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The entorhinal area is the most highly differentiated cortical 
field of the hippocampal formation from an anatomical point of 
view, and is best known as the origin of the perforant pathway, 
a massive association projection to the molecular layer of the 
dentate gyrus and Ammon’s horn. This pathway is important 
as the first link in the so-called “trisynaptic circuit,” which is 
thought to form the basic unit of information processing in the 
hippocampal formation and has been implicated in the elabo- 
ration of short-term memory and the more permanent storage 
of selected events in other parts of the cortical mantle. We have 
reexamined the efferent projections of the lateral entorhinal area 
with a sensitive new method that utilizes the anterograde axonal 
transport of a lectin, Phuseoks vulgaris leukoagglutinin (PHA- 
L), that is not internalized by fibers of passage, and displays 
labeled axons with the clarity of Golgi impregnations. The re- 
sults of 5 experiments with injections confined entirely to the 
lateral entorhinal area suggest that this area sends fibers to 
innervate the entire cortical mantle, as well as to a longitudinal 
zone extending the length of the striatum (nucleus accumbens 
and medial caudoputamen) and the basolateral complex of the 
amygdala. In an additional series of experiments, injections of 
the fluorescent retrograde tracer fast blue that were centered in 
medial prefrontal, somatosensory, auditory, and motor areas of 
the cortex invariably labeled many neurons in layer IV of the 
lateral entorhinal area, as well as in other layers, depending on 
the site of injection. Finally, the results of double retrograde 
tracer experiments indicated that the 2 densest projections from 
the lateral entorhinal area-to the medial prefrontal region and 
to the dentate gyrus and Ammon’s horn-arise from essentially 
separate populations of neurons. These findings serve to clarify 
the neural mechanisms underlying the role of the hippocampal 
formation in learning and memory, as well as in locomotor ac- 
tivity associated with goal-oriented behavior. 

The entorhinal area, which corresponds to Brodmann’s area 28, 
gives rise to a massive association pathway that ends prefer- 
entially in the molecular layer of the dentate gyrus and Ammon’s 
horn (Cajal, 19 11). Because this fiber system courses transverse- 
ly through the subiculum, it is called the “perforant path,” and 
it forms the initial link in a series of excitatory pathways known 
as the “trisynaptic circuit,” which is thought to provide the basic 
unit for information processing in the hippocampal formation 
(Andersen et al., 197 1; Winson and Abzug, 1978). The func- 
tional significance of this highly organized cortical circuitry has 
never been clear, although it has attracted a great deal of interest 
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recently as a possibly important component of neural mecha- 
nisms underlying short-term memory and the more permanent 
consolidation of particular events in other regions of the cortex 
(Squire and Zola-Morgan, 1983). This hypothesis was based 
originally on the observation of severe memory deficits in pa- 
tients with bilateral damage to medial parts of the temporal lobe 
(Scoville and Milner, 1957). Since then it has become clear that 
the hippocampal formation receives information from each of 
the sensory modalities, and the suggestion has even been made 
that it elaborates a “cognitive map” ofthe animal’s environment 
(O’Keefe and Nadel, 1978). Furthermore, this line of reasoning 
has been strengthened by the discovery of the long-term poten- 
tiation of synaptic efficacy in major links of the intrahippocam- 
pal circuitry (for a review, see Swanson et al., 1982) as well as 
by neuropathological evidence for the early and severe loss of 
entorhinal neurons (particularly in layers II and IV) in dementia 
of the Alzheimer type (Hyman et al., 1984) and for the selective 
loss of neurons in field CA, of Ammon’s horn in a patient with 
amnesia (Zola-Morgan et al., 1986). 

If the hippocampal formation does play an important role in 
learning and memory, one might deduce that it must establish 
an intricate series of connections with the rest of the cerebral 
cortex, although anatomical evidence for such pathways has 
accumulated only recently. Surprisingly, this evidence indicates 
that the densest cortical inputs to the entorhinal area arise within 
other parts of the hippocampal formation itself, including the 
pre- and parasubiculum (Kiihler, 1985; Shipley, 1975) the su- 
biculum (Shipley and Sorensen, 1975) and field CA, of Am- 
mon’s horn (Swanson and Cowan, 1977). However, it now seems 
clear that the entorhinal area also receives direct inputs from 
the olfactory bulb and piriform (olfactory) cortex (Kosel et al., 
1981; Krettek and Price, 1977) as well as from inferior (Van 
Hoesen and Pandya, 1975a) and superior (Amaral et al., 1983) 
temporal, orbitofrontal (Van Hoesen et al., 1975) lateral pre- 
frontal (Goldman-Rakic et al., 1984) and perirhinal (Van Hoe- 
sen and Pandya, 1975a) cortical association areas. In addition, 
the presubiculum receives direct inputs from inferior temporal 
(Van Hoesen et al., 1975) lateral prefrontal (Goldman-Rakic 
et al., 1984; Irle and Markowitsch, 1982) and inferior parietal 
(Jones and Powell, 1970; Seltzer and Van Hoesen, 1979) as- 
sociation areas. Therefore, it would appear that the entorhinal 
and subicular components of the hippocampal formation re- 
ceive direct inputs from a wide variety of multimodal associ- 
ation areas, at least in the primate where this issue has been 
examined in particular detail. There is also evidence in the rat 
that visual (Vogt and Miller, 1983) and auditory (Vogt and 
Miller, 1983) areas may project directly or indirectly to the pre- 
and/or parasubiculum. 

