the elegtrical stimulation excited specific MFB
notiva_tiénal systems, then the appeararice of additional elicited
behaviox;s should be immediate once the anin;als are exposed to the
appropriate goal stimuli. Wise (1968) suggested an alternative
interpretation‘ of the data of Valenstein's et al. (1968). He
proposed that the electrical stimulation may be activating

distinct motivational systems which have different thresholds of

excitation. Wise (1968) based his interpretation on the fact

that repeated stimulation progressively decreases the stimulation

threshold for eliciting a particular b;ahavior. He assumed that
the threshold of excitatioq‘ of the underlying substrate decreased
Qith repeated stimulation., ‘This assmpption led Wise (1968) to
hypothesized ‘that if the substrate of the second behavior is
initially stimulated at intensities below its gxcitation
threshold, then the second behavior would only be observed when
its excitation threshold is sufficiently 1\owered. Although Wise
(1968) did show that initial stimulation at }ugh current
intensities elicits more &aan one behavior and that prolonged

\
stimulation experience is hot necessary before a second behavior




emerges, others (Go;c & Valenstein, 1969; Mogmson,4197l) have
failed to cbserved the initial emergence of more than one
behévior even when high current intensities were used. B
‘ 4

The manifestation of r;hlltip}e behaviors by stimulatign ?f
the same brain site also argues against the idea that thew\MFB
contams anatomically distinct SIF and BSR first stage systems.
although such a case cannot be argued as \strmgly based on the
literature being reviewed presently. A lack of anatomical
specificity of the rewarding and motivating effects of MFB
stimulation would ‘be expected according to the anatamical models
shown in Figures 2a and 2b. Both these models postulate a cammon
first ‘stage gystem for BSR and SIF, implying that béth the
rewarding and motivating effects of electrical stimﬁatim arise
by mltlally actlvatmg a‘smgle populatlon of MFB fibers. In‘

this case, the behavioral expression of BSR and SIF would have to

be determined at same point beyond the first stage system.

The elicitation of multiple behaviors at the same
stimulation site does not preclude the possibility, however, that
the stimulation activates distinct, but tightly intex;bven first
stage fiber systems (Figure 1b). There are a few lines of
evidence that have been marshalled to argue for such an | ’
anatamical arrangement. These studies however, are merely
suggestive in that they only indirectly test the hypothesis of a
camon first stage system for the various electrically elicited ) -

behaviors. For instance, food-related manipulations (food
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deprivation, food stamach loading) selectively affect sm;l while
water related manipulatidw selectively affect stMadm
j;éxduced drinking (Devor et a'1.,o 1970). while this study does
demonstrate that stimulation induced feeding and drinking are
selectively influenced by the appropriate physiological variables
" (i.e. food vs water satiation), it does not prove that feedmg
and drinking are elicited by activation of éistinct MFB |
sgbstr.';;tes. At best the ‘sxtudy of ADevor et al. (1970) asuggests
either that, at same point, the substrates for drinking and
feea;i,hg diverge and exhibit a certain degree of functional

' Lspecificity or that they receive coriverging inputs frdn different

physiological systems. - L

]

The differential effects of high and low stimulation ‘

frequenties on feeding and drinking have also been used to argue

for distinct“eeding and drinking first stage systems (Wise,
1974). Mogenson al. (1971) reported that feeding is
preferentially elicited low stimulation frequencies whereas

drinking predaninatés at higher stimulation frequencies. Wise

N

(1974) inferred fram the data of Mogenson et (1971) that the

stimulation was activating distinct feeding and drinkihg fibers
wstezﬁs. Althouch it may be that the first stage“systens fo
feeding and drinking have diff;are'nt.frequehcy tracking
capabilities, it may also be that feeding and drinking e a
common first stage system which inputs onto two distinct

_stage systems with different ffw integrating prgperties -

(i.e. Figure 2b). Thus the high and low frequency efifects on
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drmking and feeding do not necessarlly imply that differences .
6 !
between the drinking and feeding substrates are found at the '

first stage level.

while it is difficult to find direct evidence of

anatamically distinct notivational systems in the rat MFB, there

,are suggestions that stimulation-induced behaviors in other

o
species (opposum, cat) are subserved by anatamically distinct MFB

sfiber systems (Roberts, 1969; Roberts et al., 1967). Hence it '/

may be that in more encephalized species the degree of anatomical -
overlap between various fiber systems is not as great ae in rat.
Such a contention ig supported by the fact thet, in rat: small
diameter electrodes through which lew currents are applied have
been reported to selectively eiicit either feeding, firinking or
brain stimulation reward (Olds et al., 1971). The increased
spa'tiel resolution afforded by small electrode tips and low
:::m'rent diffusion can conceivably permit the anatomical

dissociation of distinct, but tightly packed fiber systems. The

-

' data of Olds et al. (1971) appear, therefore, to be consistent

with the idea that the first stage systems for SIF and BSR are

anatomically distinct, but course through the MFB in close

' anatomical proximity (Figure 1b). It is surprising, however,

<

that mappinq the lateral hypothalandc MFB for feeding and
drmklng with a moveable electrode has not 1.mcovered any dramatlc .
anai:amcal ‘dissociations between sites that are positive for SIF

and sites positive' for stimulation induced drinking (Wise, 1971).

Lo
Q@
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¢) Sumary and conclusions

There is at lé;ast one major oonclusion to be drawn fram the
literature reviewed in the two previous sections (3a & 3b) which

. is relevant to the present investigation. Feeding is not eliciéed / )

exclusively fram the lateral hypothalamc MFB. Feeding can be !
elicited by st'imulating. at different anterior-posterior levels of
the MFB. This finding casts doub£‘m the notion of lateral
hypothalamic feeding center which has been ﬁdely held in the
past. The distri‘but\ion of MFB sites positive for SIF indicates
that the anatomical model depicted in Figure la is not a plausible
representation of the anatomy of the fi;st stage system for SIF.
The fact that SIF is elicited along the full longitudinal axis of
the MFB, suggests that\ the first stage system for SIF is composed
of fibers coui'six)g along the MFB. Such\an arrangement is
consistent with either one of the anatamical models ;Pmm in

Figures 1lb, 2a or 2b.
.

Whethef or not BSR and SIF share a common first stage
system cannot be confidently ?etemined fram the literature
reviewed thus far, although there are suggestions that this may
be the casé. Most of the ';iterature reviewed deait with the
anatomical specificity of MFB substrates underlying stimulation
induced feeding, drinking and copulation. The basi;: conclusion
is that, at least in the rat, there is rlao direct ev1dence that
anataomically distinct/ MFB fiber systems subserve these behavmrs.

RN

p In fact the denmst‘x‘a&ion that several behaviors can be elicited




'at the same stimulation site suggeéts that a general,
non-specific motivational system underlies stimulation induced
feediné, drirAing and copulation. Such a system may also be
responsible for the rewarding effects of MFB electrical
stimulation. o
: ‘ \

4) Effects of motivational variables on brain stimulation

reward. LN e .

If one assumes that electrical stimulation of the MFB
produces its rewarding effect by activating the substrate which
carries the reward-relevant signal produced by conventional
reinforcers, then ap animal's resportsiveness. to BSR should be
selectively influenced by factors which normally influence its
responsiveness to conventional reinforcers. If one furthe;r
assumes that the MFB contains anatomically specific .mtivational
systéms, then the rewarding effect produced by activating a
particular MFB motivational system should be specifically
influenced by the appropriate motivational variables. This line
of reasoning underlies several studie.s aimed at mcovér;ing the

presence of anatomically specific motivational systems in the MFB.

)

For the most part, the studies that will be reviewed next,
examined the effects of food-, water- and sex-related -fa&ors on
electrical self-stimulation of the'MFB. These studies are of
interest to the present investigation because they aésumé that the

rewarding and motivating effects of MFB stimulation are produced

—

r v o
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by activating a comon MFB fiber system, A;llthough it is never
expllcxtly stated, it appears that the authors of these reports
* held the view that MFB contains fiber systems which when '
stimulated ocould both reward an operant response as well as
elicit a consummatory response. Hence the problem addressed by
these studies is not to determine if the motivating and rewarding
effects of MFB stimulation are subserved b; a comon fiber -

system, Rather £hese studies sought to deten;line if food, water
| and sex rewards activate distinct or common MFB reward fil;er

X

systems.

Hence two issues are of prime importance when interpreting
the results of such studies: the selectivity and the anatamical
specificity of drive manipulations on BSR. In the oontext of the
present review, selectivity refe;'s to the direction of the effects
produced by drive manipulations. For example, if an animal . ’
presses a lever to stimulate its food reward substrate, then food
deprivation and food stamach loading should selectively influence
its responsiveness to the rewarding effect of t_:?le stimulation.
Since food deprivation increases @od‘intake, then food ‘
deprivation would be- expected to increase a rat's responsivenessm
to the rewarding stimulation. However food stamach loading,“ which
decreases foo:i intake, should cause a decrease in responsiveness !
to rewarding MFB stimulation.

The anatamical spegificity of drive manipulations ‘m BSR

refers to their ability to anatamically dissociate motivational
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systems, For instance, if MFB electrical stimulation specifically
activates the substrate for food reward, then food deprivation
should specifically increase the animal's respénsiveness to the
rewarding stimulation, whereas water deprivation should have no

¢

such effect.
a) Selectivity of drive manipulations on BSR.

‘i) Hunger, thirst and supersatiation effects. Brady et al.
(1957) first reported, in rat and cat, that food and water Q
deprivation enhances rates o;‘. lever pregsmg for caudate and
'septal electrical st;irnulatim_. Futhermore the magnitude of the
rate enhancing effect of food deprivation reported by Brady et
al, (1957) was positively related to the number "of hours of
deprivation; 48 hour food deprivi ( ion produced a greater
enhancement than 4 hour food deprivalion. There have since been
several independent reports of the rafte enhancing effects of food
and water deprivation on BSR (2ecker-Rose et al., 1972; Gallistel
& Béagley, 1971; Goodall « Carey, 1975; Hodos & Valenstein, 1960;
Marguleg & Olds, 1962; Olds, 1958; Stellar & Gallistel, 1975; ‘

wilkinson & Peele, 1962).

vWhile food deprivation appears to.i.ncrease responsivenéss
for rewarding electrical stimulation, supersatiation by
intragastric intubation of a liquid' diet has btien claimed to ‘
deqrease: lever pressing rates (Hoebel, 1968; H;Jebel & 'I\eitelb"amn,

1962) or increase the stimulation intensity threshold for lateral
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hypothalamic 2SR (ticebel, 1968; Mount & Hoebel, 1967). Gastric
distention produced by inflating an intragastric balloon
apparently also decreases a rat's responsiveness to rewarding

lateral hypothalamic stimulation (Hoebel, 1968).

ii) Food related hormone effects. Administration of
insulin in the normal rat: causes hypoglycemia which results in
hyperphagia. Glucagon injections have thé opposite effect; they
produce Wrglycenda and, consequer'xtly, hypophagia. Insulin and
glucagon havé been claimed to have opposite effects on rewarding
lateral ;nypothalamic stimula‘\tion; insulin causes an increase in
response rate for Bsk, glu<.:agon causes a decrease in response rate
(Balagura & Hoebel, 1967). Similar inhibitory effects on BSR
ocbserved with glucagon administration is produced by intravenous

infusions of hypertonic glucose solutions (Hoebel, 1968).

iii) Castration and sex hormoie effects. Olds (1958)
claimed that castration and subsequent testosterone
adxninistration ocould influence the rate of lever pressing far
rewarding electrical stimﬁlation. Generally, castra;:im appeared
to decrease. response rates, whereas testosterone replacement
generally bmuglqt the response rates back to pre-castration |
levels. However, the castration and testosterone effects in
, 01ds' (1958) study do not appear to be reliable. In same
instances castration had very little effect, while in other °

instances where castration did produce response decrements,

testosterone did not appear to reinstate pre—castration response

M
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rates. However Caggiula (1969,1970) also reported, in three

" rats, moderate castration induced response decrements?;for BSR .

which were reversed by testosterone administration, whereas
testosterone administered to intact rats produwed moderate

response increments for BSR, - . o

. Prolonged estrus induced by chronic estrogen a,dninis&aticn
is also claimed to increase, at times, response rates for BSR' ’
(Hoebel,1969). The selectivity of the estrogen treatement is
°¢:h'.fficu1t to assess, however, since the period of estrus in
Hoebel 's (1969) study w'as Assbciated with 'a decrease in food

intake. Since food deprivation is also reported to cause response

'increments for BSR, it may be that the response erhancing

properties of estrogen on BSR may be more directly'related to the
resulting hypophagia rather to a sex hormone interaction with the

central reward circuitry. Furthermore the results of Hoebel's

(196%) study are at odds with an earlier report showing no effect -

of . estrogen on BSR (Hodos & Valenstein, 1960). The discrepancy
between Hoebel's (1969) and Hodos and VAlenstein‘s (1;960) results
may be due to the fact that the effec;s of estx'o:jen were‘ assessed
on responsiveness to stimulation of different reward s_ites
(septum vs MFB). The anat;anical specificity of drive

—

manipulations on BSR is an’ issue that will be dealt with later.

Y
iv) Conclusions. The effects of food-related
post-ingestional factors on response rates for BSR appgai‘ 'to

parallel their effects on feeding behavior. Food deprivation and
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insulin treatment cause response increments for BSR, whereas
stamach \loadingL and glucagon and glucose treatment have 't.h.e
opposite effect. The selectivity of post-ingestional factors on
BSR is cons‘istant with the idea that electrical stimglatiod
produces its rewarding effect by activating the substrate for
food reward. - Although they have not been as thoroughly analyzed,
the effects of water— related post—ingestional factors on BSR
also appear to be consonant with the idea that the stimulation
activates a water reward system. The effects of sex-related
manipulations on BSR, at least in the female rat, are not clear
and at times seriously oconfounded; therefore no firm conclusions
can be made as to whether BSR activates a sex reward suhstrate.
The same can be said of sex-related manipulétions on BSR in the
male rat. Of all the drive manipulation studies reviewed, those
pertaining to the effects of castration and testosterone
administration on BSR have yielded the least robust effects and
have not been subjected to any significant amount of indepenéent
analysis., It therefore remains to been seen if sex related

factors have any significant bearing on the responsiveness to BSR.

Finally, several ‘points must be raised concerning the
4 P e

.

selectivity of drive manipulgtions on BSR. The first point has to
do with the dependent measuré used to assess the effects of
motivational factors on what is presumed to be the rewarding
impact of the electrical stimulation. Care has been taken
throughout this part of the review to avoid making any implicit
assumptions about the meaning of a response rate increment or

-
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| decrement mllmg a particular drive manipulation. This is
made necessary by the fact that response rate measures are
relatively poor indices-of the rewarding impact of électrical
stimulation ( Vélenstein, 1964 ). Caution must therefore be used
in interpreting the effects of 'motivational variables on BSR— in
particular those that cause response decrements. A decrease in
responsiveness to BSR can be due to a variety of factors which
are ﬁnrelated to a decrease in the rewarding impact of the
stimulation (i.er'notor incapacitation). All of the studies
reviewed have used éhanges in rate (lever pressing rate, running
speed etc.) as a measure of the effects of motivational variables
on BSR. Therefore, .élt}':ough the studies reviewed above do
suggest that responsiveness to BSR is affected by changes in a
drive state, they do not unequivocally prove that drive
manipulations selectively affect the rewarding effect of the

stimulation. .

Ne-ither can it be said that drive naniptﬂatims'selectively'
affect. the first stage system for BSR., If one assumes for a
moment that drive manipulaticns do alter the rewardingl impact of
MFB electrical stimulation, it does not necessarilyl' follow that
they-do so at the first stage system of the BSR circuitry.
Motivational variables may exert their influence on the rewarding
effect of electrical stimulation at several synapses away from
the first stage system. Hence, inasmuch as same drive
manipulations appear to selectively affect an animal's

responsiveness to rewarding MFB electrical stirmzlatibn, there is
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very little subst: itial evidence in the literature reviewed to
indicate that they do so by altering the reward-relevant signal
propagated hy the first stagye <y.tem or, for that matter, by any
' other camponent of the BSR circuitry,

TN

b) Anataomical specificity of drive manipglatims on BSR.

In the previous section the effects of different
motivational variables on BSR were described with special
reference to their physiological selectivity. In the present
section the anatamical specificity of drive manipulations on BSR
" will be discussed. The issue of anatcmica} specificity of drive

manipulations on BSR is important to the present investigation

because it prgbably const.it;.\tes the most important line of
e‘vidence ;',uggesting the idea that MFB electrical stimulation
produces its rewarding effect by aétivating anatomié:ally distinct
MFB fiber systems which, under normal circumstances, carry the
neurophysiological signal generated by independent conventional
rewards. If anatamically diét_inct MFB m;‘tivational. systems are
assumed, then it follow.;s that electrical activation of a
particular motivational system (e.g. food reward system) should
be specifically affected by the appropriate motivational
variables (food deprivation, supersatiation, etc.), and that
activation of another system (e.g. sex reward system) should be

affected by another set of variables (hormones).

The lateral hypothalamic MFB had been viewed in the past as
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the center responsible for food reward. As we have seen
previously, this view stemmed in large part fram the widely held
contention that feeding is elicited exclus‘ively from the lateral
hypothalamic MFB. This view has also been reinforced by studies
suggesting that .food—related notivationalavariableé specifically
affect lateral hypothalamic self-stimulation. Hoebel (1968)
reported that stamach loading with food produced response
decrements for6 lateral hypothalamic self-stimulation but had no
effect on septal self-stimulation rates. Response increments for
BSR produced by food deprivation have also been reported to be
site dependent. Goodall and Carey (1975) reported that lateral
hypothalamic rates of self-stimulation ‘increased during food
deprivation whereas medial prefrontal cortex and substantia nigra
self-stimulation remained camparatively unaffected by thls
treatment. Taken together the data fram the above two studieg
appear to suggest that rewarding lateral hypothalamic MFB
stimulation may be specifically activating the substrate for food

reward.

