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Abstract
The spatial distribution of axonal projections descending from rat field CA1 to thalamus and
hypothalamus was analyzed previously with the PHAL method (Cenquizca and Swanson, 2006).
The same experimental material was used here to define the topography of field CA1 association
projections to other cerebral cortical areas. First, the results confirm and extend known
intrahippocampal formation inputs to dentate gyrus, subiculum, presubiculum, parasubiculum, and
entorhinal area, which are arranged generally along the formation’s transverse axis and dominated
by the subicular projection—by far the densest established by field CA1 anywhere in the brain. And
second, field CA1 innervates a virtually complete ring of extrahippocampal formation cortex via
three routes. A dorsal pathway from the dorsal third of field CA1 innervates moderately the
retrosplenial area; a moderately strong ventral pathway from the ventral two-thirds of field CA1
passing through the longitudinal association bundle sends offshoots to visual, auditory,
somatosensory, gustatory, main and accessory olfactory, and visceral areas—as well as the
basolateral amygdalar complex and the agranular insular and orbital areas; and a cortical-subcortical-
cortical pathway through the fornix from the whole longitudinal extent of field CA1 innervates rather
strongly a rostral region that includes the tenia tecta along with the anterior cingulate, prelimbic,
infralimbic, and orbital areas. The functional consequences of long-term potentiation in field CA1
projection neurons remain to be explored.

Keywords
accessory olfactory bulb; agranular insular cortex; amygdala; anterior cingulate area entorhinal area;
infralimbic area; olfactory cortex; orbital cortex; prefrontal cortex; retrosplenial area; subiculum

1. INTRODUCTION
The hippocampal formation is a prominent region of the adult cerebral cortical mantle that is
usually described as an infolding of the medial temporal lobe. Based on a modern understanding
of how the trisynaptic or intrahippocampal circuit is organized structurally and functionally,
it is convenient (Blackstad, 1956; Swanson et al., 1987; Swanson, 2004) to define the
hippocampal formation as consisting of two major divisions: hippocampal region (with dentate
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gyrus and Ammon’s horn, and their thin extensions, the fasciola cinerea and then indusium
griseum), and retrohippocampal region (with subiculum, presubiculum/postsubiculum,
parasubiculum, and finally entorhinal area—the traditional starting point of the trisynaptic
circuit). Topologically, the hippocampal formation displays a unique cortical architecture: each
of its areas has a longitudinal axis, overall forming an 8-membered palisade beginning at the
mantle’s embryologically medial edge with the dentate gyrus, followed sequentially by
Ammon’s horn (with its successive fields CA3, CA2, and CA1), subiculum, presubiculum and
postsubiculum, parasubiculum, and entorhinal area (see Swanson et al., 1978; Petrovich et al.,
2001). Superimposed on this macrostructure, the intrahippocampal circuit—which actually
interconnects all 8 cortical areas—is arranged along the transverse axis of each area, and thus
the hippocampal formation as a whole (Anderson et al., 1971; Swanson et al., 1987). In
addition, the laminar (radial) organization of the hippocampal region is as simple as any
mammalian cerebral cortical area, with a single layer of projection neurons in the dentate gyrus
(granular layer) and Ammon’s horn (pyramidal layer).

Partly because of this relatively simple structural arrangement, the organization of intrinsic
and extrinsic hippocampal formation axonal connections has been clarified to a greater extent
than any other set of functionally interrelated cortical areas (see Cajal, 1909-1911; Lorente de
Nó, 1934; Blackstad, 1956; Nauta, 1956; Raisman et al., 1966; Hjorth-Simonsen, 1973;
Meibach and Siegel, 1977; Swanson and Cowan, 1977a,b; Swanson et al., 1978, 1981, 1987;
Ino et al., 1987, 2001; van Groen and Wyss, 1990a,b; Lim et al., 1997a,b; Witter and Amaral,
2004). However, the exact relationship between this mass of neural network information and
the proposed functions of the hippocampal formation—which are among the most complex
ascribed to the cerebral hemispheres and range from spatial navigation (Gothard et al., 1996)
and learning (Moser et al., 1993; Bunsey and Eichenbaum 1996; Duva et al., 1997), to short-
term episodic or declarative memory (Paulesu et al., 1993; Zola-Morgan and Squire, 1993;
Nakamura and Kubota, 1996; Vnek and Rothblat, 1996; Reber and Squire, 1998; Rolls,
2000; Eichenbaum, 2001), to the elaboration of a cognitive map of the animal’s environment
and experience (O’Keefe and Nadel, 1978)—is far from clear. At least part of the conundrum
is that organizing principles of hippocampal formation axonal outputs to other parts of the
brain, in one sense defining its function, are in need of clarification and revision (Amaral and
Witter, 1995; Vanderwolf, 2001).

We have begun to address this issue by reexamining at high spatial resolution the extrinsic
projections of field CA1 in the rat with the sensitive anterograde tracer PHAL. The organization
of pathways to, and terminal fields within, the hypothalamus and thalamus—which are
considerably more widely distributed than previously appreciated—has already been described
(Cenquizca and Swanson, 2006), and here we analyze projections to the rest of the cortical
mantle. Inputs to the cerebral nuclei (basal ganglia) will be dealt with in the next paper of the
series.

2. RESULTS
Overall, axons of field CA1 pyramidal neurons descend to the deep white matter (alveus) and
bifurcate, with branches extending rostrally through the fornix system and caudally toward the
retrohippocampal region of the hippocampal formation where they contribute to the
intrahippocampal circuit (Fig. 2). Some axons in the precommissural fornix traverse the septal
region of the cerebral nuclei to reenter the cerebral cortex in frontal regions, although axons
from the dorsal (septal) end of field CA1 extend no farther rostrally than the dorsal tenia tecta.
Outside the hippocampal formation, caudally directed axons follow two general routes. The
dorsal third of field CA1 sends axons dorsally and rostrally to the retrosplenial area of the
cingulate region, whereas the ventral two-thirds of field CA1 projects ventrally and rostrally
through the longitudinal association bundle all the way to the olfactory bulb. These are
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predominantly intracortical association projections, although relatively sparse commissural
additions are noted.

2.1. Projections from the dorsal third of field CA1
Cortical projections labeled in Experiment HIPPO4 are representative of those centered in the
dorsal or septal third of field CA1; note that the injection site in Experiment HIPPO4 is also
centered near the midpoint of field CA1’s transverse axis at this dorsoventral level of the
longitudinal axis (Figs. 1 and 3). With one exception to be noted, no unambiguous topography
was detected in projections labeled by the various dorsal field CA1 injections. PHAL-
immunoreactive fibers innervate regions of field CA1 immediately surrounding the injection
site (Fig. 4A) both transversely and longitudinally. They are most obvious in the stratum
oriens, and are more dispersed in the stratum radiatum and pyramidal cell layer. A few labeled
axons also cross the hippocampal fissure to innervate lightly the molecular and polymorph
layers of the dentate gyrus.

On reaching the subiculum, fibers extend radially from the alveus to generate an exceptionally
dense plexus in dorsal (septal) levels of this cortical field (Figs. 4B and 5A). The terminal field
covers the entire depth of the pyramidal layer and adjacent deep zone of the molecular layer.
It extends a considerable distance along the longitudinal (dorsoventral) axis of the subiculum
(at least twice the length of the injection site; Fig. 1) and it is easily the densest of any generated
by field CA1. As this terminal field in the subiculum begins to diminish, a very light projection
spreads to what appears to be deeper layers of the adjacent presubiculum.

A transverse topography in projections from field CA1 to the subiculum was observed. Field
CA1 PHAL injections centered midway between the borders with field CA3 and the subiculum
(for example, experiment HIPPO4, Fig. 1) did not label a terminal field extending across the
entire transverse width of the subiculum—there was an unlabeled gap near the subicular border
with the postsubiculum (and more ventrally, the presubiculum). Similarly, field CA1 PHAL
injections centered near the border with field CA3 (for example, experiment HIPPO131, Fig.
1) labels a transverse band in the subiculum that extends from its border with the postsubiculum/
presubiculum but does not reach the border with field CA3. And finally, field CA1 injections
adjacent to the subiculum (for example, HIPPO97, Fig. 1) label a transverse band in the
subiculum that begins at the border with field CA1 but does not extend as far toward the border
with the postsubiculum/presubiculum as the terminal field generated by the intermediate
injection HIPPO4. This unusual topography of the transverse field CA1-subicular projection
was illustrated very clearly, and much more precisely, by tracing the axon of individually filled
CA1 neurons (Tamamaki and Nojyo, 1990). Apparently the topography is blurred when
contiguous neuron populations are labeled, as here.