The anatomical evidence also indicates that these parts of the 
hippocampal formation project back to several other cortical 
fields. Thus, the entorhinal area has been shown to send fibers 
to olfactory cortical regions in the rat (Haberly and Price, 1978a, 
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b; Krayniak et al., 198 1; Krettek and Price, 1977; Sorensen and 
Witter, 1983; Wyss, 198 l), and quite recently Sorensen (1985) 
has reported that it also projects to the entire cingulate gyrus 
and medial prefrontal cortex, as well as to the perirhinal and 
insular regions in the guinea pig. In addition, the presubiculum 
sends fibers to prefrontal, temporal, and cingulate association 
areas (Goldman-Rakic et al., 1984; Rosene and Van Hoesen, 
1977; Swanson and Cowan, 1977), and the subiculum and field 
CA, project directly to medial prefrontal areas (Swanson, 198 1). 

It now seems clear, therefore, that the parahippocampal gyrus 
establishes bidirectional connections with a number of other 
multimodal frontal, temporal, and cingulate areas, on the one 
hand, and the dentate gyrus and Ammon’s horn on the other. 
We have begun to reexamine these projections with the sensitive 
new anterograde tracer Phaseolus vulgaris leukoagglutinin, 
PHA-L (Gerfen and Sawchenko, 1984). Small injections have 
been made in each field of the parahippocampal gyrus of the 
rat, and, in the present report, we describe the organization of 
projections from the lateral entorhinal area (area 28a) to other 
parts of the telencephalon. The results clearly indicate that neu- 
rons in the lateral entorhinal area collectively innervate all parts 
of the cortical mantle, as well as a longitudinal zone in medial 
parts of the striatum and the basolateral complex of the amyg- 
dala. Furthermore, this conclusion has been substantiated by 
the results of experiments with injections of the retrograde tracer 
fast blue into a number of different cortical fields, and double 
retrograde tracer experiments indicate that separate neurons in 
the lateral entorhinal area send fibers through the perforant path 
and to the prefrontal cortex. 

Materials and Methods 
Six brains with small iontophoretic injections of PHA-L confined to the 
lateral entorhinal area were used in this study. For comparison, brains 
with injections in adjacent areas were also examined, although the results 
will not be described in detail here; these injections included 4 in the 
medial entorhinal area, 2 in the presubiculum, 3 in the subiculum, and 
1 in the perirhinal area. The injections and histology were carried out 
according to Gerfen and Sawchenko (1984), as described elsewhere 
(KBhler, 1985). In brief, a 1 in 3 series of 30 pm-thick frozen sections 
were cut in the horizontal plane and were reacted for PHA-L immu- 
nohistochemistry using a biotin-avidin-HRP detection system. Alter- 
nate series were stained with thionin for cytoarchitectonic details, or 
were osmicated to intensify the immunohistochemical staining. The 
major advantages of the PHA-L method are that fibers of passage are 
not labeled and that anterogradely labeled axons are stained with the 
clarity of Golgi impregnations. In addition, the method is quite sensitive, 
and the injection site can be defined accurately on the basis of filled cell 
bodies (Gerfen and Sawchenko, 1984). 

