the compound to inactive B-carboline-3-
carboxylic acid (Kj;, ~ 25,000 nM). This
has been confirmed in our laboratories,
and has stimulated the development of
substantlally longer lived, pharmacologi-
cally active B-carboline derivatives (12).
We have demonstrated that 3-HMC,
which antagonizes the anxiolytic and
anticonvuisant actions of diazepam, also
antagonizes the sleep-inducing proper-
ties of the benzodiazepine flurazepam.
Thus the hypnotic actions of flurazepam
may be mediated through interaction
with the benzodiazepine receptor. At
slightly higher doses, 3-HMC increased
wakefulness by significantly increasing
sleep latency and reducing non-REM
(but not REM) sleep (Fig. 1A and Table
1). Thus 3-HMC is not merely a benzodi-
azepine antagonist but exerts a pharma-
cological action on sleep opposite that
produced by benzodiazepines (13). Al-
though other drugs (such as amphet-
amines and methylxanthines) can reduce
sleep (/4), they also invariably cause
profound alterations in behavior and mo-
tor activity (/5). Compounds that reduce
sleep without eliciting major changes in
motor activity may, therefore, be more
properly termed ‘‘somnolytics.”” The
suggestion that benzodiazepine recep-
tors (and, by implication, the endoge-
nous substrates that subserve these re-
ceptors) are involved in both physiologi-
cal and pharmacologically induced sleep
could lead to the development of B-
carbolines or related compounds for
treating human sleep disorders, especial-
ly those characterized by excessive som-
nolence.
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Nigral Transplants Reinnervating the Dopamine-Depleted

Neostriatum Can Sustain Intracranial Self-Stimulation

Abstract. Transplants of embryonic substantia nigra reinnervated the striatum and
were able to sustain intracranial self-stimulation in rats with brain lesions induced by
6-hydroxydopamine. Dopaminergic drugs and alterations in current intensity pro-
duced typical changes in response rates. Animals with electrodes implanted into
cortical grafts or into the denervated striatum failed to exhibit self-stimulation.
These findings suggest that transplanted dopamine neurons convey specific, tempo-
rally organized information axonally to the striatum.

A procedure for transplanting dopa-
mine (DA) cells from the substantia nigra
to ectopic cortical sites was recently
described (/). Such grafts can reinner-
vate the host brain extensively and ame-
liorate several behavioral deficits pro-
duced by 6-hydroxydopamine (6-OHDA)-
induced depletions of DA in the host,
including spontaneous and drug-induced
rotation, sensorimotor impairments, and
akinesia (I, 2). However, it is not clear
whether transplanted neurons simply
provide a tonic release of DA into the
striatum or whether the grafts release
DA from their terminals on activation of
the cell bodies. The phenomenon of in-
tracranial self-stimulation (ICSS) (3) may
provide a useful means for investigating
this question, since (i) DA systems of the
brain have been implicated in ICSS (4),

(ii) there is a requirement that the animal
integrate a specific input with its behav-
ior, and (iii) brain stimulation can pro-
vide such an input to the DA cell bodies
in the graft. We report here that DA-rich
nigral grafts can sustain self-stimulation.
This suggests that transplanted DA neu-
rons may indeed transmit specific infor-
mation to the reinnervated striatum.
The right nigrostriatal pathway in 20
young adult female rats of the Sprague-
Dawley strain was lesioned with 6-
OHDA, and cavities were made through
the right parietal cortex and corpus callo-
sum, exposing the dorsal surface of the
caudate-putamen. Three weeks later
grafts of embryonic substantia nigra
(N = 14) or embryonic isotopic cortex
(N = 6) were placed into the cavities (5).
After 4 months bipolar stimulating elec-
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trodes were implanted into the surviving
grafts under visual guidance (‘‘nigral’’
and ‘“‘cortical’’ groups). In four of the
rats that had received nigral transplants
the graft could not be detected and
electrodes were implanted directly into
the dorsal caudate-putamen (‘‘caudate”
group) (6).

