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Hypothalamic Reward Mechanism: Two First-Stage Fiber

Populations with a Cholinergic Component

Abstract. Refractory periods were estimated for fibers of the hypothalamic
substrate of brain stimulation reward. Two nonoverlapping populations were evi-
dent: a homogeneous fast population and a more heterogeneous slow population.
Cholinergic blockade eliminated the contribution of the fast but not the slow fibers,
while dopaminergic blockade reduced responding without significantly influencing
either directly activated fiber population. These data indicate that the hypothalamic
reward substrate is more complex than has been widely appreciated, it contains two
or more parallel subsystems, and one of these subsystems has a cholinergic link.

Electrical stimulation of the medial
forebrain bundle (MFB) can have re-
warding effects stronger than those
caused by natural biological rewards
such as food, even under conditions of
life-threatening deprivation. Since only a
few of the approximately 50 fiber sys-
tems passing through this region are like-
ly to play a role in the rewarding effects
of stimulation, knowledge of which com-
ponents of the MFB play causal roles in
brain stimulation reward has been elu-

sive (1, 2). Pharmacological studies sug-
gest that dopaminergic fibers are in-
volved (3). However, a variety of consid-
erations make it clear that dopaminergic
fibers are not usually directly depolar-
ized by the rewarding currents used in
brain stimulation reward experiments
(2); rather, it seems likely that directly
activated fibers, constituting a ‘‘first-
stage’’ system, synapse on dopaminergic
cells, which then serve as the second-
stage system (4). Paired-pulse experi-

ments suggest that the poststimulation
excitability cycles and conduction veloc-
ities of the directly activated MFB fibers
are faster thah most monoaminergic fi-
bers (5). Furthermore, double electrode
experiments, in which propagation of the
action potential from a depolarizing
pulse at one end of the MFB is impeded
by hyperpolarizing the other end of the
bundle, indicate that most first-stage fi-
bers carry the reward-relevant signal in a
rostral-to-caudal direction—opposite to
the direction of conduction of the dopa-
minergic fibers (6).

We now report that the first-stage re-
ward fibers include at least two popula-
tions, one of which is cholinergic or is
synaptically linked to cholinergic effer-
ents. One first-stage population has short
refractory periods that do not overlap
the slower refractory periods of the re-
maining reward-relevant fibers; the con-
tribution of the fast fibers is blocked by
the muscarinic receptor antagonist atro-
pine sulfate. The contribution of cholin-
ergic fibers to MFB brain stimulation
reward has not been seen in previous
studies of this type, partly because re-
fractory periods have been analyzed
over a coarser sampling of test parame-
ters and partly because pharmacological
studies have usually been designed on
the assumption that a single transmitter
system carried the reward signal to the
second stage neurons. Our data suggest
that perhaps 25 percent of the reward-
relevapt signal is carried by cholinergic

T-Pulse effectiveness

C-T Inteirval (msec)

Fig. 1. Relation of T-pulse effectiveness to C-T interval. (A) Data for each of four replications in each of five rats. Note the horizontal step in each
curve between 0.6 and 0.7 msec; the inset shows an expanded version of the horizontal step based on mean data for each animal. (B to F) Mean
data for each animal (solid lines) along with relative slopes (dotted lines). These slopes (first derivatives) reflect the relative numbers of fibers that
have refractory periods within each range of C-T intervals. The slopes fall to zero between 0.6 and 0.7 msec in each case.
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fibers and that the entire range of refrac-
tory periods for these fibers or the por-
tion of first-stage neurons that project to
them is between 0.4 and 0.6 msec.
Whether one or a mixture of more than
one first-stage population carries the re-
maining portion of the signal is still an
open question.

Refractory periods of the first-stage
MFB neurons were inferred behaviorally
using a paired-pulse technique. Each ani-
mal’s responsiveness to 500-msec trains
of paired pulses was compared with its
responsiveness to trains of single pulses
(7). The criterion of responsiveness was
the reward threshold, defined as the low-
est number of single or paired pulses (per
train) that would maintain lever-pressing
at 10 percent of the animal’s maximal
rate. By varying the delay (C-T interval)
between the two equal-amplitude con-
stituent pulses (C and T pulses) in the
paired-pulse condition, a function indi-
cating the range and relative frequency
of refractory periods for the first-stage
fibers was obtained. When T-pulses
were as effective as C-pulses in adding to
the rewarding impact of a stimulation
train, it was assumed that the C-T inter-

val was long enough to exceed the re-
fractory period of all the first-stage neu-
rons. The T-pulse effectiveness (TPE)
was computed from Yeomans’ (5) equa-
tion: TPE = (number of required sin-
gle pulses/number of required paired
pulses) — 1.

