cells in the gastrointestinal tract may al-
so have important local or hormonal in-
fluence on nutrient entry. The site or
sites at which somatostatin exerts its in-
fluence on the entry of ingested nutrients
have not been identified, but its many in-
hibitory actions on rate-limiting gastric,
intestinal, and pancreatic functions (/3),
suggest that any one or more of these
loci may be involved.

In view of these results it seems rea-
sonable to regard splanchnic somatosta-
tin as a true hormone with a regulatory
role in the homeostasis of ingested nutri-
ents.
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Laminar Organization of Thalamic Projections

to the Rat Neocortex

Abstract. Nerve fibers transmitting information from the thalamus to the cerebral
cortex may be classified according to their major cortical layers of termination. (i)
One class consists of inputs from thalamic relay nuclei for vision, audition, and
somesthesis to layer IV, layer 111, or both. In contrast, autoradiographic studies of
projections from other thalamic nuclei reveal strikingly different patterns of termi-
nation: (ii) layer VI (or layer V, or both) is the target of fibers from the intralaminar
nuclei, and (iii) layer I is the target for fibers from the ventromedial and magnocellu-
lar medial geniculate nuclei. (iv) The remaining class is typified by termination both
in layer I and in additional layers that depend on the cortical area in which the
terminations are found. The data demonstrate that convergent thalamic inputs to a
given cortical area are usually not confluent within a layer and provide a new frame-

work for categorizing thalamic nuclei.

Lorente de N6 provided the classic
description of thalamic afferent fibers in
the rodent neocortex (/). His Golgi mate-
rial displayed two fundamentally distinct
laminar distributions of terminal arbori-
zations: the ‘‘specific,”” which is densely
aggregated in cortical layers III and IV,
and the ‘‘unspecific,”” which is sparsely
distributed throughout all cortical layers
but appears predominantly in layers I
and VI. Subsequent electrophysiological
evidence (2) buttressed the consensus (2,
3) that within the thalamus there are (i) a
layer IV projection system including the
“*specific’’ sensory relay nuclei and (ii) a
“‘nonspecific’’ layer I projection system
epitomized by the intralaminar nuclei but
also including a number of adjacent nu-
clei @).

In the three decades that followed the
initial categorization of thalamic nuclei
into specific and nonspecific domains,
very little anatomical evidence has sup-
ported the dual thalamic projection sys-
tem concept. Anterograde fiber-tracing
data have shown the existence of the
specific projection to layers III and IV

0036-8075/80/0201-0532$00.50/0 Copyright © 1980 AAAS

arising from several thalamic nuclei (5)
but have largely failed to support (6) the
contention that the intralaminar nuclei
have projections terminating in layer I
(3). Instead, layer 1 projections have
been found to arise from a posterior site
termed the ‘‘central intralaminar nucle-
us’’ in the hedgehog and the opossum
thalamus (7), from the magnocellular me-
dial geniculate nucleus in both the rat
and the monkey (8), and from the ventro-
medial nucleus in the rat (9).

The autoradiographic studies reported
here were designed to examine the cor-
tical projections of individual thalamic
nuclei in the rat. The first goal was to de-
termine the laminar distributions of nu-
clei representing specific and nonspecific
domains. After stereotaxic injections of
tritiated amino acids into thalamic loci,
the animals were allowed to survive for
periods of either 1 day or 10 to 12 days.
Their brains, perfused in formalin (10
percent in 0.9 percent saline), were sec-
tioned and processed according to usual
autoradiographic procedures (9, 10). The
successful restriction of the anterograde
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marker to cell bodies contained within
individual nuclei required iontophoretic
delivery (9). Long postoperative survival
times (approximately 10 days) and long
exposure of the brain sections to the
emulsion (1 to 7 months) facilitated the
visualization of projections, especially of
sparse fibers arising from the intra-
laminar nuclei. Neurons incorporating
and transporting the marker within their
axons were determined by microscopic
analysis to be those within an area of
dense silver grains in the emulsion over-
lying the sections. (The sections had
been exposed to the emulsion in the dark
at —12°C for S to 7 months.) The regions
of uptake and transport were in part de-
termined by comparing projections aris-
ing from adjacent regions injected in sev-
eral animals. Of more than 120 cases of
small thalamic isotope injections, the
ones illustrated in Fig. 1 epitomize each
class in terms of successful restriction of
isotope to the nucleus in question and the
best representation of its projections.