Injections of the fluorescent tracer fast blue (Kuypers et al., 1980) 
were also made into several cortical fields, and the distribution of retro- 
gradely labeled neurons was plotted in the hippocampal formation. For 
this, approximately 50 nl of a 2% aqueous solution was injected ster- 
eotaxically through a glass micropipette, and after a S-10 d survival 
time the brains were processed and analyzed as described elsewhere 
(Kohler et al., 1984). In addition, double retrograde tracer experiments 
were carried out to determine whether neurons in the entorhinal area 
project both to the medial prefrontal region and through the perlorant 
path. Three different combinations of tracers were used. First, 1 ~1 of 
a 2% aqueous solution of diamidino yellow (Keizer et al., 1983) was 
injected stereotaxically through a Hamilton microsyringe into the me- 
dial prefrontal region, and 3 crystalline deposits of fast blue were made 
with a glass micropipette (Simerly and Swanson, 1986) into the dentate 
gyrus and hippocampus; the animals were perfused 3 d later. Second, 
1 ~1 of fluorescent latex microspheres (Katz et al., 1984) was injected 
into the medial prefrontal region in the same way, and 3 crystalline 
deposits of fast blue were made in the dentate gyrus and hippocampus; 
the animals were perfused 3 d later. And third, 2 crystalline deposits of 
fast blue were placed in the medial prefrontal region and, 3 d later, 3 
injections of 2.5% wheat germ agglutinin (Lechan et al., 1981; Ruda 
and Coulter, 1982) in potassium phosphate buffer were made ionto- 
phoretically from a glass micropipette (50 Nrn in diameter) into the 
dentate gyrus and hippocampus; the animals were perfused 2 d later. 

Figure 1. Low-power photomicrograph of the PHA-L injection site in 
experiment 3 11; note dense deposit of the tracer confined to the lateral 
entorhinal area, and dense labeling of the perforant path in Ammon’s 
horn and the subiculum. This Nissl-stained horizontal section lies ap- 
proximately between B and C in Figure 2. At this magnification (X 15) 
and photographic exposure, it is not possible to resolve,&hin the region 
of the injection site, individual labeled neurons, a diffise spread of PHA- 
L, or labeled fibers proceeding from the injection site. 

Results 

Anterograde transport experiments 
Six experiments with injections of PHA-L that labeled only cell 
bodies in the lateral entorhinal area were examined in detail. 
In all but one case the pattern of anterograde fiber labeling in 
the telencephalon was qualitatively similar. Therefore, we shall 
describe the results of 1 of these 5 experiments (3 11) in detail. 

The injection site was centered in the deep layers of the lateral 
entorhinal area (Figs. 1,2), although a few cells were also heavily 
labeled in layers II and III. On the basis of cell counts, it was 
estimated that on the order of 1500 neurons were labeled in 
this injection site. The injection site in the exceptional case was 
centered in layer II, and gave rise to much less dense labeling, 
except in the molecular layer of the dentate gyrus, which was 
massively labeled (see below). 

The pattern of axonal labeling in the forebrain of 311 is il- 
lustrated schematically in Figure 2. In all areas the labeled axons 
were varicose, and at least some displayed clear terminal bou- 
tons; only the density, laminar distribution, and orientation of 
these fibers varied from one region to another. For the sake of 
completeness, the distribution of intrahippocampal association 
pathways arising in the lateral entorhinal area is illustrated in 
Figure 2, although this will be described in detail elsewhere (C. 
Kohler, unpublished observations). Well-known projections 
through the perforant and alvear pathways to the subiculum and 
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Figure 2. A series of line drawings, 
ranging from ventral (A) to dorsal (E), 
illustrating the course and distribu- 
tion of PHA-L-labeled axons in ex- 
periment 3 11 after an injection con- 
fined to the lateral entorhinal area. 
From horizontal sections. AC& N. 
accumbens; ALA, anterior limbic area; 
AON. anterior olfactorv n.: BLA, ba- 
solateral n. amygdala; Bh, bed n. stria 
terminalis; CA ,,3, fields of Ammon’s 
horn; CeA, central n. amygdala; CP, 
caudoputamen; DBB, n. diagonal 
band; DC, dentate gyrus; GP, globus 
pallidus; ZC, islands of Calleja; ZG, 
induseum griseum; ZM, intercalated 
mass (amygdala); INS, insular region; 
LA, lateral n. amygdala; LEA, lateral 
entorhinal area; LHA, lateral hypo- 
thalamic area; LPO, lateral preoptic 
area; LS, lateral septal n.; MEA, me- 
dial entorhinal area; MeA, medial n. 
amvadala: MO. motor cortex: MPN, 
medyal preoptic n.; MS, medial septal 
n.; OB, olfactory bulb, ORB, orbital 
cortex; OT, olfactory tubercle; PA, 
periamygdaloid area; PAG, periaque- 
ductal gray; PAR, parasubiculum; 
PERI, perirhinal area; PIR, piriform 
cortex: PLA. vrelimbic area: PRE. 
presudiculum;-PRO, prorhinal area; 
PVH, paraventricular n. hypothala- 
mus; RN, red n.; RSP, retrosplenial 
area; SH, septohippocampal n.; SZ, 
substantia innominata; SN, substan- 
tia nigra; SS, somatosensory area; 
SUB, subiculum; T, temporal region 
(including auditory area); TT, taenia 
tecta; VL, lateral ventricle; 17, 18, vi- 
sual area; UC, anterior commissure; bc, 
superior cerebellar peduncle; Jx, for- 
nix; ic, internal capsule; igl, internal 
granular layer (olfactory bulb); lot, 
lateral olfactory tract; ot, optic tract; 
st, stria terminalis. 
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Ammon’s horn (see Raisman et al., 1965; Steward, 1976; Swan- 
son and Cowan, 1977) were heavily labeled, while only a few 
fibers were seen in the molecular layer of the dentate gyrus-a 
reflection of the fact that very few cells in layer II of the entorhi- 
nal area were labeled by the injection (see Steward and Scoville, 
1976). In addition, labeled fibers were obvious in layers I, V, 
and VI of the pre- and parasubiculum, as well as in a restricted 
part of layer II centered between the medial tip of the medial 
entorhinal area and the parasubiculum. The anterior hippocam- 
pal rudiment, which consists of the induseum griseum dorsal 
to the corpus callosum and the taenia tecta rostra1 and ventral 
to it, also received a clear input from the lateral entorhinal area 
(Wyss, 198 1). 