When the C-T interval was very short
(<0.4 msec), the animal’s responsive-
ness to paired pulses was somewhat bet-
ter than that seen when the second pulse
in each pair was omitted (Fig. 1A); this
reflects a brief period of ‘‘local potential
summation’’ when fibers at the fringe of
the effective field of stimulation, only
partially depolarized by the first pulse,
are brought to firing threshold by the
second pulse (2). When the C-T interval
was somewhat longer (0.4 to 0.5 msec),
responsiveness to paired pulses was
equivalent to responsiveness to single
pulses. In this case it was assumed that
partial depolarization from the first pulse
had time to dissipate and that all the
axons fully depolarized by the first pulse
were still refractory at the time of the
second pulse. As the C-T interval was
lengthened, the number of pulse pairs
required for a constant behavioral output

began to decrease, presumably because
the neurons having the shortest refrac-
tory periods began responding to the
second (T) pulses, thus contributing
more to the net rewarding impact of a
given pulse train. At longer and longer C-
T intervals fewer and fewer pulse pairs
per train were needed, presumably be-
cause more and more fibers were fired
by both pulses in each pulse pair. When
C-T intervals of 2.0 to 3.0 msec were
reached, no further change was seen,
indicating that all the reward-relevant
axons depolarized by the first pulse had
completely recovered from refractori-
ness in time to be fired by the second.
Previous studies have shown that none
of the reward-relevant fibers of the MFB
recover from C-pulse stimulation until
after 0.4 msec and that most fibers re-
cover within 2.0 msec (5); our findings
are generally consistent with these re-
ports.

Unlike those of most previous studies,
however, our refractory period curves
showed a clear, if short, step function.
“The slope of the refractory period curve
over a given range of C-T intervals is
proportional to the number of fibers that

T-Pulse effectiveness

Ol
4.5 6 .78

1.6 20 25

30 35468 12

C~T Interval (msec)

Fig. 2. Refractory period curves under drug conditions. Frames A to E represent the individual animals corresponding to frames B to F in Fig. 1.
Within each frame, the panel on the left shows atropine sulfate data (dashed lines) with baseline data (solid lines). Panels on the right show
baseline data (circles), atropine methyl nitrate data (triangles), and pimozide data (squdres). The insets are expanded versions for C-T intervals
between 0.4 and 0.8 msec, where the important comparisons are seen. (The field that is expanded is shown in dotted lines.) Frame F represents
the slopes of the mean data for the five rats in baseline (solid line) and atropine sulfate (dashed line) conditions.
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begin to respond to T-pulses within that
range. Our curves invariably show a
slope near zero at C-T intervals between
0.6 and 0.7 msec (Fig. 1). This result
indicates that none of the fibers that have
not already begun to fire in response to
T-pulses begin to do so at C-T intervals
between these values. If the reward fi-
bers were homogeneous and if their re-
fractory periods were normally distribut-
ed across the range of 0.4 to 2.0 msec, no
such consistent steps should be seen
across animals or across days of testing;
the step at 0.6 to 0.7 msec, however, was
consistent across both animals and days,
and was seen in animals having MFB
electrode placements that differed in
placement by as much as 2.0 mm in the
anterior-posterior plane. While this step
was not noted in most previous studies,
earlier studies have usually not exam-
ined multiple data points in the relevant
range; in the one previous study that
tested multiple points in this range, data
consistent with ours were seen (8). Thus
the lack of behavioral recovery when
C-T intervals are increased from 0.6 to
0.7 msec seems to be reliable. This sug-
gests at least two populations of reward-
relevant first-stage fibers: a fast popula-
tion that has completely recovered from
C-pulse stimulation within 0.6 msec and
a slow population (or mixture of popula-
tions) having no elements that recover
from C-pulses in less than 0.7 msec.

One way to confirm such a hypothesis
would be to show that the contributions
of the fast and slow fibers could be
differentially altered pharmacologically
(9). Yeomans suggested that descending
cholinergic fibers may represent the
first-stage neurons in MFB self-stimula-
tion (10). We thus examined the effects
of a cholinergic blocker, atropine sulfate,
on the refractory period functions. Do-
paminergic fibers are also thought to be
involved in brain stimulation reward, but
they are thought to be efferent to the
directly activated fibers. Since the re-
fractory period distribution would shift
only if there were differential interfer-
ence with populations of first-stage neu-
rons, a dopamine blocker would be ex-
pected to alter overall performance but
not refractory period characteristics;
thus we tested the effects of a dopamine
blocker, pimozide, for purposes of com-
parison (/1).