Instead of a dual thalamic projection
system, the autoradiography shows four
distinct categories of cortical afferent
lamination. Category 1 contains the ter-
minations of the ventroposterior, medial
geniculate, lateral geniculate, and medio-
dorsal cell groups (/7). The projections
in this class are aimed predominantly at
the middle cortical layers, which typi-
cally include all of layer IV and the deep
part of layer III. Termination in layer I,
when present, is marked by sparse grains
that are much less dense than those in
layer III or layer IV. Rostral cortical
areas lack a granular layer IV, and here
the mediodorsal and gelatinosus nuclei
project most densely to layer III and also,
although with moderate density, to layer I.
The ventroposterior nucleus has a corti-
cal projection that terminates heavily in
the layer IV granule cell aggregates of
the primary somatosensory area (/2) and
extends superficially in greatly reduced
magnitude as far as layer I (Fig. l1a). A
second, sparser concentration of grains
overlies the superficial half of layer VI.
A double banding pattern (layers IV and
VI) characterizes the projections of the
medial and lateral geniculate nuclei to
auditory and visual cortical areas as
well, though in each of these areas the
layer I grain density indicates a definite
but minor third band. The middle layer is
the most predominantly labeled in each
case.

Category 2 comprises terminations
confined to layers VI and V from the in-
tralaminar nuclei, including the para-
fascicular nucleus. This group issues
sparse but widespread neocortical pro-
jections, the bulk of which terminate in
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infragranular layers deep to layer IV
(Fig. 1f). Amino acid injected into the
rostral portion of the central medial nu-
cleus labels projections aimed at layers
VI and, to a lesser degree, layer V of
virtually all cortical areas. The central
lateral and paracentral nuclei (Fig. 2a)
project to deep layers of more limited
cortical extent. The parafascicular nucle-
us projects only to layer VI of the motor
area. Where sparse fibers extend as far
as layer I, the density is far less than that
observed in the infragranular layers.
Categories 3 and 4 are typified by
dense projections terminating in layer I.
The source nuclei include the ventral an-
terolateral, lateral dorsal, ventromedial,
reuniens, posterior, lateral posterior,
and magnocellular medial geniculate nu-
clei. Most of these are located adjacent
to the intralaminar nuclei, and their
proximity probably accounts in part for
the long-standing popular belief that the

Fig. 1. Dark-field and bright-field microphotographs showing narrow strips of cerebral cortex

intralaminar nuclei project to layer I (3).
However, the small injections used in
this study unequivocally show that when
isotope is confined to the intralaminar
nuclei (Fig. 2a), sparse fibers are found
in layer I, but when it is placed just S00
wpm laterally, a heavy layer I projection is
labeled. Within the category of projec-
tions to layer I is the ventromedial nucle-
us, the projection of which is directed
nearly exclusively to the outer half of
layer I of almost the entire neocortex (9).
The magnocellular medial geniculate re-
gion projects to layer I of the auditory
areas of the cortex, but shows accumula-
tions of grains in deeper layers suggest-
ing additional termination there.

The remaining layer I-projecting cell
groups may be considered as a distinct
class because they have in common defi-
nite additional termination in layers
whose locus and density in each instance
depend on the cortical area in which they

with autoradiographically labeled thalamocortical afferent fibers and terminals (6- to 7-month
exposures). Roman numerals mark cortical layers. All photographs were taken at same magnifi-
cation (bar, 0.5 mm). (a) Ventroposterior injection labels layers III, IV, and VI in the primary
somatosensory area. (b) Posterior injection labels layer I and V in the same cortical area (con-
tinued at left in brightfield). (c) The same posterior injection labels I and III in the motor area.
(d) Typical trilaminar banding in the motor area after ventral anterolateral injection. (e) Lateral
posterior projection to layers I and IV of visual cortical area 18 (right) and to layers I and V of
area 17 (left, and continued in brightfield). The intermediate band shifts layers at the border
between areas 17 and 18. (f) Intralaminar projections to infragranular layers illustrated here by a
central medial projection directed mostly at layer VI of cortical area 17. (g) Anteromedial ven-
tral anterolateral projection to layers I and VI of area 17.
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Fig. 2. Photographs (left) and respective projection drawings (right) of two representative tha-
lamic levels. At left are the centers of injection sites in the paracentral nucleus of the intralaminar
complex (a) and the lateral posterior nucleus (b) photographed from sections exposed to the
emulsion for 5 and 7 months, respectively. At right is the classification scheme. Vertical lines
mark cell groups projecting to layer IV or layer III (or both); horizontal lines mark those that
project nearly exclusively to layer I; cross-hatching indicates nuclei with area-dependent lami-
nation; circles mark nuclei with projections to area VI or area V (or both). Abbreviations: cem,
central medial; ¢/, central lateral; dlg, dorsal lateral geniculate; g, gelatinosus; /d, lateral dorsal;
Ip, lateral posterior; md, mediodorsal; pc, paracentral; pf, parafascicular; po, posterior; pv,
paraventricular; re, reuniens; rt, reticular; v/, ventral anterolateral; vm, ventromedial; vp, ven-

troposterior; and zi, zona incerta.

