ClD-(;iO(tali—laﬂj

|

C10-C11(head-tail)

Cl11:Cl1(head-head)

trans

Fig. 2. Polyethylene backbone structure may accommodate head-to-head and head-to-tail con-
formations, with the exception of the tail-to-tail cis structure.

weight) at 60°C, at which temperature
the polymerization took place in an N,
atmosphere of degassed components.

The optical pattern (Fig. 1A) and low-
angle x-ray reflections with radius ratios
1:1.71:2.03 indicated that the liquid
crystalline structure before polymeriza-
tion was a hexagonal array of close-
packed cylinders (/7). The pattern (Fig.
1A) was identical over the temperature
range 20° to 75°C, leaving no doubt about
the structure at 60°C before polymeriza-
tion.

Structural changes during polymeriza-
tion were followed at 60°C by direct mi-
croscopic observation of a sample sealed
between two microscopy slides glued to
spacers. Weighing of the sample during
the process showed that no evaporation
took place. After polymerization for 24
hours, no optical anisotropy was found;
the polymerization was complete. In-
frared spectra showed no double bonds
in the structure. When the temperature
was reduced to 20°C the optical pattern
of a lamellar liquid crystalline phase ap-
peared (Fig. 1B), and low-angle x-ray re-
flections of a powder from the polymeri-
zation in a sealed ampul showed distance
ratios of 1: 1/2 : 1/3 characteristic of a
lamellar structure.

These results show that a lamellar
structure was formed. Evidence for a la-
mellar liquid crystalline structure as dis-
tinguished from a crystalline structure of
lamellae was the observation of one dif-
fuse reflection at 4.5 A characteristic of
liquid hydrocarbon chains. A crystalline
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structure would display a series of sharp
reflections in the range 3 to 4.5 A, show-
ing the crystalline packing of the meth-
ylene groups of the hydrocarbon chains.
The structure of the lamellar phase
must be related to the fact that.the mo-
lecular weight is medium; high-pressure
liquid chromatography showed an aver-
age size with 270 amphiphilic units in
each molecule. The backbone of the
polymer is the polyethylene chain ‘‘sub-
stituted’’ with the remaining parts of the
amphiphile chain. Molecular models
showed that such a structure accommo-
dates all head-to-tail and head-to-head
configurations in the cis and trans con-
formations (Fig. 2) with exception of
tail-to-tail in the cis conformation.

The structure necessitates considerable
bending of the hydrocarbon chains; a
formal calculation of the thickness of the
amphiphilic layer supports this sugges-
tion. An expected hydrocarbon length
for a normal liquid crystalline packing
chain (/8) of 14.15 A would mean an
angle of 29.4° for the hydrocarbon chain
axis against the layers. There appears to
be little basis for accepting such a struc-
ture. The suggested structure of a poly-
ethylene backbone appears reasonable.
ST11G E. FRIBERG
RAJU THUNDATHIL
JAMES O. STOFFER
Chemistry Department,
University of Missouri, Rolla 65401
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Subicular Input from Temporal Cortex in the Rhesus Monkey

Abstract. The subicular cortices of the primate hippocampal formation form a
physical and connectional link between the cortex of the temporal lobe and the hip-
pocampus. Their direct connections with all classes of cortex in the temporal lobe
except primary sensory cortex underscore the pivotal role of these areas in the poten-
tial interplay between the hippocampal formation and the association cortices.

Since their description nearly a cen-
tury ago (/) the subicular cortices of
the mammalian hippocampal formation

(2) have had the vague anatomical dis- -

tinction as simply the gray matter pas-
sageway interposed between the hip-
pocampal allocortex medially and the

occipitotemporal isocortex laterally. Lit- -

tle else has been known about these

0036-8075/79/0810-0608900.50/0 Copyright © 1979 AAAS

architectonically heterogeneous areas
despite the fact that they reach their
greatest relative size and elaboration in
primates, including humans (3). Recent-
ly, however, anatomical results have
made it increasingly clear that the subic-
ular cortices in fact hold a pivotal posi-
tion within the hippocampal formation
for relaying the output of the hippo-
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campus to widespread regions of the
brain ). For example, it is now well
documented anatomically and physiolog-
ically that the subicular cortices receive
a major portion of the output from the
hippocampus (5) and, in turn, project to
several areas of the cerebral cortex,
amygdala, anterior thalamus, and mam-
millary bodies 4, 6). In contrast, and
contrary to the teaching for the past 100
years, the Ammonic pyramids (CAl to
CA3), which collectively form the hippo-
campus, have few projections that leave
the structure, and those that do termi-
nate predominantly in only the septum
“, 7). Instead of having long extrinsic
projections, the axons of these Ammonic
pyramids form the ipsilateral intrinsic
and commissural circuitry within the hip-
pocampal formation. One of these in-
trinsic pathways, which arises from hip-
pocampal subfield CA1, terminates heav-
ily in the adjacent subicular cortices and
thus forms a powerful source of allocor-
tical input to these relay or output areas
of the hippocampal formation (5, §).

