References and Notes

1. T. Bullock, Ed., Recognition of Complex
Acoustic Signals (Dahlem Konferenzen, Berlin,
1977), p. 1; F. Worden and R. Galambos, Eds.,
Neurosci. Res. Program Bull. 10 (1972).

2. J. Sinott, M. Beecher, D. Moody, W. Stebbins,
J. Acoust. Soc. Am. 60, 687 (1976); P. K. Kuhl
and J. D. Miller, Science 190, 69 (1975); P.
Morse and C. Snowdon, Percept. Psychophys.
17, 285 (1975); R. Waters and W. Wilson, ibid.
19, 285 (1976); P. Kuhl and J. Miller, J. Acoust.
Soc. Am. 63, 905 (1978); C. Burdick and J. Mill-
er, ibid. 58, 415 (1975).

3. M.R. Petersen, M. D. Beecher, S. R. Zoloth, D.
B. Moody, W. C. Stebbins, Science 202, 324
(1978).

4. P. Kuhl, Brain Behav. Evol. , in press; D. Pisoni,
ibid., in press; D. Shankweiler, W. Strange, R.
Verbrugge, in Perceiving, Acting, and Compre-
hending: Toward an Ecological Psychology, R.
Shaw and J. Bransford, Eds. (Erlbaum, Hills-
dale, N.J., 1976).

5. P. Eimas, in Infant Perception: From Sensation
to Cognition, L. Cohen and P. Salapatek, Eds.
(Academic Press, New York, 1975), p. 1; P.
Kuhl and J. Miller, J. Acoust. Soc. Am. 58, 56
(1975); J. Fodor, M. Garrett, S. Brill, Percept.
Psychophys. 18, 74 (1975); R. E. Eilers and F.
D. Minifie, J. Speech Hearing Res. 18, 158
(1975).

6. P. Kuhl, in Hearing and Davis: Essays Honor-
ing Hallowell Davis, S. Hirsh, D. Eldridge, I.
Hirsh, S. Silverman, Eds. (Washington Univ.,
St. Louis, 1976), p. 264.

7. S. Green, in Primate Behavior, vol. 4, Develop-
ments in Field and Laboratory Research, L. Ro-
senblum, Ed. (Academic Press, New York,
1975), p. 1.

8. M. Beecher, M. Petersen, S. Zoloth, D. Moody,
W. Stebbins, Brain Behav. Evol., in press; M.
Petersen, thesis, University of Michigan (1978).

9. C. C. Wood, W. R. Goff, R. S. Day, Science
173, 1248 (1971); S. Springer, J. Exp. Psychol.
101, 159 (1973).

10. The criteria for adding stimuli were two succes-
sive sessions in which (i) the animal responded
correctly to 90 percent of the total target stimuli,
(ii) responded to at least 80 percent of the pre-
sentations of each target stimulus, and (iii) re-
sponded to no more than 10 percent of each non-
target stimulus. Since each animal received
monaural stimulus presentations randomized
across ears, these criteria were assayed in the
‘‘superior ear,”’ that is, the ear that, on a given
day, was most accurate in identifying target
stimuli.

11. Analogous experiments with acoustic cues rele-
vant to communication in the comparison spe-
cies will be needed to determine if they exhibit
perceptual specializations of their own.

12. T. Tanaka and S. Kotera, Bull. Exp. Anim. 22,
471 (1973). Of the five animals used as com-
parison species, two were wild-caught (numbers
35 and 93, pig-tailed macaques), two were
reared in seminatural social groups (numbers 88
and 133, bonnet macaques), and one was born
and raised in the laboratory colony (number
M58, the vervet). Variation in rearing environ-
ments of the comparison species had no system-
atic relationship to performance in either dis-
crimination task that we could detect.

13. T. Struhsaker, in Social Communication Among
Primates, S. Altmann, Ed. (Univ. of Chicago
Press, Chicago, 1967).

14. R. Grimm, J. Zool. 152, 361 (1967); T. Rowell,
Symp. Zool. Soc. London 8,91 (1962); S. Green,
Z. Tierpsychol. 38, 304 (1975); M. Bertrand,
Bibl. Primatol. 11 (1969).

15. For evidence that M. arctoides apparently utiliz-
es a similar acoustic dimension, see R. Lillehei
and C. Snowdon, Behaviour 65, 270 (1978).

16. M. Bornstein, in Psychological Development
from Infancy, M. Bornstein and W. Kessen,
Eds. (Earlbaum, Hillside, N.J., 1978); P. Mar-
ler, in The Nature of Life, W. H. Heidcamp, Ed.
(University Park Press, Baltimore, 1978).