are found. The ventral anterolateral nu-
cleus is placed within the category of
area-dependent lamination because, al-
though it projects to layers I and VI of a
wide area of the cortex, including motor
and visual areas (areas 4 and 17), it also
projects to layers III and V of the motor
area (/3). Isotope confined to the lateral
posterior nucleus (Fig. 2b) labels a heavy
projection to the peristriate area (area
18), terminating in layers I and IV. The
projection also pervades the striate area
(area 17), but here it terminates in layer I
and the superficial portion of layer V
(Va). The intermediate band thus dra-
matically shifts from layer IV to layer Va
at the border between areas 17 and 18
(Fig. 1e). Similarly, the posterior nucleus
projections are aimed at layers I and IV
of the second somatosensory cortical
area and at layers I and Va of the imme-
diately adjacent primary somatosensory
area. More rostrally placed injections in-
to the posterior nucleus label fibers to
layers I and Va of most of the primary
somatosensory area (Fig. 1b) and to lay-
ers I and III of the motor area (Fig. 1c).
The reuniens and the lateral dorsal nuclei
project outside the neocortex, but within
their target zones they show area-depen-
dent lamination. The reuniens efferents
terminate in the superficial hippocampal
layer and in layers I and III of the ento-
rhinal cortex (/4). The lateral dorsal nu-
cleus projects to layer I of the granular
area and to layers I and III of the agranu-
lar retrosplenial area.
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The thalamic nuclei and their projec-
tions, placed in four categories in Fig. 2,
have parallels in ontogeny and phyloge-
ny, and the organizational scheme sug-
gests new considerations for electro-
physiology and principles of convergent
cortical projections. The observations
that the intralaminar nuclei may consti-
tute the paleothalamic or *‘cephalic retic-
ular’’ core (/5) show an interesting cor-
respondence with the facts that (i) these
nuclei project predominantly to the stria-
tum (6, 16), the most rostral end of the
brain of lower vertebrates (/7), and (ii)
their laminar termination in the cortex is
within the deep layers, which, in onto-
geny, are the first to develop (/8). The
thalamic nuclei situated most laterally
are the origins of Lorente de N6’s specif-
ic projection system. Projections in this
category terminate within the middle
cortical layers, traditionally considered
to be the major cortical input zone (/).
The cells in layer IV provide by short in-
tracortical connections a complex, se-
quential, local processing mechanism
(19) that is bypassed by thalamic inputs
terminating in other cortical layers. In-
terposed between the intralaminar (deep-
projecting) and specific (middle-project-
ing) groups are the superficial (layer I)
projecting nuclei, including those cate-
gorized here as having area-dependent
lamination. The superficial projections
spread widely over multiple cortical
areas; by their termination on the distal
ends of pyramidal cell apical dendrites

(1), they might be assumed to have a
subtle, universal effect on pyramidal cell
excitability in the underlying cortical lay-
ers. If these nuclei are the ones that mod-
ulate cortical neural activity in the fash-
ion described as the recruiting response
2, 9), the intralaminar nuclei can be
freed from this previously assigned func-
tional role and reconsidered as can-
didates for different modes of influence
on cortical neurons.

Considered as a proportion of thalamic
volume, the cell groups projecting to lay-
er I in the rat constitute a sizable fraction
(Fig. 2). The existence of homologous
and analogous regions in the thalamus of
other mammals, including primates, re-
mains to be investigated, but would be
predicted on the basis of these results.
For the rat at least we can conclude that
cortical areas receive convergent tha-
lamic inputs that are usually not con-
fluent within a layer. More fundamental-
ly, the nuclei of the thalamus can be con-
sidered to be of four types with respect
to the laminar distribution of their pro-
jections upon the cortex.

MILES HERKENHAM
Laboratory of Neurophysiology,
National Institute of Mental Health,
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Erythrosine (Red No. 3) and Its Nonspecific Biochemical Actions:
What Relation to Behavioral Changes?