Outside the hippocampal formation, at least some labeled 
fibers were found in the superficial (I and II) and deep (VI) layers 
of all parts of the cortical mantle, as well as in the internal 
granular layer of the olfactory bulb, although the density and 
precise distribution of fibers varied greatly in different areas 

(Fig. 2). Ventral to the rhinal fissure (Fig. 24, a moderate num- 
ber of labeled fibers were found throughout the length of the 
pit-iform cortex, although they were more dense caudally in the 
periamygdaloid area. They were found in all 3 layers, although 
they were somewhat more dense in layer II and quite sparse in 
layer I. A similar, though considerably more dense, pattern was 
seen in the olfactory tubercle, although fibers appeared to avoid 
the islands of Calleja themselves. Many longitudinally oriented 
fibers coursed through the endopiriform nucleus deep into the 
piriform cortex, and through the dorsally adjacent claustrum 
deep into the insular region. Although all of these longitudinal 
fibers were varicose, very few gave rise to obvious terminal 
plexuses, and the extent to which they innervated cells in the 
claustrum (and its piriform component) is unclear. The cell 
layer of the anterior olfactory nucleus received a particularly 
dense plexus of labeled fibers (Fig. 3), which appeared to enter 
from both the nucleus accumbens (Fig. 24 and adjacent cortical 
areas (Fig. 2B). Finally, the nucleus of the lateral olfactory tract 
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Figure 2. Continued. 
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and the anterior cortical nucleus of the amygdala appeared to 
receive sparse inputs, whereas a dense plexus of fibers was clearly 
labeled in both the molecular and cellular layers of the posterior 
cortical nucleus of the amygdala and the amygdalo-hippocam- 

pal transition area (posterior medial nucleus of the amygdala; 
not illustrated). 

By far the densest cortical terminal fields dorsal to the rhinal 
fissure were found in medial parts of the prefrontal region, in- 
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Figure 2. Continued. 

eluding the infralimbic and prelimbic areas [the parcellation of 
Krettek and Price (1977) was used for the prefrontal and insular 
regions, while that of Vogt and Peters (198 1) was used for the 
cingulate gyrus]. As is shown in Figures 2, B and C, 3, and 4A, 
dense terminal plexuses were labeled in layers II and V of the 
infralimbic and prelimbic areas, and many fibers appeared to 
enter these layers from layer VI, and perhaps from layer I as 
well. Further caudally, layers II and VI of the anterior limbic 
area of the cingulate gyrus appeared to receive a modest input, 
while, somewhat surprisingly, the retrosplenial area caudal to 

it received perhaps the sparsest input from the lateral entorhinal 
area of any cortical field. Proceeding rostrally again, we find that 
the orbital cortex of the prefrontal region and the entire length 
of the insular region received a relatively uniform complement 
of fibers that was concentrated in layers II and VI and was only 
moderately dense. 

The somatosensory area contained only scattered fibers, which 
were found primarily in layers II and VI (Fig. 4C), although the 
density of labeled axons was noticeably greater in caudal parts 
of this area (Fig. 2). In the occipital region, the primary visual 
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Figure 2. Continued. 

area 17 contained a sparse-to-moderate number of fibers in 
layers II and VI, as well as a larger number of fibers in the deeper 
parts of layer I, a feature that distinguished it from the sur- 
rounding area 18 (Fig. 2E). Although the auditory cortex of the 
rat has never been carefully parcelated, on cytoarchitectonic 
and electrophysiological grounds, the entire temporal region 
received a substantial complement of labeled fibers that was 
generally centered in the deep part of layer I, as well as in layers 
II, III, and VI (Fig. 49. This pattern extended ventrally into 
the prorhinal area (area 36), as well as into the perirhinal area 

(area 39, which displayed a characteristic, very dense plexus of 
fibers in the superficial quarter of layer I (Fig. 2, A-C). 

