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The alvear pathway of the rat hippocampus
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&p.1:Abstract. Neurons of the entorhinal cortex project to the
hippocampus proper and dentate gyrus. This projection
is called the “perforant pathway” because it perforates
the subiculum; current usage applies this term to all
entorhino-hippocampal fibers. However, entorhinal fi-
bers also reach Ammon’s horn via the alveus (“alvear
pathway”), an alternative route first described by Cajal.
The anterograde tracer Phaseolus vulgaris leucoaggluti-
nin (PHAL) was used in order to analyze the contribu-
tion of this pathway to the temporo-ammonic projection.
In the temporal portion of the rat hippocampus, most of
the entorhinal fibers reach Ammon’s horn after perforat-
ing the subiculum (classical perforant pathway). At more
septal levels, the number of entorhinal fibers that take
the alvear pathway increases; in the septal portion of the
hippocampal formation, most of the entorhinal fibers to
hippocampal subfield CA1 reach this subfield via the al-
veus. These fibers make sharp right-angle turns in the al-
veus, perforate the pyramidal cell layer, and finally ter-
minate in the stratum lacunosum-moleculare. The
crossed temporo-ammonic fibers reach their termination
area in the stratum lacunosum-moleculare of CA1 al-
most exclusively via the alveus. These data indicate that
the alveus is a major route by which entorhinal fibers
reach their targets in CA1.

&kwd:Key words: Phaseolus vulgarisleucoagglutinin – An-
terograde tracing – Entorhinal cortex – Crossed tempo-
ro-ammonic pathway – Crossed temporo-dentate path-
way – Rat (Sprague Dawley)

Introduction

The entorhinal cortex (EC) collects all neocortical infor-
mation to the hippocampus, integrates this input, and fi-
nally distributes the neocortical signals to the hippocam-
pus in a precise topographical fashion: Neurons of layer
II project to the outer molecular layer of the dentate gy-
rus and stratum lacunosum-moleculare of hippocampal
subfield CA3 (Tamamaki and Nojyo 1993), neurons of
layer III project to the stratum lacunosum-moleculare of
hippocampal subfield CA1 (Steward and Scoville 1976;
for review, see Witter 1993), and neurons located in the
deeper layers of the EC project to the inner molecular
layer, granule cell layer, and hilus of the temporal por-
tion of the dentate gyrus (Deller et al. 1996b). Cajal
(1911) was the first to describe the trajectory of entorhi-
nal fibers to the hippocampus and named this projection
the “perforant pathway”, because he was intrigued by
the observation that entorhinal fibers have to perforate
the subiculum in order to reach their target cells in the
hippocampus. He also noticed a second pathway of ento-
rhinal fibers that reach their target cells via the alveus,
the “temporo-ammonic alvear pathway”. However, it has
recently been suggested that the term “perforant path-
way” should be used for all entorhinal fibers to the hip-
pocampus, regardless of fiber type and layer or area of
origin (Witter 1989; Amaral and Witter 1995), and that
the “alvear pathway” should be discounted in the rat be-
cause it consists of only a few or “aberrant” fibers (Wit-
ter et al. 1989). Such a restriction would be misleading,
however, if the alvear pathway contributed considerably
to the entorhinal innervation of the hippocampus. More-
over, standard techniques such as anterograde degenera-
tion (e.g., Brodal 1981), retrograde tracer injections
(e.g., Brodal 1981), and electrical stimulation (e.g.,
Leung 1979; Klapstein and Colmers 1993; Buhl et al.
1994; Leung et al. 1995; Schmitz et al. 1995) also affect
fibers of passage, and, therefore, a precise knowledge of
the trajectory of the entorhino-hippocampal fiber tracts
is essential for a better understanding of the organization
of this projection. We have used the anterograde tracer
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Fig. 1a–d. Entorhino-hippocampal fibers at a temporo-occipital
level of the hippocampal formation. a Horizontal section through
the hippocampus after a PHAL injection into the ipsilateral EC.
The temporo-dentate and temporo-ammonic projections are la-
beled with the tracer. Note that most of the temporo-ammonic fi-
bers reach Ammon’s horn after perforating the subiculum (bold
arrow). These fibers traverse the stratum lacunosum-moleculare
before entering their termination area (middle rectangle; higher
magnification shown in c). Only a few fibers reach CA1 via the
alveus (left rectangle; higher magnification shown in b). The tem-
poro-dentate fibers perforate the subiculum and cross the hippo-
campal fissure or turn to more septal levels (right rectangle; high-

