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K= . ABSTRACT

Y2 Self-Stimulation of the
Substantia Nigra and Lateral Hypothalamus:
Recovery from Refractoriness in the Directly Stimulated Substrates

v

- Carol Jean Macmillan

' *

- \

Anatomical studiea show that descend!hg fibers link the lateral

-

! B “ * -
hypothalamus (LH) and substantia nigra (SN). The present series of

«

experiments tests the hypothesis that some of these fibers are
nesponq#ble for intracranial self-stimulation. SAeciflcally. these
experiments were desigﬁed to behaviourally estimate recovery from
refractoriness in the neural sdbstrate for SN se}f—stimulatlon. using

the pulse-pair paradigm, and to compare it to recovery in the LH

. substrate. Similar refractory period estimates would be consistent with

the notion of a shared subpopulation of reward-relevant neurons, In
order to minimize experimenter error and to maximize the number of
subjects, a computer-controlled testing setup was developed. In order

to assess the performance of this set-up, refractory period estimates

,obtained in the newly designed, computer-controlled equipment were

compared to those obtained in the hand-operated equipment used in
previous experiments of this type. No meaningful differences were
found. Thus, the more convenient computer—controlled setup was used to
collec; refracto;y period estimates from the SN and LH. A comparison of
these values revealed differences in the slopes of the recovery curves,
and in the C-T intervals bracketing their rising portions. The SN curve

rose more gradually, and both began to rise and levelled off at longer

. C-T intervals than the LH curve. One explanation of these results is
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\ that the distribution of excitability in the LH subatrate is snifted
- » * ’
1 towards higher .galuea than the SN distribution. The overlapping o
' S
: portions of the recovery curves could reflect the contribution of a -
common bundle of“reward-relajed fibers. ' s :
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Foliowing electrical stimulation of'apprgprian sites in a rat's’

brain, the -rat will modify its behaviour to receive more of the same

L4 o ’ -
stimulation. The pheromenon responsible for the change in behaviour is

called brain stimu{@tion reward (BSR). It appears thatviﬁ order for
@ such behaviour modification-to occur, information aﬁout the. hedonic
consequences of brain stimulation must be processed and stored, perhaps

4

in a cognitive.map. 1If so, studying the chdracteristics and

o ' c:tr'ajectories of the directly stimulated neurohs subserving BSR may lead

to an understagding of where and how the processing and storage of

information about hedonic events takes place. .
3 .

: g

Q.

i -

Identification of the neurons subéerving BSR cannot be accémplished
by visual inspection because they cannot, at least at this timé, be
distinguished visgally"f;om vicinal ne@rons that subserve functions .
other thaa BSR. A current‘approach to the idéntffication of suc;

s f N

neurons involves using,psychophyéical techniques to behaviourally
estimate their characteristics. Thege characteristies a;e then used in
electrpphysiological studies to locate neurons that could be responsible
for‘the rewarding effects (Gallistel, Shizgal and Yeomans, 1981). After
" a candidate neuron is located by means of electrophysiological

recording, the cell can be penetrated anq a dye injected, in o;dqr to
trace the trajectory of its axon. By describing the trajectories of the
best candidates, one obtains a dmaft of a circuit diagram for the

directly stimulated stage of the BSR substrate. ¢

ﬁeural circuit diagrams have been employed in invertebsate

) neuroblology to explain behagiour in terms of the wiring of the nervous

°

S
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system.‘ It is hoped thaﬁya diagram of the neural oircuits subserving

self-stimulation in the rat will have similar explanatory power‘.h,‘;r/

N
. B N -

. The substrate for BSR in the medial .forebrain bundle (MFB) has been

'

the object of much, investigation. Behavioural %gudies have established

»

L ;
that some of the directly driven“neurons'reqpons&%le for
4 ™

self-stimulation of the MFB project in a descending fashion through the
LH and the VTN (Shizgal et al., 1980; Bielajew and Shizgal, 1982, 1984).
Do these Aeupogs terﬁinate in the VTN, or do some or all of them
continue‘descending? Anatomical stgdies have demonstrated that some

descending neurons traverse the portion of the MFB betw;én the lateral

"hypothalamus (LH) and the #entral tegmental area of Tsai (VIN). Some of

"these fibers are known to turn sharply at the VTN and travel over the

4

substantia nigra (SN) (Nauta and Domesick, 1981). Does the substrate
, G : .
for MFB self-stimulation include such fibers?

3
\

: Thé present se£ of experiments ad&ress this question, albeit
indiréctly. A psyéhophysical technique is employed to behaviourally
estimate the refractory period of the neurons responsible for
self-stimulation of the SN. This estimate is compared to an estimate of
the refractory period of the neurdns subserving the rewardidg effects of
LH stimulation. If common-reward-related fibers course through the LH

\

and SN, then it is likely that the refractory period estimates obtained

.

from the two sites will be §imilar.

The refractory period is part of the excitability cycle. Thus, a

general discussion of excitability cycles and their behavioural

™ 1)

2

[
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neural circuitry subserving BSR and for using the‘ﬁéyqpophysical
] .

approach to this end is discussed in more qetail.

- In the self-stimulation paradigm, behaviour directed toward\the
lever 13 maintained by focal stimulation of a specific brain site. It
can thus be ug d’as a tool for identifying neurons: that subserve a
goai-directeé behaviour. It has been argued that these neurons may also
play a role {n naturally occurring goal-directed, appetitive behaviours,

suph as eating and drinking.

A

Two’types of studies, behavioural and electrophysiological, support
the assertion that a common systemxﬁrocesses and stores information

about the reward value of br?;n stimulation and naturally occurring goal
) 4

.

objects, such as food. Four lineé‘of behavioural evidence for a 1link
between BSR and\feeding have been reviewed by Hoebel (1975). First,
electrodes aimed at the LH have been shown to support both BSR agd
feeding. Second, postingestive factors such as high osmotic and gastric
loads have.been(ghowﬁbto depress both feeding and BSR. The third piéce
of evidence is that depression of self-stjmulation behaviour is coupled
with an increase in stimulatio 5;;cape behéviour in satiated subjects,
reducing the 1likellihood Epég//ffood load simply disrupts operant
behaviour, Fourth./;ﬁﬁgtitivz suppreséants sﬁch as phénylpropanolamine

also suppresa self-stimulation.

-

s

Rarionale for studying BSR . (\\\\\—‘
' 8 4—'& ”
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{ ' .
~Electrophysiological support for a link between BSR and feeding

-

comes from a study of neuronal activity in monkeys (Rolls, Burton and
Mora, 1980). Rolls et al. (1980) discovered tpat food pEesentation
alteredk the; activity of some neurons trans-synaptically driven by
electrical stimulation at BSR sites. They found that 13.6% of 764
trans-synaptically driven neurons sampled from the LH and substantia
innominata increased in activity when the subject was both hungry and
presented with a food stimulus. This suggests that some neuron§ receive
inputs associated both with BSR and food reward. '

In order to deduce a circuit diagram for BSR, it must be possible
to'distinguish the neurons that subserve BSR from other neﬁrons.
However, no anatomical features of neurons subserving BSR have been
fsund that distinguish them from all other intertwined neurons. A four
stage approach to this problem has been suggested (Gallisiel et al.,
1981). First, behavioural experiments are conducted to determine
trade-off functions rar the directly stimulated BSR substrate, These
functions serve to limit the neurons that are likely to carry the reward
signal. Next, an attempt is made to explain the behaviourally derived
trade-of f functions iﬁ terms of the physiological and anatomical
properties of the neurons involgyed. Third, electrophysiological studies
are conducted, in which recordings are made from neurons driven by
stimulatiop at BSR sites. In the fourth and final stage of Gallistel &t
al.'s (1981) approach, information from the first three stages is
integrated, Electrophysiological recording data from stage three are
examined, and candidate BSR neurons are identified as those neurons

having characteristics sifilar to those inferred from behavioural
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trade-off “experiments.

It may seem surprising tha£ characteristics of MFB cells could be
inferred from behavioural observation. The inferential logic can be
illustrated with reference to the visual system where analogous |
inferences havé played an important role. These inferences were derived
from the results of trade-off experiments. In experiments of this type,
the value of one parameter required to produce a criterion level of
performance at each setting of another parameter is determined. The
pairs of parameters that suffice to produce the criterion level of
performance are plotted, resultiné in a curve that describes the
relationship between the parameters. The human scotoplc spectral
sensitivity function, which represents a trade-of f between wavelength
and intensity, was derived in such a manner. Flashes of dfm light were
shown to a dark-adapted human observer. The intensity of the flashes
was adjusted until the frequency of seeing them met a constant
behavioural criterion, a correct report of seejng a flash on 60% of the
trials. This procedure was repeated for different wavelengths. Tﬁ%
human spectral séotopic sensitivity curve was derived by plotting the
behaviourally equivalent wavelength/intensity values. This curve, after
correction for the light absorbéd by non-visual pigments in the visual

system, is very similar to the in vitro absorption spectrum of : -

rhodopsin, which represents th; wavelength/intensity combinations that
isomerize an equal amount of rhodopsih (Cornsweet, 1970). No other
visual pigment or combination of pigments has an identical absorption
spectrum to that of rhodopsin. On these grounds, rhodopsin is

identified as a strong candidate for the pigment responsible for human
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vision in dim light, a view supported by many converging lines of -
evidence, \

How can a psychophysically derived trade-off function, based on
verbal responses, describe the action spectrum of a photopigment? All
levels of the nervous system, from the rhodopsin molecules to the
articulatory apparatus, must behave monotonically under the conditions
of the experiment. A given level behaves monoténically when one and
only one output value corresponds to each input value. In a system
composed of concatenated monotonic stages, one observes a uni que outpug
from the final stage for each input to the first stage, regardless of
how many stages intervene (Gallistel et al., 1981). 1In the visual
system, behaviourally equivalent wavelength/intensity combinations
appear fb isomerize equivalent amounts of rhodopsin - the psychophysical

method "sees through" the processes intervening between stimulus

(wavelength/intensity combinaﬁlqp) and response (verbal output).