The motor cortex also received fibers that were distributed 
in a characteristic way. Here, layer VI contained a relatively 
larger number of fibers coursing in all directions, whereas only 
a few labeled fibers were observed in layer II (and layer I). 

Two subcortical regions of the telencephalon also contained 
massive plexuses of labeled fibers after PHA-L injections in the 
lateral entorhinal area. One was centered along the length of the 
medial striatum, and included parts of the caudoputamen, as 
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Figure 2. Continued. 

well as most of the nucleus accumbens (Figs. 2, A-D; 3); the 
other involved the lateral and basolateral nuclei ofthe amygdala. 
A very small number of fibers were also observed in the lateral 
and medial septal nuclei, and a few were even seen crossing the 
midline in and near the anterior commissure (Fig. 2C’). 

Only a very few labeled axons were observed in the diencepha- 
lon; they were most often found in the lateral hypothalamic area 
and in the paraventricular nucleus of the thalamus. 

Two other features of the telencephalic projection from the 
lateral entorhinal area deserve comment. First, a similar pattern 

Figure 3. A low-power dark-field photomicrograph illustrating the 
general appearance of PHA-L-labeled axons (white) in the prefrontal 
cortex, olfactory peduncle, and striatum of experiment 3 11. The level 
of this photomicrograph corresponds to that illustrated schematically 
in Figure 2B. x 20. 

of labeled fibers was observed on the side of the brain opposite 
the injection site, although it was very much less dense than 
that on the ipsilateral side (e.g., Fig. 4A). The fibers appeared 
to reach the contralateral side by coursing through the dorsal 
hippocampal and anterior commissures. Second, the course tak- 
en by fibers from the lateral entorhinal area to particular cortical 
fields was not always clear, and will require experimental clar- 
ification. It is clear from our material that many fibers course 
rostrally through the external capsule and the claustrum, but it 
is also quite possible that fibers reach some cortical areas by 
way of layers I and/or VI in adjacent areas. Finally, it is clear 
that fibers reach some areas, particularly in frontal regions, by 
passing through the external capsule from the striatum (Fig. 2C’). 

Retrograde transport experiments 
A limited number of experiments (n = 8) with the retrograde 
tracer fast blue were carried out to confirm in a general way, 
with a different technique, that fibers from the lateral entorhinal 
area reach widespread parts of the cortical mantle. While the 
results of these experiments cannot prove the existence of ter- 
minals within the injection site because the tracer is incorpo- 
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Figure 4. A, PHA-L-labeled fibers concentrated in layer II of the infralimbic area on the side ipsilateral (left) and contralateral (right) to an injection 
site in the lateral entorhinal area. Dark-field illumination, x 50. B, PHA-L-labeled fibers in layer II of presumed auditory areas of the temporal 
repion. Bright-field illumination, x 300. C, High-power photomicrograph of a PHA-L-labeled axon in layer VI of the somatosensory area; note 
several terminal boutons arising from this varicose axon. Bright-field illumination, x 800. 

rated by fibers of passage (Sawchenko and Swanson, 198 l), they 
are useful in identifying the laminar distribution of neurons 
projecting to or through the injection site. 

For these experiments, injections of the tracer were centered 
in the region of the infralimbic and prelimbic areas, the so- 
matosensory area, the motor area, and the auditory area (Fig. 
5). As is shown in Figure 6, each injection led to the retrograde 
labeling of cells in the lateral entorhinal area, and in all exper- 
iments the densest labeling was found in layer IV (see also Van 
Hoesen, 1982). There were also striking differences in the lam- 
inar distribution of retrograde labeling when different cortical 
areas were injected, although, because of the limited number of 
experiments, it is unclear how significant these differences are. 
Nevertheless, it may be useful to place the following observation 
on record. The most extensive retrograde labeling was obtained 
after injections centered in auditory parts of the temporal region 
(see 503 in Figs. 5 and 6, which spreads to the caudal part of 
the somatosensory area but involved only the deepest layers of 
the cortex); in these cases, retrograde labeling was observed in 
layers II-VI throughout the dorsoventral extent of the lateral 
entorhinal area, as well as in layers IV and VI of the medial 
entorhinal area and in the superficial half of the pyramidal layer 
of the subiculum. In sharp contrast, injections confined to the 
somatosensory area (see 608 in Figs. 5 and 6, where the injection 
site invaded all 6 layers) retrogradely labeled neurons confined 
to layer IV of the lateral entorhinal area. Similar injections in 
the motor area (423 in Figs. 5 and 6) retrogradely labeled neu- 
rons in layers IV and VI of the lateral entorhinal area (Fig. 7B) 
and, to a lesser extent, in the medial entorhinal area as well. 
And finally, injections that labeled medial (and perhaps orbital) 
parts of the prefrontal region (422 in Figs. 5 and 6) led to ex- 
tensive labeling of neurons in layers II, IV, V, and VI of the 
lateral (Fig. 7A) and medial entorhinal areas, as well as in re- 
stricted superficial parts of the pre- and parasubiculum and in 
the pyramidal layer of the subiculum. 