After a 1-week period to allow for
recovery from surgery, all the animals
received daily 30-minute sessions of
ICSS training over a range of 10 to 100
pA (root-mean-square) for 2 weeks (7).
In the group with surviving nigral grafts
the median current intensity required to
maintain reliable ICSS was 60 pA
(range, 50 to 100 wA). On the final 3 days
of training all the animals were tested at
a constant current intensity of 100 pA.
Nine (of ten) nigral rats responded at a
rate in excess of 80 responses per ses-
sion, whereas all cortical and caudate
rats responded below this level
[21(2) = 21.02, P < .001] (Fig. 1) (8).
Over the next 3 weeks, current intensi-
ties were increased further until a stable
level of responding was observed or a
current intensity of 300 wA was reached.
The same nine nigral rats had a median
maximum response rate of 287 responses
per session (range, 188 to 767). The
remaining nigral rat (SN-2), all the corti-
cal rats, and three of the four caudate
rats never exceeded 50 responses per
session; the remaining caudate rat (CP-6)
never exceeded 80 responses per ses-
sion.

In the nigral rats experimenter-con-
trolled delivery of stimulation-induced
strong contralateral rotation and ineffec-
tive grooming of the snout with the con-
tralateral forepaw. With self-stimulation,
these rats tended to position themselves
in the corner of the box such that the
walls inhibited stimulus-bound turning
away from the lever, which in every case
was pressed with the ipsilateral paw (the
paw under the control of the intact stria-
tum and not influenced directly by the
stimulation). This suggests that the le-
ver-pressing behavior was goal-directed
and not simply an involuntary response
induced by the stimulation.

A function relating rate of responding
to current intensity was derived for the
nigral rat showing the highest rates (Fig.
2) (9). This animal manifested a sigmoi-
dal rate-intensity function with ascend-
ing and descending hysteresis, which. is
characteristic of ICSS in normal animals
10).

The rate-enhancing effect of ampheta-
mine (//) and its blockade by the neuro-
leptic a-flupenthixol were investigated in
the nine animals showing a positive ICSS
response (/2). Injections of d-ampheta-
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mine produced a dose-dependent en-

hancement of response rates [F(4, 32) =
4.59, P < .01] that was blocked by prior
treatment with a-flupenthixol [main am-
phetamine effect, F(1, 6) = 7.12; main «-
flupenthixol effect, F(2, 12) = 6.15; am-
phetamine X a-flupenthixol interaction,
F(2, 12) = 4.39; all P’s < .05].

All of the surviving rats were killed for
fluorescence histochemistry (13) 6 to 8
weeks after the completion of behavioral
testing. Many fluorescent DA cells were
identified in the grafts of all six surviving
nigral animals, and reinnervation extend-
ing through one-eighth to one-third of the
total volume of the head of the dorsal
caudate-putamen was seen in each ani-

al. The remainder of the denervated
caudate-putamen on the lesioned side
was devoid of fluorescence. Relations
between electrode placement, DA cell
bodies, striatal reinnervation, and ICSS
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Fig. 1. Intracranial self-stimula- g « 200
tion by rats with electrodes im- & &
planted into nigral grafts, into the =
dorsal caudate-putamen, or into 2 100

cortical grafts. All animals had a
unilateral 6-OHDA lesion of the
nigrostriatal pathway on the same
side as the electrode (and the
graft). Tests were conducted at a
constant current intensity (100
nA) after 2 weeks of initial train-
ing. (A) Mean response rate for
each rat, averaged over three con-
secutive days. Asterisk indicates
result for rat SN-8 (Fig. 2A). (B)
Schematic diagrams of grafts,
showing electrode placement and
DA cell reinnervation for each rat
killed for fluorescence histochem-
istry. The rate of self-stimulation
(over 30 minutes at 100 pA) is
indicated beside each diagram, to-
gether with a rating of the extent
of DA cell ingrowth from the graft
(16): 0, no ingrowth; 2+, one-
eighth to one-fifth of the head of
the caudate-putamen; 3+, one-
fourth or more of the head of the
caudate-putamen. Stippled areas,
DA cell bodies; shaded areas, DA
axons and terminals.
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rates are shown for each rat in Fig. 1. In
the nigral rat with the highest ICSS rates
(SN-8), the tip of the electrode was in the
middle of the DA cell clusters (Fig. 2). In
two nigral rats the track of the electrode
was not clearly identifiable, but necrosis
on the dorsal surface of the graft indicat-
ed its probable position. In one of these
animals (SN-2)—the one nigral rat that
failed to self-stimulate—all fluorescent
DA cells were located > 1 mm from the
electrode tip; in the other rat (SN-1)—
which manifested moderate ICSS—Afluo-
rescent DA cells were close to the elec-
trode tip. Thus in all five of the nigral
animals that self-stimulated, the elec-
trode tip was positioned close to DA