Anatamical specificity of drive manipulations on BSR is
also suggested by the differential effects of castration and

testosterone treatment on lateral and posterior hypothalamic BSR.

Caggiula (1970) reported in two rats, both‘with lateral and
posterior hypoth'alamic electrodes, that castration and subsequent
testosterone replacement respectively decreased and reinstated
pre-castration response rates for posterior hypothalamic

stimulation, but left lateral hypothalamic self-stimulation

3
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relatively unaffected. Although they were stétistically
significant, Caggiula's (1970) castration and testosterone
effects on posterior hypothalamic MFB self-stimilation were by no
means robust, and, sihce lateral hypothalamic MFB
self—sti:nmlation appears at times to“ be affected by sex-related
drive manipulations; the apparent anatomical specificity of -
castration and testosterone effects on posterior hypothalamic BSR
has to be interpréted with caution. Nonet_helesé, 01ds (1958). ‘
reported that thgre was an inverse relation between food
deprivation effects and casqigtion and testosterone effects on
BSR, in that self-stimulation sites that were sensitive to food
deprivation effects seemed insensitive ~to thsfeffeetsﬁk_‘\
castration and subsequent testosterone re/plécement and vice’
versa. However, contrary to thg latér/claim of Caggiula (1970},
the effectiveness of seX/aer/food r;lated drive manipulations in "
Olds' experiment (1958) did not appear to depend on the

anterior-posterior lgcation of the stimulating electrodes within

" the MFB, but rather appeared to be determined by the

medial-lateral location of the electrodes; self-stimulation of
the medial aspect of the MFB seemed to be selectively affected by

food deprivation, whereas self-stimulation of the lateral aspect

-appeared to be seléctively affected by castration and

testosterone treatment.

JThére are, however, other studies indicating that the

effects of food- and sex-related motivational variables on BSR

may not be as tied to particular electrode placements as was

Al - 4
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suggested by Olds and Caggiula. .Consider the casewof food

related drive manipulations on BSR. Gallistel and Beagley (1971)

. reported that rats, implanted with two MFB stimulating

electrodes, had different electrode prefdences depending on -
whether they were food or water deprivéd. In one arm of a T-maze,
lever press.ing triggered rewarding stimulation to one MFB
electrode while lever pressing in the other arm triggered

rewa;rding stimulation to a more caudally situated MFB electrode.

When thirsty, &ame rats preferredé to run to one arm of the T-maze

and self-stinmlate one part of their MFB, whereas during a hunger
state they px‘eferr;ed the other arm to self-stimulate another part
of their MFB. 'Taken at face value, Gallistel and Beagley's
(1971) data suggest that rewarding e}ectrical stimulation of the
MFB is subserved by at least two anatamically distinct
motivational MFB fibler systems; one subserving food reward and
another subserving water reward. however, with self-stimulation
sittes extending along the full anterior-posterior axis of the MFB,
Gallistel and Beagley's (1971) study did not uncover any clear
anatamical delineation between those MFB self-stimulation s;ites
that were sensitive to water deprivation and those that were
sensitive to food deprivation. Both hixnger-induceé and
thirst-induced response increments were observed for ventral
tegmental area, posterior and lateral hypothalamic MFB and for
septal self-stimulation. Hence, although Gallistel and Beagley's
(1971) stﬁdy‘does provide evidence that different MFB
self-stimulation sites can be specifically affected by different

drive manipulations, it does not support the idea that

et



self-stimulation sites that are sensitive to the effects of food-
or water-related motivational variables are restricted to any

>

particular anterior-posterior level of the ‘MF’B.
b ‘ ‘ ‘¢

In fact, in:the majority of studies reviewe& a lack of
anterior-posterior- séecificij:y of food~related grive manipulationé
on BSR appears to be the rule rather than the exception. In
addition to influencing \re:gpondinc‘g for rewarding 'laté;'al
hypothalami¢ MFB stimulation, food-related drive ngnipulatims
will ‘selectivelsr affe¢t responding for caudate ('Brady et al., )
1957), septal (Brady et al., 1957; Gallistel & Beagley, 1971;
Hodos & Valenstein, 1960; Olds, 1958) posterior hypothalanmic MFB
(Becker-Rose et al., 1;72; Gallistel & Beagley, 1971) and \;'entral
tegmental area (Gallistel & Beagley, 1971) rewarding stimulation.
In this regard. it is samewhat interesting to note that: the
apparent lack of anatomical specificity of food related drive
manipulations on BSR is paralle}ed by the lack of anatomical
specificity for stimulation induced feeding as discussed by Cox
and Valenstein (1969). -

c) Sumary and conclusions B

The studies reviewed in the previous two section have
- examined theé effects of drive manipulatior;s on BSR as a mean; cf
determining whether the MFB c&xtains anatcmicaliy distinct
motivational fii:er systems. The question that t.hese studies set

out _i;p\answer was whether BSR is subserved by a single or several

v —
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ically df¥tinct MFB first stage systems.. The basic
. - ‘ N -

assumption underlying this type of study is that MFB electrical

ot
] a5

"fibers that are ﬁormally activated by conventional rewards. 7

stimulation produces its rewarding effect by jctivating the

The repon;.ed differential effects of various drive
manip'ula;;ions on BSR has been used in the i:ast to argue for
distinct motivational systems which are confined to different
anterior-posteridr levels of the MFB. From these studies emerged
the cdntentiéﬁ that the reward experience produced by the 4
stimulation depended on the placement of the electrode in the MFB.

'Hence self-stimulation of~the lateral hypothadamus was thought to
be }elated to the food reward ‘experience .whereqs posterior
hypoﬂ}aiamic self-stimilation was thought to be related to the
sex révard experience. The intersection of the reward substrate
with food- and sex-related motivation systems as depicted in

. Figure la, illustrates the type of anatcmlcal arrangement that
would underlie t_he specialization of not1vat1ona1 function of
different anterior-posterior levels of the MFB. The purpose of

L4

- the present review was to critically examine the empirical

(3

support for such an anatamical arrangement.

‘

[
- The issues of physiological selectivity and anatanlcal

*

BpeC:J.fl.Clty were identified as being nnportant for the

_interpretation of drive manipulat'ions on BSR. The effects of
motivational variables on BSR as reported in the literature appear

to be selective, in that their effects on the rate of responding

] .
P
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for rewarding eléctrical stimulation parallel their ;affecté on
rate of responding for conventional rewards. However the " ,
'seléctivity of drive manipulations on the rewarding impact of
electric;I stimulation has not been unequivocally demonstrated.
There is-even less reason to believe, that the studies reviewed
have demonstrated that“;irive manipulations selectively alter the
revarding impact of MFB e¥ectrical stimlation at the first
stage system of the reward circuitry.

l;rive ma:ipulations' of BSR do not e;ppear to show any clear
.an;atcmical specificity. Although same self-stimulation sitesQ
appear to be specifically sensitive to the effects of water

deprivation, while others appear to show specific sensitivity to

the effects'of food deprivation there does not appear to be any

consistent evidence that the effects of drive manipulations in
general are specific to self-stimulation Of any particular region
of the MFB.
y \ ’
} .
If one assumes for p moment that drive manipulations do
alter the effectiveness of rewarding stimulation by selectively

changing the excitability of the first stage system of the food

reward circuitry, then certain conclusions can be drawn

_concerning the anatamy of the MFB first stage system for SIF.

The fact that food related drive manipulations appear to alter
self-stimulation at sites which extend along the full
anterior-posterjor axis of the MFB, is not consistent with the

contention held by many in the past that distirct motivational

——
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systems are restricted to different anterior-posterior levels of
the MFB. Such an anatomical arrangement, which is depicted in
Figure la, cannot account for the lack of anatomical specificity

of food related drive manipulations on BSR found by most of the

studies reviewed above. -

-

w

I1f the'effects of various motivational variables on MFB

—

. self-stimulation are truly specific and reflect the presence of

distinct motivational systems, then the data fram the studies that
have been reviewed point to anatamically distinct MFB first stage
systems which course through the longitudinal axis of the MFB.
Such an arrangement ié consisten£ with the anatamical models
depicted in Figures 1lb, According to model 1b, rewarding

electrical stimulation of MFB would specifically activate

-anatamically distinct first and sécond stage systems. This model

oould explain Olds' (1958) data where the effectiveness of food
and sex related motivational variables was co'rrelat.ed with the

medial to lateral position of self-stimulation sites. , In this

case the food reward first stage system would course through the

‘MFB in a position medial to the sex first stage system. This

hypothesis would, of course, need empirical support based on
stronger evidence than that.which has been presented in the

studies examined in the present review.
X

LY

‘5) Post-stimulation excitability characteristics of the first

‘ stage system for stimulation. induced feeding:-
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Very little reliable information has been obtained about
the electrophysiologicai characteristics of the MFB first stage
system for stimulation induced feeding (SIF). However, as we
have seen earlier, a great deal of informatlion has been <':btained
concerning the electrophysiological and anatomical
characteristics of the MFB first stég; system for BSR. In an
attempt to determine\if SIF and BSR are subserved by a camon or
separate MFB first stag\é\‘Systens, it would be logical to first
compare the electrophysiological characteristics of thg fibers
underlying the two be‘navi&?;.

The post-stimulation excitability cycles of the first st:a_gé
fibers for MFB self-s;:imulation have been estimated to range fram
0.4 to 2.0 msec (Bielajew et al.,f 1981; Rompre and Miliaressis,
1980; Yeamans, 1975). These renfract.ory period estimates\have been
obtained behaviorally using a trade-off procedure. The
1applicatic:ns of trade-off procedures ;:f the elucidation of the
quantitative properties of the substrate for MFB self-stimulation
have alregdy been discussed. However, as a brief reminder, a
trade-off procedure involVes determining the value of one
parameter that is necessary to Off?et tl'\xe effects produced by a
change of a second parameter. Hence, exf:eriménts using a .
trade-off procedure are designed to determine the various
cambinations of two sets of parameters that will produce a‘
constant level of behavior. To estimate the refractory periods
of reward-relevant fibers, the frequency of pairs of pulses ¢

necessary to maintain a predetermined rate of l‘ever'bressirng is
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campared to the frequency of single pulses required to maintain
the same rate of lever pressing across a range of intra-pulse
intervals. Hence, the relative effectiveness of the T-pulse in

eliciting a second action potential in reward-relevant fibers is

.,
7
Vi -

| -derived fram the decreased pulse pair frequency requirements
relative to the single pulse frequency requirements. The valués
of relative T-pulse effectiveness at different C-T intervals
therefore reflect the weighed distribution of MFB reward-relevant

fibers which are no longer refractory to the T-pulse.

Trade-off procedures can also be used to behaviorally
;8tin\ate the post- stimulation exé:itabilitf cycles of the first
stage. sy'stem of SIF. 1If SIF were to result from the activation
of a population of MFB fibers which had a different distriioution
of refractory periocds than that which was seen for BSR, then it:
oould be concluded that the‘ first stage system of SIF comprised,
in whole or in part, fibers whic-h were not common to the first

' stage system of-BSR. If, however, the distribution obf refréctory
periods for Yoth SIF and BSR are similar then two interpretations
would remain possible. On the one hand, SIF and BSR might be
subserved by a common popul\a'ticn of first stage MFB fibers. On -
the other hand, SIF and BSR might be subserved by distinct
pbpulatim}s of first stage fibers which happen to have very

similar refractory period distributions.

’

’

Several attempts have been made to compare estimates of

. mfx;actory peridds of MFB feeding:-rélevant fibers to those of

- -
A
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‘

reward-relevant fibers. Early studies, which did not use
trade--off procedures, concluded that the substrates underlying'
these two behaviors had different i'efractory period
characteristics. It appears now that the obaexjveé differences
can be ascribed to faulty methodology. The results of - these
early refractory period estimates and a cri'tical analysis of the
methods used to obtain these results follows.

-

a) Early estimates of refractory periods of feeding-relevant

fibers

Rolls (1973) and Halboth and Coons (1973) estimated the
refractory periods for the SIF substrate to be in the 0.6 to 1.6 \
msec range. Hawkins and Chang (1974) later campared estimates of
the refractory pe}'ic;ds of the MFB substrate for SIF and BSR. The
distributiohA of ‘refractory periods for SIF; estimated by Hawkins
and Chang (1974), differed markedly fram the distribution of .
refractory periods for BSR. The estimates of refractory f:eriods
of fibers underlying BSR ranged fram 0.9 to 2.0 msec, whereas the
estimates of refractory periods of fibers underlying SIF ranged
fram 0.6 to 1.2 msec. Haﬁ%ins and Chang (1974) interpreted their
results as suggesting that different populations' of fibers -
composed the first stage systems for BSR and SIF. Despite the . -
consistency of their refractory period estimates for SIF, ;1'1.
three of these studies contain serious methodological flaws which
undermine the reliability of their results. Although Halboth and-

Qoons' (1973) study also contains refractory period data for SIF
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3

using more appropriate methodology it is still subject to

criticisms which will be explained later.

Hawkins and Chang (1974), Halboth and Coons (1973) and
Folls (1973) used changes in'the rate (latency) of feeding as an
index of the effectiveness of the T-pulse in eliciting a second
" action potential in the feeding-relevant fibers. Estimates of
refractoriness based directly on an animal's latency to feed are
subjected to the effects of variables which are unrelated to the
post-stimulation excitability cycles of the feeding-relevant
fibers. Yeamans (1975) has convincingly demonstrated, in the cdse
of BSR, that refractéry 'period esti.mate; which are based on
changes of lever pressing rate p;oduced by varying the cr °
i{xterval are dependant on the base frequency used to obtain these’
estimates. Yeamans . (1975) criticisms also apply to to Hawkins
and Chang's (1974),”120115' (1973) and Halboth andCoons (1973)
regractory period data for SIF.’

To understand how behavioral output measures can distort
refractory period estimates for SIF, it is necessary to understand
the relationship between the :rate of elicited feeding and the
frequency of stimulation. The latency to initiate feeding within
a 20 sec train of pulses of constant intensity is dependent on the
pulse frequency: the function relating pulse frequency to latency
to feed resenbles an inverted ogive (Figure 3). The linear
portion of the latency-frequency curve is bound at sub—threshold -

pulse frequencies by feeding latencies that exceed the 20 sec
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cut-off point (upper limit) and by asymptotic feeding latencies
at maximal pulse frequencies (lower limit). In essence the upper
and 16wer limitsbof the frequency-latency curve define the limits
of observable changes of an animal's latency to feed in response
to variations in stimulation frequency. The lower limit defines
the portion of. the curve where any further inqréase in pulse
frequency affords no fur:t_her significant decreas\e in feeding
latency, whereas the upper limit defines that portion of the
curve where the frequency of stimulation is insufficient to
elicit a feeding response within an arbitrarily chosen time
period (20 sec). Hence, in order to observe the effects of a
particular manipulation on feeding létency, a pulse frequency
should be chosen that will (a) elicit a feeding response and (b)
elicit feeding at a latency which will allow the effects of the
manipulation to be observed. The choice of an appropriate pulse
frequency, theref;)re, will depend on the e», :cted effect of the
manipulation on the feeding. latency. If, for example, a
particular manipul;tion is expected to lenctlien fewding

latenci -5, then a base pulse frequency that elicits short latency
feeding should be use(?. . |

In the case of a refractory period experiment, the
addition of T-pulses to a train of C-pulses willl, if the C-T .
interval is long enough, elicit shorter latex;ncy feeding than that
which is seen when only C-pulses are applied. The choice of an
" appropriate base frequency is therefore critical. If a frequency .

of single pulses-:is chosen which elicits asymptotic feeding
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latencies, then the addition of a T-pulse will not produce any
decrease in feeding latency regardless of the C-T interval ged
" and thérefore no estimate of the feeding-relevant refractory
periods can be cbtained. If a frequency of single pulses is used '
which is below the threshold for feeding, then the best
refracto;'y period estimate of the feeding-relevant fibers will be
that C~T interval which is sufficiently long to produce double
firings in enough feeding-relevant fibers to exceed the feeding
substrate's activation threshold and generate an cbservable

feeding response.

n
-

The manner in which r)efractory period estimat‘:es vary
according to the frequency o; single pulses used is illustrated in
Figure 4. The four hypothetical.curves in Figuré 4 express the
- relationship between latency to feed and eight different C-T
intervals using four different single pulse frequency conditions
(10,15,20 and 30 Hz). At single pulse frequencies of either 10,
15 ar 20 Hz no feeding responée is elicited within the 20 sec,
period, whereas 30 Hz elicits feeding at close to asymptotic
latencﬁes.‘ It is obvious that estimates of the shortest
‘refractory periods (indicated by arrows) of the feeding-relevant
fibers vary according to the base frequency .that is used and that
they do so'in ; predictable fashion. The three upper curves
using base frequen::ies of 20, 15 and 10 Hz result in different
refractory period estimates of 0.6, 0.8 and 1.0 msec
respectively. However, when a base frequency w};ig:h produces

—

close to asymptotic feeding latenci?_ is used (30 Hz), the
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Theoretical curves illusﬁrating the errors of estimation of
" refractory periods that may result when behavioral output
(latency to feed) is used to assess the effectiveness of

the T-pulse. See text for further explanations.
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addition of a T-pulse produces at best a questionable decrease in | ' Q

feeding latencies and a dubious estimate of refractoriness.