Labeled axons extend caudally from the subiculum through the region of the dorsal
hippocampal commissure (Fig. 6). A dense terminal field is generated in layers 4 and 5 of
lateral (or dorsolateral) regions of the lateral entorhinal area (Fig. 6A-C), whereas a light
projection is observed in layer 6, along with a few scattered fibers in layers 2 and 3. Only a
light projection is observed to layer 6 of the medial entorhinal area—in a dorsal region adjacent
to the lateral entorhinal area (Fig. 1)—along with scattered fibers in layers 3 and 6 of the
adjacent parasubiculum. In addition to these ipsilateral projections, labeled axons course
through the ventral hippocampal commissure to provide a sparse input to contralateral field
CA1 and a slightly denser input to the contralateral subiculum (Fig. 4B).

Finally, labeled fibers bend dorsally around the splenium of the corpus callosum and then
extend rostrally to provide a moderate input to the dorsal and ventral parts of the retrosplenial
area (Fig. 4A,B). Importantly, labeled axons are virtually restricted to layer 1, although a few
isolated fibers are observed in layers 2-4. This projection extends to the rostral end of the

CENQUIZCA and SWANSON Page 3

Brain Res Rev. Author manuscript; available in PMC 2008 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



retrosplenial area and even appears to enter caudal regions of the anterior cingulate area,
although less densely. Labeled projections associated with frontal regions of the cerebral cortex
are limited to a sparse innervation of the dorsal tenia tecta, as mentioned above (see Fig. 2).

2.2. Projections from intermediate levels of field CA1
The projection pattern labeled in Experiment HIPPO145 is typical of that from injections
involving intermediate dorsoventral levels of field CA1 (Figs. 1, 2 and 7). It will be described
in detail.

2,2,1, Intrahippocampal projections—At the level of the injection site, PHAL-labeled
axons innervate adjacent regions within the field (Fig. 8A), notably in the stratum oriens and
stratum radiatum and the pyramidal cell layer. A few labeled axons cross the hippocampal
fissure to innervate the molecular layer of the dentate gyrus, and at this level a few axons also
extend medially to innervate sparsely layer 1 in far lateral regions of the ventral retrosplenial
area-indicating that virtually all field CA1 inputs to the retrosplenial area arise from more dorsal
longitudinal levels.

Many axons enter the alveus and then extend caudally. As with more dorsal levels of field
CA1, intermediate levels generate by far their densest terminal plexus (with abundant terminal
boutons) in the adjacent subiculum (Figs. 5B and 8C,D). This plexus extends through the entire
thickness of the pyramidal layer and the adjacent deep zone of the molecular layer, and it lies
within the intermediate dorsoventral third of the subiculum (Fig. 1). As the subicular terminal
field begins to end, a very light projection spreads to deep layers of the presubiculum (Fig.
8E,F). The field CA1-subiculum topography described above (along the transverse axis) could
also be detected at these levels, but it becomes progressively more difficult to observe as field
CA1 progressively narrows toward the ventral tip of its longitudinal axis (Fig. 1).

This projection extends caudally through the region of the dorsal hippocampal commissure,
and a dense terminal field is then generated in layers 4 and 5 of the lateral entorhinal area (Fig.
8E,F). These results now begin to suggest an interesting topographic ordering of the field CA1
to entorhinal projection. Whereas projections from dorsal field CA1 are densest in lateral
regions of the lateral and medial entorhinal areas, projections from intermediate (in the
longitudinal dimension) field CA1 are densest in middle (in the transverse dimension) regions
of the lateral and medial entorhinal areas (Fig. 1). In concert with this, projections to the medial
entorhinal area from intermediate field CA1 appear to be considerably denser than the relatively
light input from dorsal field CA1. Evidence for this topographic trend is strengthened by the
observation that the injection site in Experiment HIPPO4 (dorsal field CA1) is considerably
larger than that in Experiment HIPPO145 (intermediate field CA1), and thus presumably labels
many more pyramidal (projection) neurons.

A moderately dense terminal field is observed in layer 6 of both the medial and lateral entorhinal
area, and in layer 2 of the lateral entorhinal area—the latter being another clear difference
between intermediate and dorsal regions of field CA1. In fact, a moderate to dense terminal
field is established across layers 2-5, and superficial layer 6, of the lateral entorhinal area (Fig.
8E). Labeled axons from intermediate field CA1 also extend rostrally in the lateral entorhinal
area and provide a light to moderate innervation of layer 2, and layers 4 and 5, with scattered
fibers across all layers except layer 1. This labeling diminishes rostrally in lateral (dorsolateral)
regions of the lateral entorhinal area, just ventral to the perirhinal area (Fig. 8A).

Curiously, a dense cluster of labeled fibers is observed in layer 1 of the parasubiculum, in the
“pocket” formed by the infolding of layer 2 (Fig. 8F,G), along with scattered fibers in layers
2-6. In contrast to dorsal field CA1, no contralateral projection was observed in this or other
experiments involving intermediate field CA1.
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2.2.2. Rostrally directed projections through the fimbria-fornix—From the
precommissural fornix in the lateral septal nucleus, rostrally directed labeled axons generate
a moderately dense input to the dorsal tenia tecta, where most terminal boutons are concentrated
in layer 2, and a few labeled axons are also observed in the contralateral tenia tecta. Some fibers
in the tenia tecta then extend dorsally near the genu of the corpus callosum to innervate
moderately the infralimbic area (layers 2-6), lightly the prelimbic area (deeper layers), and
very lightly the anterior cingulate area (Figs. 5E and 9D,E). The latter terminal field extends
caudally until about the level of the crossing of the anterior commissure.

Other labeled axons emerging from the precommissural fornix extend ventrally to innervate
the anterior olfactory nucleus (Fig. 9A-C). A light input is centered in the dorsal and
posteroventral parts, and even more scattered fibers are observed in the medial part—and in
layers 2 and 3 of the ventral tenia tecta.

2.2.3. Rostral projections through the longitudinal association bundle—This
projection is much more substantial from ventral field CA1, and its distribution will be
described more fully below. Suffice it to say that scattered axons extend rostrally from the
lateral entorhinal area to end in all layers of the piriform area and dorsal endopiriform nucleus,
as well as layer 6 of the perirhinal area, ventral temporal association areas, and posterolateral
visual area (Figs. 2 and 9F).

2.3 Projections from ventral field CA1
Ventral regions of field CA1 have by far the most diverse cortical projections, directed both
caudally and rostrally (Fig. 2). Experiment HIPPO161 was chosen for illustration because it
displays the projection pattern typical of experiments centered in ventral field CA1 (Fig. 10A;
for photographs of the injection site see Fig. 4 in Cenquizca and Swanson, 2006). The rather
large injection site lies in the ventral tip of field CA1 and whereas the edges of the injection
site spread minimally to involve immediately adjacent regions of the amygdala and field CA3,
all PHAL-labeled neurons detected with the present methods are restricted to field CA1.

2.3.1 Intrahippocampal projections—At the injection site level, PHAL-labeled axons
innervate adjacent regions of ventral field CA1. Such fibers are observed in the stratum
oriens and stratum radiatum, and in the pyramidal cell layer, and they extend a short distance
along the longitudinal axis of field CA1. In addition, sparse fibers innervate ventral field CA3
(stratum oriens and stratum radiatum) along the border with stratum lucidum (Fig. 10A). A
few isolated axons also cross the hippocampal fissure to end in the molecular layer of the
dentate gyrus.

Abundant labeled axons enter the alveus and then extend caudally toward the subiculum where
they generate a dense plexus in the ventral subiculum (Fig. 1)—across the entire thickness of
the pyramidal layer and adjacent deep zone of the molecular layer, with a few axons extending
through the most superficial zone of the molecular layer (Figs. 5C and 10B). Interestingly,
whereas the terminal field in ventral subiculum is easily the most dense of any generated by
ventral field CA1, it is clearly less dense than inputs from dorsal field CA1 to dorsal subiculum.
This difference is not correlated with injection site size. For example, the injection site
described here for ventral field CA1 (Experiment HIPPO161) is considerably larger than the
one used (Experiment HIPPO4) to describe dorsal field CA1 projections (see Fig. 1).