The trade-off experiments employed in the characterization of the
neural substrate subserving BSR depend in an analogous fashion on the
principle of monotonicity. Because the BSR system has been shown to’
behave monotonically over a wide range of stimulation parameters
(Edmonds, Stellar and Gallistel, 197H4; Gallistel, 1978), the
experimenter can "see through" the processes intervening between initial
stimulus (pattern of electrical stimulation) and ultimate response

e

(lever pressing).
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The present experiment embodies the first two stages of Gallistel
.et al.'s (1981) four stage approach to mapping the reward-related
wircuihry. Stage one consists of using trade-off functions to
behaviourally derive characteristics of the neurons subserving reward at
sites in the SN. The derived charactéristics are then explained in
terms of the refractory periods of the directly stimulated neurons
(stage two). If further study of the neurons subserving
self-stimulation of the SN were conducéed, it could include
electrophysiological measurement of the ﬁefractory periods of individual
neurons driven by stimulation of the SN (stage three). Stage four of
Gallistel et al.'s (1981) approach would then consist of a comparison
between the electrophysiologically and behaviouraliy derived refractory T
period estimates. Single neurons with electrophysiologically determined
refractory periods similar to the behaviourally derived estimates would
be considered likely components oé the reward substrate; those with
markedly dissimilar refractory periods would be removed from

consideration,

II. Excitability Cycles

-

The excitability cycle of a single cell is determined by using a
pulse-pair technique.l The first pulse of the péir 13 called the
conditioning (C) pulse, and the second pulse is called the test (T)
pulse. The interval between the two pulses is called the C-T interval,
If the C and T pulses are equal in amplitude, and if the T pulse is

delivered before the depolarization produced by a subthreshold C pulse
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~has decayed to less than 50% of threshold, then an action potential will

be triggered by the T pulse. This effect is called local potential
summation. Because the subthreshold change produced by the C pulse
decays rapidly with time, the local potential summation effect decreases

quickly as the C-T interval increases.

If the C pulse current surpasses the firing threshold of a neuron,
an action potential Ls:generated and the post-stimulation excitability
cycle is set in motion. The four stages of the post-stimulation
excitability cycle uere'first established for peripheral nerves by
Erlanger and Gasser (1937). Theée stages also have been described in
central neurons (Swadlow and Waxman, 1978), and thus probably apply to
the neurons subserving BSR. The four separate phases of
post-stimulation excitability identified by Erlanger and Gasser (1937)
were: absolute refractory period, relative refractory pe;;od,
supernormal period and subnormal period. The first stage, the absolute
rerractory period, is evident immediately after an action potential has
been triggered by the C pulse. During this stage, a second action
potential cannot be elicited, regardless of the amplitude of the T
pulse. The relative refractory period follows. The T pulse can now
generate an action potential, but only if its amplitude exceeds the
threshold value for firing the neuron when it is in its resting siate.
The next stage is the supernormal period, during which the neuron's
threshold is sémewhat depressed; it will fire in response to less
current than when it [s at rest. The last stage is the subnormal period
;n which the threshold.of the neuron is somewhat elevated; more current’

<
is required to generate an action potential.

5
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Because stimulation of the brain through,macroelectro&es activates
many neurons at once, it .{s necessary to generalize from these
descriptions of the post-stimulation excitability cycle of a single
neuron to the case where there are numerous axons surrounding an
electrode tip, Assume that the excitability cyclés of these neurons ar;
1deqtica1. If tissue impedance i{s homogeneous in the plane
perpendicular to the long axis of the axons, they are sfimulated in a
region that is circular in cross—seétion: Because current density
decreases as a function of distance from the electrode tip (Ranck,
1975), neurons on the periphery of this region of stimulatioﬁ do not
receive enough current to generate an action potential in response éo a
C pulse. Such neurons will undergo subthreshgld depolarization. Thoge
neurons that were depola}ized to at least 50% of the threshold value
will fire in response to the T pulse, if the C-T iﬁterval is
sufficlently short. In other words,” these cells will undergo local
potential summation. }

A

All neurons that lie between the electrode tip and the region in

which local potential summation occurs will fire in response to the C

pulse, They cannot fire in response to the T'pulse until the end of the

absolute refractory period.

As the C-T interval increases, more and more neurons will be able
to fire in response to the T pulse, which falls later and later in the
relative refractory period. Neurons in the region of high current
densltx, close to the electrode tip, will respond at the shorter C-T

intervala. Neurons in regions of lower currént density, farther away
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from the electrode tip, must be in a more advanced state of recovery-
(1.e. have less elevated thresholds) before they can fire to the T
pulse. Thus, these neurons will only fire in response to thg T pulse
when the C-T interval is longer. Eventually a C-T 1nter;ral is reached
at which all axons fired by‘the C pulse have recovered from

v

refractoriness.

The effect of the supernormal period can be noted at yet longer C~T
intervals, but only if the C pulse i3 of greater 1nter{sity than the T
pulse (Yeomans, 1979). The subnormal period, the last of Erlanger and

Gasser's (1937) four phases of post-stimulation excitability, may be

_small and difficult to detect (Yeomans, 1979).

A population recovery curve is obtained by plotting the number of
neurons fired by phe T pulse against the C-T interval. This recovery
curve will initially fall due to decay of "local potentials, then rise
gradually due to recovery from refractoriness, and finally level off.
Note" that although ,in this example, all neurons in the region of
stimulation are identical and fire in an all-or~-none fashion, the
recovery curve rises gradually. This is because the neurons are located

at varying distances from the electrode tip. Neurons closer to the

electrode tip are exposed to higher current densities than those farther

_ away (Ranck, 1975), thus the closer neurons will receive sufficient

7
stimulation to fire before the more distant ones.

Neurona distributed about an electrode tip may not be identical,

but may be divided into classes on the basis of their diameters. How

o
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~

would this {nfluence the recovery curve? Stimulation of a group of
neurons of different diameters will result in a recovery curve that |s
. an ;verage of the post-stimulation recovery curve fo; each class,
weighted with respect to the proportion of the total number of
stimulatéd fibera each class’represents, with respect to the behavioural

weight assigned to each class and with respect to the spatial

. distribution of the fibers.about the electrode tip.

Neurons of different diameters are differentially excitable, large

neurons being more readily excited than smaller ones. Thus; larger

A3

{
neurons recover from refractoriness sooner than smaller neurons, and the

region in which large diameter neurons are stimulated is larger than the

reglon is which small diameter neurons are‘stimulatedi‘ When the regions

-

. of stimulation for all fiber classes are superimposed on each other

about the stimulating electrode tip, the periphery of the stimulation
© v‘ - ) N
region for a group.of small diameter neurons, for example, may

o

correspond to mid-range in tﬁe stimulation reéion for a group of larger

¢

neurons. ' o

-»

[

Inaddition, neuroﬁs may be irregularly disiributed at varying
distances rrom.an elqctfgde tip. Thesehirregu%arities will be reflected
in the shape orvthe‘recovgry curve for each ciass of fiper., AB
explained above, the population recovery curve will be a weighted

. v §

average of the possibly irregular recovery curves for the individual

classes,
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According to the psychophysical logic developed above, it should be
possible to infer from behaviour the population recovery curve for the

directly stimulated substrate for self-stimulation.

Behavioural inference of excitability cycles ;/

Deutsch (1964) pioneered the use of the pulse-pair technique in
behavioural experiments designed to determine the post-stimulation
excitability characteristics of BSR neurons. One of Deutsch's (1964)
techniques used rate of responding as the dependent measure., Yeomans
(1975) found that when this technique was employed: the stimulation
parameters chosen determined the refractory period estimate obtained.
He proposed a method of scaling that appears to circumvent this problem.
This method relies on a constant behavioural output, an analagous
JMmeasure to the 60% positive criterion used during psychophysical
measurement of the human spectral scotopié sengitivity function. The
number of pulse—pairs'required to maintain a constant behavioural output
(required number) is traded off against C-T interval. At C-T intervals
where the neurons are in their relative refractory period, the T pulse
generates fewer action potentials than the C pulse. More pulse-pairs

must bé added to the train to main%ain the same level of excitation, and

hence the same behavioural output. The number of pulse-pairs that must

be added is directly proportional to the number of action potentials

lost due to refractoriness, according to the counter model of
integration (Gallistel, 1975). Yeomans' (1975) scaling formula makes
»

use of this relationship by comparing the number of pulse-pairs required

r‘-
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to meet a constant behavioural criterion for a given pu}se-pair interval
to the number of single pulses required to meet the same criterion,.
RNSP - RNC-T
RNCjT

f

where E = effectiveness of the T pulse,
RNSP = required number of single pulses

and RNC_T = required number of pulse-pairs at

a given C-T interval.

In the above equation, an E value of one results when the total
number of pulses required to meet a constant behavioural criterion is
identical for both single pulses and pulde-pairs. For example, i{f forty
single pulses were required to meet a half-maximal lever pressing rate,
and twenty pulse-pairs were required to meet the same criterion, the total
number of pulses in each condition is equivalent and the E value will be
one. Given the simplest gssumptions, that all neurons and riringé have
the same behavioural weight, an E value of one means that the number of
neurons fired by the T pulse is equal to the number of neurons fired by
the C pulse. In other Hoqu. whed the E value is one, all the directly

stimulated neurons subserving BSR have recovered from refractoriness.

An E value of zero will result when as many pulse-pairs as single
- [3
pulses are required to meet the same behavioural criterion. In this case,
the T pulse fires no reward neurons because they are in their absalute

refractory periods.

%\
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When effectiveness of the T pulse is blotted agains{ C-T interval, a
curve'is obtained that is similar in shape to a refractory period curve
collected by elect%ophysiological recording from nerves or fiber bundles
(Yeomans, 1975).