er magnification shown in d). alv, Alveus; DG, dentate gyrus. b
Higher magnification of the left rectanglein a. Arrows indicate
weakly stained entorhinal fibers that reach CA1 via the alveus. c
Higher magnification of the middle rectanglein a. Arrows indi-
cate entorhinal fibers in the stratum lacunosum-moleculare. The
terminal field of these entorhinal fibers can be seen left. d Higher
magnification of the right rectanglein a. Temporo-dentate fibers
cross the hippocampal fissure and enter the outer molecular layer
of the dentate gyrus (arrow). Other entorhinal fibers form a tight
fiber bundle and turn toward more septally located portions of the
hippocampal formation (asterisk). Bars: 200 µm in a; 35 µm in b;
40 µm in c; 100 µm in d &/fig.c:



295

Phaseolus vulgarisleucoagglutinin (PHAL), which la-
bels individual fibers and their collaterals, to analyze the
trajectory of entorhinal fibers in the alveus and to map
their contribution to the temporo-ammonic projection at
different septo-temporal levels of the hippocampal for-
mation.

Materials and methods

Male and female Sprague-Dawley rats (n=16; 250–350 g; Harlan
Winkelmann, Borchen, Germany) housed under standard laboratory
conditions were used. Surgical procedures were performed under
deep anesthesia (Nembutal at a dose of 50 mg/kg body weight) in
agreement with German legislation on the use of laboratory animals.
A solution of 2.5% PHAL (Vector Laboratories, Burlingame, Calif.)
in 10 mM phosphate buffer (PB), pH 7.8, was iontophoretically de-
livered (Gerfen and Sawchenko 1984) into the medial or lateral EC
at different vertical levels (coordinates from Bregma: medial: AP -
8,5; L 3,8–4,5; V 5,8–6,8; lateral: AP -8,6; L 5,0–6,0; V 5,8–6,8;
Paxinos and Watson 1986) by using a glass micropipette (tip diame-
ter 15–30 µm, 5 µA positive current applied every other 5 s for
20–30 min). The animals were allowed to survive for 10 days fol-
lowing the injection of the anterograde tracer. After this time, the
rats were deeply anesthetized with Nembutal and transcardially per-
fused with a fixative containing 4% paraformaldehyde, 0.08% glu-
taraldehyde, 15% picric acid in 0.1 M PB (pH 7.4). Brains were re-
moved and postfixed for 2 h in glutaraldehyde-free fixative. Sections
(100 µm thick) were cut with a Vibratome and washed in PB.

Immunocytochemistry was used to visualize the PHAL-con-
taining axons. Free-floating sections were incubated at 4oC in bio-
tinylated goat anti-PHAL (1:400), 1% normal horse serum, 0.1%
NaN3, 0.5% Triton X-100 in 0.1 M PB for 2 days. After the sec-
tions had been rinsed in PB, they were incubated in avidin-biotin-
peroxidase complex (ABC-Elite, Vector Labs.) for 3 h. Following
subsequent washes, the sections were immersed for 5–10 min in a
nickel/diaminobenzidine solution (0.05% 3,3′diaminobenzidine,
0.02% nickel ammonium chloride, 0.024% cobalt chloride,
0.001% H2O2) to give a dark-blue reaction product. Sections were
then placed on gelatin-coated slides, dehydrated in ethanol, mount-
ed in Eukitt and investigated under the light microscope. The tra-
jectory of PHAL-labeled entorhinal fibers could be followed from
the PHAL injection site to the target area by means of serial sec-
tions taken from the hippocampus (see also Deller et al. 1996b).

In order to show the relative contribution of the alvear path to
the entorhinal projection to CA1 more clearly, the entorhinal pro-
jection to CA1 as visualized in single sections was drawn with the
aid of a camera lucida. These drawings represent planar projections
of all PHAL-labeled entorhinal fibers within a single 100-µm-thick
section. In contrast, the photomicrographs of the same 100-µm-
thick sections show only one plane of focus, and, therefore, fewer
PHAL-labeled entorhinal fibers. Camera lucida drawings were
made from single sections at different septo-temporal levels.