Hence, when subthreshold single pulse frequencies are used, an

4
underestimation of the shortest refractory periods ensues. The v
severity of this underestimation will depend on how much the base

frequency deviates below the feeding “threshold.

~

Hereiri lies the problem with Hawkins and Chang's (1974),
Rolls' (1973) and Ha]_ngth'an‘d Coons' (1973) estimates of the

refractory periods of feeding-relevant fibers,. These

investigators used the restricted range o behaviora:I changes
Produced by va;ying the pulse frequeﬁcy to measure
effectiveness of the T-pulse. Hence, s difficult to
aésess whether their refraetOry period estimates are reliable or
if they are sub ed to the frequency induced biases described

above. .I-‘urt'henrnre, this problem is exacerbated when refractory ( T
period data for SIF is compared to the refractory period data for. _°

BSR which was obtained using the same faulty methodology. Given

these meti\odological considerations, one can ask if the

rgfractory period estimates for SIF provided in the above three

studies are reliabie\ ﬂand if the differences in the refractory . /
period distributions for SIF and BSR cbserved by lawkins and

Chang (1974) are real or artefactual. ~ ) »

nJ ¢
As mentionned earlier Halboth and Coons (1973) also
obtained refractory period estimates for MB feeding-relevant
e . .

fibers using more appropriate methodology. Their refractory a
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period és-tina‘tes for SIF, which also ranged from 0.5 to 1.2 msec,
we're\@sgd on changes in the stimulation intensity necessary to
elicit fleeding at va\;gious c-r iqtexlvais; Halboth and Coons
(1973) showed that as the C-T 1£1terva1 is lengthencd, the current .
intensity required to elicit a feeding response at%@constant
\latency decrefase:;.//ﬂ'{us is equlvalent to ‘saying that as t‘ne

£ qumber of feeding-relevant fibers 'which fi?e to both the C~ and
. XS . S .- .

T-Lpulses increases, ‘the total nunber of feeding-relevant fibers

that must be fired to maintain a feedlng response at a oconstant

latency degreases. This method of measurlng the effectiveness of

L]

the T-false 1nvolves a trade—off procedure vhereby the latency to
) fged is kept constant and therefore is not subject to the
cr1t1c1% leve{‘{ ap studies which use changes in latency to

feed as™a measur f T-pulse effectlveness. .

¢
LA - fr .

~ However, Halboth and Coons' (1973) estimates of refractory
.o i .

periods for SIF may still be distorted because their methodology A
mvolves varymg the current mten51ty of the stimulation. Her;Ce,

* Halbot}¥ and dbons (1973) chose currerit mten51ty as the parameter
they varled to offsat the mcreased exc1tat10n.produced by

,, (o

) applylng pairs of pulses. We have already seen that varylng the —

. 4 4

current intensity changes the size of the field of.effective - 3
s L4

stimulatia} and,,&therefof»;e, the nuber of fibers that are fired . ‘

by the stimulation. It therefore fol‘iows that meag.uremehts of - Ct

¥
T-pulse effectiveness based on changes in current intensity

} thresholds result in refractory period estimatées of ‘different

e

’ populat‘ions of feed‘ing-r'elev?nt fibers. The reliability of ' .

B

. f . 3

¢ - . o o



" (1975) have shown that trade-off experiments using pulse
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refractory period e:stinates obtained in this manner is based on
the assumption that the distribution of refra;:tory periods of
feeding~relevant *fi_bgrs excited by the gthmlaf:im does not vary
systematically aé the nurber of feeding—relevgr;t fibers recruited
by the stimulation is mw. In other words, Halboth and Coons '
(19735’ assumed that the distribution of refractory periods .of
feeding-relevant fibers deviated around a common meah with equal
variance regardless of the size of the populatxon of
feeding-relevant fibers being excited by the stlmu.latlon. This |
may or may not be the case.

Reaéver'y fraom refractoriness following the application c.;f a

C-pylse is a temporal event in that it allows the neuron to fire.

to the subsequent: application of a T-pulse. It follows then that

- the parameter that should be varied to offset a doublmq of the

firing frequency produced by an effectlve T-pulse should be the 7 -

. frequency of paired pulses. Yeamans (1975) and Yeomans.and Davis

L

frequency as the offsetting variable provide the most reliable

estimates of refractory periods of MFB reward-relevant fibers.
A .
Up to now, ( only tne study has provided refractory period

»
e

estlmates fox})SIF using pulse frequency as the offsett:.ng

var:.able .&

L —

.
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:b) Recent refractory perxod estimates of feeding-relevant
b . .
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- Hawkin.s et al, Wﬁ; that the distribution of
refractory periods of MFB ing-relevant fibers ranged fram O. 6

to 2.0 msec. As suggested by Yeamans (1975) and Yeomans and Davis

(1975), Hawkins et al. (1983) used pulse and paired pulse
‘frequency as the offsetting variable to determine the relative
effectiveness of the T-pu]se and psrov.lded empirical eVJdence that
refractory period estimatés for SIF usJ.ng a frequency measure are‘
not subjected to any iystenatic sceli’ng distortions. .The )
refractory period estimates .for SIF obtained by Hawkins et al.

- (1983) correspond closely to their own refractory period

estixrlates for BSR and to those obtained by others using current

e . methcldology (Bielajew et al., 1981; Rampre and Miliaressis, 1

, Yeamans, 1975; Yecmans, 1979). |

* The fact the refractory periods for SIF and BSR have

w4
bas1ca}\ly the same distribution suggests one of two possibilities.

On the one hand it may be that BSR and SIF are subserved by a
. common MFB first stage system. Such an arrangement would
| carrespond to either of the anatamical models depicted in F"igures
22 and 2b. On the other, hand the data of Hawkins et al. (1983)
< ' may li\ehn”"nodly that SIF amd BSR are subserved by,fibers which have
9‘ " very similar refractory period distributions. Such an

1

mterpretaticn would be conslstant with the anatamical model ‘

o\

.akj
B3 »
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"'f \1‘_3-\
' - c) Sumary and conclusions.
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Very little is known of the ’electrophysiological prdperties
of the first stage system for SIF. Although four studies have
obta:med estimates of the refractory periods of feedmg-relevant
fibers, only one (Hawkins et al., 1983) has provided, what appea;'
to be rehable estimates. The refractory period estimates
presented in the three other studies are based on faulty
methodology and t}’merefore cannot be assumed to be walid. It is:
however interesting to note that, despité their methodological
flaws, these three studieé have found refrat_:tory period’
distributions for S‘I.F'Which are’sufprisingly similar to those

\
obtained by Hawkins et al. (1983).

\'I'he main conclusion that arises fram the literature
reviewed in this section is ‘that the differences in refractory.
period diétributiéns between SIF and BSR originally reported by
Hawkins and Chang (1974) are not observed when the appropriate
methodology is used. Although the data of Ha@kms et al, (1983)
are suggestive of a common first stage system for BSR and SIF,
the fact remains that simila® refractory period distributions for )
SIF and BSR do not $8nstitute undisputable proof that the same
population of MFB fibers underlie the motivating as well as the
rewarding effects of electrical stimulation. The present

research is aimed at.shedding additioral light on this question.

o

6) General summary and conclusions

The first part of the general introduction to this thesis
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" both SIF and'ki.

provided a review of our current krmled?e concerning the
electrophysiological, anatamical and pharmacological
dﬂracteristics of the MFB substrate for BSR. The second part
was ‘a /review of the literature pertaining to the M¢BE substrate of
SIF and its relationship, if any, to the MFB syustrate of BSR.
'I‘hé question of interest Wt this part of the introduction
has been whether or not SIF and BSR are subserved by a common
population of MFB fibers. Based on the existing model of the MFB
substrate for BSR several assumptions and moéels concerning the .
anatamy of the MFB subst:\‘,,ate for SIF were made., It was-assumed
that electrical sti_mulatlion which elicits a feeding response
activates a first stage fiber system which inputs 1/r5£) a second
stage system or integrator{‘. It was further ass t the
functions of the first and second stage systems for SIF were the
same as those of the ‘first and second stage Z;ystems for BSR.

Four anatamical ‘models of the MFB substrate for SIF were theén.
presented. Two models déepicted the first stage vsystem for SIF as
l;eing anat&nically,separate fram the first stage system for E’&SR,

vhereas two other models dep?icted a comon first stége system for

\

Using these anatomical models as conceptual guidelines, the

literature relevant to the anatomical specificity of SIF and BSR

TN

/D

P

[N

at the level of the first stage system was reviewed. Considering

the fact that the notion of anatomically distinct SIF and BSR
substrates gppeared ‘to predaninate'the literature, there is ’
seemingly little compelling evidence to w such a o

. . I3 N ' .

NG
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contention. It is true that such a conclumon rests comfortably,

~

and scmewhat camplacently on the benefits of hlndmght. - ,

Nonetheless the strongest eudence reviewed tends to suggest that
SIF and BSR may be subserved by a cammon population of MFB
fibers. Contrary to the widely held view, SIF does not appear to

be restricted to any particular region of the MFB. As is the

* case with BSR, sti.m(.\lation sites from which a feeding response

can be elicited are distributed all along the longitudinal axis
of the(f:lFB An animal that feeds in response to HT:‘B stimu]ation
will also find the stimulation rewarding and, if 1t is given the
opportunity, will also exhibit other consumatory behaviors in
response to s-timulatioh oi the same siteg Finally, when the

appropriate methodology is used‘. estimates of refractory periods.

for BSR and SIF are similar,

The studies that suggest anatomically distinct first 8i:age

systems for BSR and SIF are cons:Lderably weaker, nostly,because

' Camp oy
LV

they are based on faulty asswnpt.lons or they used unsound
methodology. The effects of various drive manipulations on BSR do

not exhibit the degree of anatamical specificity that would
" .

warrant the conclusion that the MFB comprises anatamically

distinct first stage rewaré systems, While the effects of drive - .
manipulations oni BSR parallel their .effects on responding

mai\ntained by éonventional rewards, there is no canpflling 3;3
e\{iéence "to suggest that changes in responsive;:egs to BSR

t .
produces by various drive states operate on the reward-relevant

‘% .

signal propagated by the first stage system' for BSR.



Up to now, very few studies have attempted to analyse the

anatamical specificity of SIF and BSR by comparing the
“D
neurophysiological properties of the directly activated substrates

underlying these‘ two behaviors. The use of psychophysical
techniques has yielded a considerable Mt of data on the
neurophysiological properties of thé MFB substrate for BSR. It is
fair to expect a similarly fruitful outcome when these techniques

are used to elucidate the neurophysiological properties of the MFB

[] NS

subgtrate for SIF. o
S

-

7) Purpose of the present investigation

]

In general, the present investigation addresses the long

- standing question of whether or not SIF and BSR are subserved by a

common ;)euronal substrate. Although the question appears to be
si.mple.\ the taék of determining whether the feeding-relevant
circuitry is common to the reward-relevant circuitry is too
anbitious for anyﬂ single investigator to embark upon. The
specific goals of this investigation are therefore considei;'ably v
more modest. The expérirmts described in this thesis have
docunented some of the electrophysml and anatamcal

d\aracberist:.cs of the chrectly acti MFB flbers mmderlymg

_‘SIF and crmpared them to those which underlle BSR. -

The first experiment is basically a replication of the
study of Hawkins et al. (19683) with the added feature that

)
o ! . ' .
.
M o
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refractory period estimates for SIF and BSngére obtained from
the same stimulation site using a fine grain analysis. The
second experiment is an attempt to elucidate the ;hannacologicai
properties of the first stage system for BSR. The third
experiment deals with the anatamy of the first stage system for
SIF. This experiment was designed to test the hypothesis that
the first s.tage‘ éystgn for SIF oan[x:ises \fibers which course
along the longitudinal axis of the MFB, betweeri the l?teral

hypothalamus the ventral tegmental area.
J .

v .
!Lt.
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- “EXPERIMENT 1

[

Introduction

R S

«

Hawkins et al. (1983) have argued that the MFB fibers
subserving SIF have post-stimulation excitability cycles that are
similar to those of neurons activated by rewarding stimulation,
suggesting that the two be‘navioi's are subserved either by the same
populata.on of fibers or by two distinct populations of fibers with
very smular refractory perlod charactensucs. Their work,
however, provided a between—-animal comparison of excitability
cycles of the substrate for these two behaviors. Because
refractory period estimates may show slight variations fram one
site to another, it is important to provide a wi@—aninal
comparison of refractory period estimates of the SIF and BSR
substrates. The present experiment was designed to provide

refractory period estimates for neurons subserving SIF and BSR at

" the same site of stimulation. If the same population of fibers

or a cammon subset of fibers were directly activated by both

rewarding stimulation and by stimulation that induces feeding,
then the distribution of refractory periods or a camponent of the

distribution should be similar for both behaviors.

3

:

The prefeént investigation also providxss refractory period ,
estimates for SIF and BSR using a fine grain analysis of T-pulse - ——
effectiveness. Unlike previous studies, which did not test very

many C-T intervals, the present investigation provides more



™

t

accurate estimates of the distribution of refrg‘ct‘o,ry periods for

SIF and BSR by varyir;g c-rr. intervals in small increments. It was
reasoned that a fine grai:n analysis of the changes in T-pulse
ef‘fectiveness values would increase the chances of uncovering any  —-
differences between the distribution of refractory periods for

SIF and that of BSR.

* ?

Finally, SIF and BSR are subserved by a camcn set of
fibers, feedi‘nq should be obtained all along the MFB and not @y
in the latgeral hypothalamic MFB. Data of Cox and V;n]enste;i.n
(1969) and of Waldbillig (I975) make it clear that. sites
supporting, SIF are not as localized as was once thought. The ‘
present \s'tur_.iy also Jprovides, estimates of refractory periods for
SIF and BSR at different anterior-posterior levels of the MFE.

-
,ME'H{)D

Animals and surgery
. v o
The subjegts were male, Imgjgvans rats weighing, on ¢

average, 500 grams at the ‘time of surgery. The animals were

~ individually housed, maintained on a 12 houwr ‘day/ 12 hour night .

cycle and had ad libitum access to water:and food (Purina rat

~chow).  Under sodium peritobarbitol (Somnotol; 60mg/kg), - —

anesthesia, two rats were implanted with unipolar fixed T

electrodes aimed at the lateral hypothalamic MFB (DeGroot plane:

A.P.=0,8mn béhind

?

>

R ]



below dura), while the x‘&aining rats were implanted with
unipolar moveable électrodes aimed at various antero-posterior v
levels of the MFB. The electrode was 254 micrometer stainless
steel wire insulated w1th Formvar and exposed only at its square
T cross-section. Fixed electrodes were soldered to Ampheno¥ ‘rale
mini-pins. Moveable electrodes wtlere concentrically soldered to
male Amphenol pins which had been threaded with a 2-56 die. The
threaded Amphenol pins were each screwed intp a cylindrical piece _
of nylon which had been threaded with a 2-56 tap. A camplete
rotation of the Amphenol pin resulted in a 0.454 mm vertical
movement of the electrode. Current return was through a
stainless steel wire soldered to an amphenol pin and. wrapped
around twostainle'ss steel screws imbedded in the cranium. The
entire assembly was held together and anchored to t_'he skull

= B : 73
e
screws with dental acrylic cement,

.

Apparatus B

‘ The tenporal parameters of the stlmulatlon were' controlled

. | by a digital pulse generator, whereas the pulse amplitude was
| \ controlled by constant current generator (M.\ndl, 1980). An

" o oscilloscope (Gould 0S8300) was used to monitor the current . ' _
E N . intensity by reading the voltage drop across a; 1 kohm r:esistor in
L . éeri_es with\the rat's electrode. The build-up' of electrical
- charge at the electmée—tissue interfac:eAwa:s shtmtlad to the
current retwrn at the offset of each pulse through a 1 kol'un
resistor. The impedance at tr'xe, electrode-tissue interface was

4




/{‘ &1
monitored by applying to the rat's depth electréde a continuous

" train of 0.1 msec pulses at 20 Hz and 200 microamps and measuring
the woltage drop across the stimulati:g electrode and current
return. Rats with an electrode-tissue impedance higher than 16
icohms wex"e not tested. To allow unimpeded novements of the rats,
the stimulation was delivered through a flexible lead which was

oconnected to a mercury cammutator.

Procedure
a) Screening and. preliminary testing

All rats \fe{e first tested for- stimulation induced feeding
during daily two hour'sessions. Immediately before the testing
session, the rats were placed for 30 minutes in a bucket
cortaining fresh rat chow to assure recent satiation. They \ re '
+ then placed in a 25x35 an wooden box with a plexiglass.facade,
the floor of which was covered with 45 mg Noyes pellets. Once '
t.}iey had habituated to the surrouhiiings, the rats received, every
40 seconds, a 20 second train of 0.1 msec cathodal pulses at a
frequency of 40 Hz. The current int.enéity was increased in 10
ndch incfements until the rats demonstrated moderate levels
of forward approach behavior. The stimulation strength was then
held constant at this level for the remainder of the screening
session. The rats were tested during daily sessions for a maxunun

of 10 days or until feeding behavior emerged. A rat was
| congidered to be a feed:ar when it consistently a£e at least 4

¢



pellets during the stimulation period and when feeding terminated
immediately upon offset of the stimulatio:;. The frequency
threshold fo\r feeding was then determined for each rat and was
defined as the pulse frequency at which the rats would eat 4
pellets in 20 seconds. Because the latency to meet criterion
decreases as a f\mction of increasing the pulse freguency,
freguency threshold determinations simply involved deqasing in
5% m&armts the pulse'frequency from high values that produced
short latency feeding to low values which elicited feeding at
latencies greater than 20 sec. The frequency threshold for
feeding was then derived fram the resulting laténcy-frequency .
function by g-raphiéal interpolation. Figure 5a illustrates the
manner in which frequency thresholds are derived from the

9]

- latency-frequency function.
/ , .