Abstract. Biochemical studies have shown that the ability of erythrosine to inhibit
dopamine uptake into brain synaptosomal preparations is dependent on the concen-
tration of tissue present in the assay mixture. Thus, the finding that erythrosine inhib-
its dopamine uptake (which, if true, would provide a plausible explanation of the
Feingold hypothesis of childhood hyperactivity) may simply be an artifact that re-
sults from nonspecific interactions with brain membranes. In addition, although
erythrosine given parenterally (50 milligrams per kilogram) did not alter locomotor
activity of control or 6-hydroxydopamine-treated rats, erythrosine (50 to 300 milli-
grams per kilogram) attenuated the effect of punishment in a ‘‘conflict’’ paradigm.

The prevalence of hyperkinesis and
learning disabilities among children, and
the fact that therapy with stimulant drugs
is not entirely satisfactory (/) have made
the search for alternative forms of treat-
ment for these problems an important is-
sue. Several years ago, Feingold 2) re-
ported that removal of synthetic food
colors and other ingredients from the
diet of hyperactive children could dra-
matically eliminate the symptoms in
about half of them. The impressive re-
sults reported by advocates of this treat-
ment have been evaluated by many
groups with the general finding that open
studies support Feingold’s contentions,
whereas closed clinical trials and blind
challenge studies have been essentially
negative (3). Little attention has been
given to animal or biochemical studies
that might define possible mechanisms
underlying the proposed behavioral tox-
icity of the food dyes. The difficulty in
selecting a suitable model for study has
been one reason for neglecting this area
of research.

Recently, Logan and Swanson ¢) re-
ported that the mixture of eight food
dyes commonly used in pediatric clinical
studies caused a significant inhibition of
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neurotransmitter uptake in homogenates
of rat brain. In examining this finding fur-
ther, they reported that one of the dyes
in the mixture, erythrosine (Erythrosin
B; FD & C Red No. 3) was responsible

—
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Fig. 1. Ackermann-Potter (§8) representation
of the effects of tissue concentration on
[3H]dopamine uptake from a crude synapto-
somal preparation from rat striatum. Dopa-
mine uptake was measured essentially by the
method of Ferris et al. [see (7)]. Each data
point represents the mean of four separate ex-
periments. The standard error for each data
point is never greater than 10 percent of the
magnitude of its particular mean.

for this effect, and that it alone inhibited
the uptake of all the transmitters tested.
The other dyes were ineffective. Laf-
ferman and Silbergeld (5) have confirmed
that dopamine uptake into crude sy-
naptosomes is significantly inhibited by
erythrosine. The suggestion that one dye
might be critical in producing the alleged
detrimental effects of the food colors
coincided with our interest in hyper-
kinesis, and prompted us to attempt to
replicate these findings and to assess
their effect on behavior. We now report
that the potency of erythrosine in vitro to
inhibit neurotransmitter uptake is depen-
dent on the concentration of tissue pres-
ent in the incubation system. Thus, the
findings of Logan and Swanson ¢), or
Lafferman and Silbergeld (5), can be es-
sentially confirmed or refuted depending
on the experimental conditions chosen.
We also report on behavioral studies in
rats that suggest that high doses of eryth-
rosine are active in a paradigm also sen-
sitive to drugs that alter hyperkinetic be-
havior in children (6).

In our initial experiments (7) we failed
to confirm the finding reported by others
, 5) that erythrosine could inhibit the
uptake of [3H]norepinephrine or [*H]do-
pamine into crude synaptosomal prep-
arations of striatum, hypothalamus, or
whole brain from Sprague-Dawley rats.
In an attempt to resolve this discrep-
ancy, we varied several conditions of
the uptake system. These included in-
cubation temperature (0°, 25°, and 37°C),
time of incubation with the drug (5, 15,
or 30 minutes), presence or absence of
light and oxygen, substrate concentra-
tion (107’M and 10~8M for norepineph-
rine, dopamine, or serotonin), erythro-
sine concentration (0.1 uM to 100 uM),
and the concentration of synaptosomal
protein present in the medium.

We found that one of the conditions,
the concentration of synaptosomal pro-
tein present in the incubation medium,
influenced significantly the calculated
potency of erythrosine as an inhibitor of
catecholamine uptake into synapto-
somes obtained from all brain areas stud-
ied. This is illustrated in Fig. 1, which is
a graphical presentation after the sugges-
tions of Ackermann and Potter (8) for the
case of pseudo-irreversible inhibition.
These data clearly show that when the
concentration of erythrosine and the
concentration of dopamine in the in-
cubation medium are held constant, dif-
ferent degrees of inhibition of dopamine
uptake by erythrosine can be achieved
by simply varying the concentration of
striatal synaptosomal protein present in
the medium. The percentage inhibition
of dopamine uptake is not directly pro-
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