From the subiculum, labeled axons extend medially across the angular bundle to innervate
densely ventral (longitudinally) and medial (transversely) regions of the medial entorhinal area
—in a terminal field that spans all but layer 1 of this cortical area. Medial regions of the lateral
entorhinal area are also densely innervated (Fig. 10B-D), following the general topographic
organization displayed by more dorsal regions of field CA1 (Fig. 1). Interestingly, this
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projection is distributed heavily through all but layer 1, and is most concentrated in layer 5.
Caudally, terminal fibers generate a dense band across layers 4 and 5 in medial regions of the
lateral entorhinal area (Figs. 10D and 11B), whereas the input is moderate in layer 2, and sparse
in layers 3 and 6. A light projection is also observed in layer 1 of the medial entorhinal area at
this level, and some fibers extend rostrally in the lateral entorhinal area to innervate its most
rostral tip. A dense cluster of fibers is concentrated in layer 1 of the parasubiculum in a majority
(e.g., HIPPO103) (but not all, e.g., HIPPO161) of experiments involving ventral field CA1
injections, and all such injections label a moderate number of fibers in layers 4 and 5 of the
parasubiculum, and scattered fibers in layers 2 and 4/5 of limited regions of the presubiculum
(Fig. 10D).

2.3.2 Rostrally directed projections through the precommissural fornix—Labeled
ventral field CA1 axons projecting to frontal regions of the cerebral cortex extend rostrally
through the lateral septal nucleus in the precommissural fornix, during the course of their
subcortical detour. On leaving the lateral septal nucleus they first generate an input to the dorsal
tenia tecta, which is relatively dense in layer 2 and moderately dense in the others (Figs. 2 and
12A). In the immediate vicinity, a relatively very dense terminal field is generated in the
infralimbic area of the medial prefrontal region (Fig. 12A,B). It ramifies across layers 2 through
6 but appears most dense in layer 2. Ventral levels of field CA1, like intermediate levels, project
selectively to dorsal regions of the infralimbic area.

A dense component of this terminal field spreads into deep layers of the dorsally adjacent
prelimbic area, and then some labeled axons bend dorsally around the genu of the corpus
callosum to innervate the anterior cingulate area (Fig. 12B-E). A moderate field of terminal
boutons is centered in deep layers of both the dorsal and ventral parts of the anterior cingulate
area, with a light field of terminal boutons in superficial layers of the ventral part. This fiber
system extends caudally as it generates a progressively lighter input. The projection to the
dorsal part rapidly decreases in magnitude at the level of the lateral septal nucleus, whereas
the projection to the ventral part ends with a light input to deep layers at about the level of the
crossing of the anterior commissure. In addition, a moderately dense projection extends from
the prelimbic area, and agranular insular area (see below), into ventral and deep layers of the
ventrolateral orbital area. A few labeled axons generate a light input to deep layers of the medial
orbital area as well (Fig. 12C).

Labeled fibers can be followed ventrally from the region of the dorsal tenia tecta to terminal
fields in the anterior olfactory nucleus and ventral tenia tecta. However, they will be described
more fully below because they may arrive by way of the longitudinal association bundle and/
or precommissural fornix, whereas other olfactory related areas almost certainly receive their
predominant input via the longitudinal association bundle. As with PHAL injections centered
in intermediate field CA1 levels, there is a light input to the contralateral dorsal tenia tecta, and
in experiments with more ventral injections, scattered fibers are also found in the contralateral
anterior olfactory nucleus (medial part) and ventral tenia tecta. These contralateral terminals
appear to arise from axons that cross the midline in the ventral hippocampal commissure and
then course rostrally through the contralateral precommissural fornix in the lateral septal
nucleus.

2.3.3. Ventrally directed projections continuing rostrally and dorsally through
the longitudinal association bundle—In essence, this is a diffusely organized projection
that extends rostrally from the entorhinal area all the way to the olfactory bulb, with dorsal
offshoots to the occipital, temporal, parietal, insular, and prefrontal regions (Fig. 2). PHAL-
labeled axons appear to course from the injection site in ventral field CA1 through the
entorhinal area, and perhaps directly through the fiber tracts and obliterated ventricle separating
ventral field CA1 and the caudal amygdalar region (Fig. 10A,B) to generate a dense input to
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layers 2 and 3 of the posteromedial cortical amygdalar nucleus, a light to moderate input to
layers 2 and 3 of the posterolateral cortical nucleus, and a dense input to layers 2 and 3 of the
postpiriform transition area (Figs. 10A and 13B).

Labeled fibers then extend rostrally to innervate densely the posterior basomedial amygdalar
nucleus (Figs. 13A and 14D). Caudomedial regions of the anterior basomedial amygdalar
nucleus are also densely innervated, whereas inputs to more rostrolateral regions are relatively
light (Fig. 14A-C). Furthermore, medial regions of the anterior basolateral nucleus, and
ventrolateral regions of the lateral amygdalar nucleus, are moderately innervated, while the
posterior basolateral nucleus is only very lightly innervated (Fig. 14).

The rostral extreme of the amygdalar projection is formed by a curious, circumscribed terminal
field in layer 2 of the nucleus of the lateral olfactory tract (Fig. 14A,B). A few labeled axons
from ventral field CA1 are observed in the bed nucleus of the accessory olfactory tract, layer
2 of the anterior cortical nucleus, layer 2 of the piriform-amygdalar area, the posterior nucleus,
and the ventral endopiriform nucleus (Figs. 12G-I and 14). Projections to the “striatal division”
of the amygdalar region (Swanson and Petrovich, 1997), including the central, medial, and
intercalated nuclei, and anterior amygdalar area, will be described in the next paper in the
series, on inputs to the cerebral nuclei.

Other labeled axons from ventral field CA1 injection sites leave the entorhinal area in a more
dorsal orientation to enter and innervate the adjacent perirhinal, ectorhinal, and temporal
association areas. They provide a moderate input to layers 5 and 6 of the perirhinal area along
its entire rostrocaudal extent (Figs. 12A,B and 14D). Deep layers of the ectorhinal area are also
innervated densely, with a light input to layer 2 (Figs. 10A-E and 11A). This projection
diminishes caudally with a few axons observed in the same layers and is extended by a moderate
input to layers 5 and 6, and a light input to layers 2-4, of ventral temporal association areas
(TEa, Fig. 10B).

From the temporal association areas some labeled axons radiate even farther dorsally (Fig. 2).
First, there is a moderately dense input to the posterior auditory area (Fig. 10B), and light inputs
to deep layers of the primary, dorsal, and ventral auditory areas (Fig. 10A,B). Second, labeled
axons continue extending dorsally through deep cortical layers to innervate layer 6 of the
posterior association areas of the parietal region (PTLp, Fig. 10A-C). Third, there is a sparse
innervation of the primary, laterolateral, posterolateral, and posteromedial visual areas (Fig.
10B-E). And finally, several labeled axons end in layer 6 of the dorsal retrosplenial area (Fig.
10E,F).

From the amygdalar region and overlying temporal association areas, axons from ventral field
CA1 extend rostrally in the piriform area and endopiriform nucleus, as well as in the overlying
insular region and claustrum. The entire rostrocaudal extent of the piriform area maintains a
projection from ventral field CA1, predominantly in layer 2 (Figs. 12 and 14). The projection
is dense near the amygdalar region and progressively weakens to a light terminal field rostrally,
adjacent to the anterior olfactory nucleus. In parallel with this, the dorsal endopiriform nucleus,
sometimes regarded as the deepest layer of the piriform area, is moderately densely innervated
at the level of the amygdalar region, and this becomes progressively sparser at more rostral
levels.