' \ Once frequency thresholds for feeding had stabilized

| (usually after 5-10 days of testing), the rats were placed in.
standard operant cages and- screfaned for brain stimulation reward
(RSR). Deprgssi:an of the lever initiated a 500 msec train of 0.1
rnseclcatl'odal pulses at the same intensity used for .
stimulation—-induced feeding. "I‘he frequéncy threshold for BSR was
determined in much the same manner as ’for_ feeding. Pulse

. frequency wasg, decreased in 5% steps £ initiald values which
‘sustained maximal lever ,pressing’ rates to\a pulse frequency for.
vhich the rats would not respond. The pulse frequency necessary .
to maintairt 108 of the maximal lever pressing rate vas derived

- from the rate-frequency function by graphical interpolation. The
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deter:minations were tﬁen conducted under 15-18 Jdifferent paired

manner in which frequency thresholds are derived fram the
rate-frequency curve is illustrated din Figure 5b. The frequency
threshold for BSR was generally higher than the frequency
threshold for SIF. However current intensity was always adjmted‘_\
SO as to cbtain ,frequency-ﬂares}ﬁids for both®°SIF and BSR that

were in the 20-60 Hz range.
b) Refractory pe;'iod tests

Refractory period tests were conducted for SIF first;
however the same testing protocol was used for both BSR and SIF.
A session always began by deter;nining the rats' frequ?ncy

t

threshold under a single pulse (SP) condition. Threshold

pulse conditions, where the ‘delay l3etween the two, equal
amplitude, constituant pulses (‘C.and T pulses) of each pulse pair ,
was varied. The same C-T intervals were tested for both

behaviors. A testing session usually consisted of 5-6 blocks of

3 paired pulse and 6-7 single p\lse threshold "determinations.
Within each block one short, cne medium and cne long C-T interval

3
) w ) s
and followed each block of paired pulse c’:onditions tested. The

were tested and a single pulse, threshold determination preceded

\
testmg order of each block was randomized across. days. The

eday
PR
—_ = Can
4“,'-

averaged frequency thresholds for the two single pulsé,,ﬁnditicns

was used to estimate the l:elatlve effectiveness of the T-pulse
under the intervening paired pulse conditions. Estimates of *
T-pulse effectiveness for each C-T interval tested were obtained
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" FIGURE 5 X R ..
" Determination of frequency thresholds for (a) SIF and (b) BSR
by graphical interpolation. See text for further explanations.
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by using Yeamans' (1975) equatlon:\ : ' ‘

”
? Rz sp | .
TPE = -1
RHz c-t
_where TPE = T-pulse effectiveness.

Riz sp = thé‘fequi_red frequency of single pulses.

RHz c-t = the required frequency of paired pulses at a
‘o given C-T interval, T
‘g
A minimum of four replications were performed at the
following C-T intervals: ;/ o
.0.2;0.##?.44,0.48,0.5,0.52,0.56,0.6,6.7,0.8,1.0,1‘.'2.1.6,2.0;

2.5,3.0,3.5,4.0 msec.
" ¢) Mapping and*histology :

After the refractory period experiments had been campleted

those rats with moveable electrodes were tested for SIF at more

e

s

ventral sites. The electrodes were lowered 110 micrameters and - ~
frequency threshold determinations for the new site were*per formed
at a fixed intensity of 200 microamps. - Frequency thréé‘rlolé '
determinations wére als;a obtained for BSR in two ra'ts.‘ 'I‘he
electrodes in these two rats were lowered in 230 micrameter
increments. The elegtrodes were lowered only when freguency

thresholds deviated by no more than 10% on three consecutive days,
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£ The maximum frequencies tested never exceedeé 250 Hz. Wher the
- “m,ximm vertical travel of the electrode (approx. 2.5 r:m) had been &
reached. or when a change. in electrode position resulted inﬁa loss
of feeding or self-stmulatlon, the rats were anesthetwed w1th
chloral hydrate and transcardially perfused with O. 9% sallne
followed by a°10% formalin solution. The brains were then sliced
' "in 40 micrometer sections and stained with foxmohtﬁionin for
’ purpose of electrode loe;xlizatim. The ;bsition of the

electrodes were compared and transposed to diagrams of coronal

s slices taken fram Pelligrino, Pellegrino and Cushman's (1979) '
3 sterectaxic atlas. Five rats (AG2, AG4, AG6, AG7 and AG918) from
', the present experiment were used in a second experingent.
However, fol lgw_ing the campletion of Experiment 2, the mapping
study and subsequent histological analysis were performed

according to the procedure just described. ’ g

- fa

d) statistical analysis of refractory period curves

A statistical treatment of the data was chosen which would
help determine whether or not the rates of recovery from
refractoriness of the feéding-mle;rant fibers are the same as that
of the reward-relevant fibers. To do so0, a comparison of the
slope of the regression lines for the SIF and BSR refractory
penod curves was performed for each rat used in the exper:ment.
Before the ‘S(regressmn. ajmalysls could be perfow the data were
subjected :.o preliminary treatments designed to (a) define the

rising pbrtion 'of the refractory period curves and (b) eliminate

. . . R



any extraneous variables which would have a dxsproportlonate
effect on the slope of the rising portlon of the refractory
period curve. A Student s t-test for correlated samples was
first used to determine the range of C-T intervals which produced
significant increases in T-pulse effectiv'eness (TPE). The C-T
interval which produced the lowest .;verage Tﬁf‘\{alue was compared
to the TPE values at successively shorter C-T intewalé until a'r!’;'
C-T interval that did not produce a significant increase $<=0.05, .
one—-tail t-test) in TPE was found. The same procedure was
émployed to determine the C-T interval which produced no further
significant increase in TPE (asymptote)-when compared to the C-T
interval at which the highest avé)%fége TPE value occured. Data
voints at C-T inte;:'vals longer and shorter than thése critical
Qintervals were excluded fram the analysis. ‘ _

The averaged TPE values for the C-T intervals which
contributed significantly tb the rising portion of -the refractory
period curve were then rescaled so that each curve extended over
the\éntire range of TPE value; fram 0 to 1.0. In order to do so

Bielajew's et ‘al. (1981) transformation préceduye was used

according to the following equatio;l_:

TPE c-t - TPC min

TPE transfonned‘
TPE max - TPE min

\

where TPE transformed

the T-pulse effectivenéss rescaled

-




interval ) Y

TPE in =-the lowest untransformed TPE value

' P obtained )

Y \
. , .

TPE max = the highest uritransformed TPE value

. obtained , PR -

\ :g -

)

Blelaiew et a.l (1981) have argued that rescaling the data

m thxs xmnne!\' offers a more precxse canpansm of two refractory

penod curves‘by ellmmatmg facm{'s that may affect the slope of

&
the refractoty period function but which have little bearing on
the actual rate of réCOVery fram refrl ctoriness of the lmderlymg
substrate. Theoretically refractory riodacurves should le'Vel
off at TPE gvaluesiof 1.0; in pract‘ice however they do not always
do so.' If SIF and BSR'refréctory period curves approach .asymprl':{ote—

at the same C-T interval but at different TPE values, one would

<
har

.be left with the erronecus impression that the fibefs :’subserving )
L]

SIF and BSR 'mv:e~ di_gﬁerent rates of recovery from refractoriness.
Thie situation is iilustrated in Figure 6a. . However by allowing
the rising portioh of both.refra&téry period curves to ex'tend
fram O to 1.0 cne can see that both curves show proportionately

similar rates of recovery from refractoriness (Figure 6b).

. The slope of the regression lines fitted to the transformed
refractory period data for SIF and BSR were compared by using a .

t-test statistic for parallelism (l&leinbéum and Kupper, 1978).
z .
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. further explanation. \‘

(a) Hypothetical example of an ent difference in the slopes

of two’refractory pe.z:iod functions that reach asymptote at;.

dlfferent TPE values and (b)/the expected refractory period
ﬁm::tmns after the TPE valles have been transformed using

the scaling procedure of Bielajew et al. (198l1). See text for
£ ,
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_ The level of significance was set at 0.05. Themgof'e a

non-significant t-test indicates that the rate of recovery from
refractoriness of feeding-relevant fibers does not differ fram

the rate of recovery f('a-n rgfractorimss of reward-relevant
fibers.

' f
. , S

a) Histology and mapping of SIF sites

Data were collected fram a total of 9 rats. Refractory
period estimates for both SIF*and BSR were obtained from 8 rats
implanted with stimulating electrodes at different

anterior-posterior levels of the MFB, An additional.rat provided

. mapping data for SIF:; however no refractory period data were

collected. The histological ref_onstructipns of the electrode
placements in the 9 animals used are sl'o&ﬂ in Fiéures 7a to M=
Two rats (Figure Ja) weZ‘e implanted with fixed electrodes in the
perifornical (AG4) and the midlateral (AG2) reéions of the

lateral hypothalamic area. The electrode tips in rats AG2 and
!

AG4 were both located 0.8 nm behind bregma. S

The 7 other rats ( AG6, AG7,+AG18, AG19, AG30, AGOl7,
AG918) we}é implanted with moveable electrodes. Hence the graph
on the right side of each brain slice plots the frequency
—thres‘nold determinations for each successive penetrations of the

electrode tip. - The most anterior electrode -placement (AG6) was

\ ’ \
v 3

~
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, 0.4 mm anterior to bareé@ at the level of’the anterior

hypothalamic pl}cleus (Figure 7c). Sites positive for SIF
extended over 1¢3S mm in the dorsal-ventral axis; from the
ventral boundary of the reticular thalamic nucleus to the
ventral-lateral tip og the fornix. Frequency threshold |
determinations for SIF were obtained at each site at an intensity
of 200 microamps and, and in the c55e of AG6 only, at intensities
of 150 and 400 microamps as well. At 200 micrcamps, the lowest
frequency thresholds were found at the more dorsal SIF sites,
while frequency thresholds progressively ificreased as the‘
electrode was lowered to more ventral sites. Stimulation of the |
most ventral site tested appeared to be aversive as evidenced:by
shuffling of the food pellets. Increasing the current intensity
to 400 microan;ps resulted, as expected, m lower frequency’ v

thresholds for SIF at each site tested whereas higher frequency

thresholds were obtained when the current intensity was decreased

to 150 microamps. Increasing the current intensity used for SIF

increased the nurber of more ventral sites which supported SIF;,6

sites supported SIF at 150 microamps, 10 at 200 microamps and 13'» .

at 400 microamps.,
“The most posterior .electrode placement (AG 918, Figure 7b)

was 3.0 m behind bregra on the midline of the ventral tegmental

" area. Only the most ventral of the 3 sites tested supported SIF.

The electrode placement in AG30 was only slightly more rostral to

that of AG918 (2.6 nm behind bregma) but approximately 1.2 mm off

the midline. The electrode tip in AG30 (Figwre 7h) traversed the

[l
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VIA; positive sites for SIF extended over 0.875 mm (7 sites).
Only the most ventral site in AG30 failed to support SIF whereas
the most dorsal site supported: SIF at the lowest plulse freéuency.
Electrical stimulation in both AG918 and‘ AG30 elicited a'feeding
response which was accampanied by forward lmim. These rats
would usually shovel the food into their mouth as they walked
around the perimeter oggﬁhe cage. This is marked contrast with

. |
feeding elicited fram more rostral MFB electrode placements. In

|

this case the stimulation usually causes the rat to stop
“

locamoting and initiate feeding.
. |
. |
Two other moveable electrode placements (AG7, AG917) lay in
the posterior regions of the MFB, approximately midway between the

lateral hypothalamic area and the VIA. The electrode in AG7

- (Figure 7f) was 1.8 mm behind bregma: where the mammillothalamic

tract emerges fram the mamillary nuclei. Four sites, extending
o ,

fram the ventral boundary of the zona incerta to the medial ‘tip
?

of the cerebral peduncle supported SIF. Stimulation the most

ventral of the 13 sites tested in AG7 elicited an erratic feeding
response which was contaminated by forced head movements; no
stable frequency threshold determination could be cbtained from
this site. The electrode -[;IaLe'nen in AG917 (Figure 7g) was
slightly more caudal and medial tojthe electrode placement in
AG7. Sites positive for SIF in AG917 extended over 1.125 mm:
from the medial tip of the zona incerta to the medial tip of the
cerebral peduncle. The lowest frequency threshold was obtained

at the most dorsal site; successive electrode penetrations

I
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resulted in progressively higher frequency thresholds for SIF. ’
Here again, stiJ;:ulation at the most ventral site produced an
erratic feeding reponse which was accampanied by forced movements.
Rats AGL8 and AG19 tad moveable electrode placements in the

perifornical region of the lateral hypothalamic area (Figures 7d &
7e}. In both of these rats frequency thresi'volc_i determinations
were performed for BSR and SIF at thg same intensity (200
microampe) . However, in the case of these two rats, the size of
the electrode movement increments was doubled to 227 micrometers.

In both cases, all the sites which supported_SIf‘ also supported
BSR,' wvhereas the most ventral site which was negative for SIF was
aléo negative for BSR. Although th; frequency .thresholds for BSR
were higher t.han that which was observed for SIF, the changes in
frequency threshold for SIF caused by successive electrode
penetrations were matched by proportionately similar changes in
frequency thresholds for BSR. "I‘his is equivalent to saying that
the ratio of pulse frequency requirements for SIE to the pulse
frequency requirements for BSR is constant across the st‘imulation
sites tested. This relationship is depicted in the insets of
Figures 7d and} Te.

> ~ e

In summary, the sites positive for SIF were not?t:nicted

N ™

to the latezal hypothalamic MFB. The most rostral sites from
which feeding was eligited were from the anterior portion of the’

lateral hypothalamic area (AG6), whereas the most caudal feeding

site was in the midline of the ventral tegnenx.a\l area (AB918).

N,
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— . FIGURE 7 *
o \ . Q
Histological localisation of electrode t.ra?s of animals used
in Experiment 1. Reconstructions are based on the stereotax)i'c

.
atlas of Pelligrino, Pelligrino and Cushman (1979). The

. number on each slice is the el\ect"_rode‘ distance fram bregma, .

Negative numbers are posterior to bregma and positive numbers ‘ J -
are anterior to bregma. Figure 7a shc.aws positions of fixed ) K
electrodes of rats AG2 and AG4. Figure 7b shows the thrée VIA ,': '
sites that were tested in AG918; only the most ventral site | ‘
"(filled circle) supported SIF. Fiqures “7c to Th show the | &
mapping data collected in the 6 other animals. Sites positive

for SIF are represented by filled cicles and sites negative

for SIF are répresented by circles. The graphs on ;;h'e right plot ’ «
the frequency threholds for SIF as a function of electrode . , i,

sites. See text for further explanations.

-



.

-~ -0.8

- ‘,"/'/////,
)
2

)

o

7.

7,

Z
v

R




v
. B
® ' B 0
: .. . ' -
“~ . '
. , . . .
N ) ) . : ) 4
.
. s
- .
- . . ! v
. . ‘
' - .
. N .
4 . ' -
. . ' '
d ~ - . '
J’ *e! . ‘
) .
, .
L . . -
'-7 Y - N )
. " .
w - 0 * *
d ? .
v -
- v .
B °
. . . T » ‘ .
. R i
o - . ., N
N v . -
. B ' x A Q) “
. . , .
. B P .
. e Iy
' ¢ b4 ! , - he » -
L3 . .
' @‘ " . i . . °
* 4 . ~ -<
- -’ N
. f '
L4 . - » v 0 N
g . s PN * . “‘ ’
® P4 R ' [}
- . > ? - ) ' -0
. a FIGURE 7c¢ - '
v ¢ . N . .
+ - N ' > -
“ . ' 0
A : . '
v - Y . ' ! ) (
' N - . .

_ : . Histology and mapping data for rat AG6. |

© -~ Ao M

-
v -
-
o
L]
.
'
© e
*
W
.
IS
R P

. .
)
. '\ ’
N .
L '
,
i .
.- .
L
s
A} Y
- .
° * ‘
f B
N - »
* - L3
.o
Y
o v e




.

ﬂa :

: ZHT
AN 00¢ OGlL. 001 - 06 0
r-r 11t 11 1P 1 v v 1T 17 1P 17T 1T 1T 1T 1T 171

sdwenQoy 8

A ‘ i
sdwenQQg T

o | Hvi

q et
sdwenQgl 1

. -0t

s

1

o

Hv

9py T

. 0

o .

.vd" N

2 . .

% R T




>

K
f .
‘. R
L]
' . 100
B . R
»
]
Fi
. . !
<3
" . '
ke
. b ! *
LS
. N ol '
s 3
2
K
. v
-
! o
-
) ’
' .
L)
N
. ¢
. -
\ 7 ' N -
» - ’ Al
: \
FIGURE 74 ) '

Histology and mapping data for rat AGl8. - L
Inset plots the ratio of frequency threshold for SIF to that
of BSR as a function of electrode position. See test for -furt:herj
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I—fisj:.ology and mapping data for rat AG7.
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© .

Approximately 3.4 rm separate the most rostral feeding sites from

the most caudal feeding sites .

b) Refractory period estimates for SIF and BSR

Refractory period estimates for SIF and BSR were cbtained
from rats AG2, AG4, AG6, AG7, AGI8, AGL9, AGOL7, AGO18. It should
be noted that rats AGl8 and AGL9 were not tested at all the C-T
intervals tested in the 6 cother rats. . Table 1 lists for each rat
the intensity of the stimuiatim, the average single pulse

' -
frequency for SIF and BSR, the ratio of SIF to BSR single pulse
frequency req-uirenents afd,- in the case Qf rats implanted with
moveable electrodes, the site at which the refractory period
estimates were obtained. Figures'Ba to 8h present the refractory -
period curves for BSR and SIF of individual rats.: Infthe left T
panel of each figure, the untransformed TPE values are shown as a
ction of C-T intervals. The regression lines fittéd to the
}nsformed TPE values for BSR and SIF are shown in the right

—~
nel of each figure.’

