nermost annuli 0.8 log unit brighter and
0.8 log unit dimmer than the outermost
annuli.

As a further test of the prediction illus-
trated in Fig. 2, we measured threshold
elevations for two additional test rec-
tangle widths, namely, 0.25° and 1.0°, for
three of our four subjects. Figure 3E
shows how the antiphase threshold ele-
vation curves progressively broadened
as the width of the test rectangle in-
creased from 0.25° to 1.0°.

We conclude that visual sensitivity to
the location of a flow pattern’s focus
could be mediated by channels that re-
spond to changes in the size of small ob-
jects. The relative activities of these
changing-size channels might be one
basis on which the brain computes the
direction in which the head moves with
respect to the external world (11, 12).

D. REGAN
K. I. BEVERLEY
Department of Psychology,
Dalhousie University, Halifax,
Nova Scotia, Canada B3H 4J1
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Noradrenergic Innervation of Cerebral Cortex: Widespread

Effects of Local Cortical Lesions

Abstract. The trajectory of the intracortical noradrenergic fibers has been charac-
terized by histochemical analysis following the production of cortical lesions in the
rat. A large group of noradrenergic fibers enters the cortex at the frontal pole and
proceeds caudally through the deep layers of dorsolateral cortex. Branches arise
from these longitudinally directed fibers and form a uniform pattern of innervation
throughout lateral cortex. Because these fibers travel long distances rostrocaudally
within the gray matter, a large area of cortex can be deprived of noradrenergic in-
nervation by a relatively small lesion of frontal cortex. The medial and lateral cortex
can be selectively and differentially denervated of noradrenergic fibers, and there is a
medial to lateral topographic relationship between deep longitudinally running fibers

and overlying cortex.

The ascending noradrenergic (NA)
projection from the locus coeruleus ap-
pears to be the most divergent system in
the brain, originating from a few thou-
sand cells in the pons and innervating a
large portion of the diencephalon and the
entire cerebral cortex. Predictably, the
projection does not mediate modality-
specific sensory information but has
been implicated in more general func-
tions such as attention, mood, and vigi-
lance (/). To achieve a better under-
standing of the role played by the coe-
ruleo-cortical system in cortical cir-
cuitry, we have studied the morpho-
logical organization of the terminal and
preterminal NA axons within the cortex
of the rat. Our previous observations (2)
indicate that the coeruleo-cortical pro-
jection is geometrically orderly through-
out the lateral neocortex and that its or-
ganization differs considerably from that
of other cortical afferents. Two notewor-
thy features of the NA innervation are
the high density of fibers throughout all
cortical layers and the predominantly
tangential orientation of axons within the
cortical gray matter. We now offer ex-
perimental data that further clarify the
intracortical route of the NA fibers and
that demonstrate the tangential organiza-
tion of this major cortical afferent.

Throughout all areas of the lateral neo-
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cortex, a qualitatively uniform pattern of
NA innervation has been found (2)
through the use of immunocytochemical
staining with antibodies directed against
dopamine-B-hydroxylase (DBH) (3). The
NA fibers in layer VI are largely oriented
in the anteroposterior direction, and they
form a continuous, intracortical sheet of
longitudinal fibers overlying the white
matter. Although tangential fibers are al-
so seen in layers IV and V, the preva-
lence of short, tortuous axon segments
suggests that an NA terminal field is
present in these layers. Layers 111 and 1I
are traversed by radially oriented axons
with minimal branching, whereas layer I
contains numerous tangential fibers with
both anteroposterior and mediolateral
orientations.

The pattern of NA innervation in the
medial (cingulate) cortex differs from
that of the lateral cortex. Within the me-
dial cortex, striking differences exist be-
tween the anterior cingulate and the ret-
rosplenial regions ). The anterior cin-
gulate cortex has a low density of NA
fibers, particularly in layers II and III, in
contrast to the retrosplenial cortex,
which has an extremely high density of
NA innervation, most evident in the
middle layers, where there appears to be
an NA terminal field similar to that in
layer IV of lateral cortex.
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Despite the regional variations in the
branching patterns, all areas of neo-
cortex have a prominent band of tan-
gential fibers running through the gray
matter in the anteroposterior direction.
Given the presence of this dense sheet of
NA axons within layer VI of medial and
lateral cortex and the paucity of NA fi-
bers in the subcortical white matter, we
hypothesized that the longitudinal layer
VI fibers form the principle intracortical
NA pathway forming ‘‘trunk lines”

314

which, via local branches, innervate the
cortex through which they pass.