III1.Rationale for Studying §§ Excitability

The present set of experfments stems directlylfrom the.findings of ’
previous studiés, These studies employed psychophysical techniques based
on the collision andeanodal block phenomena to determine whether
reward-relevant neurons course through the LH and the ventral tegmental
nucleus of Tsai (VIN) (Bielajew and Shizéal. 198%; Shizgél et al, 1980)
and, if so, the direction in which these fibers conduct (Shizgal, Kiss and‘
Bielajew, 1982?h%}elajew and Shizgal, 1984). These studies show that a

bundle of primarily or exclusively descending reward-relevant neurons

directly links the LH and VTN.

Several anatomical studies have demonstrated that dgscending fibers
course through the LH and the VTN at least to a region dorsal to the .SN -
(Nauta and Domesick, 1981; Saper, Swanson and Cowan, 1979; Wolf and Sutin,
1967). Hence, it seems plausible that some of the reward-relevant neurons
linking the LH and VTN continue on to the SN. Behaviourally derived
refractory period estimates for the directly linked BSR substrates in the
LH and VTN;argﬁzery similar. Thué, finding similar refractor& period
estimates for tge LH and SN reward substrate(s) would be consistent with
the existence of reward-relevant fibers that link the two areas. Such a

finding would provide impetus for undertaking the more difficult and more
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decisive collision study.

-
-

Regardless of whether a collision study would demonstrate a common
substrate fbr LH and SN self-stimulation, the refractory period results
i are of, interest. The LH substrate has been subject: to extensive:

~ v -

A",/ psychophysical investigation (Gallistel et al., 1981);

‘_J//f/'electrophysiological experiments that exploit the psychophysical data in

"an attempt to idéntify'the LH substrate are well underway (Rolls, 1971;
Hatthew§, 1978; Shizgal et al:, 1982; Shizgal and Rompré, 1984). 1In
contrast, no psychophygical study or psychophysically inspired
elegtrophysiological qtudy has yet been ca:ried out on the SN substrate.

If the directly-stimulated substrates for self-stimulation of the LH and

~F, .

SN are different, then the behaviourally derived refractory period

estimates described here will be ‘useful in the electrophysiologicéi

ldentification of the SN substrate,. '

<
»
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. EXPERIMENT 1

To date, refractory period estimates have been collected in this - \
laboratory ‘using hand-operated equipment. Collecting data in such a
¥ .

fashion is both tedious and error-prone, due to the many manipulations the
experipenter 1s required to perform. In order to circumvent these

]

problems and to irkrease the number of subjects that can be tested o

concurrgntly, a computer system has been developed in which test

parameters are automatically determined. 1In addition, the. computer

»

records the subject's responses and analyzes the experimental results.t:To

-
.

test whether refractory period estimates obtained in this manner are

comparable to those obtaine® using hand-opepéted equipment, refractory

1

period estimates were-collected from seven LH sites using both systems.:

‘

Unaccgytable differences in the two curves'are differences in refractory

.

period estimates, either in the C-T interval at which recovery from
refractoriness begins, the C-T interval at which recovery ends, or.in the

Al

slope é% the recqvery curve,

METHOD :

-, Subjects ‘ -

. . . .

[y

Subjects were sii male Long-Evans strain, "old golgny" rats from

Charles River Brefding Farms, weighing betweén 300-400 g‘at the time of

surgery. All were individually housed, and enjoyed free access to food

/A N t
and water. Subjects were maintained on a 12 hr light/ 12 hr dark cycle.
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1

Surgery ' .

Electreges were 0.25 mm stainless steel wire, insulated with Formvar

except for the honed hemispherical tip. Under sodium:pentobarbital

. anaesthesia (60 mg/kg, i.p.) -electrodes were aimed bilaterally at the LH

using an incisor bar setting of +5.0 mm and the following Pellegrino,
Pellegrino and Cushman (1979) coordinates: posterior -0.4 mm, lateral 1.7
mm, and ventral 8.00'mm. The current return was a thin stainless steel

wire wrapped around five jeweller's screws lmbedded in the skull. Female
\ . 1

. Amphenol pins, pre-soldered to the ends of the current return wire and the

flexible, insulated wires leading from the electrodes we?g inserted in a:
9-pin connectof. .The connector was.an externally threaded section of
nylon rod that mated firmly with a matching connector mounted at the end
of the stimulatigh cable (see below). The'eléctrode and é-pin connector

Wwere cemented to the skull and skull screws with dental acrylic. Subjects

were given one week to recover from surgery{
Apparatus

The hand-operated and computer-contr%lled test chaﬁbers vwere
basically similar, but varied in'several respects. Hand-operated chambers
were wooden boxes with wire mesh floors and Plexigias fronts, while
computer-contﬂblled chambers were made wholly of Plexiglas. Both types of
testiﬁg cages measured 25 cm x 25 c¢m x 70 cm high. Rodent levers (Lehigh
Valley Electronics, 121-05) were located in diagonally opposite corners of
both types of cages at a height of 6 ecm. Only the rear lever was used,

.

Over the active lever in the computér-controlled test chamber was a 1.5 cm

4
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\
yellow "jewel" light, while over the inactive lever was a similar red
light. The stimulation cable attached to the 9-pin cdnnector on the rat's

head was connected to the stimulator via a seven-channel slip ring

commutator (Airflyte Electronics Co., CAY-652) fixed in the center of the

' ceiling of both types of céges. This arrangement made it possible for the

rat to circle without excessively twisting the stimulation cable.

The experimenter was seated in full view of the subjects in the room
with the hgnd-operated testing equipment, bu§ subjects in the
computer-controlled setup were isolated both from the experimenter and
from each other. The computer-controlled testing chambers were encased in
wooden boxes 50 cm x 50 em x 90 ecm high insulated with 2.5 em thick
Styrofoam except for the lower half of the removaple hinged front. This
part of the box was ma&e of Plexiglas which made{}t possible to monitor

the rats' activity from an adjacent room using video equipment,

The main difference between the hand and computer setups was that all
exgerimental parameters in the computer setup were microbrocessor
controlled, whereas, in the hand setup many parameters were controlled by
hand-operated switches, All temporal parameters in the hand-operated
equipment were controlled by hand-set integrated circuit pulse generators;
in the computer setup temporal parameters for each rat were controliled by
a deg}cated microprocessor equipbed wéth a custom built interface. A
mechanical switch in the hand~oper§ted apparatus determined which of the
electrodes/would be used for stimulation and which would be used as a i

current return; a bank of relays controlled by the parallel port of the

dedicated microprocessbr performed these functions in the

i
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coﬁputechontrolled equipment. !

The stimplation pulses in both setups were produced by constant
current amplifiers (Mundl, 1980). In the hand-setup the amplitude of the
pulsés was set by a potentiometer, whereas in the computer setup the
amplitude of the pulses was voltage coqtrolfed; the vol;age was supplied

f
by a digital to analog converter. Current intensity was monitored in both

hand and computer setups by reading thévyoltage drop across a 1 k@, 1%
resistor in series with the rat. In both setups, accumulation dk charge
at the brain-electrode interface was minimized by transistor switches that

shorted the stimulator outputs through a 1 kQ resistor when no pulse was

present,
Procedure

Stabilization

|

After a one wegk recovery period following surgery, rats were'

screened for self-stimulation in the hand-operated equipment using 0.5 sec
t}alns of rectangular, 0.1 msec duration cathodal pulses and conventional
shaping procedures. Optimal'values for the current intensity and number
of pulses per train were determined by varying these parameters so as to
maximize the vigor,of self-stimulation and minimize induced disrﬁptive
movements that interfered with performance. If a rat coufd'be shaped to
press the lever for stimulation of either <of gts two electrodes, then it

was included in the study. One rat was trained to lever press for

stimulation of both elgctrohes, while the other five could only be induced

et il WY A Ao o A e 3
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”
to lever press for stimulation of one electrode. Thus, a total of seven

sites Qere included in the study.

After shaping, self-stimulation performance was stabilized
alternately in the hand and computer-operated equipment. In both setups,
stabilization consisted of repeatedly determining the number of pulses -
required to support a half-maximal rate of responding. In the hand
operated setup, rats were allowed a five minute warm-up of vigorous
self-stimulation. Then, using the same parameters, the nd&ber of lever
presses in a 30 sec trial was determined and manually.recorded on a data
gheet. The number of pulses per train-was then decreased by 0.1 10310

units on succeeding trials until fewer than five lever presses were

recorded for two consecutive 30 sec trials.

During stabilization {n the computer-controlled equipment, initial
stimulation parameters identical to those in the hand-operated equipment
were used. Rats were not given a five minute warm—-up at the beginning of
'each astabilization session, but began immediately on the first required
number determination. If a rat self-stimulated on the first 30 sec trial,
the number of pulses per train was increased by 0.1 10310 units on
succeeding trials until the number of lever presses during the latest
trial did not exceed the number of lever presseé during the previous trial
by more than 10%. In this manner the maximal lever pressing rate was —

, determined. The number of pulses per train was then reset to the number ‘
used for the first trial of the number determination; on subsequent trials
it was decreased by 0.1 108, units until less than 10% of the maximal

bar pressing rate for that number determination was recorded for two
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consecutive trials.

If a rat did ngt self-stimulate on the first trial of a required
number depermination, the number of pulsés per train was increased by 0.3
log 1p units for the next trial and the search for maximal lever
,pressing rate was gontinued rrom~that number. The number of pulses per
train was then decreased by 6-1 log,, units on succeeding trials until
less than 10% of the maximal bar pressing rate for that number
determination was recorded for two consecutive trials,

In any stabilization session 1n.the hand-operated equipment, required
number determinations were made 28 times, whereas any computer
stabilization session was compriéed of 29 required number determinations,

For, each determination, the number of pulses per train required to suppért
a ‘é}t maximal rate of resppnding was interpolated from the function

¢

‘relating rate of lever pressing to the number of pulses per train.

Interpolation from the hand collected data was carried out wit? a
programmable calculator, whereas requirgd numbers were interpolated
automatically from the computer collected data, Stabilization sessions
continued in both setubs until the range of required number values in a

given session was either less than 0. 1 log10 units or did not decrease
significantly for three consecutive days.