Results

Injection sites

All animals received a single PHAL injection into the
EC. The injection sites were found in the medial and lat-
eral entorhinal areas at different septo-temporal levels
and usually covered several cell layers. Injection sites
were 100–800 µm in diameter. An increased immuno-
cytochemical background staining could be observed for
an additional 100–500 µm beyond the central injection
site. Injection sites were 500–800 µm in their longitudi-
nal extent (Deller et al. 1996a, b).

The perforant pathway to the dentate gyrus and CA3

As shown in detail earlier (e.g., Steward 1976; Wyss
1981; Deller et al. 1996a, b; for review, see Amaral and
Witter 1995), the entorhino-dentate projection from lay-
er II of the EC terminates exclusively in the outer two
thirds of the molecular layer. This projection was heavily
labeled after PHAL injections into the EC and showed
the septo-temporal topography typical of the perforant
pathway (Steward 1976; Wyss 1981; Amaral and Witter
1995; Deller et al. 1996b). Two trajectories of single
entorhino-dentate fibers could be observed at temporal
levels of the hippocampal formation. One group of fibers
traversed the hippocampal fissure (Fig. 1a, d) and partic-
ipated in the formation of the dense entorhinal fiber
plexus in the outer molecular layer of the dentate gyrus.
A second group of fibers participated in the formation of
a dense fiber bundle located opposite the crest of the
dentate gyrus in layer I of the presubiculum (Fig. 1a, d).
These fibers continued in a rostro-dorsal direction and
terminated in more septally located portions of the den-
tate gyrus.

The entorhinal projection to the ipsilateral CA3 area
was also labeled (Figs. 1a, 2a, 3a). This projection arose
from the same layer II entorhinal neurons as the entorhi-
nal projection to the dentate gyrus (Tamamaki and
Nojyo 1993), and, in agreement with these authors, ento-
rhinal fibers to CA3 followed a similar route.

The perforant pathway is the main trajectory
of entorhinal fibers to CA1 at temporal levels

The entorhinal projection to CA1 was labeled at tempo-
ral levels of the hippocampal formation. Two trajectories
of the entorhinal fibers to CA1 could be observed: One

Fig. 2a–d.Entorhino-hippocampal fibers at an intermediate septo-
temporal level. a Horizontal section through the hippocampus af-
ter a PHAL injection into the ipsilateral EC. The corresponding
contralateral hippocampus is shown in Fig. 4. The temporo-den-
tate and temporo-ammonic projections are labeled. Numerous fi-
bers reach Ammon’s horn after perforating the subiculum (long
bold arrow), but an almost equal number arrives via the alveus
(rectangle; higher magnification shown in b). Note that some
PHAL-labeled entorhinal fibers follow a trajectory parallel to the
pyramidal cell layer in the stratum radiatum. These fibers perfo-
rate CA3 and enter the fimbria (short bold arrows). alv, Alveus;
DG, dentate gyrus. b Higher magnification of the rectanglein a.
Entorhinal fibers reach CA1 via the alveus (alv). These fibers
make sharp right-angle turns in the alveus (rectangles), traverse
the pyramidal cell layer, and finally enter the stratum lacunosum-
moleculare (bold arrows). Left and right rectanglesare shown at
higher magnification in c and d, respectively. An entorhinal fiber
in the stratum radiatum that follows a trajectory parallel to the py-
ramidal cell layer is indicated (open arrow). c Higher magnifica-
tion of the left rectanglein b. Note that the PHAL-labeled entorhi-
nal fiber in the alveus comes to a branching point (arrowhead)
where two collaterals arise (arrows). One collateral makes a right-
angle turn toward CA1, whereas the other collateral continues in
the alveus. d Higher magnification of the right rectanglein b. The
labeled axon makes a sharp right-angle turn in the alveus (arrow-
head) and continues toward CA1 (arrow). Bars: 200 µm in a;
75 µm in b; 10 µm in c, d &/fig.c:
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Fig. 3a–e.Entorhino-hippocampal fibers to the ipsi- and contra-
lateral hippocampus at a septal level. a Frontal section through the
hippocampus after a PHAL injection into the ipsilateral EC. The
corresponding contralateral hippocampus is shown in c. The tem-
poro-hippocampal projections are labeled with the tracer. Most of
the fibers reach the stratum lacunosum-moleculare via the alveus
(rectangle; at higher magnification in a serial section in b). alv,
Alveus; DG, dentate gyrus. b Serial section of the hippocampus
and higher magnification of the rectangleshown in a. Arrows in-
dicate fibers that reach the stratum lacunosum-moleculare via the
alveus. c Contralateral hippocampus to a. The crossed temporo-