This hypothesis has been difficult to
reconcile with the well-established no-
tion that NA fibers enter the cortex via
either of two discrete pathways: a medial
path through the cingulum bundle and a
lateral projection that leaves the medial
forebrain bundle and proceeds laterally
to enter the external capsule (5). The
principle NA pathway has been thought
to be through the cingulum bundle as de-

Fig. 1. Photomontages of
DBH-positive fibers in the pri-
mary somatosensory cortex of
the control (left) and lesioned
(right) hemispheres (sagittal
sections). The lesion was a co-
ronal incision of the dorsolat-
eral cortex from the pia to the
white matter (WM), placed
several millimeters rostral to
the area shown. Note the
marked decrease in the den-
sity of NA fibers on the le-
sioned side. The photomon-
tages extend from the pia to
the white matter (bar, 100
pm).

scribed by Ungerstedt (5). In his formu-
lation, NA axons from the locus coe-
ruleus ascend through the septal nuclei
and proceed dorsally around the genu of
the corpus callosum; they enter the cin-
gulum bundle and run caudally, giving
off laterally directed branches that in-
nervate most of the neocortex. If that
formulation were correct, then one
would expect to see laterally directed
NA axons in dorsolateral cortex, where-
as we have observed in coronal, para-
sagittal, and tangential sections of lateral
cortex that the fibers are primarily di-
rected longitudinally.

In order to determine the degree to
which branches from the cingulum
bundle innervate lateral or medial cor-
tex, we initially made three intracortical
lesions. The lesions were unilateral, and
in all cases the NA innervation of the le-
sioned hemisphere was compared with
that in the unlesioned hemisphere and in
control (unoperated) rats (6). The first le-
sion was a discrete parasagittal knife-cut
from the pia to the white matter in dorsal
cortex lateral to the cingulum bundle.
This lesion would be expected to sever
any laterally directed branches arising
from the cingulum bundle. After the ani-
mals had survived for 2 weeks, the NA
innervation of cortex lateral to the in-
cision appeared normal, and there was
no significant decrease in the density of
NA axons.

Next, we transected the cingulum
bundle caudal to the genu of the corpus
callosum. This lesion should interrupt all
NA fibers traveling within or immediate-
ly dorsal to the cingulum bundle. The
density and pattern of NA innervation in
both the medial and lateral cortex was
essentially normal; however, there was a
moderate decrease in the density of NA
fibers in the strip of cortex immediately
dorsal to the cingulum bundle, caudal to
the lesion.

The third lesion was a coronal incision
of medial cortex, slightly caudal to the
genu of the corpus callosum, that ex-
tended from the midline to the cingulum
bundle, thereby transecting the supra-
callosal stria and the cortex immediately
dorsal to it. This lesion resulted in a
marked reduction in the number of longi-
tudinally oriented NA fibers and in the
density of NA innervation throughout
the cingulate cortex caudal to the lesion,
whereas the dorsal and lateral cortical
regions were unaffected.

The results of the preceding lesion ex-
periments demonstrate that dorsolateral
cortex is not innervated to a significant
degree by fibers arising from medial cor-
tex or the cingulum bundle. The NA fi-
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bers within the cingulum bundle in-
nervate only the band of dorsal cortex
overlying the cingulum bundle. More-
over, the cingulate cortex itself is in-
neivated by NA fibers running longitudi-
nally in and above the supracallosal stria
and medial to the cingulum bundle.

The innervation of lateral cortex is
thus independent of fibers running in the
cingulum bundle or in the medial cortex.
Since we, like Lindvall and Bjorklund
(5), were unable to visualize a significant
contribution of NA fibers to the cortex
via a lateral pathway, we hypothesized
that the lateral cortex is innervated by in-
trinsic NA fibers that enter the cortex in
the frontal pole and proceed caudally
within the dorsolateral cortex. Two addi-
tional unilateral lesions of the dorsolater-
al cortex were made in order to verify
this hypothesis.

A coronal incision of the dorsolateral
cortex (4 to 5 mm long) extending from
the pia to the white matter was placed at
a rostrocaudal level approximately 1 mm
behind the genu of the corpus callosum.
The cingulum bundle was not damaged,
as confirmed histochemically. This le-
sion resulted in a marked decrease of NA
innervation caudal to the cut (Fig. 1) in a
wedge-shaped area of cotrtex extending
from.the lesion to the occipital cortex.
The frontal cortex rostral to the lesion
was unaffected, as were the medial and
far lateral regions of cortex.

Finally, a dorsolateral frontal decorti-
cation was performed by aspirating gray
matter of the frontal pole back to the ros-
tral tip of the white matter. The medial
cortex was undisturbed, and the lesion
was restricted to the area rostral to the
genu of the corpus callosum such that
NA fibers ascending medially around the
genu were spared. After this lesion was
inade, the density of NA fibers through-
out all layers of dorsal and lateral cortex
decreased markedly (Fig. 2) as far cau-
dally as the occipital pole, where some
fibers remained. The medial and peri-
thinal cortex were the only cortical areas
not affected.