Refractory Period Test

In contrast to the trains of aingle pulses dellvered during

stabilization seasions, trains of pulse pairs were delivered during the
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<
refractory period seésions. The second pulse of the pair, called the T
pulse, tested the excitability of the cells just fired by the first, or C
pulse. The C-T intervals used varied from 0.15 msec to 5.0 msec and were

presented in one of four counterbalanced orders for four sites, and in one

of two counterbalanced orders for three sites,

The duration of each refractory period session was usually two hours,
and consistea of required number dgterminations made at many C-T
intervals. HRequired number determinations lasted a few minutes and were
made up of several 30 sec trials. Calculation o{ the required number was
carried out in a manner ;nalagous to that described above for determining
the required number of single pulseé, except that the number of pulse
pairs, not siﬁgle pulses per train required to support a half maximal rate
of responding, was interpolated. 1In order to check for shifts due to
fatigue, determinations of the required number ofJ;ingle pulses were

conducted after every four to five determinations of the required number

of pulse pairs.

A total of eight to sixteen refractory period tests were made at each

site; hand-operated and computer-controlled tests were interdigitated.

The effectiveness of the T pulse (E) was scaled using the formula
developed by Yeomans (1975), and the E values obtained were plotted as a

function of C-T interyal.
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H}sﬁology

Hithiﬁ one weeg following the last refractory périod test, rats were
deeply anaesthetized with 1 cc Somnotol (sodium pentobarbital. 60 mg/kg,
i.p.) and killed by exsanguination. They were perfused with 0.9% saline
solution followed by 10% Formalin. %he brains Qere soaked in 10% Formalin
rof at least 48 'hours, Brain slices 0.04 mmithiok in which the electrode
tracks were visible were mounted on gelatine coated glass slides and
stained with formol thionine. Pellegrino et al,'s (1979) stereotaxic

atlas was used to localize the eleotrode tips.

N

Hy " .
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Histoiogy ' . r o o
Electrade tips were found to be widely dispersed in the
anterior-posterior planq, from -0.8 mm to ' -1.6 mm posteriqr to bregma,
" with an outlying tip at -2.2 mm posterior to bregma (see Figure 1). All
\electrode tips ﬂetween ~0.8 mm and ~-1.6 mm pésterior to bregmabwere
_ located in thé LHi usually just ventral to the zona 1ncgrta. The outlying N
elgctro;e tip at -2.2 mm posterior to bregma was 1ocatgd-1n the MFB at the
depth of the mémillary peduncle.
J

g (
Refractory Periods ‘ _

© o

Computer- and hand-run refractory period.curves for each site are
shown in Figures 2a and 2b, ieft column. These curves are similar to
those obtained by others in comparable sites (Eielajew et al., 1981;
Yeomans,1975). The rising portion of such curves has been interpreted as
a rer}ection of recovery from refractoriness in the diﬁectly stimulated
subsQr%te. a view which is consonant witq-the results of
electrophysliological recording studies (Shizgal, Kiss and Bielajew, 1982;

Kiss, .1982; Shizgal and Rompré, 1984).

All refractory period curves began to rise between 0.4 and 0.8 msec.
Of the hand-run curves, three of the seven (sites 05, 07 and 09) began to
rise between 0.4 and 0.6 msec, while the remaining four (sites C5, C6 and

D8 -right and left hemispheres) begah to rise between 0.6 and 0.8 msec,
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Figure 1. Electrode placements for all sites are shown on tracings from
Pellegrino et al.'s (1979) stereotaxic atlas. The alphanumeric in the

lower left corner of each trace refers to the subject.

each trace represents the right side of the brain.
. \—
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07

C-T interval

- hQnd
(msec])

.0
—— computer

5.0

Individual untransformed LH excitablllty curves (left

-

«

o

Figure 2a.
column) collected in the hand- and computér-operated set-dps and their
transformed counterparts (right column) for four sités. The: abscissa
gives the pulse-pair interval; the interval between the conditioning
pulse (C-pulse) and the test pulse (T-pulse)i The ordinate represents°
T-pulse effectiveness as scaled by Yeomans' (1975) method. Data from *.
the hand set-up are represented by solid lines, while data frow the
coriputer set-up are represented by dashed lines. « . -
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Figure 2b. Individual untranasformed LH excitability curves collected in
_the hand- and conputer-operated set-ups (left column), and their

" transformed counterparts (right column) for the remaining three sites.
Data from the hand set-up are represented by solid lines, while data
from the ¢omputer set-up are represented by dashed lines,
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Five o{ the seven computer;determined curves began to rise between 0.4 and
0.6 msec (sites 07, 09, C5, C6, and D8 -right hemisphere), while the
remaining two (sites 05 and D8 -left hemisphere) began to rise between 0.6
and 0.8 msec., Thus, the locus of rise of a particular site's refractory

period curve was almost ldentical under both paradigms.

(e
‘::>‘E"'E"—_-"_\\Twnrwnur’ -
oth hand- computer-determined refractory period curves

’
L

Pl

(‘\\:pproached asymptote, as defined by Bielajew et al.'s (1981) test, between

A »

much wider range of C-T intervals (1.2 msec to 2.0 msec) than ‘the range
in which they began to rise. As;mptotic levels of refractory period
curves collected on the hand:operated equipment were approached by site 0T
at 1.2 msec, by sites 09 and C6 at 1.4 msec, by sites C5 and D8 (right
hemisphere) at 1.6 mséc and by sites 05 and D8 (left hemisphere) at 2.0
msec, .The computer-determined curves approached asymptote by 1%.0 msec
(site 07), by 1.2 msec (sites 05, C5 and D8 ~left hemisphere), by 1.H msec
(sites C6 and D8 -right hemisphere) or by 1.8 msec (site 09). Thus,
refractory period curves for a given site usually approached asymptote ;£
similar C-T intervals under both paradigms. Hand- and computer-run
refractory period curves for sites 05, 07, 09, C5, and D8R approach

asymptotg within one CQT interval of each other. Those for site C6

approach asymptoté at identical C-T intervals. Hand- and computer-run

-

curves for site D8L, however, approach asymptotelat disparate C-T
intervals. While approximately 85% of the total recovery in the
computer-run curve is achieved by the hand-run curve within one C-T
interval, the two curves truly appear to be different. [The reason for

this difference is not understood.
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. Comparison of'Sehavloqral estimates of refractory periods at
different brain sites is made using curves that have been transformed such
that the rising portions_ (i.e. the portion that has been intérpreted to

reflect recovery from refractoriness) span E values from zero to one

" (Figures 2a and 2b, right column). This transformation, introduced by

Bielajew-et al. (1981), serves to reduce the number of extraneous

2

variables contributing to the sfbpe of the excitability curve. Such

variables include the amount of local potentialnéummatioﬁ present when the

curve is at its lowest point and the asymptotic E values. Under ideal

circumstances, the T pulse effectiveness should equal that.of the single

pulées at long C-Tr intervals, yielding an E value of one. However, this

situation is not realized for most refractory period estimates (see

Figure§ 2a and 2b, left column).a‘if refractory period curves for two

brain sitésrapproach horizontal asymptotes at different E values, the

slope of the untraﬁsformed reéovery curves ‘will be difrerént, even if
recovery beginé and ends at the same C-T intervél at both sites, Because
the method used to test for differences in refractory period estimates’
relies heavily on the slopes éf the curves, it is important that the slopé
of the transformed curves be a reliable reflection of the time course of

.

recovery of.the reward-relevant fibers, . :

, N

Two-way analyses of variance were performed on the refractory period \

o »

estimates made’under both paradigms at each site, both fopgmntransformed

and for transformed curves. The analysis of the untransformed curves was

conducted to reveal any differences in local potential summation,

asymptotic E values and time course of recovery from refractoriness in the

two curves. Iransformapion of the curves eliminates differences due to

'
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N : N
local potential summ}ion and asymptotic E value,'th;.ls the analysis on the

)

transformed curves wad conducted to reveal any differences solely in ®ime
Y ' ¢

couré\e of recovery from refractoriness. The analises of variance for
transformed'curves included only ‘those E values at C-T intervals common to
both hand—a'and cc;mpa‘ter-run‘ curves. In additic;n, E values at the smallest
C-T 1nterv?1 of the tra;lsﬁormed curves were eliminated from the analysis

because th‘e.y are defined by Bielajew et al.'s (1981) asymptoté test as
zero and, as su'ch, have no ;ariance. The stippled/region.on tche
tr:ansf‘qr'med curves (see Figures ’2a aqd 2b) delineates ‘the range of C-T
1;1t.ervals. for 'which E values were compared. The resr;lts of-t,he?e tests

’

are summarized in Tables 1 and 2. , ¢ cok
Y

@~

- IS s
{

] Fox; all pairs of refractory period.curves, C-T interval” had the

] (’ )

expected significant effect on E values. In a small number of cases,

1 )

, 3 " R Iy
significant erfectsuq&jpar-adigm or significant interactions of paradigm

r
and C-T interval werd found. For example, a significant

-~

par'adi gm~dependent dit;ference was detected in the untransformed curves for -

site D8 -~left hemisphere. Higher E{&llues are found in the hand-run
compared to the computer-run curve at very sHort and very long C-T

1

intervals. Throughout the rising portion of béth/curves, however, E
valueg are qgite similar. Aft;e; tr'anst‘or:mation, t;his similarity was
reflected in the failure of analysis of variance to detect any significant
effect of pa‘r‘auigm.
. X %
Several ?fairs of refractory period curves were found to have

significant paradigm - C-T interval interactions. E values for site 05

were hot found to be different before-they were transformed. After
‘ '

v
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Results of 2-way ANOVAS on untransformed curves

05

Cc5
cé
. D8L.

v D8R

4

)

Site

C-T interval Condition

|
34,24 (8/24)  2.47 (1/5)
40.61% (B/2H)  1.24 (1/3)
0.28 .(1/4)

38.874(12/48),
21.99%(14/98)

26.56%(14/98)  3.58 (/1)
18.640(14/98)  11.19%(1/T)

17.86%(14/98)  .0.02.(1/7)

A

#gignificant (p < .05)

0.01 (1/7)

C-T x Condition

0.99 (8/24)
1.29 (8/24)

© 1 0.94 (12/48)

1032 (14/98)
2.56%(14/98)
1.87%(14/798)
0.56%*(14/98)
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Tablé 2

_ Results of 2-way ANOVAS on transformed curves

site .