Finally, 3 combinations of double retrograde tracer experi- 
ments with 1 label in the medial prefrontal cortex and another 
in the dentate gyrus and Ammon’s horn (see Materials and 
Methods) were carried out, and at least 1 experiment with each 
of the 3 combinations of tracers produced extensive retrograde 
labeling for each tracer in the lateral entorhinal area. No evi- 
dence of doubly labeled neurons in any layer of the lateral (or 
medial) entorhinal area was obtained in any of the 6 experi- 
ments, even though many singly labeled neurons with either 
tracer were observed (Fig. 7C). 

Discussion 
The results of the present study suggest that neurons in the lateral 
entorhinal area innervate all parts of the cortical mantle, as well 
as medial parts of the striatum and the basolateral complex of 
the amygdala. Before discussing the implications of this finding, 
however, it is important to consider the validity of the methods 
upon which it is based. 

It seems clear from our results that fibers from the lateral 
entorhinal area at least reach all parts of the cortical mantle. 
The anterograde tracer PHA-L does not appear to be taken up 
in detectable amounts by fibers of passage (Gerfen and Saw- 
chenko, 1984), and our injection sites did not label cells outside 
the limits of the lateral entorhinal area. Furthermore, injections 
of the retrograde tracer fast blue into a representative sample 
of cortical regions all labeled neurons in the lateral entorhinal 
area. 

Nevertheless, our results do not prove unequivocally that 
fibers from the lateral entorhinal area innervate, or establish 
synaptic contacts within, all parts of the cortical mantle; this 
must be established at the ultrastructural level. However, it 
should be pointed out that at least some terminal boutons (Fig. 
4C’) were observed in all areas, and these structures have in- 
variably been shown to form synaptic contacts wherever they 
have been examined ultrastructurally (see Rockel and Jones, 
1973; Wouterlood and Groenewegen, 1985). 

With these reservations in mind, our results confirm that the 
lateral entorhinal area projects through the perforant and alvear 
paths to the dentate gyrus and hippocampus, as well as to all 
parts of the olfactory cortex, cingulate gyrus, medial prefrontal 
region, and perirhinal and insular regions (see the introduction). 

We have also confirmed that the lateral entorhinal area pro- 
jects to medial parts of the caudoputamen (Sorensen and Witter, 
1983), the nucleus accumbens (Krayniak et al., 198 l), and the 
basolateral complex of the amygdala (Ottersen, 1982; Wyss, 
198 1). In addition, however, our results suggest that the efferent 
projections of the lateral entorhinal are even more widespread 
than this, and that they may in fact reach all parts of the cortical 
mantle, although the density and laminar distribution of these 
pathways varies from one area to another. 

It is not entirely clear why this widespread distribution of 
fibers has not been observed in previous studies, although the 
PHA-L method has revealed considerably more widespread 
projections in other systems as well, particularly in the supra- 
mammillary projection to the hippocampal formation (Haglund 
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Figure 5. The location of key fast blue injection sites (shading) is 
illustrated in this series of drawings. See legend to Figure 2 for abbre- 
viations. 

Figure 5. Continued. 
et al., 1984). In both cases, when comparisons of anterogradely 
labeled pathways are made between the autoradiographic and 
PHA-L methods, it is clear that scattered fibers are difficult to 
detect autoradiographically because a low density of silver grains 
cannot be distinguished confidently from background levels. 