Caudal regions of the claustrum at the level of the central amygdalar nucleus are moderately
to densely innervated, and this terminal field becomes progressively weaker as far as its rostral
tip (Fig. 12A-I). In concert, from caudal to rostral, overlying cortical regions are innervated.
They include light inputs to deeper layers of the primary visceral and gustatory (caudally) areas,
and the supplemental somatosensory area; and moderately dense inputs to the posterior, dorsal,
and ventral parts of the agranular insular area (Fig. 12).
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Farther rostrally, the lateral and posteroventral parts of the anterior olfactory nucleus present
dispersed labeled axons with terminal boutons, whereas very dense terminal fields are centered
in the medial and dorsal parts on this “nucleus”, and more caudally the lateral and
posteroventral parts contain dispersed fibers (Figs. 12A, 15D-E, and 16A). At this level, a few
labeled axons are also observed in the ventral tenia tecta (Figs. 12A and 15E). In the rostral tip
of the ipsilateral anterior olfactory nucleus, a moderately dense terminal field is restricted to
the lateral part, with the external part remaining devoid of labeling (Figs. 15C and 16B). Within
the olfactory bulb, a dense terminal field is restricted to the granular layer of the accessory bulb
(Figs. 15B,C and 16B); scattered fibers are observed in the main olfactory bulb’s granule cell
layer (Fig. 15A-D).

It is important to reiterate that field CA1 projections through the longitudinal association bundle
and precommissural fornix (described above) appear to merge rostrally (Fig. 2). Thus, the
method applied here cannot determine unambiguously whether terminal fields in the rostral
ends of the piriform area, endopiriform nucleus, agranular insular area, and claustrum—as well
as in the ventral tenia tecta, orbital area, and parts of the anterior olfactory nucleus—arrive by
one or the other, or both, pathways.

For the sake of completeness, we record that a considerable number of labeled axons from
ventral field CA1 are scattered in and around the length of the lateral ventricle’s subependymal
zone (Figs. 12 and 15).

3. DISCUSSION
The results provide a detailed reanalysis of extrinsic axonal projections from hippocampal field
CA1 to the rest of the cortical mantle in the rat, pathways that appear to arise mainly from
pyramidal neurons whose axon descends into the alveus before bifurcating into one branch
extending initially into the subiculum of the retrohippocampal region, and another coursing
rostrally into the fornix system (Cajal 1909-1911; Lorente de Nó, 1934; Swanson et al.,
1981; Altemus et al., 2005). Overall, two features of field CA1 projections are especially
relevant in this context. First, precise target areas and innervation density are clearly a function
of spatial position (transverse level) along field CA1’s longitudinal axis, as suggested some
time ago (Swanson and Cowan, 1977b). And second, the rostrally directed branches of field
CA1 pyramidal neurons innervate certain components of the prefrontal and adjacent olfactory
cortical regions by taking an unusual cortical-subcortical-cortical route through the
precommissural fornix, innervating especially the subcortical lateral septal complex along the
way. In contrast, the caudally directed fibers innervate first various cortical areas of the
hippocampal formation’s retrohippocampal region. Then axons from the dorsal third of field
CA1 course dorsally and rostrally to innervate the retrosplenial area, whereas axons from the
ventral two-thirds of field CA1 course ventrally and rostrally through the longitudinal
association bundle as far as the olfactory bulb, with offshoots to widespread areas of the
temporal, occipital, parietal, insular, and prefrontal regions (Fig. 2).

Considering how extensively differentiated field CA1 cortico-cortical projection patterns now
appear to be—involving over 50 areas and recognized areal subdivisions—it is impractical
here to discuss the functional significance of our results in anything but general terms. Instead,
attention focuses on a comparison with previous anatomical results and on broad functional
implications. For perspective, no extrahippocampal formation cortical projections of field CA1
at all had been established as recently as 30 years ago (Swanson and Cowan, 1977b), and the
projection pattern reported here is not necessarily surprising for the hippocampal formation:
the entorhinal area—the start of the intrahippocampal trisynaptic circuit—projects to the entire
cortical mantle, as demonstrated over 20 years ago with PHAL (Swanson and Köhler, 1986).
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Thus, the cortical projections of field CA1 are a (substantial) subset of those arising in the
entorhinal area.

3.1 Intrahippocampal circuitry
Field CA1 projections are often viewed from the narrow perspective of the excitatory
trisynaptic or intrahippocampal circuit, which is organized qualitatively along the hippocampal
formation’s transverse axis—with an input to field CA1 from field CA3 Schaffer collaterals
and a “return” pathway from field CA1 to the entorhinal area that “closes” the circuit (Steward
and Scoville, 1976; Amaral and Witter, 1995; Calderazzo et al., 1996; Naber et al., 2001; Seress
et al., 2002; van Haeften et al., 2003). However, the present results reemphasize that field
CA1’s projection to adjacent subiculum is much more dense (Hjorth-Simonsen 1973; Swanson
et al., 1978) than that to entorhinal area, and in fact is by far the most dense terminal field
generated by field CA1. It is generally agreed that the field CA1-subiculum projection is
lamellar or transversely organized (Hjorth-Simonsen 1973; Swanson et al., 1978; van Groen
and Wyss, 1990a); our results indicate that it is more divergent (the subicular terminal field
extends significantly farther longitudinally than the field CA1 injection site) than previously
elucidated (Fig. 1).

The overall transverse organization of field CA1-entorhinal projections is also known
(Beckstead, 1978; Swanson et al., 1978; van Groen and Wyss, 1990a; Amaral and Witter,
1995), and our results provide further refinements (Fig. 1). The dorsal end of field CA1 projects
most densely to lateral regions of the lateral and medial entorhinal areas (with the dorsal tip
innervating a narrow strip across the topologically dorsal end of the entorhinal area), whereas
progressively more ventral regions innervate progressively more medial regions of the lateral
and medial entorhinal areas—with the medial entorhinal terminal field becoming progressively
more dense from dorsal to ventral along the longitudinal axis. The field CA1-entorhinal
projection thus appears to display an inverted V-shape when viewed on a hippocampal
formation flatmap (Fig. 1). The qualitatively transverse arrangement of the essential
intrahippocampal circuit is strengthened by recent experimental evidence that projections from
entorhinal area to field CA1 and subiculum also fit the pattern (Naber et al. 2001).

It is established that the field CA1-entorhinal projection ends in layers 3-5 (see Swanson et al.,
1978; van Groen and Wyss, 1990a; Amaral and Witter, 1995). Our PHAL material displayed
a dense terminal field in layers 4 and 5 of the entorhinal area, along with light projections to
layers 2 and 6 after injections in dorsal levels of field CA1, and moderate projections to layers
2, 3, and 6 from more ventral levels of field CA1.

Suggestive evidence for light projections from dorsal field CA1 to the pre- and parasubiculum
was adduced with the autoradiographic method (Swanson and Cowan, 1977b), and earlier
PHAL material suggested a projection from ventral field CA1 to the parasubiculum (van Groen
and Wyss, 1990a). The present results indicate that all levels of field CA1 project rather sparsely
to the presubiculum, and somewhat more heavily to the parasubiculum, with a prominent input
to layer 1 of the latter from roughly the ventral two-thirds of field CA1. A substantial projection
from the dorsal half of field CA1 to the postsubiculum (van Groen and Wyss, 1990a) was not
labeled here. Either this projection arises predominantly in the subiculum (van Groen,
1990a) or from a very limited region of field CA1 not included in our material.

Major intrahippocampal circuit components are unidirectional and transversely organized.
However, previous work identified a relatively light, “reverse” GABAergic projection from
field CA1 nonpyramidal neurons to the dentate gyrus molecular layer (Sik et al., 1994; Adams
et al., 2001; Naber et al., 2001). It is confirmed here with PHAL, along with a light input to
the polymorph layer from dorsal field CA1. Furthermore, at least some hippocampal
GABAergic neurons project rather far along the transverse and apparently the longitudinal
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axes, and even to extrahippocampal targets ((Acsady et al., 1996; Freund and Buzsaki, 1996;
Katona et al., 1999; Acsady et al., 2000; Gulyas et al., 2003). Long projections along the
longitudinal axis of field CA1 were not detected here with the PHAL method, as plotted and
interpreted on a flatmap. In contrast, though, a dense halo of terminal labeling surrounding in
all directions (transverse and longitudinal) each field CA1 PHAL injection site was obvious,
confirming the results of older Golgi (Cajal, 1909-1911, Lorente de Nó, 1934), and more recent
intracellular filling (see Knowles & Schwartzkroin ’81; Finch & Babb ’81; Altemus et al.,
2005), studies demonstrating rich local axon collateral ramifications from field CA1 pyramidal
neurons.

