
nating control female mice there were no 
untoward effects as judged by litter size, 
nearly identical birth weights, and 
weights of offspring at 30 days of age 
(Table 1). Offspring of MSG-treated fe- 
males were significantly heavier at 30 
days of age (Table 1). This was most like- 
ly the result of the reduced litter size 
seen in the MSG-treated females, which 
in turn allowed for increased availability 
of mother's milk. These weight dif- 
ferences were not observed in the male 
reproduction series (Table 1) when litter 
size is comparable. 

The occurrence of reproductive dys- 
function in both the female and male 
mouse along with reduced endocrine 
gland weights leads us to suspect that 
MSG administered during the neonatal 
period results in hypothalamic damage 
leading to multiple endocrine dysfunc- 
tion. The multiple endocrine dysfunction 
hypothesis would account for a number 
of the behavioral observations made by 
us and other investigators. Stunted skel- 
etal growth and obesity may result from 
disturbance of growth hormone (GH) 
production and release. Our obese ani- 
mals consistently show abnormally large 
deposits of fatty tissue in the peritoneal 
cavity on autopsy. The role of GH in the 
mobilization of nonesterified fatty acids 
from fat deposits may, in part, account 
for the obesity of MSG-treated mice. 
The consistently reduced thyroid 
weights recorded above indicate a re- 
duced secretion of thyroid-stimulating 
hormone which again suggests hypotha- 
lamic damage. Thyroid dysfunction may 
also account for the reduced activity that 
we observed and the decreased oxygen 
consumption reported by Djazayery et 
al. (11), indicating a much reduced meta- 
bolic rate. Early thyroid dysfunction 
may also affect CNS growth and devel- 
opment resulting in learning deficits. Fi- 
nally, damage to the hypothalamus can 
result in decreased secretions of gona- 
dotrophins necessary for female and 
male reproduction. 

The delayed puberty seen in this 
study, indicated by delayed vaginal 
openings, is probably the result of a de- 
creased estrogen output, since vaginal 
opening occurs as the result of an initial 
release of large amounts of ovarian es- 
trogen. This suggests a delay in the initial 
release of gonadotrophin necessary for 
ovarian stimulation. The longer estrous 
cycles, decreased incidence of pro- 
estrus, and decreased ovarian weights 
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cycle and reduction in pituitary prolactin 
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and mammary gland development (3), 
along with a decrease in pituitary lute- 
inizing hormone (12). A study on golden 
hamsters, in which the doses of MSG 
were higher than those we used, showed 
females to be acyclic with small follicles 
and no corpora lutea, while males had 
atrophic seminiferous tubules and reduced 
spermatogenesis (13). Thus, the reduced 
female fertility observed here may be 
due to either a decreased incidence of 
ovulation or a failure of implantation- 
events which are dependent on lute- 
inizing hormone and prolactin. The de- 
creased number of pregnancies from 
matings of control females and MSG- 
treated males is probably due to de- 
creased spermatogenesis. 
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Delineating the retinal circuits that 
channel and process chromatic informa- 
tion requires knowing the spectral 
classes of cone photoreceptors and how 
they are organized into a two-dimension- 
al sensor matrix. The spectral types of 
goldfish cones have been classified by 
their morphologies and mosaic organiza- 
tion (1-3) with precision sufficient to per- 
mit the morphological analysis of color- 
specific contacts by some second-order 
neurons (4). Since all primate cones are 
morphologically identical according to 
present criteria, a comparable analysis of 
color-specific connections in primates 
has not been possible. Psychophysical 
data concerning the spatial properties of 
primate color processing are available, 
and large samples of spiking retinal and 
brain neurons with inputs from cones are 
being accumulated. Knowing the propor- 
tions and densities of cone types at vari- 
ous retinal loci might reveal how the 
cone mosaic relates to psychophysical 
performance and neural organization. 