These lesion studies demonstrate that

Fig. 2. The effect of frontal decortication on
NA innervation of lateral neocortex. Phote-
montages of DBH-positive fibers in primary
somatosensory cortex after unilateral frontal
decortication (coronal sections; bar, 100 wm;
left, control side; right, lesioned side). (Top)
Layer VI. (Bottom) Layers I through III. The
NA innervation density and pattern on the
control side is indistinguishable from that
seen in a normal animal. The few remaining
fibers on the lesioned side may have reached
the cortex via any of the alternate routes that
have been proposed (5).
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the NA innervation reaches most areas
of neocortex primarily by tangential, lon-
gitudinal axons which run from rostral to
caudal. A medial to lateral topographic
relationship exists between deep fibers
and the overlying cortex. The medial and
lateral cortex are innervated by different
sets of NA fibers and can be selectively
and differentially denervated of NA ax-
ons. In coronal sections, both sets of lon-
gitudinally directed fibers can be seen as
crosscut axons in deep cortex forming a
uniform band, which is continuous from
the midline to the rhinal sulcus. The
most medial fibers, those in the supra-
callosal stria, arborize locally in cingu-
late cortex and do not branch into dorsal
or lateral cortex. The dorsolateral cortex
is innervated by an intragriseal NA path-
way, which forms a sheet of longitudinal,
caudally directed fibers spread across
the deep cortical layers. Many of these
fibers (Fig. 3) appear to enter the cortex
ventrally, rostral to the caudate nucleus
(7), where they turn dorsally and then
caudally within the frontal pole, passing
through the frontal cortex. These same
fibers continue caudally throughout the
longitudinal extent of the hemisphere
supplying the cortical NA innervation
throughout their trajectory.

The data suggest the existence of a
coarse topographic order within the NA
innervation of cortex. The topographic
order is such that the mediolateral posi-
tion of a longitudinally directed fiber
determines its zone of innervation. Al-
though the lesions were somewhat large,
we propose, as a first approximation,
that NA fibers innervate a slab of cortex
from the frontal to the occipital pole.
This topographic relationship has been
demonstrated only within the cortex, but
it raises the possibility that cell bodies of
the locus coeruleus have a topographi-
cally ordered projection that may pre-
viously have escaped detection by retro-
grade transport methods because of the
unusual trajectory of the NA axons.

Because of this arrangement of fibers,
a small lesion can denervate a large area
of cortex distant from the lesion. In the
extreme case, a frontal lobotomy, as
shown here, can denervate the entire
dorsolateral cortex, sparing only the me-
dial and perirhinal cortex. Similarly, mi-
nor damage to the rostral anterior cin-
gulate cortex would deprive the entire
medial cortex of NA innervation. An
important implication is that some as-
pects of the behavioral syndromes that
result from medial or dorsolateral frontal
ablation may be due to the far-reaching
NA deficits that result from such lesions.

The global extent of the tangential, in-
tragriseal noradrenergic axons indicates
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Fig. 3. Trajectory of noradrenergic axons en
route to cortex. Abbreviations: M, medial NA
axons curve over the genu of the corpus callo-
sum and innervate medial cortex; L, NA ax-
ons pass through the cortex of the frontal pole
and turn caudally to innervate lateral cortex.

that the neocortex is organized as a
three-dimensional matrix in which sys-
tems with tangential and with radial ori-
entations intersect and may interact. The
fundamental modular unit of cortical or-
ganization is a vertical column of cells
with strong radial connections but sparse
and short horizontal connections (&).
The columnar concept does not restrict
cortical circuitry to the vertical axis but
affords considerable opportunity for
nonradial systems to act upon the col-
umns in other ways (9). The coeruleo-
cortical system is the first long pathway
that has been shown to take advantage of
the structural fact that the entire cortex
is a horizontally continuous laminated
sheet of gray matter. While each column
appears to receive specific information
via radially oriented afferents (essen-
tially private lines), the tangential nor-
adrenergic fibers intersect a longitudinal
array of columns, furnishing this projec-
tion with the unique capacity to modu-
late neuronal activity synchronously
throughout a vast expanse of neocortex
crossing cytoarchitectural and functional
boundaries.

Thé physiological effect of the NA
projection to the cortex depends on the
types and distribution of intercellular
contacts by which NA axons engage cor-
tical neurons. Because neurotransmitter
release may not be restricted to junction-
al appositions (/0) and because intra-
cortical NA parent fibers may form syn-
apses en passage, the conventional dis-
tinction between axons of passage and
axons of termination is not simply appli-
cable to this system. Hence, a detailed
knowledge of the synaptic organization
of NA afferents at the ultrastructural lev-
el is needed to determine the extent to

which this system may influence cortex
by way of specific synapses (//) or by
diffuse release of transmitter (/2).
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