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Abstract. Neurons of the entorhinal cortex project to thelntroduction
hippocampus proper and dentate gyrus. This projection
is called the “perforant pathway” because it perforateShe entorhinal cortex (EC) collects all neocortical infor-
the subiculum; current usage applies this term to alnation to the hippocampus, integrates this input, and fi-
entorhino-hippocampal fibers. However, entorhinal fi-nally distributes the neocortical signals to the hippocam-
bers also reach Ammon’s horn via the alveus (“alveapus in a precise topographical fashion: Neurons of layer
pathway”), an alternative route first described by Cajalll project to the outer molecular layer of the dentate gy-
The anterograde trac®haseolus vulgarifeucoaggluti-  rus and stratum lacunosum-moleculare of hippocampal
nin (PHAL) was used in order to analyze the contribu-subfield CA3 (Tamamaki and Nojyo 1993), neurons of
tion of this pathway to the temporo-ammonic projection.layer Il project to the stratum lacunosum-moleculare of
In the temporal portion of the rat hippocampus, most ohippocampal subfield CA1 (Steward and Scoville 1976;
the entorhinal fibers reach Ammon’s horn after perforatfor review, see Witter 1993), and neurons located in the
ing the subiculum (classical perforant pathway). At moredeeper layers of the EC project to the inner molecular
septal levels, the number of entorhinal fibers that takdéayer, granule cell layer, and hilus of the temporal por-
the alvear pathway increases; in the septal portion of thigon of the dentate gyrus (Deller et al. 1996b). Cajal
hippocampal formation, most of the entorhinal fibers to(1911) was the first to describe the trajectory of entorhi-
hippocampal subfield CA1 reach this subfield via the al-nal fibers to the hippocampus and named this projection
veus. These fibers make sharp right-angle turns in the ahe “perforant pathway”, because he was intrigued by
veus, perforate the pyramidal cell layer, and finally terthe observation that entorhinal fibers have to perforate
minate in the stratum lacunosum-moleculare. Thedhe subiculum in order to reach their target cells in the
crossed temporo-ammonic fibers reach their terminatiohippocampus. He also noticed a second pathway of ento-
area in the stratum lacunosum-moleculare of CA1l alrhinal fibers that reach their target cells via the alveus,
most exclusively via the alveus. These data indicate thdhe “temporo-ammonic alvear pathway”. However, it has
the alveus is a major route by which entorhinal fibersecently been suggested that the term “perforant path-
reach their targets in CAL. way” should be used for all entorhinal fibers to the hip-
] . - pocampus, regardless of fiber type and layer or area of
Key words: Phaseolus vulgariseucoagglutinin — An- qiqin (witter 1989; Amaral and Witter 1995), and that
terograde tracing — Entorhinal cortex — Crossed tempGyg «gjvear pathway” should be discounted in the rat be-
ro-ammonic pathway — Crossed temporo-dentate pathsyyse it consists of only a few or “aberrant” fibers (Wit-
way — Rat (Sprague Dawley) 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.,
* This paper is dedicated to Professor Andreas Oksche on the ot-eung 1979; Klapstein and Colmers 1993; Buhl et al.
casion of his 70th birthday 1994; Leung et al. 1995; Schmitz et al. 1995) also affect
This work was supported by the Deutsche Forschungsgemeirfibers of passage, and, therefore, a precise knowledge of
schaft (Fr 620/4-2, Leibniz Program, Ni 344/1-1, Ni 344/5-1)  the trajectory of the entorhino-hippocampal fiber tracts
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+49-761-203-5054; E-mail: dellerth@sun2.ruf.uni-freiburg; de) of this projection. We have used the anterograde tracer



Fig. la—d. Entorhino-hippocampal fibers at a temporo-occipital er magnification shown iml). alv, Alveus; DG, dentate gyrush

level of the hippocampal formatioa.Horizontal section through  Higher magnification of thdeft rectanglein a. Arrows indicate

the hippocampus after a PHAL injection into the ipsilateral EC. weakly stained entorhinal fibers that reach CAl via the aleus.
The temporo-dentate and temporo-ammonic projections are laHigher magnification of theniddle rectanglan a. Arrows indi-
beled with the tracer. Note that most of the temporo-ammonic fi-cate entorhinal fibers in the stratum lacunosum-moleculare. The
bers reach Ammon’s horn after perforating the subiculboid( terminal field of these entorhinal fibers can be deénd Higher
arrow). These fibers traverse the stratum lacunosum-molecularenagnification of theright rectanglein a. Temporo-dentate fibers
before entering their termination aremiddle rectangle higher cross the hippocampal fissure and enter the outer molecular layer
maghnification shown irc). Only a few fibers reach CA1 via the of the dentate gyrusafrow). Other entorhinal fibers form a tight
alveus [eft rectangle higher magnification shown in). The tem-  fiber bundle and turn toward more septally located portions of the
poro-dentate fibers perforate the subiculum and cross the hippdaippocampal formationaiterisR. Bars: 200 pum ina; 35 pm inb;
campal fissure or turn to more septal leveight rectangle high- 40 pm inc; 100 um ind
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Phaseolus vulgarideucoagglutinin (PHAL), which la- The perforant pathway to the dentate gyrus and CA3
bels individual fibers and their collaterals, to analyze the
trajectory of entorhinal fibers in the alveus and to ma _ _ .
their contribution to the temporo-ammonic projection aRlA?Sl' Deller et al. 19964, b; for review, see Amaral and