hippocampal projections are labeled. The temporo-dentate projec-
tion is weak compared with the temporo-ammonic projection. The
entorhinal fibers reach the stratum lacunosum-moleculare via the
alveus (rectangles). Higher magnification of the left and right
rectanglesshown in d and e, respectively. d Higher magnification
of the left rectanglein c. Crossed temporo-ammonic fibers can be
followed from the alveus through the CA1 pyramidal cell layer to
the stratum lacunosum-moleculare. e Higher magnification of the
right rectanglein c. Crossed temporo-ammonic fibers reach the
stratum lacunosum-moleculare from the alveus (arrows). Bars:
500 µm in a, c; 100 µm in b, e; 50 µm in d &/fig.c:
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group of fibers followed a trajectory similar to that of
the entorhino-dentate fibers. These fibers could be fol-
lowed from the injection site to more septal levels of the
hippocampal formation in serial sections of the hippo-
campus. They were located laterally to the entorhino-
dentate fiber bundle, perforated the subiculum, and en-
tered the stratum lacunosum-moleculare of CA1 (Figs.
1a, c, 6b). These fibers continued within this layer until
they reached their topographically corresponding termi-
nation field (Amaral and Witter 1995; Tamamaki and
Nojyo 1995). A second group of fibers left the injection
site, entered the angular bundle, and continued in a
rostro-dorsal direction to more septally located portions
of the hippocampal formation. However, at this temporal
level of the hippocampal formation, only a few entorhi-
nal fibers could be followed into the alveus. These fibers
continued in the alveus until they were located opposite
the termination field of the perforating fibers, traversed
the strata oriens, pyramidale, and radiatum, and, finally,
terminated in the same field as the perforating entorhinal
fibers (Figs. 1b, 6b).

The alvear pathway is a major trajectory of entorhinal 
fibers to CA1 at septal levels

At a more septal level (intermediate level), a much larger
number of entorhinal fibers could be observed that
reached their target zone in Ammon’s horn via the al-
veus (Figs. 2a, b; 5b, c). These fibers continued in the al-
veus until they were located opposite the termination
field of the perforating fibers, made right-angle turns
(Fig. 2c, d), and traversed the CA1 layers until they fi-
nally terminated in the same field as the perforating
entorhinal fibers (Fig. 2a, b). Interestingly, a small num-
ber of PHAL-labeled entorhinal fibers was also observed
in the stratum radiatum. These fibers followed a trajecto-
ry parallel to the pyramidal cell layer of CA1 and CA3
(Fig. 2a, b), before traversing the CA3 pyramidal cell
layer and entering the fimbria. Moreover, the entorhinal
fibers in the alveus frequently branched with one collat-

eral turning toward the entorhinal termination zone in
CA1 and the other collateral continuing in the alveus to-
ward the fimbria (Figs. 2c, 4c, d).

At a hippocampal level close to the septal pole, the
alvear path seemed even more prominent (Fig. 3a): Nu-
merous entorhinal fibers reached the stratum lacunosum-
moleculare via the alveus (Figs. 3b, 5a), but no perforat-
ing fibers could be seen at this level of the hippocampal
formation.

The alvear pathway is the main route for crossed 
entorhinal fibers to CA1

In contrast to the weak crossed entorhino-dentate and
crossed entorhino-CA3 projections (Zimmer and Hjorth-
Simonsen 1975; Steward 1976, 1980; Wyss 1981; Deller et
al. 1996a), the crossed entorhinal projection to CA1 was
almost comparable in density to the entorhino-ammonic
projection on the injection side (Steward 1976; Wyss 1981;
Deller et al. 1996a; Figs. 3c, d, e, 4, 5a, 6a). These entorhi-
nal fibers reached their termination zone via the alveus.
Again, entorhinal fibers made right-angle turns (Fig. 4c,
d), traversed the layers of CA1 (Fig. 3c, d, e, 4b), and ter-
minated in the stratum lacunosum-moleculare. Many
crossed entorhino-ammonic fibers branched (Fig. 4c, d).
One collateral turned toward the stratum lacunosum-mole-
culare; the other collateral continued in the alveus.