It seems reasonable to begin any consideration of the functional significance of field CA1
axonal projections with the exceptionally massive, topographically ordered projection to the
adjacent cortical field, the subiculum. Outside the hippocampal formation, the two best
established subicular projections are to the lateral septal complex and hypothalamus, both of
which are topographically organized, although there are also significant inputs to the prefrontal
and retrosplenial cortical regions, nucleus accumbens, and amygdalar region (see Swanson and
Cowan, 1975,1977b;Meibach and Siegel, 1977;Canteras and Swanson, 1992;Kishi et al.,
2000). Furthermore, the lateral septal complex establishes massive bidirectional connections
with hypothalamus (see Risold and Swanson, 1996,1997)—and prefrontal (see Brittain,
1989,Sesack et al., 1989;Hurley et al., 1991;Risold et al. 1997;Petrovich et al., 2001) and
amygdalar (see Petrovich et al., 2001) regions both project massively to hypothalamus as well.
Thus, neural activity at different levels along the intrahippocampal circuit longitudinal axis
differentially influence hypothalamic neural mechanisms via direct and indirect descending
projections of field CA1 and the subiculum—projections which, of course, are also influenced
by massive projections from field CA3 to field CA1 and to lateral septal complex (see Swanson
et al., 1987).

3.2. Dorsal and rostral projection to the retrosplenial area
Dorsal field CA1 generates a moderately dense projection to the molecular layer of the entire
rostrocaudal length of the retrosplenial area’s dorsal and ventral parts, a projection that spills
over lightly into the caudal end of the anterior cingulate area. At least part of this projection
has been reported before in the rat (van Groen and Wyss, 1990a; Wyss and van Groen,
1992), and it is even stronger from the adjacent subiculum in the rat (Vogt and Miller, 1983,
van Groen and Wyss, 1992; Wyss and van Groen, 1992) and monkey (Kobayashi and Amaral,
2003). Swanson and Cowan (1977b) reported a similar projection from field CA3, which has
not yet been confirmed, and van Groen and Wyss (1990a) showed with retrograde tracers that
it arises at least partly in field CA1. The cingulate region’s retrosplenial area has rather
widespread projections, but of particular interest here are substantial cortical inputs to anterior
cingulate area in rat (Vogt and Miller, 1983; van Groen and Wyss, 1992, 2003; Wyss and van
Groen, 1992; Conde et al., 1995; Jones et al., 2005) and monkey (see Parvizi et al., 2006);
orbitofrontal regions in rat (van Groen and Wyss, 1992) and monkey (see Morris et al.,
1999); occipital visual areas in rat (see Vogt and Miller, 1983; Wyss and van Groen, 1992
review); and back to hippocampal formation in rat (Vogt and Miller, 1983; Wyss and van
Groen, 1992; van Groen and Wyss, 2003) and monkey (Morris et al., 1999; Parvizi et al.,
2006), along with the perirhinal area (see Wyss and van Groen, 1992; van Groen and Wyss,
2003).

The retrosplenial area’s functional correlates appear to be very complex. Recent evidence
indicates that it supports environmental exploration (spatial navigation) in rat (see Harker and
Whishaw, 2004) and human (see Spiers and Maguire, 2006). In rat, the dorsal hippocampus is
involved preferentially in spatial memory (see Bannerman et al., 2004), making direct
projections to retrosplenial area from just the dorsal third of field CA1 particularly interesting.
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In humans, the retrosplenial area is also implicated in associating emotional content with
autobiographical memory (see Steinvorth et al., 2005; Svoboda et al., 2006), particular words
(see Maddock, 1999; Maddock et al., 2003), or happy events (Damasio et al., 2000). A broader
region of human posteromedial cortex including retrosplenial area is even implicated in self-
reflection with emotional content (Raichle and Gusnard, 2005; Vogt and Laureys, 2005).

3.3. Rostral projection through the fornix system
A clear projection from the ventral half of field CA1 to the prefrontal region—including the
infralimbic and prelimbic areas—that is even more substantial from the adjacent ventral
subiculum—has been known for some time (Swanson, 1981; van Groen and Wyss, 1990b;
Verwer et al., 1997; Chiba, 2000; Thierry et al., 2000), and the total projection pattern has been
greatly clarified. It is now known that the entire longitudinal extent of field CA1 participates
in this unusual cortical-subcortical-cortical projection, which increases progressively in
strength from dorsal to ventral, as displayed especially clearly for dorsal tenia tecta (van Groen
and Wyss, 1990b; present results). Intermediate levels of field CA1 also project moderately to
the infralimbic area, lightly to the prelimbic area, and very lightly to the anterior cingulate area
—and this pattern is denser yet from ventral field CA1 (Swanson, 1981; van Groen and Wyss,
1990b; Jay and Witter, 1991; Carr and Sesack, 1996; Verwer et al., 1997; Chiba, 2000; Thierry
et al., 2000; Gabbott et al., 2002; present results). The infralimbic area (Brodmann’s area 25)
occupies the ventromedial tip of the medial prefrontal region and has bidirectional axonal
connections with the dorsal vagal complex and parabrachial nucleus (Ricardo and Koh,
1978; Saper and Loewy, 1980; van der Kooy et. al., 1984; Moga et al., 1990; Saper 2002), as
well as massive projections to the hypothalamus (see Brittain, 1989; Hurley et al., 1991).

These terminal fields arriving via the precommissural fornix from the ventral two-thirds of
field CA1 are observed to extend ventrally as well, into the ventral tenia tecta, orbital area, and
anterior olfactory nucleus. However, these sites may also to receive intermixing axonal inputs
from the longitudinal association pathway described next.

3.4. Ventral and rostral projection through the longitudinal association bundle
This loosely organized axon system from the ventral two-thirds of field CA1 becomes
progressively more substantial toward the ventral tip of field CA1 and for description can be
viewed as having dorsal and ventral components—the former emerging from the lateral
entorhinal area and entering the perirhinal area, and the latter coursing more ventrally, initially
into the amygdalar region.

3.4.1. Inputs to temporal and parietal association areas—A rather vaguely defined
projection from the dorsal half of field CA1 to the perirhinal area was described some time ago
in rats (Swanson and Cowan, 1977b; van Groen and Wyss, 1990b). The present results indicate
that it arises basically from the ventral two-thirds of field CA1 and becomes progressively
stronger toward its ventral tip. This projection extends to include the ectorhinal, temporal
association areas, and even part of the posterior parietal association areas in rat (Fig. 2). Except
for that from field CA1 to the perirhinal area, these projections were described first in primates
(Blatt and Rosene, 1998; Yukie, 2000; Insausti and Munoz, 2001; Zhong et al., 2005).

3.4.2. Inputs to visual and auditory areas—The present results indicate that roughly the
ventral half of field CA1 projects lightly to the primary auditory and visual areas, as well as a
number of unimodal auditory and visual association areas, as defined in rat. These projections,
which extend dorsally from temporal association areas, have apparently not been reported
before, although these areas are innervated by the entorhinal area in rat (Swanson and Köhler,
1986), and a projection to field CA1 from a visual area (dorsal TE) in the primate temporal
lobe is known (Zhong and Rockland, 2004).
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3.4.3. Inputs to the amygdalar region—Projections to parts of the amygdalar region
hypothesized (see McDonald, 1992; Swanson and Petrovich, 1997; Swanson, 2000) to arise
developmentally from the cortical plate and subplate (the cortical “nuclei” and basolateral
complex, respectively) are analyzed here; those to regions hypothesized to arise from the
ventricular ridges (medial, central, and intercalated nuclei, and anterior area) are dealt with in
a companion paper. Generally, only ventral regions of field CA1 project directly to the
amygdalar region, where the densest terminal fields are established in the posteromedial
cortical and posterior basomedial nuclei (Fig. 14). The former receives a massive direct input
from the accessory olfactory bulb whereas the latter receives a similar input from the main
olfactory bulb (Scalia and Winans, 1975; Shipley et al., 1995).