Our studies in 17 rhesus monkeys
(Macaca mulatta) have shown that, in
addition to this allocortical input, the
subicular cortices also receive peri-
allocortical input from the nearby ento-
rhinal cortex and isocortical and pro-
isocortical input from virtually all areas
along the base of the temporal lobe.
Thus, the subicular cortices of the hippo-
campal formation in the monkey are re-
lated uniquely to all four classes of cor-
tex (allocortex, periallocortex, proiso-
cortex, and isocortex) that form this por-
tion of the cortical mantle. Since we
have previously shown that the subicular
cortices project to many of these same
areas (4), it is now apparent that the hip-
pocampal formation participates promi-
nently in much of the cortical circuitry of
the temporal lobe.

In each of the monkeys, injections of
3H-labeled amino acids (9) were made in-
to the temporal cortex with direct micro-
scopic guidance. After a survival period
of 2 to 7 days, monkeys were perfused
with saline and 10 percent formalin, and
the brains were removed and later em-
bedded in paraffin. After sectioning, au-
toradiographic (/0) and Nissl staining
methods were used to define the injec-
tion site and to detect and localize the
anterograde axonal transport of the *H.
Isotope injections were made in all four
temporal gyri (Fig. 1, A and B). In one
monkey, an injection in the superior tem-
poral gyrus labeled Bonin and Bailey’s
area TA. In six, injections in the middle
and inferior temporal gyri labeled areas
TE and 35. Two injections were made in
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the temporal polar cortex to label area
TG. In four monkeys, injections in the
caudal parahippocampal gyrus labeled
areas TF and TH. Three additional mon-
keys had isotope injections medial to the
rhinal sulcus that labeled the entorhinal
cortex, or Brodmann’s area 28. A final
one had an injection in the ventral part of
area OA. Each series of sections derived
was examined for evidence of *H over
the hippocampal formation with the use
of bright-field and dark-field light micros-
copy.

Monkeys 1 to 5 (Fig. 1B) exhibited no
3H over the subicular cortices. The areas
encompassed by these injections includ-
ed area TA, the part of area TE that
forms the middle temporal gyrus, and
area OA. In contrast, monkeys 6 to 17 all
had *H across one or more subdivision of
the subicular cortices. For example, ani-
mals 6 and 7, which labeled area TG,
each had a pronounced column of *H
throughout the entire rostro-caudal ex-
tent of the parasubiculum, the most lat-
eral subdivision of the subicular cortices.
Animals 8 to 10, which labeled the inferi-
or temporal gyrus, or areas TE and 35,

had ®H in the molecular layer of the su-
biculum proper and the prosubiculum,
the most medial areas of the subicular
cortices. For all of these monkeys, addi-
tional label was observed in the superfi-
cial pyramidal cells of these cortices.
Animals 11 to 14, which labeled areas TF
and TH, had two distinct projection pat-
terns in the subicular cortices. The first
was similar to that observed in animals 8
to 10, with *H localized over the molecu-
lar layer of the subiculum and prosubicu-
lum. These projections were most promi-
nent in the caudal half of the hippo-
campal formation, with *H occurring
throughout the middle part of their re-
spective molecular layers (Fig. 2, A and
B). A second pattern of *H spread over
the presubiculum subdivision of the su-
bicular cortices. These projections were
organized in a columnar fashion, with *H
from ascending axons spread laterally
and medially through layers 1 and 2 of
the middle levels of the presubiculum.
In summary, labeling in animals 6 to 14
involved cortical areas rostral (TG), lat-
eral (TE and 35), and caudal (TF and
TH) to the rhinal sulcus. These are all