Discussion

In the present study, anterograde tracing with PHAL was
used to analyze the contribution of the alvear pathway to
the entorhino-ammonic projection. Our data indicate that
the alvear pathway is a major route of entorhinal fibers
to the CA1 region in the septal portion of the hippocam-
pus and the main route of entorhinal fibers to the contra-
lateral CA1 region.

The alvear pathway of the rat hippocampus

Entorhinal fibers in the alveus were first mentioned by
Cajal (1911) who described a projection of entorhinal fi-
bers to the subiculum and named these fibers the “tempo-
ro-ammonic alvear path”. Later, Lorente de Nó (1934)
demonstrated numerous entorhinal fibers in the alveus
using the Golgi technique. He distinguished between a
“deep” commissural system of the entorhinal cortex and
a “superficially” located fiber system to the prosubiculum
and to CA1a. Results obtained by autoradiography and
silver staining after EC lesions led Steward (1976) to
suggest that the entorhinal fibers present in the alveus on-
ly represented the most laterally originating component
of a more extensive projection system to both the subicu-
lum and the CA1 region, and that they did not represent a
separate pathway. The alvear path is also mentioned in
the autoradiographic study of Wyss (1981) who
suggested that the entorhinal fibers in the alveus repres-
ent the commissural projection system of the EC, with
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Fig. 4a–d.Entorhino-hippocampal fibers to the contralateral hip-
pocampus at an intermediate septo-temporal level. a Horizontal
section through the hippocampus after a PHAL injection into the
contralateral EC. The corresponding ipsilateral hippocampus is
shown in Fig. 2. The crossed temporo-hippocampal projections
are labeled with the tracer. The crossed temporo-dentate projec-
tion is weak compared with the temporo-ammonic projection to
CA1. Most of the fibers reach CA1 via the alveus (rectangle;
higher magnification shown in b). DG, Dentate gyrus. b Higher
magnification of the rectanglein a. The entorhinal fibers reach the
stratum lacunosum-moleculare via the alveus (alv). These fibers
make sharp right-angle turns in the alveus (rectangles), traverse
the pyramidal cell layer, and finally enter the stratum lacunosum-
moleculare. Left and right rectanglesshown at higher magnifica-
tion in c and d, respectively. c, d Higher magnification of the left
and right rectanglesin b. A PHAL-labeled entorhinal fiber in the
alveus branches (arrowhead) into two collaterals (arrows). One
collateral makes a sharp turn toward the stratum lacunosum-mole-
culare. The other collateral continues within the alveus. Bars:
200 µm in a; 150 µm in b; 10 µm in c, d &/fig.c:
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only some superficial axons terminating in CA1a and the
adjacent parts of the subiculum. More recent studies by
Witter and co-workers (for review, see Witter et al. 1989),
using the sensitive anterograde tracer PHAL, have dem-
onstrated entorhinal fibers that reach the stratum lacuno-
sum-moleculare of CA1 via the alveus. However, these
workers have suggested that, in the rat, this alvear path-
way consists of aberrant fibers that should be discounted.
In line with this interpretation of the alvear pathway, it
has been proposed (Witter 1989; Amaral and Witter
1995) that all entorhino-hippocampal fibers should be re-
ferred to as the “perforant pathway” in order to simplify
anatomical terminology. The same authors mention a
small fascicle of entorhinal fibers that is present in the al-

veus of the monkey (Witter and Amaral 1991) and that
shows anatomical similarities to the alvear pathway de-
scribed in the present study. Our data, however, show that
the alvear pathway is present in the rat and demonstrate
numerous entorhinal fibers reaching the ipsi- and contra-
lateral CA1 region of the hippocampus via the alveus.