09
c5
c6 »
D8L

‘ D8R

R ]

C-T interval

]

13.50% (3/9)

26,63 (3/9)

30.45% (5/20)
40,.28* (3/21)
36.17% (4/28)
6.69% (2/14)

23.03% (3/21)

Condition

3.51°(1/3)
1.16';1/3)
0.02 (1/4)
0.%0 (1/7)
3.49 (1/7)
477 (V/T)

. 0,02 (1/7)

#gignificant (p < .05)
»

]

C-T x Condition

4.06%(3/9)
0.96 (3/9)
2.61 (5/20)

1.16 (3/2{)

\

1.86 (4/28)

4.34%(2/14)

0.45 (3/21)
!

.
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transformation, however, the dip in the hand-run refractory period curve
where the computer-determined curve approaches asymptote (1.2 msec) makes
the curves seenm dissimilér (see Figure éa). Nonetheless, both curves
approach asymptote within 0.2 msec of each other. I suspect that the
aforementionned dip in the hand-run curve is a "glitch" that is 'salient
due to the small number of trials (four) run on this subject.

The pair of refractory period curves collected from site C6 were
found to have a significant paradigm-C-T interval interaction before
transformation, but not after. E values at C-T intervals longer than 2
msec are greater in the untransformed computer-determined curve than in
the hand—ruq curve. Bielajew's (1981) asymptote test gives ldenticalm ©
asymptote values for both curves, however, and the resulting transformed
curves are very similar. Since recovery from refractoriness is believed

to be reflected by the rising part of tﬁe curves, paradigm dependent E. )
value differences at larger C-T intervals, such as those found in site
Cé6's pair of curves, are believed to be unimportant in characterizing the
excitability of the directly stimulated cells. The basis of these

N

differences is not understood.

The only pair of refractory period curves ihat showed a significant
paradigm - C-T interval interaction both before and after transformation
was that for site D8 -left hemisphere. Visual inspection of the
untransformed curves suggests that the difference ih the untransformed
curves stems from higher E values obtained in the hand-operated equipment
at C-T intervals less than that at which tge minimum E value was reached,

and greater than that at which asymptote was approached. The difference

o
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in the curves persisted after transformation because of the dip in the
hand~-run curve at the C-T interval where the computer-determined curve
approaches asymptote (1.2'msec). Nonetheless, the hand-run refractory
period curve reaches approximately 855‘“0!‘ the maximum E vglue of the
computer~determined curve within 0.2 msec. Although the curves are
signifipantly different, the magnitude of this difference appears to be

very small.

Using an F test, the variance due to error (i.e. the variance in E

. value at each C-T interval in the different testﬁing sessions) was compared

” for each of the paradigms at each electrode placement, both before and‘

after transformation. The results of the tests are summarized in Tables 3

. » and 4, More error was associatéd with three hand-run and three
) ’ \compﬁutehdetermined refractory period curves before transformation, while
.one set of curves showed no significant difference in error variance,
ll After transformation, one hand-run and one r;omputer—r'un refractory period
‘curve had more error variance associated with them, while five sets of
curves showed no significant difference in error variance. Thus, the

computer~controlled testing paradigm was at least as reliable as the

hand-operated setup.

The error associated with hand-run recovery curves seems t0 be more
dependent on the experimenter than does the erfor associated with
;computer‘-determined cm:'ves. ‘Data from sites 05, OT and 09 were collegted
by one experimenter, while data from the otl:er sites were collected by
another éxgerimentér. Of the untransformed hand-run curves, data from the
three sites with the most error variance (DBR, C5 and DBL) were collected
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v : '
Results of F-tests on error variance in untransformed curves

!

' Site MSE (hand) MSE (computer)

05 0.0178 ' 0.0139
07 0.0342 “ ~o.om
09 0.0213 ) ’ Q.ou11‘
¢s 0.0516 "6:071u'
cé 0.0217 " 0.0695
DBL 0.0390 ° 0.0182
D8R 0.0660 0.0293

%gignificant (p < ,05)

F ratio

1.2060

3,081 1%
1,95714
1.3837%
3.2028%

2.1429%

2.2526%

—

ar-

27/27

21/21

52/52
105/105
105/105
105/105

105/105
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05
07
09
]
cé

" D8L

~ D8R

Table 4

Results‘of F-tests on trahsrormed curves

MSE (hand)

0,0107
0.055“
0.0UHé
0.0911
0.0689
0.0819

0.2000

%significant (p <'.05) s

MSE (computer)

0.0843
| 0.0654
0.0340

0.0620

0.0538

0.1683

0.0771

F-value

7.8785% °

1.2247
1.3118
1.4693
1.2807
2.0549

2.5940%
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by one experimenter (see Téble 3). Of the transformed hand-m.m recovery
curves, data from the four sites with the most error variance (D8R, C5,
D8L and C6) were collect‘ed by this same gxperime;)ter (see Table 4). No
such relationship between error variance and experimente;' is found in |
either the untransformed or transformed computer—determined curves.

The error associated with recovery curves collected in tpe
computer-controlled apparatus is greater than that associated with curves
collected by an expert experimenter working with hand-operated equipment,

- Hopefully, as the computer algorithm for collecting refractory period
estimates is made more powerful, it will more closely mimic the success of

an expert experimenter in accurately estimating ref:ractory periods in a

small number of trials.

In summary, refractory period estimates were similar regardless of

»

the paradigm under which they were matfe. Consequently, I felt confident
'in using the more convenient computer~based procedure to compare the
excitasiiity charapteriatics of the sjubstr&tes for LH and SN
self-stimulation.

s
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EXPERIMENT 2

2
[y

4

Pre[i,oué work has suggestéd that a s‘ystem of reward-relevant fibers
follows a descending trajectory through the LH, at least to the level of
the ventral tegmental ﬁucleus of Tsal (VIN) (Shizgal et al., 1980;
Bielajew and Shizgal, 1982, 1984). Anatomical studies show that direct
descending’projections link these two sites (Nieuwenhuys et al., ‘1982).
Some of the fibers in this bundl;e terminate at the VTN (l;hillipson, 1979), .
while others. continue beyond it, branching both medially and laterally.
The lateral branch of fibers passes through or over the substantia nigra
(SN) (Nauta and Domesick, 1981). Using psychophysical inference, the ‘
presefxt. study compares the refractory periods of the LH and SN reward |
substrates., If these two sites are directly 1linked by the same

‘reward-related fibers, then it is 1likely that refractory period estimates

obtained for the two sites will be similar.

METHOD

Subjects

Subjects were ten male Long-Evans° strain, "old colony" rats from
Charles River Breeding Farms, weighix:\g between 300-400 g at the time of
surgery. All were individually housed and enjoyed free access to food and )

water. Subjects were maintained on a 12 hr light/dark cycle.
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Surgery

Electrodes wére 0.25 mm stainless sateel wire, insulated with Formvar
except for the hemispherical tip. Under sodium pentob;;bital anaesthesia
(60 mg/kg, i.p.), electrodes were aimed bilaterally at the LH in three of
the rats. The remaining seven rats had a fixed electrode aimed at the LH
and a movable electrode aimed approximately 2 mm above the pars compacta
of the SN. With the incisor bar set at +5.0 mm, the following Pellegrino,
Pellegrino and Cushman (1979) coordinates were used:~ LH - posterior 0.4

mm, lateral 1.7 mm, ventral 8.00 mm; SN - posterior 3.2 mm, lateral 2.5

mm, ventral 6.5 mm.

The moveable electrode employed was very similar in design to that
developed by Wise (1976). One end of a 1.25 cm section of a 2/56
stainless steel screw was filed to a 0.25 cm truncated cone. A small hole
was drilled in the center of téls cone, and a 1 cm length of 0.25 mm
stainless steel electrode wire was soldered into the hole. To insure
concentric placement of the wire, the screw was rotated in a jeweller's
lathe during this operation. Two locked 2/56 nuts were soldered to the
oppo?ite end of the screw, allowing the electrode to be lowered with a
compatible screwdriver. The electrode wire and solder were insulated,
then the screw was inserted in a sleeve constructed of a 1 cm section of a
number ten plastic screw, threaded internally by a 2/56 tap. Before
surgery, white grease was applied to the bottom of the threaded slgeve,
around the eléctrode wire, to prevent dental cement from entering this

region and freezing the electrode.




°

4

Design gr the eféctrode asseﬁpl; was- constrained by Ehe need to
periédichlly,lower the moveable electrode ;nd by the need for a str;ng,
reliable connection between the stimulationr ;able and the elﬁctrode;.
Arfer“testing several designs, the one described bflow was choseni The
current return was a thin stainless steel f§rk w;apped around fiv;

‘Jewe}ler's sFFews imbedded in’t?g_skull. Male Amphenol pins were
presoldered to one eﬁ& of the current return wire, one end of the
flexible, insulated wire leading from the LH electrode and to both ends of
a short, insulated wire. The Amphenol pin at one end of the short
insulated wire was set in dental cement close to the side'of the moveable

.€lectrode. The Amphenol pin at the other end of this wire and the
Amphenol pins attached to the current return and LH electrode were
inserted in a nine-pin connector, wh;ch was then cemented to the skull and
skull screws with déntai\écrylic. During experimentation, an elgctrical
connection between the stimulator and the moveable electrode was
maintained by wrapping a "Jumperf around the Amphenol pin set in dental

D%
cement beside the moveable electrode and the moveable electrode itself.

¢

Electrode gel was smeared on and around the jumper to ensure constant

electrical contact. Thus, the jumper routed stimulating currents from the

nine-pin connector to the moveable electrode. .