17. These studies are a product of a unique collabo-
ration between field biologists (from Rockefeller
University) and experimental psychologists
(from the University of Michigan) interested in
characterizing the analytic mechanisms used
in the processing of animal communication
sounds. Special thanks to A. Liberman for many
thought-provoking discussions, technical ad-
vice, and for making the facilities at Haskins
Laboratories available. G. Kuhn and T. Halwes
of Haskins provided expert advice concerning
stimulus analysis and tape preparation. Support-
ed by NSF grants BNS 77-19254 to M.D.B.,
W.C.S., and D.B.M. and BNS 75-19431 to P.M_;
PHS grants MH 31386-01 to S.R.Z. and MH
24269 to S.G.; PHS training grant GM 1789-08 to
Rockefeller University; NIH program project
grant to Kresge Hearing Research Institute; Na-
tional Institute of Child Health and Human De-
velopment grant NO1-HD-1-2420 to Haskins
Laboratories; and PHS predoctoral fellowship
MH 05993, a Sigma Xi grant-in-aid-of-research,
and an H. H. Rackham dissertation grant to
M.R.P.

* Send requests for reprints to S.R.Z. or M.R.P.

22 February 1979

Fluorescent Retrograde Double Labeling: Axonal Branching

in the Ascending Raphe and Nigral Projections

Abstract. Red fluorescent Evans blue and blue fluorescent DAPI-primuline were
injected into the anterior-medial and lateral-caudal forebrains, respectively, of the
same rats. Separate clusters of cells labeled by retrograde transport were observed
in the substantia nigra, while in the dorsal raphe many cells were double-labeled.
Thus, single raphe cells send divergent axon collaterals to widespread forebrain

areas.

Although monoamine cell groups
make up only a small percentage of all
brain stem neurons, they appear to ac-
count for a large portion of those pro-
jecting directly to the forebrain (/). The
question arises whether single mono-
aminergic brain-stem cells each inner-
vate a restricted forebrain area or instead
give off multiple axon collaterals to vari-
ous parts of the forebrain. We now re-
port that single raphe cells send collater-
als to widespread forebrain areas,
whereas single substantia nigra (SN)
cells have comparatively small projec-
tion sites.

Until recently, no simple, effective an-
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atomical techniques existed for studying
axonal branching (2). Although several
retrograde double-labeling procedures
for the tracing of axon collaterals have
been described (3), they include autora-
diographic procedures and are, there-
fore, time consuming. The demonstra-
tion that a variety of fluorescent sub-
stances are transported retrogradely in
axons ¢, 5) opened the possibility of in-
vestigating axonal branching by means
of a simple retrograde double-labeling
procedure. Thus, two substances (fluo-
rescing different colors) may be injected
into the two different axon termination
sites of a group of neurons. If the two

sites are supplied by collaterals of the
same axons, both substances may be
seen within the individual neuronal cell
bodies after retrograde axonal transport
).

In the first group of experiments, nine
adult rats were each injected with Evans
blue (EB), which fluoresces red, and a
mixture of 4’,6-diamidino-2-phenylindol
2HCI (DAPI) and primuline, which fluo-
resces blue with gold granules 2, 4). A
total of 0.5 ul of 10 percent EB (weight/
volume) and 1 percent poly-L-ornithine
@, 6) in distilled water was injected in
five needle penetrations into a large ante-
rior-medial forebrain area comprising the
frontal cortex, olfactory tubercle, and
very anterior portions of the nucleus ac-
cumbens and caudate-putamen. On the
same side of the brain (Fig. 1), a similar
quantity of 2.5 percent DAPI: 10 percent
primuline (weight/volume) in distilled
water was injected in the course of three
needle penetrations into a large lateral-
caudal forebrain area comprising the lat-
eral parietal and temporal cortex, the
amygdala, the caudal end of the caudate-
putamen, and the lateral edge of the in-
ternal capsule. The structures involved
in both the anterior-medial and lateral-
caudal injections are known to receive
projections from both the SN (7, 8) and
the dorsal raphe (DR) nucleus (9, 10).

After surviving 3 to 5 days @), the ani-
mals were anesthetized with Nembutal
and perfused with saline followed by 10
percent formalin. The brains were kept
overnight in cacodylate buffer (pH 7.2)
containing 30 percent sucrose (weight/
volume) and were then cut transversely
into 30-um-thick frozen sections, which
were mounted on slides from distilled
water and air dried. A fluorescence mi-
croscope (Leitz Ploempack) was used to
examine the sections ). Filters that pro-
vided 550-nm and 360-nm excitation
lights were used to examine the red-fluo-
rescing cells containing EB and the blue-
fluorescing cells containing DAPI-primu-
line, respectively.