Microspectrophotometry has yielded 
evidence for three spectral types of pri- 
mate cones (5), each containing a single 
visual pigment. We shall refer to these as 
red (Xmax- 575 nm), green (Xmax 535 
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nm), and blue (Xmax - 440 nm) cones. By 
using histochemical techniques that we 

used to analyze the color organization of 

goldfish cones (1), we have been able to 

describe how red, green, and blue baboon 

cones are distributed. 
When cones are bleached by light, 

they undergo temporary increases in the 
rate of mitochondrial electron transport, 
such increases being measurable as in- 
creased rates of reduction of nitroblue 

tetrazolium chloride (NBT) to a blue-vio- 
let product (NBT-diformazan) in the el- 

lipsoids of stimulated cones (1, 2, 6). 

Eyes were enucleated under Nembutal 
anesthesia from dark-adapted (7) ba- 
boons (Papio cynocephalus) in dim light, 
opened with a semicircular cut below the 
corneoscleral junction, placed cut-side 
down on a pad saturated with iced 
Locke's saline inside an oxygenated 
lightproof cannister, and further dark- 

adapted for 30 minutes. Retinas were re- 
moved in infrared light (X > 800 nm) 

through the use of infrared image con- 
verters and were mounted receptor-side 
up on a wax support. The retinas were 
moistened with Locks's saline (room 
temperature), oxygenated, and stimu- 
lated for 5 minutes with white light (> 107 
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Chromatic Organization of Primate Cones 

Abstract. The distributions of baboon retinal cones were mapped histochemically 
by light-stimulated reduction of nitroblue tetrazolium chloride. Blue cones were dis- 
tributed regularly in the periphery; ied and green cones were distributed randomly 
eveiywhere. The ordering of cone densities was green > red > blue. 
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photon sec-1 /m-2 over 400 to 700 nm) 
or narrow-band spectral light from a 
monochromator (Bausch and Lomb; 5- 
nm bandpass at half-peak height) at 440, 
555, or 650 nm. The retinas were then in- 
cubated for 10 minutes in a saline-suc- 
cinate-NBT medium (8), fixed and 
mounted in 10 percent formalin-isosmot- 
ic phosphate buffer (pH 7.4), and exam- 
ined as whole mounts. Since the spectral 
absorbances of cone pigments overlap, 
we examined histograms (9) of cone re- 
sponse magnitude (the amount of NBT 
reduced in response to a stimulus) in or- 
der to determine the stimulus flux den- 
sities at which the responses of a single 
population of cones were sufficiently iso- 
lated. 

Virtually all cones stimulated with 
white light responded strongly (Fig. la). 
At eccentricities of 5? to 40? (10), blue 
lights (440 nm) elicited responses in 12 to 
14 (X = 13.4) percent of the cones, and 
the cones were regularly arrayed (11) 
(Fig. lb). Two experiments at 5.1 x 104 
and one each at 4.0 x 104 and 8.0 x 104 

photon sec-~1 /m-2 yielded identical re- 
sults. Red lights (650 nm, 2.6 x 105 pho- 
ton sec- aLm-2) elicited responses in 30 
to 34 percent of the cone population 
(X = 33.0) (Fig. ic) in areas sampled at 
eccentricities of 8? to 40?. This propor- 
tion was confirmed with response histo- 
gram data (9) as representing the isolated 
red cone population. According to statis- 
tical criteria, the red cones were ran- 
domly distributed. The spectral absor- 
bances of red and green cone pigments 
overlap to such a degree that it was not 
possible to isolate green cone responses. 
Stimulating with 555-nm lights (5.0 x 105 
and 1.1 x 106 photon sec-' /am-2) elic- 
ited responses in 88 percent of the cones, 
and the unresponsive cones (12 percent) 
were arrayed in a regular pattern. This 
would be the expected result if the 555- 
nm light stimulated red and green cones 
but did not stimulate blue cones. From 
these experiments we conclude the cone 
proportions at eccentricities greater than 
5? to be 13 percent blue cones, 54 percent 
green cones, and 33 percent red cones. 

Responses of blue cones were studied 
throughout the central 2? in three foveas 
(12) with 440-nm light (two experiments 
at 8.0 x 104 and one at 3.0 x 104 photon 
sec-1 ,Am-2). Between the foveola and 
about 0.25? and 0.5?, only 3 to 4 
(X = 3.1) percent of the cones respond- 
ed (Fig. Id). The distribution appeared 
somewhat patterned but was statistically 
random according to our tests. The pro- 
portion of blue cones increased to 20 per- 
cent at 1?. At 5?, the proportion of blue 
cones was down to 12 to 14 percent. One 
successful foveal red-light experiment 
22 APRIL 1977 

(650 nm, 1.0 x 105 photon sec-1 am-2) 
indicated that red cones probably repre- 
sented between 30 and 40 percent of the 
cones in the foveola. A more accurate 
estimation was precluded as a result of 
mechanical distortion and poor fixation 
of the tissue. 