" Ir; all rats, TPE values for BSR and SIF increased over
approximately the same range of C-T inte;'vals; the lowest TPE
values occurred at C-T intervals of 0.4-0.5 msec wbile the
highest values were found at C-j-'r intervals of 1.6~2.5 msec,
Table 2 lists>fo‘r each rat the range of C-T intervals which
produced significant increases in TPE for BSR and SIF. For the

most part, increases in TPE occurred at shorter C-T intervals for

»

L
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4
SIF than for. BéR. 'I'ﬁis vés the case in those rats (AG2, AG4,

AG6, AG7,AC917,AGO18) in which TPE values were cbtained at |
several C-T intervals in the 0.4 to 0.6 msec range. In these

animals ;agnificant increases of TPE values for SIF occurred at
v T

C-T intervals which were on average 0.06) msec (v;l-/- 9.0661 msec)
shorter than that which was observe_d for BSR. In the two other
animals~(AG18 k AG 19) the C-T intervals in the 0.4~0.6 msec

" range wexf? only varied‘in 0.1 mseC, increments. In)both these -

animals, the TPE values for BSR and SIFyincreased significantly at

\

the same C-T inﬁéxval (0.5 msec). /

-~

-

S “The- slopes of the regression lines fitted to the
/ o
tra;‘s?fomed BSR and SIF refractory period data did not differ

"significantly in 6 of the 8 animals tested. In two animals (AGe

-

. & AG918), the slope of the SIF regression line was significantly

. » - steeper than the slope of the BSR regression line. Table 3

£
4

.presents the correlation coefficients and regression equations
for each refractory curve and the results of the t-test
ocmpérisons “of parallelism between the regression lines fitted to

individual BSR and SIF refractory period curves.

3 -

7

-

" Finally, an interesting feature of the refractory period
I'd
= curvet for both SIF and BSR should be pointed out. The refractory

'period curves for SIF and BSR of all eight animals showed a

i

. plateau between C<T intervals of 0.6 and 0.7 msec. In other

¢

wordr,‘ thehslope of the refractory period curves between 6.6 and

: |- ) ‘
0.7 x\sec was, for both BSR and SIF, closer to zero than the slope
- s '

- /
!



S " TABLE 1.

~

Stmmlqtlon a.ntensuy (I), s!mgle pulse (SP) frequency
requirements for SIF and BSR (+/- s.e.m.), SP(sif) to SP(bsr)

' ratio and site of stimulation of 8 rats used in refractory

period expeh.ment .

¥

112 -

RAT I(mlcroamps) sp(sif) _  sP(bsr). . ratio site
AN
[} 3
AG2 500 30.88 Hz 52.05 Hz 0.593. fixed
AG4 200 - 19,70 »52,31  ©  0.376 fixed
’ 0. 59 ¥ 0.98 . . :
AGE 250 2.4 467.01 © ' 0.425 site B
! 1958 '1.33 -
AG7 400" 29.63 . . 55,82 0.531 site 12
- : 0.66 = 0.72
AG18 200 16.86 48.47 °  0.348. site 1
. 0.70 1.14 .
AG19 400 . -20.54 _  45.75 0.448 site 1 .
: 0-48 1.09 "‘ *
AGOl7 175 | 36.13 76,25 0.473 site 4
L . 0.59 1.57
AGOLS 350 : 32.27 66.40 0.484 site 3
g .0.62 1,00 -
man - 309.3 26.8 - 57.9 00432
s.e.m. 42.24 2.43 3.77 0.031
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~—

M . TABLE 2 .
Shortest and longest C-T intervals produc‘mg s1gmf1cant mcreases in
T-pulse effect::wepess for SIF and BSR., .

e

- SIF . . BSR .
Rat: shortest longest shortest longest
~ AG2: 0.48 msec 2.5 msec 0.52 msec 2.5 msec
)Y B 0.48 ® 1.6 0.56 1.6
AG6 0.48 1.6 0.52 2.0
AG7 0.44 2.0 0.5 2.0
" AG18 0.5 T 2.0 0.5 2.0
AG19 0.5 2.0 0.5 2.0
AGOL7 0.44 1.6 0.48 1.6
AG918 0.48 1.6 0.52 2.0
Mean. '  0.475 1.863 0.513 1.963
S.e.m, 0.m8 ’ A ¢ 0n115 »o.me o. lm
]
R T,
Q :
-~ ' q'.:l
A .
oy .
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TABLE 3

i

Correlation coefflclents, regression equations and t-test for

114

parallelism values for SIF and BSR transformed refractory period

data,

- L3

AG 2 .
corr. SIF:0. 9395/ corr. BSR:0.9424

reg. equation SIF: TPE=48.4571 x C~T + (-5.0766)

reg. equation BSR: TPE=51.6331 x C-T + (-11.724)
t~test: t=0,3945, df=20, t-crit &=0.05)=2.086

AG 4

corr. SIF:0.9921/ corr. BSR:0,9820"

reg. equation SIF: TPE=85,8492 x C-T + (-32.3576)
reg. equation BSR: TPE=85.9530 x C-T + (-32.5064)
t—test: t=0.0154, df=15, t-crit («=0.05)=2.131
AG 6

corr. SIF: 0.9571/ corr. BSR:0.9910

reg. equatlon SIF: TPE=85.4251 x C-T + (-22.1428)
reg. equation BSR: TPE=62.2088 x C-T + (-26.0940)

t-test: t=2,7105, df=17, t-crit («=0.05)=2,110 (sig.)

AG 7

corr. SIF:0.9629/ corr. BSR:0,9612

reg. equation SIF: TPE=59.7085 x C-T +. (-10. 6424)
reg. equation BSR: TPE=63.7509 x C-T + (~15.7054)
t-test: t=0.5170, df=20, t-crit (®=C,05)=2.086
AG 18

corr. SIF:0.9563/ corr. BSR:0. 9896

" req. equation SIF: TPE=61.8074 x C-T + (-12 5228)

reg. equation BSR: TPE=60.0990 x C-T + (=16.5612)
t-test: t=0.2207, df=14, t-crit (®=0,05)=2,145

AG 19 ‘

corr. SIF:0.9807/ corr. BSR:0.9750

reg. equation SIF: TPE=63.2096 x C-T + (-17.9494)
reg. equation BSR: TPE=62.7483 x C-T + (-14.2428)
t-test: t=0.0640, df=14, t-crit =0,05)=2.145

AG 917

corr. SIF:0.9444/ corr. BSR:0.9666

reqg. equation SIF: TPE=84.4662 x C-T + (-16.4918)
reg. equation BSR: TPE=87,.8721 x C-T + (-26.7387)
t-test: t=0.2785, df=19, t-crit (®=0,05)=2.093
AG 918 '

ocorr. SIF:0.9612/ corr. BSR:0.9969

reg. equation SIF: TPE=79.5962 x C-T + (~20.1280)

. reg. equation BSR: TPE=64.0884 x C-T + (-31.3558)
t-test: t=2.1393, df=17, t-crit (#=0.05)=2.110 (819 ) .

-



o

Refrac&ory period ’data for AG2. | The ;left panel s?ﬁs the
mtran;fonted data and the right panel shows the transformed
d data. Refractory period data for SIF are represented by solid
| lines ?nd plus signs wl‘lile the data for BSR arle represented by

dashed lines and circles.
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of adjoining segments of the curves.

DISCUSSICN

NS

a) Mapping of SIF sites

¢

s elicited by

In the present investigation A feeding
electrical stimulation at several different anterior—posterior
levels of the MFB: fram the anterior portior\ of the lateral
hypothalamic area to the ver;tfai ‘tegemental area. This finding
confirms Cox and Valenstein's (1969) study lwhich showed a s'imilar
anterior-posterior spread of MFB electrode placements that
supported SIF. The present mapping of MFB SIF sites is not .
‘consistemx;. with the widely held view that SIF is restricted to
electrode placements in the lateral hypothalamic MFB (e.g.
Hoebel, 1969) and suggests that feeding—rel;evant fibers ocourse

along the longitudinal axis of the MFB..

The present data also sugéest that the dorsal and ventral
boundaries of the feeding-relevant substrate are well defined.
'\:Jith stimulation intensities of 200 microamps, w‘hich has been
estimated to excite tissue to withip a 0.2 to 0.3 mm radius
(Miezm and Vise, 1985), a movement of 0.110 mm carried the
electrode tip from a site which was negative for SIF to a site
which supported SIF at relat:.vely low pulse frequencles.
same can be said of the ventral boundary of the feedmg-relevant
substrate; small electrode movements lowered the electrode tip

{

-



\?fcm a low freqi:ency threshold.SIF site to a site that was
negative for S¥XF. However, the clear localization of the '
feeding-substrate's dorsal and ventral boundaries may depend on
‘other factors. In at least three cases (AG6, AG7 & AGO917)
stimulation at the most vm;:\‘{al of the penetration elicited

, either force:’ novements or aversive effects which may have

impeded the normal elaboration of a feeding response. Hence it

a

"

may be that the recruitement of motor or rsion ‘fibers s
artificially sharpened the lventral bomda::zf the
feeding-relevant substrate. Defining the dorsal boundary of the
feeding-relevant substrate is also complicated by the fact that
SIF usually emerges only after the animal has had extensive
stimglation experience. Thus one is never really sure whether a
site which proves to be negative for SIF after 7 daily sessions
of -repeated stimulation -}night not have supported SIF had the
animal been subjected to more extensive stimulation experience.
Taken together the above éonsiderations imply that the

. dorsal-ventral d;‘.stribution of SIF sites mapped in tﬁe present
study may in fact represent a conservative estimate of the size

[

'of the MFB feeding-relevant substrate.

:

Al

The-present mapping study also provides additionnal
information on the distribution of SIF sites in relation to sites
that support BSR., The frequency thresholds for both SIF and BSR®™ -

' were assessed at several sites using a moveable electrope. The
data from two rats show that sites supporting BSR are

co-extensive with sites that support SIF. The present data also

Yy
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confirm what has been routinely observed in previous studies; the
pulse frequency requirements for BSR are higher than the pulse
frequency requirements for SIF. This observation has long been
interpreted as an indication that different populations of MFB
fibers might subserve BSR and SIF (Huston, 1971). Assuming a
scalar relationship between the pulse fregquency and the number of
times reward- and feeding-relevant fibers fire, and given the ’
fag:t that pulse frequency requirements for both beha\;iors were
assessec; at the same intendity, then .the differential pulse
frequency requirements for BSR and SIF could suggest that two
popﬁlaticns of MFB fibers with different densities underlie these
two behaviors. However the present data show that the nag;lTﬁude
'of frequency threshold changes res(:Jlblng fraom successive
electrode penetratlon 1s proporuonately the same for bcth BSR
and SIF. Hence, although BSR has‘a higher freguency threshold
than SIF the ratio of pulee frequency requirements for SIF to
that for -BSR is constant across the sites tested thlun an

| electrode penetration. The between site constancy of the SIF to
" BSR pulse frequency requirement ratio suggests that the same
population of ‘MFB first stage ‘fibers underlies both behaviors.
Although it is possible, ‘it is unlikelx} that the density of a
distinct population of reward-relevant fiberg varies.in exactly
the same manner as the density of feeding-reievant fibers.

_ .v‘.»?‘.
VO

g oo - RS
A Ve

If BSRAIW SIF do share a common MFB first stage system,,

then why do BSR and SIF have different pulse frequency

requirements? The present data do not answer this question but



1A

at least one study has suggested that no differential stimulation
requirements between SIF and BSR exist when the train duration is
equated (Ball,1968). It may be, however, that the differential
pulse frequency requirements between BSR and SIF depend more
directly on the differences in the behavioral criteria used to
assess the animal's sensitivity to the rewarding and motivating

" effects of the stimulation. The present investigation determined
the pulse frequency required to eat 4 pellets in 20 se@ds. Had
the behavioral criterion been & pellets in 10 seconds, the
required pulse frequencieé would undoubtly have been higher and
closer to the pulse frequenc"y requirements for BSR. Conversely,
had the rewarding effect of 'fihe stimulation been assessed by
using an easier operant task, such as nose poking (Ettenberg et
al., 1981), the pulse frequency requirements for BSR could be

expected to be closer to the frequency requirements for SIF.

b) Refractory period estimates for SIF and BSR

The progressive increase of T-pulse effectiveness as a
function of ih;:reasing the C-T interval observed for BSR and SIF
in the present investigation suggests that a population of
reward- and feeding-relevant fibers with an heterogenous
distribution of refractory periods recovered fram the loss of
excitability that followed the application of the C-pulse. The
refractory period curves obtained for SIF and BSR can be taken to
reflect the proportional contribution of first st.;c;e feeding- and

reward-relevant fibers with different refractory period

i



dmracteristic§. According to the present data, the MFB first |
stage system for SIF contains fiber§ which have refractory
periods ranging fram 0.4 to 2.0 ms;c. These estimates are
similar to those obtained by Hawkins et al. (1983). The
refractory period estimates for BSR obtained in the present study

are consistant with those of previous reports (Bielajew et al.,

1982; Rompre and Miliaressis, 1980; Yeamans, 1975; Yeamans, 1979):

* /
/
/

The present study compared the refractory period
‘distributions of first stage fibers for SIF and BSR.at the same
. . &
site of stimulation and at the same current intensity. It was

assumed that any c?ifferenceé in the distx:ibution of refractory
! | periods. of i“feedping— and reward-relevant <ibers ocould not be
| ascribed to regional vaJ:iat;ons o\f‘ refractory period
distributions which may occur in a betvgen-animal or between-ﬁga-
camparison. Therefore, any systematic differences between
K refractory period curves for BSR and SIF using the present design
would be a strong indication that‘ SIF and BSR .are subserved by

different populations of fibers. ,

‘The time ocourse of recovery from refractoriness of
feeding-and reward-relevant fibers appear to be quite similar in
at least 6 of the & animals tested. In three rats (AG2, AG7 &
. AG19) the untransformed curves are almost superimposed, and in
all but two cases (AG6 & AG9I18), the BSR and SIF refractory
: ':z

period curves reach asymptotic recovery at the same C-T intervals.

‘However, with the exception of rats AG18 and AGl9 which were not

X o




shorter C-T intervals than BSR cwv?s.‘ This finding ests
that the feeding-relevant substréte contains fibérs with short
refractory pericds which are not activated by rewardi
stimulation. However, in the case of AG2, AG4 and pbssibly AG7
the retarded recovery of the BSR curve could be duef’ to a local
potential summation effect which could mask the recovery fram

/
refractoriness of reward-relevant fibers with t},{e shortest

L]

refractory periods. This argument could explain the differences

»
o

in the initial point of recovery from refractorinéss between BSR
and SIF in AG2 and AG4 where local potential sumation effects
for BSR are considerably larger than for- SIF. Although local
potential sunmation effects dissipate rapidly at C-T intervals in
the 0.4 to 0.6 msec range (Yeomans,1979), there may be enough -
residual sumation to distort the initial point of recovery of ’
the BSR curve. The question remains, however, as to why in most
animals local potential summation effe&ts were larger for BSR
than for SIF. No simple answer to this question has yet been

proposed.

The statistical analysis of the siope of the regression
lines fitted.to the transformed refractory period curves for BSR
and SIF confirms what is seen by a simple visual mspectlon of the
untransformed data. In 6 of the animals the two regression lines
either overlapplf perfectly (AG4), were x;easonably parallel . (AG19
AG917) or showed\'slow‘divergmce (AG18) or convergence (AG2 &

-~
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AG7). The slopes of the two regression lines in AG6 and AGOLS,
diverged significantly frm; one another; the rate of réoovery
from refractoriness of SIF fibers appears to be faster than that
of BSR fiberé. The cbvious explanation fOr the different rates
o-f recovery between the two curves in AG6 and AGOl18 is that SIF
and BSR are subserved by different po‘pxlatio,ns of fibers. If
this were the case, then th‘z apparent lack of differences between
SIF and BSR in the other 6 animals would suggest that, at same
points in the MFB, the SIF and.'BSR’ substrates overlap extensively

and that both substrates comprise fibers with remarkably similar

AN

Voo

excitability characteristics,

There is, }wwever; an additional feature of the refractory
period curves obtained in gh:e‘ present study sugge‘sting that BSR
and SIF may indeed share a camon"s:ubstr;te. In all the animals
tested, both the SIF and BSR curves exhibit a plateau between C-T
intervals of 0.6 and 0.7 msec; negligible increases in T-pulse
effeét;veness occur when the C-T interval is increased fram 0.6
to 0;7 msec. Thé fact that refractory period curves for SIF and
BSR both exhibit near-zero slopes between ;0.6 and 0.7 msec may
not be coincidental and may bhe interpreted Yas additional evidence

that SIF and BSR are subserved by the same population of MFB

first stage fibers.

Step~like BSR refractory period curves have already been
reported (Gratton and Wise, 1985; Rampre, 1984). The reason

step-like BSR refractory period curves have not been cbserved more
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7 often is due to the fact that most previous studies have not
i ~ , ,
varied the C-T intervals in the small increments that were used

in the present study. There are several ways of interpreting the
meam':ng of a plateau in a refractory period curve. It may be -
.that at C-T intervals in the 0.6 to 0.7 msec range, neurons that

' . }

have inhibitory inputs to BSR and SIF neurons recover fram
refractoriness and cause a pOrtJ.on of the feeding-and
reward-relevant fibers to become less e;(d’it'able. A more !

straightforward explanation is that both in the case of SIF and

BSR, the stimulation activates two sub—populations of fibers with

.
T

non-overlapping distributions of refractory periods: one
population with refractory periods ranging fram 0.4 to 0.6 msec
‘and a second population of fibers with refractory periods ranging

from 0.7 to 2.0 msec.