Labeled cells in the brain stem were
observed primarily in substantia nigra
pars compacta (SNC), ventral tegmental
area (VTA), DR, and median raphe (MR)
(Fig. 1). A small number of labeled cells
was seen scattered in the tegmental retic-
ular formation, but will not be discussed
in detail. The DAPI-primuline-labeled
cells were seen in the peripeduncular nu-
cleus dorso-lateral to the SNC (Fig. 1)
and in the medial geniculate body (not
shown in Fig. 1). In addition, EB-labeled
as well as DAPI-primuline-labeled cells,
and indeed double-labeled cells, were
sometimes seen in the locus coeruleus,
but their labeling was very faint.
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The major finding is the difference be-
tween the number of double-labeled neu-
rons seen in the raphe nuclei and in the
SN (Fig. 1). At some levels of the DR, as
many as half of the labeled cells were
double-labeled with EB and DAPI-
primuline. A smaller number of labeled
cells, and consequently of double-la-
beled cells, was seen in the MR. At least
a portion of these double-labeled DR and
MR cells are presumably members of the
serotonergic cell groups that project dif-
fusely to the forebrain (/7). On the other
hand, in the SNC and the medially ad-

o EB
874
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joining VTA, the populations of EB-la-
beled cells and DAPI-primuline-labeled
cells were almost completely separate
(Fig. 1). The DAPI-primuline-labeled
cells often appeared in small clusters, al-
ternating to a certain degree with groups
of EB-labeled cells, across the medio-lat-
eral extent of the SNC-VTA. In some
but not all cases, a very small number of
double-labeled cells could be seen. In all
nine rats, the difference in double label-
ing between the SNC-VTA and the DR
and MR, as well as the basic overall pat-
tern of labeling, were the same.

Fig. 1. Schematic distribution
of brain stem cells with retro-
grade labeling by only EB (O),
only DAPI-primuline (@), or
with both EB and DAPI-
primuline (+). The EB was in-
jected into the anterior-medial
forebrain (top section) and
DAPI-primuline into the later-
al-caudal forebrain (second
section from the top). Abbre-
viations: A, accumbens; AC,
anterior commissure; Amy,
amygdala; CP, caudate-puta-
men; DBC, decussation of the
brachium conjunctivum; DR,
dorsal raphe; IC, internal cap-
sule; MD, medio-dorsal thala-
mic nucleus; ML, medial lem-
niscus; MLF, medial longitu-
dinal fasciculus; MP, mammil-
lary peduncle; MR, median
raphe; OT, olfactory tubercle;
P, cerebral peduncle; PP,
peripeduncular nucleus; RN,
red nucleus; SNC, substantia
nigra pars compacta; SNR,
substantia nigra pars reticula-
ta; VTA, ventral tegmental
area; I1I, roots of the cranial
nerve 111; IV, trochlear nucle-
us.

+ Double labeled

In a second experimental group of five
rats, EB was injected into the anterior-
medial forebrain as described above; the
lateral-caudal forebrain injections of
DAPI-primuline were moved further
caudal to avoid infringement upon the in-
ternal capsule. In these animals, the
DAPI-primuline injections involved the
ventral hippocampus, lateral parietal and
temporal cortex, and parts of the ento-
rhinal cortex. Despite this change in the
injection site, many double-labeled cells
were again present in the DR and MR.
Only a very few DAPI-primuline cells
were seen in the SNC-VTA, however, as
might be expected with these more cau-
dal DAPI-primuline injections 8, 12).
Although the injections in the first and
second groups were large in order to
maximize the probability of revealing
double-labeled cells in the brain stem,
double-labeled DR cells were also seen
after considerably smaller injections of
EB restricted to the caudate-putamen
and of DAPI-primuline restricted primar-
ily to the amygdala.

It has been suggested that some sero-
tonergic fibers from the DR (/3) termi-
nate supra-ependymally in the cerebral
ventricles (/4). Therefore, in a control
experiment, large injections of DAPI-
primuline and EB were made directly in-
to the ventricles at the level of the ante-
rior thalamus, with some spread into the
surrounding periventricular tissue occur-
ring. These injections resulted in a faint
labeling of only an extremely small num-
ber of cells in the caudal DR. Even this
restricted labeling could conceivably
arise from uptake by and transport from
terminals in the periventricular tissue as
much as from the supra-ependymal ter-
minals. Thus, the serotonergic innerva-
tion of the cerebral ventricles (/4) from
the DR (/3) appears to play little role in
the results described above.

Our findings emphasize the wide-
spread collateralization of the ascending
raphe projections and the lack of such
collateralization in the nigral projections.
Nevertheless, some topographical or-
ganization can be seen in both brain-
stem cell groups with respect to the two
injections shown in Fig. 1.