ﬁ

Subjects were given one week to recover from surgery,
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Procedure

v

. Adjustment of Moveable Electrodes

On the basis of histological findings and behavioural observations
obtained -in pilot experiments, the following protocol was developed fdr
moving the electrodes. Rats were screened for self-stimulation at varying
current intensities and numbers of pulses per traip for 15 to 30 minutes
each day. The moveable eiectrode was lowered rqughly 0.25 mm (one half
turn), if stimulation elicited signs sugg;stive of aversion (i.e.
vocal‘iation, attempts to escape from the test cage). If gtimul;tion
evoked signs suggestive of neither aversion por interest (i.e. sniffing,
exploring) the moveable electrode was lowered roughly 0.13 mm (one quarter,
turn). If the behaviour evoked by the stimulation did not clearly fall
into the cateéories above, movement of the electrode was postponed until
additional screening had been conducted one day later, To allow
sufficient time for the tissue to stabilize around the electrode tip, ZR

hours were allowed to pass after moving the electrode before behavioural

testing was carried out.

Once the rat appeared interested in the stimulation, it was trained
to press the lever using conventional shaping procedures. If these djd’
not prove effective, as was usually the case, the rat was food deprived to
85% of its ad 1ib. weight, Food deprived rats explore their environments
more than other rats, and are particularly attracted by desirablé food.

In order to take full advantage of these attributes, melted chocolate was

spread on the lever during training.

P




P

= »e
e

L N

Page 42

Once lever pressing was establfshed, the rat was lightly
anaesthetized with ether and the moveable electrode was cemented in

position with dental cement to prevent accidental movement during testing.

Refractory Pgriod Test . h

(‘ .
Of the three rats with bilateral LH electrodes, one was trained to

self-stimulate on: both electrodes, while the other two were trained on one
electrode. Three of the seven rats.with electrodes in both the LH and SN

were trained on both electrodgs, while the other four were trained onfy on

the SN. Thus, a total of seven LH sites and seven SN sites were studied.

2

' LS
Stablilization sessions and refractory period tests were carried out

as described in' Experiment 1: computer—-controlled equipment. Between .
éive and eight refractory pgriod determinations were collected for each of 4
the LH sites, whereas between six and twelve determinations were collected
for each of the SN sites. The E values were again scaled using the

formula developed by Yeomans (1975). E values were plotted as a function

=}

of C-T interval.

Histology

These procedures were the same as in Experiment 1.




Iz

Page 43

RESULTS AND DISCUSSION

Histology
)

LH‘electrbde placement and fiﬁal lscation of: SN electrgde? are shown

in Figures 3 and 4. All eleotrode tips aimed at thé LH (Figure 3) were

~ located in tpe LH, although they were widely disperséd in the
adterior—posgerior plane fromlbregma to 1.& mm posterior to bregma.l
Electrode tips C4 and C5 were locaged at ‘the 1ével of the fornix, tips B2,
B8, C6 and D8 -right heﬁisphere were located Bust ventral to the zona
incerta and electrode tip D8 -~left hemisphere was 1located at the level of
the zoma incerta.

Electrode tips aimeq{kmsél to the SN were all found dorsal to the
far lateral edge of the SN (Figureﬂu) although ihey too were scattered in
the'anterior-posterior plane, from 2.6 mm to 3.6 mm posterior to bregma.
Two electrode tips were located at the level of the medial lemniscus, more

A
dorsal to the, SN than the others.

>

The black circles in Figure 4 represent the location of the electrode
tlps. U%éortunately, estimates of current-distance relationships from

which the size of the region of stimulation can be calculated, are
.P
available only for the LH (Fouriezos, 1981). Thus, the focus of the

histological discussion be%gg will be on the electrode tip and surrounding
»w
anatomical structures, although the region of stimulation may be larger

4

than the black circlés. The currents used to stimulate the SN were large;

stimulating currents used ranged from 0.8 to 1.0 mA., Nonetheless, there

a2

;
]

#
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Figure 3. Electrode placements for LH sites are shown on tracings from .
Pellegrino et al.'s (1979) stereotéxic atlas, The alphanumeric in the .
lower left corner of each trace refers tq the subject. The left half of
each trace rgpresents the right side of th&brain,

»~
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Figure 4,  Electrode placements for SN sites at which refractory period
“estimates were obtaiged are shown on tracings from Pellegrino et al.'s
(1979) stereotaxic atlas, The alphanumeric in‘the lower left corner of
each trace refers to the subject. The left half of each trace
r:epresenfs the right side of the brain.
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is evidence that the region of stimulation was small. Electrode movements

as small as 0.13 mm served to abolish self-stimulation.

.

-

In the process of screening rats with moveable electrodes implanted

4

dorsal to the SN, many” sites other than those from which refractory period

N
o

estimates were obtained were found to support self—stimulatipn. One of
several reasons precluded drawisg estimates from these additional sites:
self-stimulation at some sites was not sufficiently vigorous to p¢rmit -
refractory period testing, some sites ceased to support aeif—stimulation,
and some rats became ill and died dufing training. However, the majority

'
of sites for which there is a record of self-stimulation but no refractory

period estimdte were in rats that lést their electrode assemblies before
training was complete. These si;es, as well as the sites from which

rerracégry period estimates were obtained, are illustrated in Figure 5. .
The majority of electrode tips represented in this figure are located

within the boundaries of the region found to support self-stimulation in
Corbett and Wise's (1979) and Wise's (1981) mapping studies. Descending
fibers that have been traced from the LH pass through this region (Saper

-~

et al., 1979;. wolf and Sutin, 1967). Thé two sites found to support
self-stimulation but of which the locations are not rgporteﬁ\in any oraxpe
abovementionned studies (f.e. the two lateral electrode tips at 3.4 mm
posterior to breéma in Figure 5) are located more dorsal to the far
lateral edge of the SN. Descending fibers, the trajectories of which have

been traced from the LH by other investigators (Nauta and Domesick, 1981),

appéar to pass through this region. ’
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>

Figure 5. Electrode placements for all SN sites at which
self=-stimulation was supported are shown on tracings from Pellegrino et
al.'s (1979) stereotaxic atlas. Tne left half of each trace represents .
the right side of the brain. ‘

%

-
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"While attempting to find sites dorsal éo the SN thét would support
self—sti@ulation, many sites were found that would not. The final
locations. of electrode tips that passed through these sites are
represented by black circles in Figure 6. The average travel of electrode
tips before reaching thelr final position was 2 mm, thus above each final
position there is an additional column of. negative sites approximately 2
mm 16 height. The majority of sites not supporting self—stimulat{on fell
oﬁtside the trajectories of descending neurons traced from the LH by Nauta
and Domesick (1981), Saper-et al. (1979) and ﬁolf and Sutin (1967).
However, the location of sites in the region of);hé SN found not to
support self-stimulation is not entirely‘consistent with the results of
Wise's (1981) mapping study. The tracks of some electrodes that never
supported self-stimulation (i.e. the most lateral electrode tracks at 2.6
and 2.8 mm posterior to bregma in Figure 6) pass directly through areas
reported to support self-stimulation in some rats (Wise, 1981).
Nonetheless, not all rats in Wise's (1981) study could be induced to -
self-stimulate for stimulation of these sites. It is noteworthy that the
discrepancy between these results and Wise's do not exceed the internal A
inconsistancy 1p the results of the present study. In other words, some
of the negative results (Figure 6) were obtained with electrodes that
passed through structures found to support self-stimulation in other rats
(Figure 5).

These discrepancies could be due to the size of individual electrode
movements., In some rats, the bréin region capable of supporting
self-stimulation may have been traversed in one movement. Support for

this notion stems from the observation that the distance travelled by the

S
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Figure 6. Final electrode locations for-all SN sites at which
self-stimulation was not supported are shown on tracings from Pellegrino-
et al.'s (1979) stereotaxic atlas. The left half of each trace

represents the right side of the brain.

-
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electrode in moving from a site where self-stimulation could not be

established to a positive site was often roughly 0.13 mm; an additional

electrode movement of roughly the same size abolished self-stimulation.

This suggests that the layer of reward-relevant neurons was very thin.
*

Behaviour of Rats Receiving Sybstantia Nigra Stimulation

/
!

The behaviour of rats stimulated in the SN was highly consiqtent
across rats, yet different from that of raté stimulated in the LH. Rats
with gleétrodes implanted in the SN were much mote difficult to shape than
were rats with electrodes in the LH, because SN stimulation often elicited
mévements that interfered with lever pressing. When the SN on the right
side of the brain was stimulated, the rats' bodies tended to roil to
starboard with the left forepaw in extension. Usually the effect of this
roll %as to leave the rats approximately one-quarter turn anti-clockwise

from their original position. Thus, Iif a rat were to experimentally press

the lever during shaping, it would find itself facing the front of the

v

cage after the train of stimulation had finished. Any post-stimulation
exploration aimed at discovéring the source of stimulation would contipue
from this orientation. Such exploration often appeared alow and confused.
It was never as frantic and determined as that seen in rats with
electrodes implanted in the LH. Rompré (1983) showed that adding
contingent stimulation-elicited movements to rewarding stimulation
resultéd only in small changes in number threshold as calculated in the
present experiment (i.e. half-maximum). If number threshold, from which

the refractory period estimate is derived, is not significantly affected




‘?ége 51

by stimulation-induced movements, then behaviourally derived refractory

period estimates should not be affected by stimulation-induced movements.

Another peculiarity of behaviour of SN rats following stimulation was
their tendency to search and explore to port following stimulation, A rat
already turned 90 degrees away from the lever following stimulation was
thus inclined to search in a direction even further removed from it. This
turning away from the stimulated side of the brain has been noted by
others (Vaccarino and Franklin, 1982) in response to stimulation of the
lateral SN pars compacta. Only after a long period of tgaining (a common
training interval was two weeks) did such a rat learn to make a quarte;
turn clockwise after a train of stimulation to position itself for the
next lever press. During this training period melted chocolate smeared on

the lever and food deprivation to 85% ad 1ib weight served to speed the

" rats’ learning considerably.