The contribution to BSR of two populations of MFR fibers
with'differe/nt refractory period di;'.tributions was first
suggested by Deutsch (1964) and later supported by Gallistel et
al. (1969). Based on behaviorally inferred refractory period
data, both these authors suggested that the rewarding effect of
MFB stimulation was subserved by fibers with refractory periods -
in the 0.5 to 0.7 mséc range whereas a éifferergt population of
MFB fibers with refractory per.iods in the 0,9 to 1.2 meec range’
.were responsible for the motivating ( ing) effect of the
stimulation. Although the studies of |Deutsch (1964) and ,

Gallistel et al. (1969) studies have ‘since been criticized on

procedural grounds (Yeamans, 1975), the distribution of
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r’efractory‘periods they reportea for the revvafding and motivating
effects of MFB stimulation correspond surprlslngly well with the
ranges of refractory peridds for the flrst and second canponents
of the BSR arid SIF refractory period curves of thebpresent
investigation. Hence it may be that the two ccmponents of the
refractory lperiod curves reported in the present investigation,
reflect the contribution of ﬁirmétionally distinct fibers systems

to the elaboration of SIF and BSR.

: Y
- -

» ~

Despite the above considerations, the "two sub-population"

explanation of the plateau observed in the present refractor'};

-period curves is not easily predicted by our current

understahding of cellular neurgphysiology. " The "two

sub-poplulation" hypothesis implies that the first, short

refractory period, component of the function reflects exclusively

a contribution of the absolute refractory period of BSR and SIF

relevant fibers. In other words, the increase in TPE valbes fran

0.4 to 0.6 msec reflects the contribution of fibers for which thé
C-T interval exceeds their absolute refractory periods and for
vhich the T-pulse current intensity is gfeat enough to eliminate
the contribution of thelrelative_refractory period. It is true
that the contributionq of relative refractory periods of.
reward-relevant fibers does not appear to be great (Bielajew et |
al., 1982; Yeamans, 1979). Nonetheless, it remains that for such
a situation to occur, most of t.he feedmg- and reward-relevant ,
fibers must lie very close to t!e electrode tip, where the

» ,
current dens:.ty is high enough to overccme. the decreased membrane

2
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excitability associated with the relative refractory period,
Alithou.gh unlikely, it may be that there is scmething special
. o about the anatomy of the MFB fibérs at sites which.support both
- Co SIF and BSR. Nevertheless, if the substrate for SIF and BSR
truly comprises two sub-populations of fiﬁers with distinct
oo~ refractoi,'y périod distributions, then it may be possible to
dissociate them pharmacologically. This the purpos‘e of the . )
¢ ‘ «

second experiment. .

- o

~iy,
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The purpose of the present experiment was to~examine"the
hypothesis that the step-like refacto’ry ;;eriod curves oi)served for
BSR and SIF in the previous experiment Peflect the contribution of
two sub-populations of reward- and feeding-relevant fibers. It
was reasoné:? ‘that if this were the case and that if each
surr-ﬁdp\JIE}tim had a different neurochemical identity,,t‘hep
phaﬁr;aoo égical manipulations could selectively affect the

x;ela/t/i.ve contribution of one or the other of the sub-pog.l\lations';
. — =

/ .
The neurochenistry of the MFB first stage system for BSR is_

unknown. It was once t‘nought that catecholarrunergxc systems, which
,course through the MFB, were the fibers directly activated by
rewarding sti.mulation. Psychophysical studies make it clear now
that the electrophysmloglcal and anatomical éharactenstlcs of
the major portion of the first stage system are J.ncompatlble with
those of .dopaminergic or noradrenerglc neurons (Gallistel et al.,
-1981). vhile pharmacological studies (wJ.se, 1978) -do J_mphcate
dopaminergic systems in the reward circuitry it is apparent now
that dopamine's involvement in BSR must occur at least one
- synapse away fram the fibers that are dire‘ctly activated by, the

ﬁemarding stimulation.
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Recently, however, Yeamans et al. (1985) reported that
infusions of the muscax('inic antagonist, atropine sul fate, into the
ventral tegmental area attenuated lateral hypothalamic i
self-stimulation. Yeamans et al. (1985) interpreted their results
as suggesting that cholinergic muscarinic receptors in the VI‘A .
play a role in the MFB reward circuitry. The dgta. of Yeamans et
al, (1985) also suggest that; the first stage system for BSR may
comprise cholinergic fibers which synapse anto cell bodies of the
VTA., Altenxatively, it may be that the output of first stage

reward fibers is in some way modulated by a cholinergic system.

If a portion of *the first stage system for BSR comrises
cholinergic fibers which have a distinct distribution of
refractory periods, then the a:]ministration of an antichél inergic
drug should affect, in same way or another, the refractory period ~ /_, ’*
curve., In order to evaluate this possibility the effects of - | -'
systemic atropine sulfate on the BSR refractor;y period curves were
assessed. The effects of the quaternary arfmofmimn derivative of
atropine ——atropine methyl nitrate—— twhich does not readily cross

the blood-brain barrier, were also awmr the
: {

effects of parasginpa%eti.c cholinergic blockade.

- \_'/

-

The effects of the dopanune receptor blockery; pimozide, on )
the refractory period curves for BSR were also examinéd. In |
order to asTertain that any effect of atropine sulfate on the
refractory period curves for BSR truly reflects a pharmacological

action gl/the first stage system for BSR, ‘it is necessary to show
/ »

/

-
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that a drug, that affects a camponent of the reward circuitry.

other than the first stage system, does not affect the refractory
. period curves for BSR. As ytentiongd earlier, dol;amirfe containing
" fibers are thought to be involved in BSR, but not at the level of |
the first stage system. If this is the case, then pimozide

fhoulci Jhave no effect on the refractory period curves for BSR.

-

METHOD

Subjects

‘ Rats AG2; AG4, AG6, AG7, AGI18 were used in the present
experiment. Refractory period estimates were collected from the
same stimulation sites and at the same current ‘intensities that
were used in Experiment 1. , Hence the refractory period estimates
for BSR obtained frgp these five rats in Experiment 1 served as

baseline data for the present investigation.

Apparatus - ~

The same apparatus as in Fxperiment 1 was used.

- ~

Procedure

~

Except for the following cHanges, the proceduré used to
obtain refractory period estimates for BSR in Experiment 1 was

used in the present experiment. A session started by testing a



b

. , . 144

few representative C-T intervals (usually 0.44, 0.6, 1.0 and‘z.o
‘msec) as a pre-drug control of T-pulse effectiveness. One of
three drugs was then administe—red. Equimolar doses of 0.6 mg/kg
of atmpine sulfate or atropine methyl nitrate (Sigma) were
injected intraperitoneally (i.p.) 15 to 20 minutes before
testing, w‘nere;as pimozide (Janssen) was injected 4 hours before
testing at a dose of 0.25 mg/kg i.p. For each rat, refractgry
period estimates for BSR were obtained under atropine sulfate
treatment on a least three daily sessions, whereas the effects of
Btropine methyl nitrate and pimozide were tested only once. At
least 48 hours separated each drug test. Except (for c-T ‘
intervals C.2, 0.4, 0.48, 0.52 msec.,.which were not tested, TPF

values were obtained at the same C-T intervals that were tested

in Experiment 1 according to the same testing protocol.
RESULTS

Figure 9 shows the refractory period curves for BSR under
the non-drug condition of the five rats used in the present
experiment. These data haye already been presented in Experiment

1, except that the data are now presented so as to highlight the

" changes in the slope of the curves as a function of varying the

C-T interval. 1In order to do so the first derivative (slope) of
each line segment of the refractory period curve, starting at the

lowest average TPE value, was obtained using the following -

\ e

\,

equation:
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AP

Slope =

Ac-r ¢

a

.where /ATPE$ = the difference in T-pulse effectiveness
values, expressed as S percentage, between
two consecutive C-T inter\;als

AC—'I‘ = the difference between two consecuti’ve C-T

o intervals.

Ay

The. dashed lines in panels C to F of Figure 9 depict the
"first derivat'.ive of the overlying refractory period functions.
The values plotted by the dashed lines do not correspond to those -
on the ordinate. As can be seen the slope of the refractory
period curves invariably fall to zero or mar—zeré values between '
C-T intervals of 0:6 and 0.7 msec. In all rats tested, t.hg slope
analysis of the refractory period cm"ves results in a bimodal .
distribution of slope values, while in two rats AG6 & AG918 the
distribution appears to be trimodal. The oconsistency of the
plateau between 0.6 and 0.7 msec can also be appreciated by
examining panel A of Figure 9, where each replication of the

refractory period curves for all 5 rats is depicted.

The effects of atropine sulfate on the refractory period
- “curves for BSR are depicted in the left panels of Figures 10a to
10e, whereas t.he effects of atropine methyl nitrate and pirmozide

are shown in the right panels of the corresponding figures. It

. +
' , .
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should be noted that AG918 was not tested under pimozide

treatment; this animal's electrode became dislodged. Under

atropine sulfate treatment, significant (one-tail t-test,®<=0,05)

increases in TPE values c;ccurred at a longer C-T interval than

under either the non-drug condition or under atropine methyl

nitr: .2 and pinozide treatment: although there was same !

suggestion of recovery in one rat (AG7). Atropine sulfate

oconsistently delayed the initial rise in 'I‘PE.values fram an -

average C-T interval of 0.524 msec (+/- 0.009 msec.) to 0.8 msec. _ -
In contrast, asymptotic increases in TPE values occurred at the
same C-T as under the baseline condition in all but one animal

(AG7). 'The shortest and longest C-T intervals to produce
significant increases in TPC values are listed in Table 4. Since

pimozide and atropine methyl nitrate were tested only once, the
shortest and longest C-T intervals that resulted in significant
increases in TPE values ocould not be determined 'statistically.

However, a simple vis

L

!
methyl nitrate curves é?gives no reason to suspect that these drugs

1 inspection of the pimozide and atropine
: @

produced any changes in the time ocourse of recovery fram
refractoriness for BSR in the any of the rats tested. Figure 10f
depicts the .averaged changes in the slope of the refractory period

curves as a function of C-T interval under baseline condition

(solid line) and atropine sulfate (dashed Iine) treatment.
Hence, Figure 10f merely serves to highlight the relative lack of
cham in the slope of the refractory period curve between C-T

~ intervals of 0.4 and 0.7 msec under atropine sulfate treatment.



" the course of the session until the end of the session vhere some

’ 147

1

The averaged single pulse frequency thres'tblds‘ under
k;aseline and drug conditions are listed for each rat in Table 5.
Atropine sulfate did not appear to produce any dramatic change in
sintjle pulse- frequency thresholds, although in 4 of the 5 rats ,
tested the frequency thresholds under atropine sulfate tended to
be lower than under the no-drug condition. Atropine methyl.
nitrate also produced slight decreases in single pulse frequency
requi:l'ements in 3 rats, while in the two other rats the pulée
frequency 'fequirements increased. The single lese“frequency
threshold in AGO18 under the atropine methyl nitrate condition ‘
was unusually high. Sincé this animal's electrode assenbly | .
became dislodged s}xor:tly after the atropine methyl nitrate test, |
it may be that the increase ;.n pulse frequency requirements was
due to a change in the electrode's position. .Hence the '
refractory period data cbtained fram AG918 under atropine rnethyl/ \
nitrate treatment may not be reliable. '\ . J

H | .~

As expected, pimozide-treatment resul in substantial ‘
increases in single, as well as paired pulsé frequency
requirements. Nheréaé pimozide produced moderate .increases in

\

pulse frequency requirements at the beginning of the testing

session, the pulse frequency threshold si:eadily incr%ased during

rats had to be primed zwith non~contingent stimulation to lure

* them to the lever.,
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. FIGURE 9 ’
Refract;.ory périod dZta for BSR. Panel A shows i:xdividual
replications. 'Inset of panel A shows averaged curves at C-T
intervals where near-zero slope occurs. Pane]l B to F show
refractory period data (solid line) for rats AG2, AG4, AGS,
AG7, and AG918. The dashed line in each panel is the first
derivative (slope) of the correspondmg refractory period

curve, ~
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FIGURE .].0. | » ?

Refractory pef§iod curves under varlou; drug ‘conditions. The

1eft panel of frames A to E shcms the atropine._sulfate data
(Gashed llnes) and the baseline data (solld lines). The right
panel of frames A to E shows the baseline data (solid lines),

the atropine methyl nitrate data (dashed lines and triangles),

and the pimozide data (dashed lines and squares). Again the
insets in each panel are expandéd versions of C-T intervalg
between 0.4 and 0.8 msec, where the atropine sulfate effect
occured. Frame F shows the averaged slope as a ction of

C-T interval under baseline (solid line) and atropine sulfaté

(dashed line) conditions.
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TABLE 4 '

-

Shortest and lcozngest C-T intervals producing significant increages °
T-pulse effectiveness for BSR under baseline and atrgpine sulfata

_conditions.
, e J'ﬂ )

. BASELINE - ATROPINE SULFATE
Rat: _ shortest longest shortest longest
AG2 '0.52 msec 2.5 msec 0.8 msec 2.5 msec
G4 *56 1.6 . 0.8 1.6
AG6  -,%0.52 2,0 0.8 2.0
AG7 0.50 2.0 6.8 - 2.5
AGOI8 - 0,52 2.0 : 0.8 - 2.0
Mean - 0.524 2,02 0.8 ° 2,12
s.e.m. . 0.009 - — 0,143’ © 0.0 0.171

aﬁ
& ,
3 ,
. 2
’%;j’



7 A - ' TABLE 5
Single pulse frequency thresholds (+/- standard error of measure)
under baseline, atropine sulfate, atropine methyl nitrate and
pimozide treatment. -

: ‘Ratiy Baseline Atropine ..  Atropine methyl - Pimozide
\ . 1 . sulfate nitrate '
) | AG2 - 52.05 Hz 48.28 Hz ' 45.06 Hz 65.41 Hz
\\ ' AG4 52,31 .49.75 51.20 - s 63,70
N 0.98 0.55 1.02 , 2.5L
. - N ) : i} .
S AG6 67.01 62,98 60.67 74.56
1.33 1.12 © 1,38 : 2.71
' -7 A7 55.82 56,21 . - 57.04 65.72
NN 072 . L04 1.61 2.16
Y ‘ ' -.,
. AG918 66.40 64.27 .  72.83 © ot
' N A 1’. m ! - . 0. 85 . 3 . 72 ’ ) tested
56.29. 57.36 s 67.35
3.29 . 4.70 ° 2.4
. ',\- .
< '

- . \‘ .
. ’ AN
« N
* - " .\‘| )
, , RN
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One poss'ible interpretation of the results of the present
experinént is that atropine sulfate blécked the contribution of ‘a
ocanponent of the MFB first stage reward systen“whicr'\ contains
rostly cholinergic fibers having refraétory periods in the 0.4 to

0.7 msec range. It appearg‘;\?muevqr, that this intemreutim}\

incorrect: The arguments against such an interpretation will be

\
presented ldter. The effects of a Koplne sulfate on the

/‘/ = -
refractory period estimates for BSR ap‘pear nonetheless, to be' ’
\
centrally mediated. This is suggested by the fact that atropine s
/ ™,

methyl ni@J;ate, -which does not readily cmss\u:ae blood-brain
barrier (Ir%\es and Nickerson, 1975), did not afféc{: the

refractory period curves. \

The present data are also consistent with the idea \hat
dopaminergic neurons do not qamtitute a significant portion of ~
t:he first stage system for BSR. Although pimozide treatment
produced an overall attenuatio® of the effectiveness of the
stimulation in maintaining BSR, it did not change the rate of
increasé in the relative effectivengss of the T-p;Jlse as a

4

function of inc;eas}ng the C-T interval. The lack of aﬁy change
in the relative effectiv;ness oi} the T-pulse in maintaining BSR
under pirozide treatment has been reported earl iei' (Milner,
1976). Hence, although dopamine function was impaired, the rate
of increase in the nunber of first stage BSR fibers that begin to
fire to both the C and T pulses as‘a ftmct)ion of increasing the

C-T interval presumably remained unchanged.