"cells or outgrowing DA fibers (Fig. 1).

In the three surviving caudate rats
small grafts with very few or no DA
neurons survived, adhering to the cavity
walls, and the caudate-putamen was de-
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Nigral Caudate Cortical
rats rats rats

Electrode in nigral graft

Rat SN-8 M Rat SN-1
Rate 5§22 Rate 168
Growth 3% Growth 2+
Rat SN-10 Rat SN-4
Rate 353 Rate 101
Growth 2+ Growth 3+
Rat SN-11 Rat SN-2
Rate 206 Rate 30
Growth 3+ Growth 3+

Electrode in
cortical graft

Rat CP-3 Rat CO-4
Rate 6 Rate 2
Growth O Growth O
Rat CP-5 Rat CO-5
Rate 24 Rate 21
Growth O Growth O
Rat CP-7 Rat CO-1
Rate 20 Rate 23
Growth O Growth O
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void of fluorescence. The electrodes
were well-positioned in the dorsal neo-
striatum. Three cortical rats had large
surviving grafts with well-positioned
electrodes, and, as in the caudate rats,
the caudate-putamen was devoid of fluo-
rescence (Fig. 1).

The results indicate that nigral grafts
reinnervating the caudate-putamen can
sustain ICSS, provided the electrode is
positioned adjacent to DA neurons. Rats
in which the electrode was distal to sur-
viving DA neurons, rats in which the
nigral graft failed to provide dopaminer-
gic reinnervation of the caudate-puta-
men, and rats that received grafts not
containing DA neurons failed to exhibit
ICSS. Therefore the presence of DA
neurons appears to allow the reinnervat-
ed striatum to be activated in such a way
as to support ICSS, suggesting that this
DA pathway carries information axonal-

A

Mean number of
responses per 5 minutes

ly to the striatum and activates it in
synchrony with each stimulation train.
It could be argued that the DA cells
tonically release DA into the striatum,
rendering it receptive to the stimulation,
which spreads radially through the trans-
planted tissue to that part of the striatum
receiving the dopaminergic innervation.
However, this seems unlikely in view of
the fact that the one nigral rat that failed
to self-stimulate did have extensive do-
paminergic reinnervation of the striatum,
but the electrode was positioned distal to
the DA cells in the graft. The effect of
dopaminergic drugs on ICSS rates is
compatible with our interpretation, al-
though by itself the drug data cannot be
used to distinguish specific from nonspe-
cific mechanisms. ICSS can be obtained
from the substantia nigra in the normal
rat (4, 14), but there has been some
controversy over the relative involve-
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Fig. 2. (A) Camera lucida drawings showing a nigral graft providing dopaminergic reinnervation
of the dorsal caudate-putamen. The animal involved, rat SN-8, had the highest ICSS rate of all
the rats tested (Fig. 1A). The electrode tip is positioned adjacent to a large cluster of DA cell
bodies in the center of the graft. (B) Rate-intensity function for rat SN-8. Each descending
current intensity (solid line) and each ascending intensity (dashed line) was tested for S minutes
during the test session and averaged over three sessions on consecutive days.
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ment of DA neurons and of ascending
and descending fibers of passage (15).
The present results suggest that DA neu-
rons isolated from their normal location
are sufficient to sustain ICSS.
PauL J. Fray
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Recruitment and Population Dynamics of a Coral Reef Fish

Abstract. Daily otolith increments were used to determine the daily pattern of
settlement of the bluehead wrasse (Thalassoma bifasciatum), a Caribbean coral reef
fish. Recruitment occurs in brief and sporadic episodes even though bluehead
wrasses spawn every day. Patterns of recruitment do not correspond to patterns of
mortality on the reef. The composition of the adult population directly reflects the
relative rates of recruitment of juveniles the year before. The population dynamics of
this species may therefore be determined by the supply of recruits and not by the
supply of space or some other resource on the reef.