In the DR nucleus, moving from ros-
tral to caudal, first only cells labeled with
EB (from the anterior-medial forebrain
injection) were seen. These cells ap-
peared densely in the two portions of the
DR nucleus: the ventromedial fountain
(between the two medial longitudinal fas-
ciculi) and the dorsomedial cluster (just
beneath the aqueduct). More caudally,
single cells double-labeled with both EB
and DAPI-primuline (from the lateral-
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caudal forebrain injection) appeared,
first in the ventromedial fountain and
then more caudally again in the dorsome-
dial cluster as well (Fig. 1). In the cau-
dal end of the DR nucleus and further
caudal in the B6 area (15), however, only
DAPI-primuline labeled cells were seen
©).

In the lateral SNC at rostral levels
(Fig. 1), separate groups of similar size
of DAPI-primuline and EB-labeled cells
were seen. In the medial SNC and VTA
at these rostral levels, DAPI-primuline-
labeled cells constituted small clusters
surrounded by large numbers of EB-la-
beled cells. More caudally the distribu-
tion of EB-labeled cells remained rough-
ly the same, but the DAPI-primuline-la-
beled cell clusters vanished laterally and
thus became restricted to the medial
SNC and VTA. At the caudal end of the
SN, only EB-labeled neurons were pres-
ent.

Previous reports have demonstrated
that the groups of SNC-VTA cells pro-
jecting to different forebrain areas over-
lap 8, 16, 17), but also in several in-
stances that SNC-VTA cells projecting
to one forebrain area are different from
those projecting to another &, 17, 18).
With a fluorescent retrograde double-la-
beling technique, we have demonstrated
within individual animals, that the SNC-
VTA cells innervating the lateral-cau-
dal forebrain form interlocking cell clus-
ters with those innervating the anterior-
medial forebrain. This should be consid-
ered in light of a report that removing
the striatum produces retrograde cell
changes in clusters of SN cells inter-
spersed with clusters of normal cells
(19).

Different afferent inputs to certain
brain regions may form mosaics of segre-
gated terminal zones, for example, the
ocular dominance columns in the visual
cortex (20) and also the various cortical
(21) and thalamic (22) terminal clusters in
the monkey striatum. This is obviously
reminiscent of the alternating efferent
cell clusters in the SNC-VTA demon-
strated in the present study. The inter-
digitation of cell clusters projecting to
the anterior-medial versus lateral-caudal
forebrain may allow both these forebrain
areas to partake of information received
from fiber systems terminating in dif-
ferent medio-lateral portions of the SNC-
VTA.

The fluorescent retrograde double-la-
beling technique has also made it pos-
sible to demonstrate that, in contrast to
cells of the SNC-VTA, a number of
single raphe cells sends axon collaterals
to two widely divergent forebrain areas.
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This result may explain why cells in one
area of the DR are consistently labeled
(in different animals) by horseradish per-
oxidase injections into different fore-
brain regions (9).
DEREK VAN DER Kooy*
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Binocularity in Kittens Reared with Optically Induced Squint

Abstract. The effects of conflicting visual images were studied without the con-
founding influences of oculomotor abnormalities: strabismus was simulated by rear-
ing kittens with ophthalmic prisms before the eyes. After the animals had matured,
the response properties of neurons in the visual cortex were studied. The proportion
of binocularly excited neurons decreased; however, the extent of the ocular domi-
nance alterations was related to the amount and direction of the prism-induced de-

viation.

It has been consistently demonstrated
that a nonconcomitant (paralytic) stra-
bismus produced in kittens by surgically
severing one or more of the extraocular
muscles results in a severe loss of corti-
cal binocularity (/). Depending on the di-
rection of the deviation of the visual
axes, a squint can also cause a loss in the
spatial resolving capacity of lateral ge-
niculate (LGN) neurons, a decrease in
LGN cell size, and a functional loss in
visual fields (2). Because fusion is usual-
ly impossible after such manipulations, it
is tempting to attribute all of these altera-
tions to the asymmetrical and conflicting
visual inputs originating from the two
eyes. In this respect, however, Maffei
and Bisti (3) have recently shown that
asymmetrical visual inputs to the cortex
are not a necessary condition for the
breakdown in binocularity that results
from a surgically induced strabismus. In-
stead, their results indicate that asym-
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metrical ocular motility alone is suf-
ficient to disrupt the binocular inputs to
cortical neurons.

Since impaired ocular motility is a nec-
essary consequence of surgically in-
duced strabismus, it is not possible to
evaluate completely the effects of con-
flicting visual inputs in such animals.
Conflicting visual inputs can be pro-
duced without necessarily inducing ocu-
lomotor abnormalities by depriving one
eye of form vision (for example, by uni-
lateral occlusion). With this procedure,
the deprived eye is put at a competitive
disadvantage, and, as a result, the neu-
rons in the visual cortex of the devel-
oping kitten become almost totally domi-
nated by the normal eye ). Therefore,
with this type of manipulation, it is not
possible to isolate the effects of conflict-
ing visual inputs without one eye’s being
given a definite competitive advantage.
Even when the occlusion is alternated
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