The importance of the alvear pathway for the entorhinal
projection to CA1

The relative contribution of alvear pathway fibers to the
ipsilateral entorhinal projection to CA1 is difficult to es-
timate. Perforating entorhinal fibers to CA1 clearly dom-

Fig. 5a–c.Camera lucida draw-
ings of the ipsilateral temporo-
ammonic pathway to CA1 at
different coronal levels (coordi-
nates given from Bregma).
a Coronal section of the hippo-
campus (plane I in the inset) lo-
cated close to the septal pole of
the hippocampal formation (AP
-3.6 mm). Note the large num-
ber of entorhinal fibers that
reach the stratum lacunosum-
moleculare of CA1 via the al-
veus (open arrow). alv, Alveus;
DG, dentate gyrus; dhc, dorsal
hippocampal commissure. Inset:
Planes of sectioning of the hip-
pocampi illustrated in Figs. 5, 6.
f, Fornix; s, septal pole of the
hippocampus; t, temporal pole
of the hippocampus. b Coronal
section of the hippocampus
(plane II in inset; AP -4 mm).
The open arrowindicates fibers
that reach the stratum lacuno-
sum-moleculare via the alveus.
c Coronal section of the hippo-
campus (plane III in inset; AP
1–5 mm). The open arrowindi-
cates fibers that reach the stra-
tum lacunosum-moleculare via
the alveus. Bars: 400 µm&/fig.c:



inate at temporal levels of the hippocampus. Since these
fibers may also have a septo-temporal spread within the
stratum lacunosum-moleculare (for review, see Amaral
and Witter 1995), perforating fibers could reach the sep-
tal portion of CA1 by following a course within the stra-
tum lacunosum-moleculare in a longitudinal (temporo-
septal) direction. In contrast, the high specificity of the
entorhino-CA1 projection described recently (Tamamaki
and Nojyo 1995) suggests that the septo-temporal spread
of the entorhinal projection to CA1 is limited and that
entorhinal fibers to the septal portion of CA1 are mostly
derived from alvear pathway fibers (Fig. 7). Unfortu-
nately, little is known about the septo-temporal spread of
a single perforating entorhinal fiber to CA1; therefore, a
contribution of the perforating fibers to the septal por-
tion of CA1 cannot be excluded (Fig. 7).

Bilaterally projecting entorhinal fibers 
in the alvear pathway

The number of fibers that reach CA1 via the alvear path-
way increases toward septal levels of the hippocampal
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Fig. 6a, b.Camera lucida
drawing of the temporo-am-
monic pathway to CA1 (coor-
dinates given from Bregma).
a Coronal section of the septal
(dorsal) hippocampus contra-
lateral to the injection side
(plane IV of insetin Fig. 5a;
AP -3.6 mm). Numerous
PHAL-labeled crossed tempo-
ro-ammonic fibers reach the
stratum lacunosum-moleculare
via the alveus (open arrow).
b Horizontal section of the hip-
pocampus ipsilateral to the in-
jection side (plane V of insetin
Fig. 5a; V -4.3 mm), same sec-
tion as in Fig. 1a. At this level,
entorhinal fibers reach CA1 af-
ter perforating the subiculum.
They continue in the stratum
lacunosum-moleculare (bold
arrow) until they reach their
termination zone. Only a few
fibers pass through the alveus
and ascend to the stratum lac-
unosum-moleculare of CA1
(open arrow). DG, Dentate gy-
rus. Bars: 400 µm&/fig.c:

Fig. 7. Fiber tracts from the entorhinal cortex to CA1. In the sep-
tal portion of the hippocampal formation (top), most of the ento-
rhinal fibers to CA1 reach the stratum lacunosum-moleculare via
the alveus. In the temporal portion of the hippocampal formation
(bottom), most of the entorhinal fibers reach CA1 after perforating
the subiculum
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formation (Figs. 5, 6). This septo-temporal distribution
is similar to the septo-temporal topography of the
crossed entorhino-hippocampal projections (Steward
1976; Wyss 1981). Interestingly, it has been suggested
that entorhinal fibers in the alveus belong to the crossed
and commissural projections of the EC (Wyss 1981),
i.e., projections that terminate in the contralateral hippo-
campus (Steward 1976; Wyss 1981; Deller et al. 1996b)
and contralateral EC (Köhler 1986, 1988; Adelmann et
al. 1996). Since many entorhinal fibers branch in the al-
veus and show one collateral to the ipsilateral stratum
lacunosum-moleculare of CA1, and a second collateral
that continues in the alveus toward the fimbria, the find-
ings of Wyss (1981) may only need to be slightly ex-
tended: Entorhinal fibers in the alveus also appear to
have an ipsilateral collateral to CA1. Thus, entorhinal fi-
bers that project to the ipsilateral and to the contralateral
CA1 area could be those that make up the alvear path-
way.