Cholinergic receptor blockade elimi-
nated the contribution of the subset of
fast fibers; no noticeable increase in T-
pulse effectiveness could be detected at
C-T intervals under 0.8 msec in four of
the five animals (Fig. 2, A, B, D, and E),
and only some suggestion of recovery
was seen in the third (Fig. 2C). Since
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atropine would not have altered the cho-
linergic fibers’ responsiveness to direct
stimulation (the axons would still be de-
polarized by the same stimulating pulses
or synaptic input), we must assume that
the loss of T-pulse effectiveness at C-T
intervals shorter than 0.7 msec reflects
loss of the postsynaptic contribution of
the fast first-stage fibers or their effer-
ents. Neither atropine methyl nitrate
(which does not cross the blood-brain
barrier) nor pimozide altered the relative
contributions of the fast and slow fiber
populations. Although pimozide did in-
crease the frequency of stimulation re-
quired for criterion-level responding un-
der both single- and double-pulse condi-
tions, neither pimozide nor atropine
methyl nitrate altered the slope or initial
points of recovery in the refractory peri-
od functions (Fig. 2). These facts fit with
the view that dopamine plays a role at
some stage synaptically removed from
the directly activated fibers, and they
rule out any significant contribution of
peripheral atropine actions.

The data support two relatively new
conclusions about the mechanisms of
MPFB brain stimulation reward. First, the
reward substrate of the MFB comprises
more than one population of axons, with
more than one neurotransmitter (12).
The fast population contains a choliner-
gic link having a muscarinic synapse.
The cholinergic link may be at the first
stage (although it could be later); the
muscarinic synapse may be located in
the ventral tegmental area (10). It is not
yet clear how many other transmitter
systems are activated by MFB stimula-
tion and which are involved causally in
the rewarding impact of the stimulation.
Second, cholinergic fibers make a posi-
tive contribution to MFB reward; their
making only a partial contribution may
account in part for the fact that their
contribution has not been previously
identified. Earlier work suggested only
an antagonistic role for muscarinic sys-
tems in reward (13). Although there may
also be muscarinic actions that antago-
nize such function, our data indicate an
important positive contribution of cho-
linergic fibers to MFB reward.
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Multiple Organ Carcinogenicity of 1,3-Butadiene in B6C3F;
Mice After 60 Weeks of Inhalation Exposure

Abstract. Groups of 50 male and 50 female B6C3F; mice were exposed 6 hours per
day, 5 days per week, for 60 to 61 weeks to air containing 0, 625, or 1250 parts per
million 1,3-butadiene. These concentrations are somewhat below and slightly above
the Occupational Safety and Health Administration- standard of 1000 parts per
million for butadiene. The study was designed for 104-week exposures but had to be
ended early due to cancer-related mortality in both sexes at both exposure concen-
trations. There were early induction and significantly increased incidences of
hemangiosarcomas of the heart, malignant lymphomas, alveolar-bronchiolar neo-
plasms, squamous cell neoplasms of the forestomach in males and females and
acinar cell carcinomas of the mammary gland, granulosa cell neoplasms of the
ovary, and hepatocellular neoplasms in females. Current workplace standards for
exposure to butadiene should be reexamined in view of these findings.

1,3-Butadiene, in production volume
one of the top 20 organic chemicals man-
ufactured in the United States (1), is a
colorless gas used mainly to make syn-
thetic rubber (styrene-butadiene rubber
and polybutadiene rubber) and thermo-
plastic resins (acrylonitrile-butadiene-
styrene) (2). In 1983, 2.3 billion pounds
of butadiene was produced in the United

States (/). The maximum 8-hour time-

weighted average workroom exposure
concentration promulgated by the Occu-
pational Safety and Health Administra-
tion (OSHA) is 1000 ppm (3).