Our results, as well as those of others (Sorensen, 1985; Wyss, 
1981) also indicate that the efferent projections of the medial 
part of the entorhinal area are not as extensive as those from 
the lateral part. This is of interest for 2 reasons. First, the lateral 
part is more highly differentiated than the medial part with 
respect to cytoarchitectonic lamination. Thus, layer II can be 
divided into 2 distinct bands, and layer IV is more obvious, in 
the lateral entorhinal area (see Blackstad, 1956). And second, 
afferent projections entering the 2 parts of the entorhinal area 
differ in several important ways. The most obvious difference 
lies in the fact that the pre- and parasubiculum project massively 
to the medial but not the lateral entorhinal area (Kohler, 1984, 
1985; Kiihler et al., 1978; Shipley, 1975). Thus, neocortical 
association area projections to the pre- and parasubiculum (see 
the introduction) are relayed through the medial perforant path 
to middle parts of the dentate gyrus molecular layer and to 
Ammon’s horn, but do not appear to be in a position to influence 
directly the projections of the lateral entorhinal area to the rest 
of the cortical mantle. However, they may do so less directly 

after passing through the trisynaptic circuit, because the subic- 
ulum proper, which receives a massive input from field CA, 
(Hjorth-Simonsen, 1973; Swanson and Cowan, 1977), projects 
to both the medial and lateral parts of the entorhinal area (Ro- 
sene and Van Hoesen, 1977; Shipley and Sorensen, 1975; So- 
rensen and Shipley, 1979; Swanson and Cowan, 1977) as does 
field CA, itself (Swanson and Cowan, 1977). 

Direct telencephalic neural inputs to the lateral entorhinal 
area have been reported from the main olfactory bulb and pir- 
iform cortex (Carlsen et al., 1982; Haberly and Price, 1978a, b; 
Kosel et al., 1981; Krettek and Price, 1977), which end in the 
superficial part of layer I; the periamygdaloid cortex (Krettek 
and Price, 1977) which ends in layer II; the lateral nucleus of 
the amygdala (Krettek and Price, 1977), which ends in layer III; 
parts of the inferior temporal gyrus and orbitofrontal region 
(Van Hoesen and Pandya, 1975a, b; Van Hoesen et al., 1975), 
which end in layers I-III; the prelimbic area and insular region 
(Beckstead, 1979; Saper, 1982), which end predominantly in 
the deeper layers; the medial septal+liagonal band complex, 
which ends in all layers (Mellgren and Srebro, 1973); and the 
claustrum (Beckstead, 1978). Thus, the lateral entorhinal area 
appears to receive direct inputs from what are usually regarded 
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as multimodal association areas, from olfactory cortex, from 
the amygdala and septal region, and from the claustrum. 

In addition, retrograde tracer studies (Wyss et al., 1979) in- 
dicate that a wide variety of cell groups in the diencephalon and 
brain stem project to the entorhinal area as a whole, although 
not all of these have been characterized with anterograde tracer 
methods. It is known, however, that the nucleus reuniens of the 
thalamus projects to layers I and III of the lateral entorhinal 
area (Herkenham, 1978) while a-MSH-stained cells in the lat- 
eral hypothalamic area (Kohler et al., 1984) and other cells in 
the supramammillary nucleus (Haglund et al., 1984) send fibers 
to all layers of this region. In addition, dopaminergic neurons 
in the midbrain ventral tegmental area end in all layers of the 
rostra1 lateral entorhinal area, where they form patches in layer 
I (Hiikfelt et al., 1974). Since the medial septal-diagonal band 
complex, lateral hypothalamic area, supramammillary nucleus, 
and ventral tegmental area are all thought to receive massive 
inputs from the medial forebrain bundle, it seems likely that 
cells in these regions may also relay a broad variety of infor- 
mation to the lateral entorhinal area that is perhaps related to 
attention or arousal (see Haglund et al., 1984; Kijhler et al., 
1984; Swanson, 1982; Swanson and Cowan, 1979). 
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In a general way, then, our results and those of others indicate 
that the lateral entorhinal area receives a wide range of infor- 
mation from many parts of the telencephalon, diencephalon, 
and brain stem and that it, in turn, projects back to the entire 
cortical mantle, as well as to the basolateral complex of the 
amygdala and medial parts of the striatum. The precise func- 
tional significance of these results is unclear at this time, but 
they do raise several interesting possibilities for future work. 
First, evidence that information processing in the hippocampal 
formation can influence directly all parts of the cortical mantle 
by way of the entorhinal area is intriguing in view of evidence 
that the hippocampal formation plays an important role in 
learning and memory (see the introduction). However, the pre- 
cise cellular organization of this remarkably extensive associa- 
tion (and less dense commissural) projection is not known. At 
the very least, our results indicate that each small PHA-L in- 
jection in a different part of the lateral entorhinal area labeled 
fibers throughout the cortical mantle. Therefore, the projection 
does not appear to be organized in an obviously topographical 
way. On the other hand, double retrograde tracer experiments 
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Figure 6. A series of line drawings 
showing the distribution of retro- 
gradely labeled neurons (dots) in and 
near the entorhinal area after the fast 
blue injections illustrated in Figure 5. 
Injection sites: 423, rostra1 motor cor- 
tex; 422, medial prefrontal region; 503, 
temporal region (including auditory 
cortex) and caudal tip of somatosen- 
sory area; 608, somatosensory area. 
For each experiment a series of 4 hor- 
izontal levels is illustrated, from dor- 
sal (left) to ventral (right). ab, Angular 
bundle; ENT,,,, lateral and medial 
entorhinal areas; Id, lamina dissicans; 
PAR, parasubiculum; PRE, presubi- 
culum; SUB, subiculum. 
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suggest that projections from the lateral entorhinal area to 2 
distinct terminal fields-the medial prefrontal cortex and the 
hippocampus and dentate gyrus-arise from essentially separate 
groups of neurons. The extent to which separate groups of neu- 