For several Aays following the successaful shdping of a rat with an
electrode implanted in the SN, it was usually necessary to retrain'it at
the start of each experimental session. Retraining took anywhere from 5
to 20 minutes before the rat would continue to press the lever on its own.
Approﬁ%ﬁétely one—half of éhe rats Aever lever-pressed spontaneously when
put inﬁﬁhe testing chamber; only after priming did they begin to press.

In con€Ta3t, once trained to lever press for LH stimulation, rats rarely

needed Eetraining at any time.

)
b l \
'

In‘yiew of these observations, it is understandable that the absolute

e
oy

‘Ipressin yrate of rats receiving stimulation in the SN was much lower than

i
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that of rats receiving stimulation in the LH, and thai the .
post-stldulation excitability curves‘or réts with electrodes in the SN had
conSiderably more error associated with them. The long™training period
necessary for rats stimulated in the SN and the retraining necessary at
the start of experimental sessions for several days afternacquisition of
the lever pressing response may result from priming and reward effects of
stimulation that are not as strong as those for rats stimulated in the LH.
If either of these two effects were relatively weak, %engthier and more
vigorous training would be necessary to induce and maintain

'

self-stimulation (Gallistel, 1973).

Untransformed Curves

Behaviourally derived LH and SN refractory period curv;s are
presented in Figure }. Each curve is an avefage of all the individual
curves for all seven sites. The LH curve declines at short C-T intervals,
rises at moderate C-T intervals and approaches ésymptote at long C-T
intervals., The SN curve behaves s;mllarly tqQ the LH curve at short and
moderate C-T intervals, 6ut éppears to still be rising at the longest C-T
'interval tested. In general, this pattern of change in E value as C-T
interval increases resembles a post-stimulation excitability cycle. The
decline at short C-T intervals is interp}eted as a decrease in summation

due to decay of local potentials, the rise at moderate intervals is

interpreted as recovery from refractoriness and the levelling off at long

C-T intervals is interpreted as the completion of recovery (Yeomans, 1979;

Yeomans et al., 1979). The behaviourally derived LH refractory period

»
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curve lies above the SN refractory period curve at all C-T intervals
(Figure 7); the LH curve begins to rise and level off earlier than the SN

curve.

Individual refractory period curves for the seven LH snd SN sites are
found in Figures 8a and 8b. Most individual LH curves begin to rise and
level off earlier than the individual SN curves. Theré‘%ppears to be less
error associated with the LH curves than the SN curves. Some E values
less than zero are expected due to random variation, but a significant ‘
portion of the SN curve for site BB lies below zero. According to
Yeomans' (1975) formula for scaling E values, an E value of less than zero
at a certain C-T interval means that mére pulse pairs than single pulses
were requihed to achieve the same behavioural output. The reasons for

this phenomenon are not understood.

Tranaformed Curves

Averaged transformed LH and SN curves are presented in Figure'9.
They were produced in the rollowiné manner: individual curves for each
test'sessiog were transformed using Bielajew et al.'s (1981) method. A
statistical test was applied to find the E-value at which the
untransformed curves approached asymptote. This E-value was assigned a
value of one. A value of zero was assigned to the lowest E-value on each
untransformed curve, and the E-values at C-T intervals between these two
extremes were rescaled accordingly. E values of zero were assigned to C-T

°

intervals less than the x-intercepts of the transformed curves, while E
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Figure 7. Untransformed excitability curves. The solid line is the
average of the Lli data, while the dashed ppzw is the average of the SN .
data. . ) S .
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Figure 8a. Individual untransformed excitability curves. The left
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'values of one were assigned to C-T interwals greater than those at which

-

the untransformed curves approached asymptote. The transformed E values
for all test sessions ‘were then averaged, yielding the curves in Figure 9.

However, these values were not used for statistical analysis because the

assigned E values of zere and one artificially reduce the variance of the
E values at the shortest and longest C-T intervals. The E values used fér
statistical analysis were tngfe at C-T intervals between the x-intercepts

of the transformed curves from individual test sessiéns and the asymptotes -

-

of the corresponding untransformed curves. The averages of these values,

v

over all test sessions are plotted as a function of C-T interval in Figure

~

10.

)

-

Statistical analysis was restricted to the transformed curves for two
reasons. First, the transformed curves represent only the rising portions

of "‘the untransformed curves. Botﬁ behavioural (Yeom§ns,.1979; Yeomans et

+

al., 1979) and electrophysiological evidence (Yeoﬁans et al., 1979; Kiss,

' 1982; Shizgai and Rompré, 1984) supports the notion that the rising

-

~ . ’
portion of behaviourally derived curves reflects recovery from
*
refractoriness in the directly stimu;ated reward substrate. If so, the
éxcitability of the directly stimulated neurons responsible for LH and SN'

self-stimulation cah be .compared by andlyzing t@e rising portiong of the

£y v

behaviourally derived curves. Second, Bielajew et al.'s (1981) asymptote

test, which was used to tpansform the‘curves. reduces the number of
. ~
extraneous variables bontributing to the slope of the rising portion (see

. , q
Results and Discussion for Equriment 1: Refractory Reriodg).

137
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Casewelghts were-determined by computing the inverse_of the variance

of the E yglues at each C-T interval. They were assigned to the averaged
transrormeé curves in order to control for the heteroscedasticity of\of
the error. The analysis of ;ariance approach to regression (Neter and
Wasserman, 1§7§g was.applied. This analjsis fits sepe;ate'regression

) lines to the LH anJ'S;J curves, and t‘it’s a.single liné to all of the data.
An F-test is then performed to détermine whether moF,‘var;dnce is
accounted for by one or two lines. The data were better fit by two lines,
one for the LH curve and one for the SN curve, than.by one line for all
the transformed E values gomﬁined (F=24.893, dr=2/539, p<.00001}. This'
result shows that the regression lines fit to the transformed data from
the LH and SN differed, either in slope, j—intercept or some combination
of these two. Post-hoc t-test; 1§re cénducted to deteymine which of these
threé possibilities was the case. The y~intercepts of the trénsformed LH

|4 .
and SN curves were not different (&=0.055, df=541, p>.05), however a

<

’ o .
difference was found in-the slope of recovery (t-2u.682,‘df-5M1, p<.001);

. 4 |
the SN refractory period curve was less steep than that of the LH.

.

v

The main finding of the analysis of variance dpproach to regression

!
i3 that the rising portions of the LH and SN refractory period curves

differ in slope. Nonetheless, a t-test conducted on the mean of the C-T

intervals just leﬁs than the interval at which recovery SQQF

0

refractoriness was first evident‘(Tablb 5) ylelded a significant ;
difference in onset of recovery .at the two sites (t=5.461, df=6, p=.01).

Recovery from refractoriness was rirst evident in the SN curves somewhat
/

later than in the LH 'curves. This difference mayvﬁbt have been detected
n ’ ~ »

by the analysis of variance approach to regngssién due to differences in
&

oL " el
| A
s -~ .




Page 61

the linearity of the curves. The LH curve is nearly linéar (see Figure
10), while the SN curve deviates substantially from linearity at C-T
intervals greater than 1.2 msec. The nonlinearity in the SN ‘curve draws
"the x~intercept of the regression line closer to that of the LH curve.
The marked changes in the SN curve as C-T ,interval increases may indicate
the Eecruitment of additional fiber types.

.

The inferred difference in onset of recovery from refractoriness in
the LH and SN could have several causes. On the average, the LH electrode
tips may have been relatively closer to the behavlourally relevant neurons
than the SN tips. Because current density decreases as a function of
dig}ance {Ranck, 1975), neurons in the periphery of the effective -
stimulation field are fired later in their relative refractory periods
than néurons nearer to the electrode tip. Ig other woéds, since the
stimulation they receive is weaker, neurons in the periphery fire only
once their thresholds have'recovered to a near normal value., Hence,
recovery would occur later if the electrode ﬁé:; relatively far from the
intended taréet. If placement errPrs were random,,such an effect should

have disappgared as more subjects were added to the study. No such trend

has been noted.

‘ B
Anotper explanation for the difrerence in ﬁhe-ﬁg??actory period
estimates 13 that the substrates for self-stimulation of the LH and SN .
have different fiber spect;a. Specifically, the LH substrate may include
a sJBpopulatlon of highly excitable cells fhat is absent from the SN'site; >

»

B
©
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In, addition to differences in locus of rise of the LH and SN curves,
significant differences were found in the C-T interval at which the curves
levelled off (t=6.823, df=6, p=.001). In every éase, the SN curves
levelled off later than the LH curves (Table 6). This inferred difference
in completion of recovery from refractoriness in the LH and SN could have
several causes., This may reflect another difference in fiber spectra:
the SN substrate may include a subpopulation of néurons with 1653 absolute
refractory periods that is absent from the LH site. Another explanation
for the difference in the refractor& period estimates is that stimulaton

of the SN recruits a population/of fibers in which relative refractory

e ’

period contributions are more pronounced. The slope of recovery would be

less steep under this condition,

Desﬁite the {nferred differences in both onset and completion of
recovery from refractoriness, the overlapping portions of the recovery
curves could reflect the contribution of a common bundle of reward-related
fibers. Nonetheless, these differences make it unlikely that all the
‘fibers responsible forvﬁhe rewarding effects of brain stimulation at both

sites are thg same,

A

Assumptions Underlying Comparison of Refractory Periods N

Yeoma?s' (1975) héZhod of behaviourally estimating the refractory
period of the neurons subserving reward makes two assumptions: that ihe
rate of operant responding is monotonically related to excitation of the

}euard-related fibers, and that the reward s}stem has a linear frequeney
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Table 6 ' .