Fig. 1. (A) Ventral view of the cerebral hemisphere of the rhesus monkey brain depicting the
major sulci and locations of cytoarchitectonically defined cortical areas. (B) Location of the 17
isotope injections. Animals 1 to 5 exhibited no *H in the subicular cortices. Animals 6 to 17 had
3H in one or more subdivision of the subicular cortices. (C) Three cross sections through the
hippocampal formation and ventromedial temporal lobe of the rhesus monkey. The upper cross
section, the most rostral, bisects the injection site of animal 16. The lower cross section, the
most caudal, bisects the injection site of animal 14. The components of hippocampal formation
are defined with various lines: For example, the granule cells of the dentate gyrus are depicted
by the solid heavy line; the Ammonic pyramids (CA1 to CA3) are depicted by the interrupted
heavy line: the subicular cortices are depicted by multiple fine lines and further offset by the
arrows at points @ and b. The parasubiculum subdivision of the subicular cortices is laterally
located near arrow b. The prosubiculum subdivision is medially located near arrow a. The
subiculum proper borders the prosubiculum medially, and the presubiculum borders the para-
subiculum laterally. (D) Areas of the ventromedial temporal lobe that project to the subicular
cortices. Those left of rhinal sulcus (rs), corresponding to cortical areas TG, TE, TF, and TH,
project predominantly to the subicular cortices. The area right of the rhinal sulcus corresponding
to area 28—the entorhinal cortex—projects to all components of the hippocampal formation.
Abbreviations: mos, medial orbital sulcus; los, lateral orbital sulcus; sts, superior temporal
sulcus; tmas, temporalis medialis anterior sulcus; ots, occipitotemporal sulcus; cf, calcarine
fissure; ios, inferior occipital sulcus; Af, hippocampal fissure; and Sub, subicular cortices.
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six-layered cortices with distinguishable
cytoarchitecture. Injections in each re-
sulted in evidence of axonal termination
in one or more parts of the subicular cor-
tices.

Animals 15 to 17 had injections medial
to the rhinal sulcus that labeled the en-
torhinal periallocortex, or Brodmann’s
area 28. This well-defined cortex is char-
acterized by large multipolar star-shaped
cells in layer 2 and a conspicuous acellu-
lar lamina dissecans where layer 4 would
occur in homotypical isocortex. In these
cases, *H was distributed across a broad
expanse of the molecular layer of the
subicular cortices, encompassing to
some extent all subdivisions. These pro-
jections, however, were most intense
over the subiculum, and formed part of a
large projection that terminated on the
distal parts of the apical dendrites of the
Ammonic pyramids (CA1 to CA3) and
the outer two-thirds of the molecular lay-
er of the dentate gyrus. They were pres-
ent throughout the extent of the hippo-
campal formation, although they were
notably more dense at its anterior end.
All considered, this distribution of *H
corresponded well to the known distribu-
tion of the perforant pathway (/7).

The results demonstrate that the su-
bicular cortices in the monkey (Fig. 1C)
receive a host of cortical inputs arising
from a large expanse of temporal cortex
both medial and lateral to the rhinal sul-
cus (Fig. 1D). The former area consti-
tutes the entorhinal cortex (area 28),
while the latter constitute areas TE, TF,
TG, TH, and 35. Combined with pre-
vious results demonstrating allocortical
projections from the CA1 subfield of the
hippocampus and the cortical amygda-
loid area (/2) to the subicular cortices ¢,
5, 8), our results underscore the fact that
these parts of the hippocampal formation
receive input from all classes of cortex
(allocortex, periallocortex, proisocortex,
and isocortex) in the temporal lobe.
Since the output of the hippocampal for-
mation is vested largely in the subicular
cortices, and not in the adjacent hippo-
campus or entorhinal cortex, these cor-
tices seem to be directly related to much
of the anatomical circuitry of the entire
temporal lobe.

Consequently, in primates it is no
longer tenable to view the hippocampal
formation as an area of the cortical
mantle largely removed and isolated
from the complex functions subserved
by the cerebral cortex. Its primary out-
put division, the subicular cortices, re-
ceive input from temporal cortical areas
in turn projected onto by innumerable
cortical association areas located in all

610

four lobes (/3). Subicular output recipro-
cates many of these projections ). We
believe that these widespread con-
nectional relationships with so-called
higher cortical centers of the cerebral
hemisphere are correlated with progres-
sive expansion of the subicular cortices
in higher primates (3) and the structural
elaboration of these areas in humans
(I4). In this regard, a growing body of
clinicopathological data implicates the
subicular cortices, and areas ,with which
they have direct connections, in tempo-
ral lobe epilepsy, Alzheimer’s disease,
Pick’s disease, and the alcoholic Korsa-
koff syndrome—clinical disorders char-
acterized by complex changes in person-
ality, attention, and memory (/5).

Thus, from an anatomical viewpoint,

Fig. 2. (A) Dark-field photomicrograph of a
cross section through the hippocampal forma-
tion of monkey 14. Note the location of *H
(inset) on the molecular layer of the subicular
cortices. (B) Bright-field photomicrograph of
the same section depicting the Nissl archi-
tecture (thionine stain) of the section. Abbre-
viations: FF, fimbria-fornix; V, lateral ven-
tricle; Alv, alveus; DG, dentate gyrus; and
Cg, cingulum (see also legend to Fig. 1).

the subicular cortices, as often reiterated
by Cajal (/), are indeed a gray matter
passageway between the hippocampus
and cerebral cortex. In addition, how-
ever, they are also a connectional pas-
sageway whose integrity may be essen-
tial for many complex mental processes.
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