Ventral field CA1 projections were reported to the posteromedial cortical nucleus (Ottersen,
1982; van Groen and Wyss, 1990a) and posterior basomedial nucleus (McDonald, 1998), as
well as to certain other amygdalar parts dominated by olfactory inputs including the
postpiriform transition area and posterior basolateral nucleus (Ottersen, 1982), and posterior
nucleus (Canteras et al., 1992; McDonald, 1998). The anterior basomedial and posterior
basolateral amygdalar nuclei receive ventral field CA1 axonal projections, project back to
ventral field CA1 (Petrovich et al., 2001), and integrate olfactory and gustatory information
(Shi and Cassell, 1998). These results suggest a role in feeding behavior, which has been
confirmed for projections from posterior basolateral nucleus to lateral hypothalamic area
(Petrovich et al., 2005).

Other olfactory related amygdalar parts identified here as receiving ventral field CA1 input
include the rest of the cortical nucleus, piriform-amygdalar area, anterior basomedial nucleus,
and nucleus of the lateral olfactory tract. While preparing this work for publication, an
independent analysis of rat ventral field CA1 to amygdalar region projections appeared (Kishi
et al., 2006). The results of both studies are in good agreement, although their analysis did not
extend rostrally to include the level of the nucleus of the lateral olfactory tract.

Two amygdalar cell groups that are more related connectionally with fronto-parieto-insulo-
temporal association areas than with the olfactory system, and that do not send descending
projections to the bed nuclei of the stria terminalis and hypothalamus, also receive moderate
inputs from ventral field CA1—the lateral (Ottersen, 1982; Kishi et al., 2006; present results)
and anterior basolateral (Ottersen, 1982, van Groen and Wyss, 1990a; Kishi et al., 2006; present
results) nuclei. Their role in conditioned emotional responses is currently under intense
investigation (see McGaugh, 2004; Rodrigues et al., 2004; Fanselow and Poulos, 2005; Maren,
2005; Rattiner et al., 2005).

3.4.4. Other olfactory-related projections—Labeled axons from field CA1
preferentially enter the piriform area and its deep endopiriform nucleus rostral and lateral to
the amygdalar region, whereas from the overlying perirhinal, ectorhinal, and other temporal
association areas they preferentially extend rostrally into the insular region and its deep
claustrum. A projection from ventral field CA1 to caudal regions of the piriform area
(predominantly layer 2) and dorsal endopiriform nucleus was recently described (Kishi et al.,
2006). Here these inputs are shown to extend in a progressively lighter way to the rostral ends
of the two cell groups, that there is also a sparse input to the ventral endopiriform nucleus, and
that intermediate field CA1 levels contribute lightly to this overall projection.

Ventral field CA1 is also known to innervate the medial and dorsal parts of the anterior olfactory
nucleus (van Groen and Wyss, 1990a); here we show that it also innervates the lateral and
posteroventral parts, and that intermediate levels of field CA1 contribute to the input. Finally,
a ventral field CA1 to main olfactory bulb projection was demonstrated with anterograde and
retrograde tracers (van Groen and Wyss, 1990a). The present experiments labeled scattered
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axons in the granule cell layer, and identified a relatively dense input to the granule cell layer
of the accessory olfactory bulb as well. Taken together, our results indicate that field CA1
innervates directly all known cortical areas (Scalia and Winans, 1975; Shipley et al., 1995)
receiving direct inputs from the main and accessory olfactory bulbs, as well as the bulbs
themselves—which some regard as the primary main and accessory cortical areas (for example,
Brodmann, 1909).

3.4.5. Inputs to somatosensory, gustatory, and visceral areas—Previously
unreported light inputs were observed from ventral field CA1 to the supplemental
somatosensory area, primary gustatory area (at least caudally), and primary visceral sensory-
motor area (Figs. 2 and 12). These projections are most dense in layer 6 of all three cortical
areas. Similarly, a projection from (ventral) field CA1 to the claustrum, deep to the insular
region, does not appear to have been detected before.

3.4.6. Inputs to the prefrontal-orbital-agranular insular region—A previously
unreported input to all three recognized parts of the rat agranular insular area from ventral field
CA1 was observed here (Figs. 2 and 12). This relatively moderate innervation is densest in
layer 6 and then layer 5, and it appears to spread rostrally into deep layers of the orbital area,
mostly from the ventral part of the agranular insular area to the ventrolateral and ventral parts
of the orbital area, although the medial part of the orbital area receives a relatively sparse input
as well. Innervated parts of the orbital area lie adjacent to the infralimbic and prelimbic areas
of the medial prefrontal region, which, as discussed above, receive substantial inputs from field
CA1 via the precommissural fornix. It is in a region including the orbital and infralimbic areas,
and the tenia tecta and medial anterior olfactory nucleus, that rostrally directed axons from
field CA1 traveling through the precommissural fornix and longitudinal association bundle
converge and distribute differentially in a pattern awaiting experimental dissection.

A projection from field CA1 to the primate orbital area has been known for some time
(Morecraft et al., 1992; Barbas and Blatt, 1995; Cavada et al., 2000; Zhong et al., 2006), and
the overall projection to the prefrontal region described above has been shown in primates as
well (Barbas and Blatt, 1995; Cavada et al., 2000; Insausti and Munoz, 2001; Zhong et al.,
2006).

Like the retrosplenial area, the connections and functional relations of the prefrontal-orbital-
agranular insular region are exceptionally complex. Broadly speaking, recent evidence
suggests that it plays a key role in attention, response selection and decision making, working
or episodic memory, and emotional processing, including aspects of reward and reinforcement
and accompanying visceral sensory-motor control (see Bechara et al., 2000; Cavada et al.,
2000; Sewards and Sewards, 2001; Wall and Messier, 2001; Saper, 2002; Dalley et al., 2004;
Deco and Rolls, 2005; Kringelbach, 2005; Mayberg et al., 2005; Oya et al., 2005; Rolls,
2005). In rats, more dorsal parts of this region, in particular the anterior cingulate area, appear
preferentially involved in memory for motor responses, which influences response selection,
whereas more ventral parts may be involved preferentially in attention and emotional
processing (see Fisk and Wyss, 1999; Heidbreder and Groenewegen, 2003; Dalley et al.,
2004; Jones et al., 2005). Overall, the prefrontal-orbital-agranular insular region has
widespread inputs from sensory and association cortical areas, as well as important descending
projections to the ventral striatum and pallidum, hypothalamus, and periaqueductal gray (see
An et al., 1998; McDonald, 1998; Freedman et al., 2000; Swanson, 2000; Floyd et al., 2001;
Petrovich et al., 2001; Uylings and Groenewegen, 2003; Price, 2005).
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3.5. Overview
When viewed on a flatmap, hippocampal field CA1 association projections innervate an
unexpectedly extensive peripheral ring of cerebral cortical areas (Fig. 2). Topologically, the
ring’s caudal end consists of strong intrahippocampal formation connections arranged
perpendicular (transverse) to the entire longitudinal axis of field CA1 and the hippocampal
formation as a whole. Three longer projections extend rostrally. The first is a moderately strong
dorsal projection to the retrosplenial area of the cingulate region (gyrus in humans) from the
dorsal third of field CA1. The second arises from the ventral two-thirds of field CA1 and is an
extensive ventral projection through the longitudinal association bundle to visual, auditory,
somatosensory, gustatory, olfactory, and visceral cortical areas, as well as to the basolateral
amygdalar complex and agranular insular and orbital areas. And the third arises from the
longitudinal extent of field CA1. It is a strong cortical-subcortical-cortical projection through
the fornix system to the prefrontal, orbital, and olfactory areas that essentially lies rostrally, at
or near the rostral ends of the dorsal and ventral projections—in essence forming the rostral
end of the peripheral cortical ring.

As reviewed in the Discussion, the functional mechanisms subserved by this cortical ring are
exceptionally complex although imaging studies in awake humans point to it involvement in
the episodic memory—with associated emotions—that accompanies spatial navigation in
foraging or exploring for specific goal objects (see Steinvorth et al., 2005; Spiers and Maguire,
2006; Svoboda et al., 2006). In any event, there is considerable experimental support in rats
for differential functional localization along the longitudinal axis of field CA1 (see Bannerman
et al., 2004; Pentkowski et al., 2006), and thalamocortical “feedback” projections of the medial
hypothalamic control column for goal-oriented or motivated behaviors are confined to the
peripheral cortical ring defined by association projections from hippocampal field CA1
(Swanson 2000, see his Fig. 33c).