\

Asymptotic C-T values : -

\ ¢
LH sites C-T value (msec) SN sites C-T value (msec)
Ba 102 82 . 1.6
B8 1.2 B8 2.5
(] : 1.4 . BT 1.8
cs 1.2 " co 2.0
cé6 1.4 * FS 2.0 4
paL . 1.2 " F9 1.8
D8R ‘ 1.4 Gl on | 2.6 "
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response over the range of frequencies used during testing. Numerous
t
studies: (Huston et al., 1972; Edmonds et al., 1974; Gallistel, 1978;
Schindlér, 1983) have provided evidence in support of the first assumption
\ .

over a wﬁde range of stimulation parameters.

If the frequencies used in the present experiment were outside the
range In which the frequency response of the substrate(s) for the "
réwarding\effects of self-stimulation was linear, then the refractory
period estimates obtained would reflect both the refractory periods of
substrate neurons and their nonlinear frequency response. These eétimates~
would be poor constraints for analyzing elecprophysiologically measured
refractory pgriods.z In addition, one would have to consider the'
possibility that the difrérences }ound in the LH and SN refractory period
curves may have been due to differences in the frequency resﬁbnse of the
two substrates, ;ather than differences in the refractory periods of the
subs}rate neurons. The empirical and theoretical arguments presented
below indicate that it is unlikely that the curves are distorted in such a

f
manner.

Hawkins et al. (1983) provide evidence that the frequequ threshold
method ylelds LH refractory period estimates that are stable ovqy a wide
range of stimulating frequencies. That is, a family of refractory period
curves was collected using different single pulse frequencies. Curves
obtained using single pulse frequencies from 25 to 200 Hz were virtually
superimposable. The stimulating frequencies used to obtain the LH
refractory period curves in the present experiment are within this range.

Thus, it is unlikely that the LH curves are distorted by inability-of the
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o

neural circuitry subserving reward to rerﬁw these frequencies.

Psychophysical studies that traded off current and frequency
(Gallistel, 1978; Schindler, 1983) also suggest that th;e frequency
response of thé directly stimulatec{ LH neurons is roughly lim;ar‘. at least
over an appreciable range. 1In these experiments, the number of pulses per
train was systematically varied and the current was then adjusted to yield
half‘-.maximal performance. Over an order of magnitude of currents, the
relaiionship between the current and the inverse of the required number of
pulses was roughly lir}e;r. The simplest explanation of this finding is
that the distribution of the directly stimulated neurons about the

electrode tip was roughly homogeneous, and that the frequency response of"

the substrate was roughly linear.

-

At extreme current intensitiesv there is a breakdown in the linearity
of the current-frequency relationship. At low current intens;it,ies, a
number of pulses %is found beyond which f‘urther"increases in number of
pulses do not require current décrements to maintain a h.alf‘—maximal
criterion. It has been hypothesized that this brea}(&own is due to
inability of the directly stimu;\ated neurons to follow the high
f‘reauencies used at low current intensities (Gallistel et al., 1981;
Schindler, 1983), but it is possible that the breakdown in‘linearity is in
part due to spatial factors. At best, determining the frequency at which
this breakdown is first evident lp\r‘ovides a first approximation.of the

firing limits of the neurons. The decrease in the effectiveness of high

frequency stimulation is called the "high frequency roll-off",

]
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In a pilot study involving three rats (Simantirakis, 1984), the
current-frequency trade—offrhas been used to investigate the frequency
response of the SN substrate. The frequency at which the high frequency
roll-off began was estimated from the breakdown of the trade-éff between
the current and the inverse of the required number of pulses. The fange
of estimates of obtained by visual inspection of pilot data was between 50
and 200 Hz. The frequencies used to stimulate three SN sites in the
present study (B7, BB, C0) clearly fall below the critical frequencies
determined by Simantirakis (198“5; The frequencies used to stimulate
another three SN sites (F5, F9, G1) lie within the range of critical
frequencies reported by Simantirakis (1984), while the frqughcies used to

stimulate the final §N)%;te (B2) lie on the lower border of this range.

If the rerraciory periods of the directly stimulated substrates for
LH and SN self-stimulation were the-same, and if a high frequency roll-off
was responsible for the differences between the LH and SN curvés in Figure
8, then the following results should have been obtained: 1) the three
curves in which high frequency roll-off is unlikely to contribute (B7,'B8,
C0) should have been similar to the LH curves, 2) the three curves in
which hiéh frequency roil-orf is likely to contribute (F5, F9, G1) should
have differed from those in which it is not, and 3) the remaining SN curve
should have fallen between these two extremes. As can be seen in Figure
8, none of these predictions is validg%ed. The SN curves for F5, F9 and
G1 are no more similar to the LH curves than are the other SN curves.

Furthermore, no differences between the SN‘curves appear to be correlated

with frequency.
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Theoretical mode_lling' of the effects of high frequency roll-off on
r'et‘;*actory period curves (Shizgal, 1984) suggests that the C-T interval at
which onset of recovery is first evident, and the C-T interval at which
the curve levels off ought to be unaffected by the roll-off; the

trefractory period curve merely undergoes bowing between these two points.
It i3 clear from Figure 7 and the results of t;-tests described above that
the SN curve begins to rise and levels off at longer C-T intervals than
the LH curve. If Shizgal's model is valid, then these differences cannot
be due to a gif‘f‘erence in the high frequency r‘ol}-orf in the LH and SN

substrates,’

Although the contribution of high frequency roll-off to the SN ‘curves
cannot be ruled out, it is unlikely that this phenomenon makes an
important contribution to the differences in the LH and SN curves.

- s

Another possible explanation for the differences in<the LH and SN
r‘ecovery\ curves is that the motor neurons involved in SN stimulation had
shorter refractory periods than the reward neurons. If the motor neurons
in the SN had recovered from refractoriness prior to the reward-related
neurons, the beginning of the recovery from refractoriness of the
rewgrd—related neurons could be masked. Thus, the refractory period
curves for LH and SN self—stimulat‘:iqn could appear dissimilar despite

‘identlcal distributions of excité%&ﬁy in the reward substrates activated .
at the two sites., The likelihood of this possibility is minimal. An
argument analogous to one presented above for limiting the contribution df

a high frequency rolloff to the SN recovery curve is also valid in the

present case. If the refractory periods of the directly stimulated
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substrates for LH and SN self-stimulation were the same, and if earlier

fl

recovery of mdtoﬁ fibers was responsible for the differences between the

. &H and SNucurves;in Figure 8, then the following results should have been

obtained: 1) the curves obtained from subjects in which the motoric

effects of stimulation were weak should have been similar to the LH

curves, 2) the curves in which the motoric effects were strong should have

diffeyed'from those in which they were weak. Neither of these predictions
is sﬁpported by the data.

An additional argument against attributing the difféF@chs in the LH
and SN recovery curves to motor risers with”shorter refractory periods
than the reward fibers stems from the work of Rompré (1983). For each
pﬁlse delivered to a reward site in the LH, he.delivgred a stimulation’
pulse to a region from which powerful motoric effects were elicited, He
found that the addition of this contingent motoric stimulation decreased
both the slope and the asymptote of the raté—rrequency functions used to
det;rmine number thresholds. Tgus, depressed slopes,énQ asymptotes can be
regarded as the signature of motoric contamination. If the rate-frequeny
functions at C-T intervals between that at which the LH curve begins to
rise and that at which the SN curve begins to rise could be shown to have
depressed slopes and asymptotes, then motor fibers with refractory periods
shorter, than those of the reward-related neurons could account for the

-differences observed between the LH and SN curves, Examination of data

from three subjects failed to reveal depression of the maximum rate that

was specific to the appropriate C-T intervals. Furthermore, there was no
evidnce of slope changes. Thus, although it is possible that the motoric

effects contributed to the difference between the LH and SN curves, they
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cannot be regérded d&s having made a.very large contribution.

The Role of Dobamineﬁgic Neurons .

.

It has been argued (Corbett and Wise, 1980) that self-stimulation i?
the ventral tegmentum is obtained only in those regiéns in which the
concentration of dopaminergic neurons is high. Do these neurons
constitute the directly stimulated stage of the substrate for SN
self-stimulation? Cells in the SN identified as dopaminergic have an
électrophysiologically esti;ated absolute refractory period of 2.6 mseé
(Wang, 1981). This value exceeds the range of refractory periods that is

. ne ’

consistent with the rapidly rising portion of the behaviourally derived SN

. curve. - However, Wang's (1981) estimate of the refractory period of SN

L4 ¢
.

dopaminergic neurons is based on a method that may reflect the 7
characteristics of ‘the cell bo&y and initial segment of the axon (Swadlow,
1982), rather than those of the neuronal site of stimulatior. The .
refractory period estimation methodwdeveloped by Swadlow (1982) ensures
that recovery at or near the site of stimulation is Eeflected. Bechuse |
the refractory beriod of the cell bodf%is longer than that of tpe neurional
site of stimulation, refractory period estimates made with Swadlow's“
(1982) technique are shorter than those made with the tecﬁnfque empioyed
by Wang (1981). Howeve(, the difference between réfrac;ory period
estimates_for dopaminenéic fibers obtained,ug}ng Swadlow's (1982)
technique and the technique employed by Wang (1981) would have to be
greater than any found to date to ren?er the electrophysiolggically

- derived refractory peﬁiod estimate consistent with ihe behaviourally

T e
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‘directly stimulated substrate for self-stihulation implicate déscending

q

°
-

derivgd Eurves presented. here. Hénce,.it is unlikely that the substrate

-

for SN self-stimulation is exclusively dopaminergic. . s,

-

-
o

Ed

Two pleces of evidence suggest that dopaminergic neurons éénnop

.

exclusively account for the behaviourélly derived LH recovery curve.

v

First, dopaminergic neurons ascend through-the MFB (Ungersted, 1971),

whereas psychophysical(;sti&ates of the_dirgctlon of conduction in the

3

fibers (Shizgal et al., 1982; Bielajew and Sﬁizgal, 1984). Second, the

conduction velocities of dopaminergic neurons are much too slow (German,

Dalsas§ and Kiser, 1980; Guyenet and Aghaganian,” 1978; Yim apd Mogenson,

1980) to correspond to psychophysical estimates for MFB reward fibers

n

(Bielajew et al.,1981).

#
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