Cells of origin of the alvear path fibers

Neurons in the entorhinal cell layer III have been iden-
tified as the cells of origin of the entorhinal projection
to the ipsilateral and contralateral CA1 area of the hip-
pocampus (Steward and Scoville 1976). However,
since no retrograde double-labeling experiments have
been performed, it remains unclear whether the same
neuron projects both ipsilaterally and contralaterally to
CA1 or whether two different subpopulations of neu-
rons are involved. The branching of entorhinal axons in
the alveus observed in the present study provides evi-
dence for a bilateral innervation of the CA1 area by
single layer III neurons of the EC. One collateral
reaches the ipsilateral CA1 area, the other collateral
crosses the midline and innervates the contralateral
CA1 region. Such a bilateral innervation of the hippo-
campus is also known for the associational and com-
missural projection of the dentate gyrus (Blackstad
1956; Zimmer 1971; Gottlieb and Cowan 1973; Swan-
son et al. 1978; Laurberg 1979; Laurberg and Sorensen
1981; Deller et al. 1995, 1996c). In this commissural
system, single hilar neurons have ipsilateral and com-
missural collaterals (Berger et al. 1980). Moreover, it
has recently been shown that commissural and associa-
tional axons also terminate in corresponding layers of
the dentate gyrus (Deller et al. 1996c), thereby inner-
vating similar target regions and, possibly, target cells.
It remains to be seen whether single layer III entorhinal
neurons that contribute to the ipsilateral and crossed
entorhinal projection to CA1 show a similar bilateral
specificity.

Target specificity of entorhinal fibers to CA1

Entorhinal fibers in the alveus branch opposite their tar-
get area (Figs. 5, 6). This observation is noteworthy,
since layer III neurons of the EC project only to a limit-
ed portion of the CA1 subfield that corresponds to a spe-

cific cortical column of the EC (Witter 1993; Tamamaki
and Nojyo 1995). Thus, precise guiding cues have to be
postulated as being present during development. First,
there need to be signals inducing axon collateral forma-
tion and, secondly, the correct target pyramidal cells
have to be recognized. Such information might be pres-
ent bilaterally, thereby enabling the crossed collateral to
find its corresponding target in the contralateral hippo-
campus. Interestingly, similar branching processes (right
angles) can be seen in other parts of the central nervous
system, such as the corticospinal tract. Axons of this
system branch in the pons with one collateral turning at
a right angle toward the pontine nuclei and the other col-
lateral continuing into the spinal cord (O’Leary and
Terashima 1988; Heffner et al. 1990; for review, see
O’Leary et al. 1991). Thus, it remains to be shown
which cues facilitate the pathfinding of the alvear axons
in the hippocampus; cellular elements, such as guidepost
cells (Palka et al. 1992), target cell derived chemoattract-
ants (O’Leary et al. 1991), or factors present in the ex-
tracellular matrix (Goodman and Shatz 1993) are sug-
gested.

Electrophysiological characteristics 
of the alvear pathway

In electrophysiological experiments, alvear stimulations
have frequently been used to analyze the functional
characteristics of hippocampal neurons in vivo and in
slice preparations of the hippocampus (e.g., Leung
1979; Klapstein and Colmers 1993; Buhl et al. 1994;
Leung et al. 1995; Schmitz et al. 1995). In particular,
the CA1 region has been analyzed by using alvear stim-
ulation, and the electrophysiological effects observed on
CA1 pyramidal neurons are generally interpreted as an-
tidromic stimulation of CA1 axon collaterals (e.g.,
Leung 1979; Klapstein and Colmers 1993). Although
alvear pathway fibers may be involved when stimulating
the alveus (e.g., Leung 1979), such an effect has been
neglected, mainly because its anatomical basis has pre-
viously been unclear (Leung 1979). Moreover, alvear
stimulation may yield different results in hippocampal
slices depending on the septo-temporal level of the hip-
pocampus from which the slices are made. The alvear
fibers may indeed be discounted if the slices are taken
from temporo-occipital levels but should be taken into
account whenever slices are taken from septal levels of
the hippocampus.

Conclusions

The alvear pathway appears to be a major trajectory of
entorhinal fibers to the septal portion of the ipsilateral
and contralateral CA1 region of the hippocampus. Ento-
rhinal neurons of layer III that project to the ipsilateral
and to the contralateral CA1 area are putative cells of or-
igin. Specific guiding cues in the alveus are required
during development in order to enable these fibers to
reach their specific target area.
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