rons in the lateral entorhinal area project to other cortical (and 
subcortical) areas of the telencephalon remains to be deter- 
mined, as, of course, does the complement of neural inputs to 
these particular groups of cells in the lateral entorhinal area. 
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Figure 7. A, Retrogradely labeled neurons in the entorhinal area after an injection of fast blue centered in the medial prefrontal region. Note that 
cells are concentrated in layer II (left) and the deeper layers (middle). This horizontal section is from experiment 503, which is illustrated schematically 
in Figure 6. B, Retrogradely labeled neurons confined to layer IV of the lateral entorhinal area following an injection of fast blue into the motor 
area; see Figure 6, experiment 423. x 125. C, A high-power photomicrograph to show the appearance of retrogradely labeled neurons in layer II 
of the lateral entorhinal area, following injections of fast blue into Ammon’s horn (labeled perikarya) and diamidino yellow (labeled nucleus, arrow) 
in the medial prefrontal region of the same animal. No evidence of doubly labeled neurons was obtained in any of the experiments involving the 
injection of two labels. When observed in the fluorescence microscope, labeled nuclei appear yellow and labeled perikarya appear blue, after UV 
excitation wavelengths are used. x 600. 

Second, it is clear that the lateral entorhinal area also projects 
to the lateral and basolateral nuclei of the amygdala (see also 
Wyss, 198 l), and it has been shown that the lateral nucleus 
projects, in turn, back to layer III of the lateral entorhinal area 
(Krettek and Price, 1977). These bidirectional pathways be- 
tween the lateral entorhinal area and the basolateral complex 
are of interest in the present context because recent evidence in 
the monkey indicates that the latter also has direct projections 
to widespread regions of the cortical mantle (Amaral and Price, 
1984). Therefore, 2 regions of the telencephalon that may each 
innervate virtually the entire cortical mantle are themselves 
interconnected. This brings to mind the evidence that combined 
lesions of the amygdala and hippocampal formation in the mon- 
key appear to result in considerably more profound memory 
deficits than do lesions involving either structure alone (Mish- 
kin, 1978). 

Third, our confirmation that the lateral entorhinal area pro- 
jects massively to the nucleus accumbens and medial caudo- 
putamen is of interest because this pathway suggests one route 
through which the hippocampal formation may influence lo- 
comotor activity. It has been shown that during exploratory 
sniffing behavior in the rat, the vibrissae move to and fro about 
7 x each second, and that this movement shows a 1 -to- 1 cor- 
relation with the hippocampal theta activity (Komisaruk, 1970). 
Furthermore, it now seems clear that the nucleus accumbens 
plays an important role in the initiation of locomotor activity 
(Kelly et al., 1975; Pijnenburg and Van Rossum, 1973), which 
is mediated, at least in part, by a series of descending pathways 
that synapse first in a subpallidal region including the substantia 
innominata (ventral pallidurn) and lateral preoptic area (see 
Mogenson et al., 1983), which in turn project to what have been 
referred to as the subthalamic and mesencephalic locomotor 

regions (Brudzynski and Mogenson, 1985; Mogenson et al., 1985; 
Swanson et al., 1984). 

Finally, it is worth emphasizing that there may be important 
species differences in the organization of pathways between the 
entorhinal area and the rest of the cortical mantle, although, as 
more sensitive tracing methods are applied to this problem, it 
would appear that major differences in general organizing prin- 
ciples are becoming less apparent. On the basis of the evidence 
presented here and elsewhere (see, for example, Haglund et al., 
1984; Swanson et al., 198 l), it seems clear that the PHA-L 
method and the retrograde tracers fast and true blue provide 
considerably more sensitivity than the autoradiographic and 
HRP methods. Systematic comparative studies with the newer 
tracers are now needed to clarify the organization of hippocam- 
pal-neocortical pathways in different species. 
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