Knowing the proportions of cone 
types at several retinal loci permits us to 
estimate cone density functions for each 
type by partitioning the total cone den- 
sity function of the baboon retina ac- 
cording to the proportions of red, green, 
and blue cones (assuming that the 
changes in proportions between our dis- 
crete measurements are smooth, contin- 

uous functions and that red cones consti- 
tute 33 percent of the cones everywhere 
in the retina). The blue cone density is 
maximal at about 1?, and the red and 
green cone densities are maximal in the 
foveola (Fig. 2). These results coincide 
with the loci of the psychophysically de- 
termined maxima in the increment 
threshold sensitivities of the isolated hu- 
man blue, green, and red mechanisms 
(13, 14). 

Most of the ganglion cells in the fovea 
of the rhesus monkey have con- 
centrically organized receptive fields, 
the centers of which receive inputs from 
one spectral class of cones, while the an- 

Fig. 1. Flat mounts of baboon retinas after stimulation with light and incubation with NBT. All 
scale markers indicate 25 /um. Wide arrows indicate cone ellipsoids containing NBT-diforma- 
zan. (a) White light exposure, >107 photon sec-1 /m-2 across 400 to 700 nm, 10? temporal 
retina. Two percent of the cones failed to respond. (b) Blue light exposure, 5.1 x 104 photon 
sec-1 aMm-2, 440 nm, 25? temporal retina. (c) Red light exposure, 2.6 x 105 photon sec-1 ,m-2, 
650 nm, 40? temporal retina. (d) Blue light exposure, 8.0 x 104 photon sec-~ /am-2, 440 nm, 
foveola. Retina is torn at upper left; thin arrows indicate positions of two responsive cones that 
are out of focus. 
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Fig. 2. Estimated density distributions for red 
(R), green (G), and blue (B) cones, con- 
structed by partitioning the total cone density 
function for temporal retina (T) according to 
the relative proportions of red, green, and 
blue cones in the various retinal areas de- 
scribed. We assumed that the transition be- 
tween regions containing differing proportions 
of a given cone type, as determined by dis- 
crete measurements, was a smooth, contin- 
uous function and that red cones represented 
33 percent of the cones at all loci. (Inset) Ex- 
panded blue (B) cone density function. Dashed 
line indicates change of scale on the abscissa. 

tagonistic surrounds receive inputs from 
other classes (15). These cells are re- 
ferred to as color-opponent ganglion 
cells. In the rhesus monkey, the fre- 
quency of encountering such ganglion 
cells with blue-sensitive receptive field 
centers is 3 percent for 0? to 0.5?, 16 per- 
cent for 0.5? to 2?, and 11 percent for 2? 
to 10? [calculated from the data of De 
Monasterio and Gouras (15)]. In our ba- 
boons, the proportions of blue cones are 
3, 20, and 13 percent for the same retinal 
areas. In the baboon foveola the mean 
intercone distance of 6 + 0.59 minutes 
of arc (uncorrected for shrinkage) for 
blue cones is close to the psycho- 
physically determined value of 6.5 to 7.5 
minutes of arc for the acuity of the hu- 
man blue mechanism (13, 16). Our single 
observation that red cones are less 
frequent than green cones in the foveola 
is consistent with the spectral acuity data 
of Brindley (13) and the contrast sensi- 
tivity data of Kelly (17), which indicate 
that green cones are more densely 
packed than red cones in the fovea. Al- 
so, in the rhesus monkey (15), color-op- 
ponent ganglion cells with green-sensi- 
tive receptive field centers are encoun- 
tered twice as frequently between 0? and 
0.5? as red-center cells of the same class. 
It appears that the ordering of cone den- 
sities (green > red > blue) holds true 
over the entire retina and may be reflect- 
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