Yeamans et al. (1985) have reporied that infusions of

atropine sulfate into the ventral. tegrmental area attenuated

lateral hypothalamic self-stimulation and suggesi:ed that

muscarinic receptors in the VIA are an important link in the MFB
reward circuitry. The data of Yecmans et al. (1985) also suggest
that cholinergic reward-relevant fibers descénd through the MFB
and synapse on VTA cell bodies. Such an interpretation would be
consistant with data suggesting that an‘important contingent of
fi;'st stage BSR fibers course through the MFB in the
rostral-caudal direction (Shizgal et al., 1980). However, while
the VIA does contain moderate concentrations of muscarinic
receptors (Rotter et al., 1979) and cholinergic-like terminals

|
(Kimura et al., 1981), it is not at'all clear that the

cholinergic afferents of the VIA course through the MFB. While

fibers originating fram the ventral pél]:idal region of the basal
forebrain, which stains intensely for acetylcholinesterase and

choline acetyltransferase (Satch et al., 1983), are known to

. terminate in the VTA (Phillipson, 1979), they do not appear to

contain_acetylcholine (Grove et al., 1983). Furthermore, there
are reasons to doybt that the inhibitory effect of intra-VTA
infusions of atropine sulfate on lateral hypothalamic

sel f-stimulation reported by Yeamans et al. (1985) is due to a
selective antagonism‘of muscarinic receptors. When épplied
locally at concentrations used by Yeamans et al . (19é5), atropine
sulfate has anesthetic properties (Hoffer, note 4), Hence,_it

may be that, in the study of Yeamans et al. (1985), atropine

¥ ~
- e e

N



sulfate attenuated lateral hypothalamic sel f-stimulation by
disrupting the “conductive properties of the first stage reward
 fibers, rather than by a pharmacologically specific action on

hY

post-synaptic muscarinic receptors. /(

Since atropine sulfate was administered syster'nicallxj, the
Eresent study is not .subject to the same criticisms that have just
been levelled against Yeamans' et al. (1985) study. Nonetheless,
the absence of MFB cholinergic fibers suggests that the e.f_fects of \
atropine sul fate on the refractory period curves for Bsfi cbtained
in the present study cannot be due to the blockade of a |
cholinergic component of the first stage reward system. There
are, however, other anatamical arrangements that can-account for (
the present‘ results. For instancey it may that MFB first stage "
reward fibers having lfefractory periods in the 0.4 to 0.7 mséc
range, but not those with longer refractory periods, synapse onto
cholinergic cell bodies. With such an arrangement-the blo;:kade

of the output of the cholinergic follower neurons by atropine

' ‘ R
.« sulfate would also result jin the delayed initial increase in TPF - \
values that was observed in the present study.
Another interpretation of the present data is that atropine
sul fate affected the excitability of the first stage reward sfypt.em
by a specific action on wvoltage-sensitive ionic channels. Ionic /, /_//

‘channels have in the past been classified in two groups: a) ion\lf“\\ \/‘
t

channels that are activated by neurotransmitters that bind to

receptor molecules and b) ionic channels that are activated.by

P

~
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changes in the membrane potential (voltage- sensitive). There is,
however, increasing evidence indicating that neurotransmitters and
their related pharmacological compounds can alter the excitability

‘of ‘ne:xrons by acting on volt_age-sensit.ive ionic channels located
either on the cell body or the presynaptic terminal,

Specifically, it appears that in the central nervous systenm,

* there is -e\;idence for an action of acetylcholine on e
voltage-’sensitive potassium channels that results in changes in
the firing pattern of the neuron (P?alliwell & Adams, 1982:

Nicoll, 1982). vhile it is not clear what action atropine
sul fate has on voltage—sensi;:ive channels, it may be that the
changes in excitabilty of reward-relevant fibers suggested by the
decreased T-pulse effectiveness between C-T intervals of 0.4 and

0.7 msec is due to a specific action of atropine sulfate on

voltage-sensitive channels.

. There are nmnerol;smeports of a muscarinic involvement in
BSR. However, while there are suggesticns that the MFB reward
circuitry contains a muscarin‘ic link (Coons et al., 1976) most of
the earlier reports sugést. that musc_arinic systems antagonise
rather than contribute to the rewarding effect 6:‘: MFB stimulation .
(Damino and Olds, -1968; Margules & Stein, 1969; Newman, 1972;
Stark and Boyd, 1963). An ant/.g@'xi’stic role for muscarinic
Teceptors on reward funct)oﬁ’;vas suggested in these studies on
the basis of a faciljfatory effect of anti-muscarimc—compounds

on measures of the dverall effectiveness of the rewarding

stimulation. The present data as well as those of Coons et al.
A .
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(1976_) do not contradict this conclusion. I;\,both the Coons et
al. (1976) and the present study it was the relative
effectiveness of the stimilation (T-pulse) that was used to
estimaée the effects of cholinerg;‘.c dx;ugs .on the MFB reward
substrate. Hence it may very well be that the MFB substrate for
BSR receives an inhibitory input fraom a cholinergic system which
is independent fram the cholinergic system presumably identified

in the present study.

Since the main questiog addressed by the present thesis is

i

whether or‘not BSR and SIF share a common first stage system, it
would be interesting to determine if atropine sulfate produces
similar effects ‘@'efractory period estimates-for SIF. Attempts
by the present author to perform this experinent have not been
successful. Rats under atropiné sul fate treatment invariably

choke on their food, presumably because of a decreased secretion

of saliva.

1
@)
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EXPERIMENT 3
Introduction

~ It has been éuggested that at least a major portion of the
first stage fibers for BSR extend along the lméitudinal axis of
the MFB, between the lateral hypothalamus -and the ventral
tegmental area (Bielajew and Shizgal, 1982; Shizgal et al.,
1980). The anatomical li;ﬂége between two MFB sites that support
self-stimilation was inferred behaviorally using a collision
test. The rational underlying the behavioral collision test and
its application to the élucidatién of the anatomical linkage of
the first /étage BSR fibers has been described earlier (ref.
Section A). ‘

J

’ The purpose of the present Ainvestigat.ion was to test the
hypothésis that MI“B feeding-relevant fibers, like reward-relevant
fibers, extend between the lateral hypothalamus and the ventral
tegmental area. If feeding-relevant fibers do extend between the
late}al’txypoﬂxalamus and ventral tegmental area, then the |
oollision effects reported by Bielajew and 'sr{izgal\ugaz) and

Shizgal et al. (1980) for MFB self-stimulation.should also be

E L]

obtained for SIF. . ‘ Lo



Animals and surgery & | \\,,

The subjects were male, Long-Evans rats weighing, on |,

average, 500 grams at the time surgery. Under sodium

pentobarbital anesthesia (Samnotol; 60 mg/kg) each rat was /A

./ \ "
implanted with two unipolar electrodes. One electrode was/ aimed

at the lateral hypothalamic MFB while the second el e was
aimed at the anteriergion of the The
electrodes were 254 mic nless steel wires soldered to

Anphenol mini-pins and insulated with Formvar except at their
square cross section. Prior to surgery, p?irs of electrodes were
placed in a jig, adjusted so that distance between the two tips
was approximately 2.5 mm and cemented together with dental
acrylic cement, 'i‘he electrode assarbliy was attached to the
stereétaxic electrode holder and aligned so that the p_osterior
(VTA) electrode would be 0.5 mm more medial than the gnfce%ior (IH)
electrode. With the incisor bar on the sterectaxic apparatus
adjusted so that the cranium was horizontal, .the two electrodes
were simultaneously lowered into the brain. The coordinates for
the ;anterior (ﬁl) eiectrc:;de were: A.P.=2.3 mm behind bregma,
Lat.=l.6 mm from midline, D.V.=8.5 nm below dura. With an = °
inter-_eléctrode distance of 2.5 mm, the posterior electrode was
expected to be situated 4.8 mm behind bregma, 1.1 mm-fram the
midline and 8.5 mm below dura. Current 'x;eturn was through a
stainless steel wire soldered to an Amphénol pian and wrapped
around two stainless steel screws imbedded in the cranium. The

entire electrode assenbly was held together and anchored to the

4
!
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skull screws with dental acrylic cement.

Apparatus

1)

The same apparatus as in Experiments 1 and 2 was used.

a) Screening and preliminary testing S

o The screening and Erelinﬁ.nary testing procedgres for SIF -

were t_h.e same as in Experiment 1, except fc;r the following ‘
changes. In order to be included in the experiment an animal had
to feed J.n response to stimulation applied to both jits ‘anterior
and its-posterior 'electrode. Once the animais were feeding
reliably, the current intensity applied to each electrode site

. was increased to .the highest levels that would elicit feeding
without producing competing aversive or motoric effects. It was
reasoned: that' increasing the current intensity would enlarge the
field of effective excitation and would consequently increase thé
probability that ‘the two electrodes would activate a cammon set

~

of fibers.’

b) Pilot collision test

< .
\ -—

After the animals exhibited a feeding response with stable

single pulse frequency thresholds at each electrode site, a pilot

W b
s ' [N n
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collision test was conducted.( C-i:ulses were applied to the
anterior electrode while T-pt;lses, delayed by 0.5 ar 10.0 msec,
were applied to the posterior electrode. The purpose of this
procedure wa;s to detect a collision effect with the leas\t amount l\
of waork. The C-T intervals of 0.5 and 10.0 msec were chosen
because colli'sion effects for BSR have been shown to occur within
this range of C~T intérvals (;Bielajew and Shizgal, 1982; Shizgal
et al., 1980). It was reasoned that sinc;e the refractory periods
for feeding-relevant fibers are sinilar to those of
reward-relevant fibt;rs and since the éistance between the two
elect.rod%s was similar tothat of Bielajew and Shizgal's (1982)

study, oollision effects were expected to occur at C-T intervals

similar to those reported for BSR. Animals showing a collision

effect were expected to have a higher pulse frequency threshold

at a C-T interval of 0.5 msec than at 10.0 ‘msec, presumably
because of the loss of excitation due to ooliisicn at short C-T
intervals. Animals not showing a collision effect were not tested

Al

any further, .

c) Collision test

conditions, were tested under several additional C-T inte
The collision test proper involved cbtaining frequency thresholds
under three different conditions: single pulse frequency

thresholds at (1) the anterior and (2) the posterior electrode

-
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site and (3) paired ;;ulse frequency thresholds when the C-pulses
were applied to the anterior electrode and ihe T-pulses were
applied to the posterior electrode. The testing protoool was ,
simiiar to that which was used to obtain }‘e‘,fractory period
estimates, One session uoonsisted of 3 to 4 hlocks of
paired-pulse frequency threshold determinations and 4 to 5 pairs-
of single pulse frequency thresﬁold determinations. Each block
contained a short, a medium and a long C-T interval (e.g. 0.5,
4.0, 20.0 msec) whereas two single pulse frequency threshold
determinations (one with the anterior apd one with the posterior.
electrode) preceded and followed each block of C-T intervals
tested. The averaged sihgle pulse frequency thresholds on the
anterior electrode and the averaged sindle pulse frequency
thresholds on the posferior elect;'ode were used to estimate the
T-pulse effectivéness under the intervening block of paired pulse
conditions. The following formula of Shizgal et al. (1982) was

]
\ .
used to compute T-pulse effectiveness values. - [

(RHz spl/Rliz c-t) - 1

TPE =

.

(RHz spl/RHz sph)

where . TPE= T-pulse effectiveness

' Riz spl= the lowest of the two single pulse frequency
threshold '

Rz sph= the highest of the two single pulse frequency
threshold” |



Rz c-t= the paired pulse frequency threshold at a .

particular C-T interval

This formula compgnsates statistically for differences in
single pulse frequency threshold between the two stimulation
sites. Differences in single pulse frequency -threshold between
thg two electrode sites indicate t:’h;t under paired pulse
oconditions the stimulation at one electrode site accounts for

. rore than 50% of the net effget-of the stimulation. In other
words the s’timulation site vwhich reqﬁires the lowest pulse \
frequency (spl) to elicit a constant level of behavior must be
more effective than the site v;lhicﬁ has higher (sph) single pulse
frequency threshold. Such between-electrode differences in

~ -~ stimulation ef(fectivénéss are compensated for b; the above
equation.

No less than 4 replications were performed at each of the

. following C-T intervals: 6.5,‘ 1.0, 1.5, 2.0, 2.5, 3.0, 5.0,-10.0
msec, Same rats \werue tested at additionnal C-T intervals of 0.2, °
| 1.2, 3.5, 4.0, 20.0 msec. Once the collision data were collected
» ’ ‘Munder the A-P electrode configuration (the C-pulse applied to the
anterior electrode and the T-pulse applied to the posterior

A

electrode), the configuration was reversed (P-A configuration).
d) BSR collision test

Animals that showed a collision effect for SIF were also

- T |

. #




tested for collision in a self-stimulation situation, The
procedure used to obtain collision data for SIF was 'also uéed for
BSR. The collision tests for BSR were conducted at the same
éwrent intensities that were used in the collision tests for SIF.
2 .
e) Refractory period estimates
.
Refractory period estimates for SIF and, at times for BSR,
_were obtaingd at both the anterior and posterior electrode i
‘placements. The procedure used has been described in Experiment
1.
f) Histology ,‘ .
a ' ]
At the campletion 6f the experiment, tl;e animals were
anesthetized with chloral hydrate and transcaréially perfused with

0.9% saline followed by 10% formalin. Their brains were sliced in
40 micrameter sections and dr::i:g?/é\’% coronal slices ~
) 2 ‘
containing the electrode tracl re made canpared to Paxinos
and Watson's (1902) stereotaxic atlas.

RESULTS
a) Collision data

A total of 33 rats were used in . riment.

Collision data for SIF were obtained for 3 rats while ikqanplete

2

et
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collision data were collected for a fourth rat. In rats AGS13,

AGBl5 and AGE2l, camplete sets of colliéion data for SIF were ,\ /
obtained whereas in AG812 oollision data were cbtained for the »

_A-P electrode configuration only. At the time this report was

written, ‘A0812 was still being tested. Two animals (AGBl3 and

AGE15) that showed collision effects for SIF, also showed

collision effects for: BSR. The third MI (AG821) showing SIF L
oollision,’ exhibj:ted seizures. in the sel f~-stimulation situation’

and therefore oould not he tested but, interestirgly,

demonstrated no such effect when retested for SIF.

The ocollision data are prese es lla to 11d.

The left panel's in Figures lla arn the SIF collision

data for rats AG8l13 and 5 respectively, while the right panel

shows the oolligsion data for BSR for the same animals., Since no

BSR collision data are available for AGE21.and AGSl2, Figures llc

. -

- and 113 have only one panel each. Most of the collision curves

share the same basic characteristics; the flat portions of the
curve at very short and at longer C-T intervals are joined by a -
steep rising por.tion. The basic profile of the collision curves *
is unchanged by the order of presentétion of the C- and T-pulses.
However , wh\ile the abrupt increase in TPE values occurred in ali’ R
rats at similar C-T intervals (1.5 to 2.6 msec), the magnitudeo of

e increase in TPE values varied fram one rat to another.

The clearest and strongest collision effects, for SIF as

well as for BSR, were obtained in AG813. In this animal, abmpt‘

B

%%



‘ o TR F.'éGURElla' K
. ; ' Cbllisﬁta for)AG813. Left panel shows the eollision A )
- ) ' effect for SIF and thel'righ't panel ghows the collision effect
) . oL 'for BSR.' 'I'he Gashed lines represent the data obtained with the
; J l & ’\interlor-postenor electrode configuration and ‘the SOlld lmes

'« ; répresent the data obtajined m.th the reversed electrode

i . .

'

. configuration.

[}
A

* ° o
A 2 .
P} . - .
,e - o ! N 1
L g 5‘ T c .
K X 7 . t v .
) ’ - . o .- &
P A - p L4
- ~ * * . 1 " a ”" ° T -t . )
v
- e . m - . .
° w ! > i i N
-
L PN SR
v ' ™ > .
o o
f . .
. ar . . . - .o :
NN ,
H] . 'y , - L .
. S
¢« . v L0k . /- . R ~
. -
. b N » ‘ * ;
! . 4 . L ’ [} . -
- - - .
sd-\‘ o ’ . P ° ! . ’
. / - v N ‘ .
° A - »
[ " 1 P4 a - . i o i
- P . . s s
- ”‘ o v - '
. - « N <
N SN
—_ N s 1
- R H \ PES ° . , )
o r 7 C : .
jad L) 2 a . .
[ . 4 - —— ' e ' . .
N ] N - - . .
- :
. » \
Y

! . - -
' o - .
\ - y - \‘ E 2 , .
A Lo : s 2 “ . . :
B - ‘
C e, . P T ‘
» g . ~ [ i
- 4 . N < [l
Y A . R b R
. . - . ] -
LN . 4 ° t P - N " o g Fy
A . s * i
' © i} .
vo 3 .
. ‘e ° o
4 + . 4 . [ .
" o . - b *‘\
" L]
- - . ‘“ . . L
« v




' ' \
4 N

»

168

(93SW) TWAH3LNI 1-0 (03SW) TWAHIINI L= -~ - -~
0°0F oHTm : omw .omv -omm 40.0 0'0F 0'8 09 O 4om 0°9.

| e aeas s e o o S an e S

L

| V<—=dm0~—=0 . t V<~—d=0———0 -

PSR — J ;
i

L . s
) . . ’ l
|

€789V UOTSTTI0J HSE - €189V uotsIrrod 41§ .
o =\ e g Ve ° f \ ’



s
\
f / P
) >
1
B -
" . 169 .
- 8
. A
«
.
. :
.' hd 3
. © .‘
° 0
, \ ¢ R
.
.
- . ¢

: FIGURE 116\~ A
~ ’ \ ' e L
Oollision dataafor AGB15. Left panel shows the oollision

M effect for, SIF and the right panel shows thetcollision effect

for BSR. The dashed lines represent the data ined with the .

- . _anterior-posterior electrode configuration and the

” o

. . represent the data obtained with the reversed el
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FIGURE 114
e ' ' k .

SIF collision data for AGBl12. BSR collision data waé

1

not obtained for this animal and no data for SIF is availab;$

for the posterior-anterior electrode configifration.
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increases in TPE values for SIF and BSR occurred a£ a C-T interval
of 2.0 msec regardless of the electrode configuration tested. In
the span of 0.5 msec, the TPE values for SIF and BSR increased by
approximately 70 to 20%. Increases in TPE‘ values of a similar
magnitude occurred at the same C-T imterval in rat AG812, although
the collision data in this animal were collected for the A-P .
electrode configuration only: ‘Smaller increases (40 to 50%) in

>TPE ﬁl@s for SIF were obtained in rats AGS1S5 and AG821 at C-T ’
intervals of 1.5 and 2\.0 msec respectively. The collision data
for BSR in A(';815‘ ;re, however, not as clear. In this animal,
increases in TPE valués appeared to occur in two phases: ‘an
initial increase of approximately 30% at 1.2 msec and a second
increase of approximately 40% at 3.5 msec. The SIF collision
curve for AGS15 does not show a similar two phase increase in TPE
values.