4. MATERIALS AND METHODS
The materials and methods, brains, and data analysis strategy are the same as described in the
first paper of this series (Cenquizca and Swanson, 2006). Experiments were performed
according to the NIH Guidelines for the Care and Use of Laboratory Animals, and all protocols
were approved by the University of Southern California Institutional Animal Care and Use
Committee. The experiments described here were chosen from a collection of over 60 PHAL
injections throughout field CA1, each in a different adult male Harlan Sprague-Dawley rat
(250-325 g). The overall spatial distribution of each injection site is plotted onto an unfolded
map of the hippocampal formation (Fig. 1). The “flatmap” represents the surface of a solid
model of the hippocampal formation that was reconstructed from a series of transverse sections
(Swanson et al., 1978; Petrovich et al., 2001). A plot of injection sites on the unfolded map
allows rapid, qualitative analysis and comparison of their distribution. Parceling of the rat brain,
terminology for describing morphologic features of PHAL-labeled axons, and mapping
strategies and procedures follow Swanson (2004), unless indicated otherwise.
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ABBREVIATIONS
AAA, anterior amygdalar area; ab, angular bundle; ACAd, anterior cingulate area, dorsal part;
ACAv, anterior cingulate area, ventral part; ACB, nucleus accumbens; aco, anterior
commissure, olfactory limb; act, anterior commissure, temporal limb; AHN, anterior
hypothalamic nucleus; AId, agranular insular area, dorsal part; AIp, agranular insular area,
posterior part; AIv, agranular insular area, ventral part; alv, alveus; amc, amygdalar capsule;
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AMd, anteromedial nucleus thalamus, dorsal part; AOB, accessory olfactory bulb; AOBgl,
accessory olfactory bulb, glomerular cell layer; AOBgr, accessory olfactory bulb, granule cell
layer; AOBmi, accessory olfactory bulb, mitral cell layer; AON, anterior olfactory nucleus;
AONd, anterior olfactory nucleus, dorsal part; AONe, anterior olfactory nucleus, external part;
AONl, anterior olfactory nucleus, lateral part; AONm, anterior olfactory nucleus, medial part;
AONpv, anterior olfactory nucleus, posteroventral part; AUD, auditory areas; AUDd, dorsal
auditory areas; AUDp, primary auditory areas; AUDpo, posterior auditory area; AUDv, ventral
auditory areas; AV, anteroventral nucleus thalamus; AVP, anteroventral preoptic nucleus; BA,
bed nucleus accessory olfactory tract; BLA, basolateral nucleus amygdala; BLAa, basolateral
nucleus amygdala, anterior part; BLAp, basolateral nucleus amygdala, posterior part; BMA,
basomedial nucleus amygdala; BMAa, basomedial nucleus amygdala, anterior part; BMAp,
basomedial nucleus amygdala, posterior part; BST, bed nuclei of the stria terminalis; CA1,
field CA1, Ammon’s horn; CA1slm, field CA1, stratum lacunosum-moleculare; CA1so, field
CA1, stratum oriens; CA1spd, field CA1, pyramidal layer, deep; CA1sps, field CA1, pyramidal
layer, superficial; CA1sr, field CA1, stratum radiatum; CA2, field CA2, Ammon’s horn; CA3,
field CA3, Ammon’s horn; CA3slm, field CA3, stratum lacunosum-moleculare; CA3slu, field
CA3, stratum lucidum; CA3so, field CA3, stratum oriens; CA3sp, field CA3, pyramidal layer;
CA3sr, field CA3, stratum radiatum; cc, corpus callosum; ccr, corpus callosum, rostrum; ccs,
corpus callosum, splenium; CEAc, central nucleus amygdala, capsular part; CEAl, central
nucleus amygdala, lateral part; CEAm, central nucleus amygdala, medial part; chp, choroid
plexus; cing, cingulum bundle; CLA, claustrum; COA, cortical nucleus amygdala; COAa,
cortical nucleus amygdala, anterior part; COApl, cortical nucleus amygdala, posterior part,
lateral zone; COApm, cortical nucleus amygdala, posterior part, medial zone; CP,
caudoputamen; cpd, cerebral peduncle; df, dorsal fornix; DG, dentate gyrus; DGcr, dentate
gyrus, crest; DGcr-mo, dentate gyrus, crest-molecular layer; DGcr-sg, dentate gyrus, crest-
granule cell layer; DGlb, dentate gyrus, lateral blade; DGlb-mo, dentate gyrus, lateral blade-
molecular layer; DGlb-po, dentate gyrus, lateral blade-polymorph layer; DGlb-sg, dentate
gyrus, lateral blade-granule cell layer; DGmb, dentate gyrus, medial blade; DGmb-mo, dentate
gyrus, medial blade-molecular layer; DGmb-po, dentate gyrus, medial blade-polymorph layer;
DGmb-sg, dentate gyrus, medial blade-granule cell layer; dhc, dorsal hippocampal
commissure; ec, external capsule; ECT, ectorhinal area; ee, extreme capsule; ENTl1-6,
entorhinal area, lateral part, layers 1-6; ENTm1-6, entorhinal area, medial part, layers 1-6;
ENTmv, entorhinal area, medial part, ventral zone; EP, endopiriform nucleus; EPd,
endopiriform nucleus, dorsal part; EPv, endopiriform nucleus, ventral part; fa, corpus callosum,
anterior forceps; fi, fimbria; FC, fasciola cinerea; fp, corpus callosum, posterior forceps; FS,
fundus of the striatum; fx, columns of the fornix; fxpr, precommissural fornix; GPe, globus
pallidus, external segment; GPi, globus pallidus, internal segment; GU, gustatory area; hf,
hippocampal fissure; IA, intercalated nuclei amygdala; IAD, interanterodorsal nucleus; IG,
induseum griseum; ILA, infralimbic cortical area; int, internal capsule; isl, islands of Calleja;
LA, lateral amygdalar nucleus; LHA, lateral hypothalamic area; LHAav, lateral hypothalamic
area, anterior region, ventral zone; lot, lateral olfactory tract; lotd, lateral olfactory tract, dorsal
limb; LPO, lateral preoptic area; LSc, lateral septal nucleus, caudal part; LSr, lateral septal
nucleus, rostral part; MA, magnocellular preoptic nucleus; MEAad,av, medial nucleus
amygdala, anterodorsal, anteroventral parts; MEApd-a, medial nucleus amygdala,
posterodorsal part, sublayer a; MEApd-b, medial nucleus amygdala, posterodorsal part,
sublayer b; MEApd-c, medial nucleus amygdala, posterodorsal part, sublayer c; MEApv,
medial nucleus amygdala, posteroventral part; MEPO, median preoptic nucleus; MOp, primary
motor area; MOs, secondary motor area; MOB, main olfactory bulb; MOBgl, main olfactory
bulb, glomerular layer; MOBgr, main olfactory bulb, granule cell layer; MOBipl, main
olfactory bulb, inner plexiform layer; MOBmi, main olfactory bulb, mitral layer; MOBopl,
main olfactory bulb, outer plexiform layer; MPO, medial preoptic area; MS, medial septal
nucleus; NC, nucleus circularis; NDB, nucleus of the diagonal band; NLOT, nucleus of the
lateral olfactory tract; NLOT1, nucleus of the lateral olfactory tract, molecular layer; NLOT2,