Butadiene is mutagenic to Salmo-
nella typhimurium strains (TA1530 and
TA1535), which are sensitive to base-
pair substitution mutagens (4). Mutage-
nicity of butadiene apparently requires
metabolic activation (4¢) and may be due
to the epoxide intermediates butadiene
monoxide (1,2-epoxybutene-3) and di-

epoxybutane. Butadiene monoxide is the
primary metabolite of butadiene bio-
transformation by rat liver microsomal
monooxygenase (5) and may be conju-
gated with glutathione or further metabo-
lized to diepoxybutane or 3,4-epoxy-1,2-
butanediol (6).

Butadiene monoxide and diepoxybu-
tane have been found to induce local
neoplasms when applied to the skin of
mice or when administered to mice or
rats by subcutaneous injection (7). In the
study reported here malignant neo-
plasms were observed at multiple sites in
B6C3F; mice exposed to butadiene va-
pors for only 60 to 61 weeks.

Groups of 50 male and 50 female
B6C3F, mice (Charles River) were ex-
posed 6 hours per day, 5 days per week
to air containing butadiene at target con-
centrations of 0 (chamber control), 625,
or 1250 ppm (8). The animals, which

were housed individually, were 8 to 9
weeks of age when first exposed to the
butadiene vapors. The study was intend-
ed to last 103 weeks, but was ended after
60 weeks (for males) or 61 weeks (for
females) because of reduced survival due
to fatal tumors. Tap water and food
(NIH-07 diet) were freely available ex-
cept during exposure periods, when only
water was available.

All animals that died during the study
or that were killed at the end of the
exposure period were subjected to a
gross necropsy and a complete histo-
pathologic examination (9). Differences
in survival were analyzed by life table
methods (10). Incidences of neoplastic
lesions were analyzed by life table meth-
ods and by the Fisher exact test for
pairwise comparisons of high-dose or
low-dose groups with controls and the
Cochran-Armitage test for dose-re-
sponse trends (10).

Mean body weights of male or female
mice did not appear to be affected by
exposure to butadiene. However, sur-
vival was significantly (P < 0.01) re-
duced in all exposure groups. Survival
rates were as follows: for males at 60
weeks, 49 of 50 (controls), 11 of 50 (625
ppm), and 7 of 50 (1250 ppm); for females
at 61 weeks, 46 of 50 (controls), 15 of 50
(625 ppm), and 30 of 50 (1250 ppm).

Early deaths were due primarily to
malignant neoplasms involving multiple
organs. Because the study was stopped
while background tumor incidences were
low (11), it was possible to examine the
effect of butadiene on total tumor rates.
At the end of the study there were tu-
mors in 20 percent of the control males
and 12 percent of the control females,
compared to 80 to 94 percent of the
exposed mice. The total number of pri-
mary malignant and benign neoplasms
per animal was also much greater
(P < 0.01) in the butadiene-exposed
groups.

Primary tumors caused by exposure to
butadiene are listed in Table 1. Malig-

Table 1. Incidence of primary tumors in B6C3F; mice exposed to butadiene by inhalation for 60 to 61 weeks. Values are numbers of animals and

incidence (percent).

Males Females
Tumor
Control 625 ppm 1250 ppm Control 625 ppm 1250 ppm

Malignant lymphoma 0 of 50 (0)* 23 of 50 (46)t 29 of 50 (58)1 1 of 50 2)* 10 of 49 (20)t 10 of 49 20)t
Hemangiosarcoma of heart 0 of 50 (0)% 16 of 49 (33)F 7 of 49 (14)F 0 of 50 (0)* 11 of 48 (23)t 18 of 49 37)t
Alveolar-bronchiolar neoplasms 2 of 50 (4)* 14 of 49 (29)t 15 of 49 BT 3 of 49 (6)* 12 of 48 (25)t 23 of 49 (47)t
Squamous cell neoplasm of - 00f 49 (0) 7 of 40 (18)f 1 of 44 (2) 0 of 49 (0)* S of 42 (12)8§ 10 of 49 (20)t

forestomach )
Acinar cell carcinoma of 0 of 50 (0) 0 of 50 (0) 0 of 50 (0) 0 of 50 (0)* 2 0f 49 (4) 6 of 49 (12)8

mammary gland
Granulosa cell neoplasm of ovary 0 of 49 (0)* 6 of 45 (13)t 12 of 48 (25)F
Hepatocellular neoplasms 8 of 50 (16) 6 of 49 (12) 2 of 49 (4) 0 of 50 (0)f 2 of 47 (4) S of 49 (10)8§

*Increasing trend (P < 0.01).
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tIncreased compared to control (P < 0.01).

tIncreasing trend (P < 0.05).

§Increased compared to control (P < 0.05).
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