- -~

i

b) Refractory period data

- \'-‘ J

B -~

The refractory period data are ;;resepted in Figures 12a to
12d. The left panel in Figt;res 12a and 12b show the refractory
period data for SIF and BSR at the anterior stimulation site,
while the right panel shows the correspondihg data at the
posterior stimulation site. - It should be noted that no
refractory period data for SIF were cbtained at the posterior
'site of AG815; the feeding behavior el:.c:.ted at this site -

\ gradually became erratic and no rehable measures ocould’ be

\

cbtained. Refractory perxod estimates at the anterior- * .

-
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stimulation site of AGBl2 were quickly obtained to allow at least
a tentative estimate of conduction velocity properties of SIF

b

.fibers. These estimates will be presented and discussed lategx.
The. refractory period estimates for SIF and BSR obtained r)in
the present experih!j:nt are similar to those obtained in ﬁxper’iment
1. \For the most part TPE values began to increase at 0.5 msec and
+ reached asymptote at C-T intervals in the 1.6 to 2.0 msec range.
'Ihé orie notable exception to this trend is the refractory pe<1od
curve for BSR obtained at the posterior site of AG8l5. In this
case, TPL values levelled off at 1.0 msec. As was seer.:' in
’ Experiment 1, £here did not appear to be any digferenées in the ‘
" rate of recovery fram refractoriness ‘between SIF and BSR and all
curves exhibited near-zero slopes between C-T intervals of 0.6

0

and 0.7 msec. ¥
c) Histology

Fftgure‘13 shows the apterior and posterior elé@a@eﬁ
. pIacenients for 3 of the 4 rats showing collision effects for SIF.
Alll three anterior electrodes were in the perifornical regicn of
the lateral hypof_halami;: 1TFB, whereas the posterior electrodes
were either in the rostral re;gion of the ventral tegmental area
(AcB13) or the nost éaudal regiota of the MFB (AGE1S and AGE21).
The mter-elm distance in all three cases was verified by
mparing the inter—électmde distance that was set when the ™
\:eé%d% were: prepared to thé nurber pf 40 micrometer ‘

~ 1

]
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coronal. slices that were produced when slicing from the anterior
to the posterior electrode. The inter-—electrode dist:-;ncg was set
at 2.5, 2.2 and 2.5 mm for:rats AG813, AGB15 and AG821
res;;ectively. D\J;'ing :histélogy, 2.4 (60 sliceg)y 2.04 (51
slices) and 2.32 mm (58 slices) were found separating the ,
anterior and posterior electrodes of rats AGEl3, AGBLS and AGE2l
respectively. When allovar;ces are made for tissue shrinkage and
distortion caused by electrode extraction, fixing and freézing
the two measures of inter-electrode distance appear.quite a
consistent.’ The inter-electrode distance in AG8l2 was set at 2.6
mi. However there is, at present time, no histological |

.

confinmation of this measurement.
d) Cstimates of condiction velocity

Estimates of oconduction velocity for SIF- and BSR-relevant

i

fibers were obtained using the followinc equation:

Inter-electrode distance

{

Conduction velocity=-

Sy ' ' ‘ Collision interval - refractory. period
where 'inﬁta‘r:-elect:r'ode di\stan‘ce= the pre;-s'et distance between
) the anterior and postefior
electrodes :
) | ‘collision interval= the.longest C-T interval that did
. s
g - not produce an abrupt rise in TPE
, R ‘ ,
.f . . . -



values
refractory periog= the C-T interval pr;oducing the
lowest TPE value on the refractory

!
H

period curve.

The conduction velQcity estimates as well as the data from

thch these estimates are derived are px;esented in Table 6.
DISCUSSION e

“ The collision data for SIF obtained in the present‘
experiment support what was suggested by the mapping study- in
Experiment 1. The present data sugéest that the first stage
system for SIF comprises fibers that course along the
longitudinal axis of the IMFB at least between the lateral
hypothalamic area and the rostral pole of the ventral tegmental
area. F:n'thermore the fact that, in two rats, oollision effecl;.s
for SIF as well as for BSR were obtained suggests that the MFB
first stage systems for SIF and BSR are one and the same.
Another interpretation of the collision data of these two

animals, is that SIF and BSR are subserved by distinct first

»

] * \ 2
stagé” system that are tightly interwoven.and that both course

through the stimulation fields of both electrodes. Although
unlikely, the present data cannot unequivocally rule out this

possibility.

The eééimates of conduction velocity for SIF- and

/ e
3 . /
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N ' FIGURE 12a :

3
¢ [

Refractory period data for AG813. The left panel shows

the refractory period data for SIF (solid line) and BSR . '“%3

(dashed line) Obtained at the anterior electrode site.

_The right panel shows the SIF and BSR data obtained at B
" the posterior electrode site. '
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FIGURE 12b T

Refractory period data for _AG815.. The left panel shows

" the reﬁractory period data for SIF (solid line) and BSR

(Gashed line) obtained at the anterior electrode site.
[ 3
The right panel shows the .only the BSK data obtained

at the i:osterior electrode site. No SIF data are

available at the posterior electrode site.”
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FIGURE 12c

G\Jv

/Refractory period data for AG82l. Only the refractory period

data for SIF was obtalne(d o :
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Histology for AGS13, AGSB15 and

show anterior electrode positions and left drawings show

posteriér electrode positions. Numbers on the drawings indicate
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N .
. o ) TABLE 6

Anterior (Ant.) and posterior (Post.) electrode current intensity and

‘collision interval, refractory period afd conduction velocity estimates
for SIF and BSR. '

Rat ¢ Ant. Post. Collision  Refractory Electrode  Conduction
current current | interval period distance velocity *
AGEl3 300uamps 200uamps 1.5 msec 0.4 msec 2.5 mm 2.27 m/sec
(SIF) :
AG813 300 200 1.5 0.4 2.5 2,27
(BSR) . : :
A
AGBl5 400 600 ' 1.2 _ 0.4 2.2 2.75
(SIF) .
AG8l5 400 600 1.0 -0.4 . 2,2 . 3.66
(%R) s f .
AN , “
AGB21 400 - 250 1.5 0.5 2.5 . 2.5
(SIF) . , ‘ .
AGBL2 500 - 400 1.0 . 0.4 2.6 4.3 .
(SIF) ,

Note: Conduction velocity estimate for AGBl2 is based on partial oollision

and refractory ' period data and without histological confirmation of N
inter-electrode distance. ' ﬂ
e

f * ne
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\ .
BSR-relevant fibers(obtained in the present study are within the

range of conduction velocity estimates (1.0-7.8 m/sec) for
BSR-relevaf?® fibers reported by Shizgal et gl. (1980) and
Bieﬁlajew and Shizgal (1982). The range of cLonduction velocity
estimates for SIF-relevant fibers obtained in the present study
(2.27 to 4.3 m/sec) are campatible with those of fine myelinated
fibers in the 0.5 to 2.0 n}icrcmeter diameter range (Swadlow &
Waxman, 1976; Vaxman & Swadlow, 1977) which have been shown to be

present in the lateral hypothalamic IFB (Szabo et al., 1974).

Vhile the present data do suggest that the same

SIF-relevant fibers link anterior and posterior sites that

support stimulation induced feeding there are certain aspects of

¢
the collision data that merit further discussion. First, TPE

values in the collision test for SIF (and BSR) in rat AG8l3 rise
fram minimal values to npthl values within 0.5 msec. This
abrupt increase in TPE values suggests that all the impulses
carried by fibers tjuat course through the two stimulation flields,
as well as the region of refractoriness that trails behind them,

have cleared the downstream electrode before the T-pulse is

" applied. This is samewhat surprising considering that the

estimated rate of recovery fram refractoriness of SIF-relevant
~fiber extends over 1.0 msec. One would expect tHat“the different
rates Of recovery fram re€ractoriness of SIF-relevant fibets
‘should be reflected in the collisi¥n test by mox"e gradual
increases in TPC. In this respect the collision data for BSR

obtained from AGBl5 are more readily, predicted on the basis of

s
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the refractory period data than is any other collision ef\fect

reported in the present study or those reported by others.

One possible in£erpretation for the abrupt and camplete
increases of TPE values observed in the present investigatim\\]\'@i
been put forward %Shizgal et al. (1980) to explain the steep
rise in TPE values in their own oollision data for BSR. it may
be that that only a portion of the feeding-relevant fibers, with
a narrow distribution of refractory periods, is camon to both

)
stimulation fields. Such an explanation is oconsistent with the

‘fact that, in three rats, ocamplete blockade by the T-pulse was

not achieved, as evidenced by the non-zero TPE values at C-T
intervals in the 0.2 to 1.0 msec range. The fact that the
T-:pulses were effective in this range of C-T intervals suggests °
that the impulses carried by SIF-relevant Fibers that were
act;véted only by the C-pulse, summated spatially with the
impulseg carried by SIF-relevant fibers that were activated only
t;y the T-pulse. This suggests t.hati gly part of Wle of
SIF-relevant fibers was activate'd/hy bct)h the C- and 'I‘—pulse_s.
This explanation does not appear to explain, however, the SIF‘.
collision data for AG813. Although the variability of the data
is greater than usual, éere doesynot appear to be any evidence of‘
spatial summation in this animal. 'The abrupt rise of TPE.values
fraom near-zero TPE values in the span of 0.5 msec suggests that
the application of T-pulses resulted in camplete blockade in most
if not all of the fibers activated by the. two electrodes. In

view of the fact that the current intensities used in AG8l13 were

.

v
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low by collision experiment standards, one must also assume that
the two elect':rodes were very closely a‘l_igned“ and that ‘the fibers
ooursir;g through both stimulation fields were very hamgeneous..
2
Electrode alignment was, in the present experiment, the
;ietemiﬁing factox; for obtaining collision. effects., One way of
ocm.pensating for electrode misalignment is to increase the current

intengity at either one or both electrode sites. By increasing
the current ;1;;;5, the probability of recruiting fibers that are ‘
cammon to both stimulation fields increases accordingly. This
procedure, however, is of limited use when testing for «

i connectiv:ity between two feeding sites. Stimulation induced
feeding is easily disrupted by campeting aversive and notor"ic
effects that invariably emerge when the current intensity is
increased. Therefore unless the two electrodes are reasonably
well aligned, the probability of obtaining a collision effect fox:
SIF cannct be expected to be dramatically increased by raising
the current intensity given the limited uppér range‘of current
intensities that can be used to elicit SIF. | .

- "

Establishing oonnectivity between two SIF sites is also

~

made difficult by the fact that most animals exhibit strong
electrode preferences, to a point where same anlmalsi\wu e
“refuse" to feed in response to stimulation applied through the

less preferred electrode. Under these conditions, single pulse

frequency threshold determinations at the less preferred

\b”

electrode site are not stable and therefore require-more

o
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replications to obtain rehahle measurements. Smce the anmls K
respond reliably at the less preferred electrode site when they
are not previously tested at e preferred electrode site,, the.
'problem appears to be a contr(ast effect between t;he quality ofAI
the stunulaQ).on expenence at the preferred electmde site as, N
opposed to that on the--less- prefgrred electrode. This problem
was acute in AGBl5 and in AGB12. The st\rategy employed in the
‘present study to circumvent these difficulties was te®ébtain
several single pulse frequency threshold determlna)aons on the
- less preferred electrode before the testmg session proper and to
avoid using the less preferred elect_r_'ode during the ttestinq ’
session except to obtain paired pulse frequency threshold
N ﬁetennin'at,ions. Although this procedure decreases the precisionX
' .of T—pul’se effectiveness measures by increa;sing the . .
within-session variability of T-pulse effectivene‘ss values, it is
more than made up by the increased w1th1n—trla1 stablllty of -

feedmg latency scores.,

—

V,

»e
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GENERAL DISCUSSION- Lo N

. -
-
I . ¢

The purpose of the studies described .in the present thesis

”

was to further docurent and compare the electrophysiological and
,anatamical characteristics of the MFB first stage system for
" stimulation induced feeding to those’ of the MFB first stage system

for brain s£i.mu1ati\on reward. The results of three experiments
- , — - <

were presented. - A

N
hY
-

I R

-

The first experiment.showed (a)fthat a feeding response is
obtained by electrical stimulation of MFB sites extending between

the anterior region of the lateral hypothalamic area and the

v

.ventral tegmental area, (b) that the dorsal-veng:rai distribution

of sites which support SIF and BSR are co-extensive and that the .
- }
. ’ . <
relative sensitivities of each site to the rewarding and
-~ ' ¥ T , ’ N
motivating effects of, the stimulation are closely correlated, (c)

" that refractfory period distributions for SIF and BSR are, in most
instances similgr and (d) that refractory period functions for

SIF and BSR both exhibit a short segment of the ascending portion '

.

of the &rve over vhich there is a near-zero increase in TPE
' . ' . ! ’ -
values. PR S .
. R A .
» &5 R

The second experiment showed (a) that central cholinergic

" "blockade by systemic 'atro;;i;xeﬂ sul fate decreased ’I"-pul.%e_ "

effectiveness for BSR'at C-T intervals ranging from 0.5 msec to

0.7 msec and (b) that central dopaminergic bfockade by systeti

W



-

pirozide has no.differential effect on T-pulse effectiveness

relative,to C-pulse effectiveness in the range of C-T intervals

tested..

+ The third experiment showed (a) that the collision effect
first fepor‘ted by S'hiz;al et al. (1980) between lateral
l:xypothalamic and ver.xtral»tegnent/al BSR sites can also be obtained
,for SIF at the same stimulatfon sites, (ﬂ that when a oollision

effect for SIF is obtained, a collision effect for BSR can also .

. be obtained and (c) that conduction velocit:.y estimates for

SIF-relevant fibers are within the range of those of BSR-relevant
* fivers., < _ T ' -

.

- . s.A
’ The data oi‘? Experiment’ 2 sﬁg-ge_s}jthe involvement in tﬁe A
rewax:d circuitry ot; a population 'of cholinergic i‘ibegs .which
receive. inputs from first stage BSR fibers which have refractory
periods in the 0.4 to 0.7 msec range. The postulat'icn of
cholinergic follower neurons which arg\selictively innervated by

a sub-population of first stage reward fibers resc)s ‘on the
f2 7 ' ) - X
assunption that the effect of atropine sulfate on the refractory

- IS i
period functions for BSR reflects a.selective b}?.kade of

post-synaptic mhsqarinic receptor-ooupled ionic cfgnnels. Given

the mounting evidénce that acetylcholine and cholinergic

compomds may affect neuronal function through other, less
’ ) / ‘
oconventional mechanisms, one must consider the existence of a

cholinergic component in the reward circuitry as a tentative

—

explanation of the pre;ent data.
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Above and beyond the problems of mter'pretmg the effects
of cholinergic blockade on the distribution of refracéory penods
for BSR obtained in the pre’sent study, the combined use of
'pharmacologiqal manipﬁlations and trade—off techniques to -
elucidate the n;eurochemical identity of the first stage system
for BSR appears to hold some promise for the future. As has been
shown previously (liilner, 1.976), the rg\alation between pai\red
pulse frequency requirements and C-T ir\n\_tervaf was insensit)rive to
dopaminei'gic.receptor blockade, suggesting thgt thd technique may ‘

be able to dissociate drugs tﬂat act at the first stage reward

. synapse fram drugs that act at two or more synapses away fram the

first stage system, . .

The straightforward interpretation .of'ithe data presented ‘in
Experiments 1 and 3 islthat the reward- and feeding-relevant
signals a;e rost likfaly propagated by the same MFB first stage .
fibers. The data of both these experhneﬁts are consistent with
either one of the anatamical nodel§ shown in Figure 2. Figure 2a
shows a first stage system common to BSR and SIF which synapses
'onto a second stage system common to BSR and SIF, whereas Flgure
2b depicts a common BSR and SIF flrst stage system which branches
out to synapse on separate BSR and SIF second- stage systems: The
present data‘do not give any indicat\ﬁion “ag to which one of the;se
anatamical models is more likely. "I'heré is, however, increasing
evidence indicating that other components of the revard circuitry

are common to the feeding circuitry, Dopamine appears to be part
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of both the reward circuitry and the feeding circuitry. while it
is not established that ventral tegmental dopaminergic neurons-
constitute the second stage system of the reward circuitry, the
fact that the éopamine receptor blocker, pimozide, attenuates SIF
(Jenck et al., note 5) and BSR ‘(Fouriezos & Wise, 1976) suggests
that both the feeding- and reward-relevant signals ei£he? cross a
dopaminergic sy?agse or are modulated by a ;Sopaminergic neuron.
Furthermore SIF and BSR both appear to be médiated by endogenous
opiate receptors in the ventral tegmental area; intra-V'I‘A
infusions of morphine facilitate BSR oekkamp et al., 1976) as
well as SIF (Jenck et al., 1985). As a whole, these data suggest
that the feeding- and reward—rele.vant s’ignals propa;ggted by the
first stage system go on t/o activate a cammon circuitry and that
the dopaminergic neurons are local ized near the efferent
projections of at least a portion of the first stage system.
./
A second, less plausible, ‘interpretation of the data

_presented in Expe‘riments 1 and 3is that‘SIF and BSR are subhserved
by distinct MFB fiber patrmayslwhiéh are so“similar in their :
menbrane characteristics and so tightly interwoven a3 to preclude
a clear diss&ciation 't;y using the techniéues enployed in .the
present investigation. Although unlikely, such characteristics
and such an anatomical arrangement for the MFB substrates for BSR

and SIF are still possibilities.
-,
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