Virtually all coral reef fishes settle
onto the reef after spending some time as
planktonic larvae (I). This process of
recruitment is one of the most important
and yet least studied aspects of reef fish
ecology. Recently, some descriptions of
settlement patterns have been reported
(2). However, many questions are unan-
swered, such as what determines pat-
terns of recruitment and what impact
these patterns have on adult populations.
I report that recruitment in the bluehead
wrasse, Thalassoma bifasciatum, occurs
in brief and sporadic episodes that are
not related either to patterns of repro-
duction or to mortality on the reef. Fur-
thermore, I show that these brief epi-
sodes of recruitment can have a pro-
found impact on adult populations in the
future. These findings are incompatible
with the view that reef fish communities
are stable and primarily limited by re-
sources (3).

It has been suggested that recruitment
patterns of coral reef fishes closely paral-
lel spawning patterns and are thus pre-
dictable (4). This may be true for species
with infrequent and sharply defined
spawning bouts, because outside of
spawning periods, eggs are not being
produced and larvae are not available for
settlement. However, how much of the
variability in recruitment is due to repro-
ductive patterns and how much to other
processes can be elucidated by examin-
ing a species that spawns every day.
Daily spawning is a common phenome-
non among coral reef fishes, particularly
in the wrasses (Labridae), parrotfishes

28 JANUARY 1983

(Scaridae), and the basses (Serranidae)
(5). I examined recruitment of the blue-
head wrasse on coral reefs in the San
Blas Archipelago, on the Caribbean
coast of Panama, where the daily spawn-
ing behavior of the species has been
monitored for many years.

I used the daily otolith increment tech-
nique (6) to calculate the pattern of set-
tlement. Since there are daily lines and a
prominent transition mark correspond-
ing to settlement on the otoliths of the
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bluehead wrasse (7), the settlement pat-
tern of populations of fish, including
adults, can be easily reconstructed. The
date of settlement of each individual is
obtained by subtracting the number of
lines after the settlement mark from
the date of capture. For this study I
collected 103 juveniles from a large patch
reef near the island of Porvenir in late
1980.

Recruitment of bluehead wrasses oc-
curred in brief and sporadic episodes
(Fig. 1) (8) and did not reflect the daily
spawning pattern of this species. It has
been reported that reef fishes are limited
by the availability of resources such as
space and that recruits settle from a pool
of superabundant larvae into spaces
made available by the death of residents
(3, 9). According to these views, the
brief episodes of settlement of bluehead
wrasses would be in response to sudden
die-offs among the reef population. Mor-
tality rates of bluehead wrasses on patch
reefs around the study area were moni-
tored (10). To prevent recruitment, new-
ly settled fish were continuously re-
moved; at the same time changes in the
adult population were monitored by
monthly censuses. Populations declined
somewhat steadily (86.5 percent survival
per month; standard deviation, 6.7 per-
cent; N = 8 censuses). During the moni-
toring period occasional large peaks of
settlement occurred on these and sur-
rounding reefs without corresponding
changes in the mortality rate. It is likely
that some process occurring in the plank-
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Fig. 1. The recruitment of juvenile Thalassoma bifasciatum onto a single patch reef in the San
Blas Islands, Panama. Bars represent the number of individuals that settled each day,
calculated by subtracting the age since settlement from the date of capture for each individual.
Hatched bars represent fish caught in early November 1980, open bars those caught the third
week of November, shaded bars those caught in late December, and solid bars those caught in
early January. Solid circles denote new moon and open circles, full moon.
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