CENQUIZCA and SWANSON Page 15

Brain Res Rev. Author manuscript; available in PMC 2008 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



nucleus of the lateral olfactory tract, pyramidal layer; NLOT3, nucleus of the lateral olfactory
tract, dorsal cap; och, optic chiasm; opt, optic tract; ORBl, orbital area, lateral part; ORBm,
orbital area, medial part; ORBv, orbital area, ventral part; ORBvl, orbital area, ventrolateral
part; OT, olfactory tubercle; OT1, olfactory tubercle, molecular layer; OT2, olfactory tubercle,
pyramidal layer; OT3, olfactory tubercle, polymorph layer; PA, posterior nucleus amygdala;
PAA, piriform-amygdalar area; PAR, parasubiculum; PERI, perirhinal area; PIR, piriform
area; PIR1, piriform area, molecular layer; PIR2, piriform area, pyramidal layer; PIR3, piriform
area, polymorph layer; PL, prelimbic cortical area; POST, postsubiculum; PRE, presubiculum;
PS, parastrial nucleus; PT, paratenial nucleus; PTLp, parietal region, posterior association
areas; PV, periventricular nucleus hypothalamus; PVH, paraventricular nucleus hypothalamus;
PVT, paraventricular nucleus thalamus; RC, rhinocele; RCH, retrochiasmatic area; RE,
nucleus reuniens; rf, rhinal fissure; ri, rhinal incisure; RSPagl, retrosplenial area, lateral
agranular part; RSPd, retrosplenial area, dorsal part; RSPv, retrosplenial area, ventral part;
RSPv-a, retrosplenial area, ventral part, zone a; RSPv-b/c, retrosplenial area, ventral part, zone
b/c; RT, reticular nucleus thalamus; SEZ, subependymal zone; SH, septohippocampal nucleus;
SI, substantia innominata; sm, stria medullaris; SO, supraoptic nucleus; SSp, primary
somatosensory area; SSs, supplemental somatosensory area; st, stria terminalis; SUB,
subiculum; SUBd, subiculum, dorsal part; SUBv, subiculum, ventral part; SUBv-m,
subiculum, ventral part, molecular layer; SUBv-sp, subiculum, ventral part, pyramidal layer;
SUBv-sr, subiculum, ventral part, stratum radiatum; sup, supraoptic commissures; TEa,
temporal association areas; TR, postpiriform transition area; TTd1-4, tenia tecta, dorsal part,
layers 1-4; TTv1-3, tenia tecta, ventral part, layers 1-3; V3, third ventricle; vhc, ventral
hippocampal commissure; VISal, anterolateral visual area; VISam, anteromedial visual area;
VISli, intermediolateral visual area; VISll, laterolateral visual area; VISlla, anterior
laterolateral visual area; VISlm, mediolateral visual area; VISp, primary visual area; VISpl,
posterolateral visual area; VISpm, posteromedial visual area; VISC, visceral area; VL, lateral
ventricle; vlt, ventrolateral hypothalamic tract; von, vomeronasal nerve.
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Fig. 1.
Distribution of injection sites centered in hippocampal field CA1. Relative locations of PHAL
injections from 62 experiments, plotted onto an unfolded map of the rat hippocampal formation
(adapted from Petrovich et al., 2001). Three colored injection sites illustrate prototypical
experiments with injection sites centered in the dorsal or septal third (red, Experiment
HIPPO4), intermediate or middle levels (green, Experiment HIPPO145), and ventral or
temporal pole (blue, Experiments HIPPO160 and HIPPO161) of field CA1. Note especially
the inverted V shape of the field CA1 to entorhinal area projection when viewed on the flatmap.
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Fig. 2.
Summary diagram to indicate the general organization of projections from dorsal (red),
intermediate (green), and ventral (blue) levels of field CA1 to the rest of the hippocampal
formation (shaded yellow), and then the rest of the cortical mantle (shaded light red). Note
three general projections to the rest of the cortex: dorsal (1) to the retrosplenial area and caudal
end of the anterior cingulate area, ventral (2) through the longitudinal association bundle, and
rostral (3) via a cortical-subcortical-cortical pathway involving the fornix system. Projections
to the diencephalon were described previously (Cenquizca and Swanson, 2006), and those to
the cerebral nuclei will be described in the next contribution to this reevaluation of field CA1
efferents. The relative size of each pathway is roughly proportional to the thickness of the line
representing it. The flatmap is based on Swanson (2004).
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Fig. 3.
A: Brightfield photomicrograph illustrating the appearance and location of the PHAL injection
site in Experiment HIPPO4. B: Brightfield photomicrograph of caudally adjacent thionin-
stained transverse histological section. The injection site in this experiment is centered in the
dorsal third of field CA1, about midway along the transverse axis at this level (see Figs. 1 and
4A). Scale = 200 μm.
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Fig. 4.
Projections from dorsal (septal) field CA1 to parts of the hippocampal formation and
retrosplenial area of the cerebral cortex. PHAL-labeled axons were plotted on a series of
standard or reference drawings of the rat brain derived from an atlas (Swanson, 2004). Atlas
Level (A) shows injection site location in Experiment HIPPO4 (black area; also see Figs. 1
and 3). Arranged from rostral (A) to caudal (B); the number in the lower left corner of each
drawing refers to the corresponding rostrocaudal level of the atlas.
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Fig. 5.
A-C: Darkfield photomicrographs showing the distribution of PHAL-labeled axons within the
dorsal (A), intermediate or middle (B), and ventral (C) subiculum following injections centered
in dorsal (Experiment HIPPO33, roughly at the level of Fig. 4B, from a different experiment),
intermediate or middle (Experiment HIPPO145, roughly level of Fig. 8D), and ventral
(Experiment HIPPO161, roughly level of Fig. 10B) regions of field CA1, respectively. Scale
= 200 μm. D-F: Darkfield photomicrographs showing the distribution of PHAL-labeled axons
within the medial prefrontal cortical region following injections centered in dorsal (D;
Experiment HIPPO33), intermediate or middle (E; Experiment HIPPO145, roughly level of
Fig. 9D), and ventral (F; Experiment HIPPO161, roughly level of Fig. 12A) levels of field
CA1. Scale = 200 μm.
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Fig. 6.
Projections from dorsal field CA1 to caudal regions of the cerebral cortex (Experiment
HIPPO4). PHAL-labeled axons were plotted as described for Figure 4.
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Fig. 7.
A: Brightfield photomicrograph illustrating the appearance and location of the PHAL injection
site in Experiment HIPPO145 (also see Figs. 1 and 8A). B: Brightfield photomicrograph of
the caudally adjacent thionin-stained transverse histological section. The injection site in this
experiment is centered intermediately along the dorsoventral or longitudinal axis of field CA1
(see Fig. 1). Scale = 200 μm.
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Fig. 8.
Projections from the middle or intermediate dorsoventral region of field CA1 to caudal regions
of the cerebral cortex, plotted as described for Figure 4. The injection site for this experiment
(HIPPO145; see Figs. 1 and 7) is indicated by the black filled region in panel A.
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Fig. 9.
Projections from mid-dorsoventral regions of field CA1 to prefrontal and olfactory regions of
the cerebral cortex, from Experiment HIPPO145 and plotted as described for Figure 4.
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Fig. 10.
Projections from ventral field CA1 to caudal regions of the cerebral cortex, from Experiment
HIPPO161 and plotted as described for Figure 4.
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Fig. 11.
Darkfield photomicrographs showing the distribution of PHAL-labeled axons within the
ectorhinal area of the ventral temporal region (A, about level C in Fig. 10) and the entorhinal
area of the hippocampal formation (B, about level D in Fig. 10) following an injection centered
in the ventral tip of field CA1 (Experiment HIPPO161, see Figs. 1 and 10A). Scale = 200 μm.
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Fig. 12.
Projections from ventral field CA1 to cortical regions associated with the piriform area and
prefrontal and insular regions, from Experiment HIPPO161 and plotted as described for Figure
4; arranged from rostral (A) to caudal (I).
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Fig. 13.
Darkfield photomicrographs showing the distribution of PHAL-labeled axons within the
posterior basomedial amygdalar nucleus (A) and the posteromedial cortical amygdalar nucleus
(B) following an injection centered in ventral field CA1 (Experiment HIPPO161). Scale = 200
μm.

CENQUIZCA and SWANSON Page 37

Brain Res Rev. Author manuscript; available in PMC 2008 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 14.
Projections from ventral field CA1 to the amygdalar region, with an emphasis here on those
to the cortical “nuclei” and basolateral complex. The results of Experiment HIPPO161 are
plotted here, as described for Figure 4.
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Fig. 15.
Projections from ventral field CA1 to regions associated with the olfactory bulb and peduncle,
from Experiment HIPPO161 and plotted as described for Figure 4; arranged from rostral (A)
to caudal (E).
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Fig. 16.
Darkfield photomicrographs showing the distribution of PHAL-labeled axons in the anterior
olfactory nucleus (A, about level D in Fig. 15) and accessory olfactory bulb (B, about level C
in Fig. 15) following an injection centered in ventral field CA1 (Experiment HIPPO161). Scale
= 200 μm.
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