different septo-temporal levels of the hippocampal for-Vitter 1995), the entorhino-dentate projection from lay-
mation. er Il 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
Materials and methods the septo-temporal topography typical of the perforant

pathway (Steward 1976; Wyss 1981; Amaral and Witter
Male and female Sprague-Dawley rats(6; 250-350 g; Harlan 1995; Deller et al. 1996b). Two trajectories of single
Winkelmann, Borchen, Germany) housed under standard laboratohorhino-dentate fibers could be observed at temporal
conditions were used. Surgical procedures were performed und vels of the hippocampal formation. One group of fibers

deep anesthesia (Nembutal at a dose of 50 mg/kg body weight) . . . .
agreement with German legislation on the use of laboratory animald.aversed the hippocampal fissure (Fig. 1a, d) and partic-

A solution of 2.5% PHAL (Vector Laboratories, Burlingame, Calif.) Ipated in the formation of the dense entorhinal fiber
in 10 mM phosphate buffer (PB), pH 7.8, was iontophoretically deplexus in the outer molecular layer of the dentate gyrus.
livered (Gerfen and Sawchenko 1984) into the medial or lateral EQ\ second group of fibers participated in the formation of
at different vertical levels (cloordi?ates from Bregma: medial: AP -5 dense fiber bundle located opposite the crest of the
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 diam lentate gyrus in Ia_lyer I O.f the presubiculum _(F'g'_ 1a, d).
ter 15-30 um, 5 WA positive current applied every other 5 s for hese flber_s continued in a rostro-dors_al direction and
20-30 min). The animals were allowed to survive for 10 days foli€rminated in more septally located portions of the den-
lowing the injection of the anterograde tracer. After this time, thetate gyrus.

rats were deeply anesthetized with Nembutal and transcardially per- The entorhinal projection to the ipsilateral CA3 area
fused with a fixative containing 4% paraformaldehyde, 0.08% gluyas also labeled (Figs. 1a, 2a, 3a). This projection arose

taraldehyde, 15% picric acid in 0.1 M PB (pH 7.4). Brains were reg.qy the same layer |1 entorhinal neurons as the entorhi-
moved and postfixed for 2 h in glutaraldehyde-free fixative. Sections

(100 pm thick) were cut with a Vibratome and washed in PB. nal_ projection to _the dentate gyrus (Tamamaki and
Immunocytochemistry was used to visualize the PHAL-con-NOjyo 1993), and, in agreement with these authors, ento-

taining axons. Free-floating sections were incubatedGirtbio-  rhinal fibers to CA3 followed a similar route.
tinylated goat anti-PHAL (1:400), 1% normal horse serum, 0.1%
NaN;, 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—l—he perforant pathway i : :

! : . y is the main trajectory
peroxidase complex (ABC-Elite, Vector Labs.) for 3 h. Following - ]
subsequent washes, the sections were immersed for 5-10 min inogt entorhinal fibers to CA1 at temporal levels

nickel/diaminobenzidine solution (0.05% 3i&minobenzidine, ) L
0.02% nickel ammonium chloride, 0.024% cobalt chloride, The entorhinal projection to CA1 was labeled at tempo-
0.001% HO,) to give a dark-blue reaction product. Sections wereral levels of the hippocampal formation. Two trajectories
then placed on gelatin-coated slides, dehydrated in ethanol, moungf the entorhinal fibers to CA1 could be observed: One
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). 9. 2a—d.Entorhino-hippocampal fibers at an intermediate septo-
In order to show the relative contribution of the alvear path tg€mporal levela Horizontal section through the hippocampus af-
the entorhinal projection to CA1 more clearly, the entorhinal prot€f & PHAL injection into the ipsilateral EC. The corresponding
jection to CA1 as visualized in single sections was drawn with th&ontralateral hippocampus is shown in Fig. 4. The temporo-den-
aid of a camera lucida. These drawings represent planar projectiof§€ and temporo-ammonic projections are labeled. Numerous fi-
of all PHAL-labeled entorhinal fibers within a single 100-pm-thick P€rs reach Ammon’s horn after perforating the subicullong(
section. In contrast, the photomicrographs of the same 100-unpold arrow), but an almost equal number arrives via the alveus
thick sections show only one plane of focus, and, therefore, fewefectangle higher magnification shown iib). Note that some
PHAL-labeled entorhinal fibers. Camera lucida drawings were”HAL-labeled entorhinal fibers follow a trajectory parallel to the

made from single sections at different septo-temporal levels. pyramidal cell layer in the stratum radiatum. These fibers perfo-
g P P rate CA3 and enter the fimbrigHort bold arrow¥ alv, Alveus;

DG, dentate gyrush Higher magnification of theectanglein a.
Entorhinal fibers reach CAl via the alveusv]. These fibers

s shown in detail earlier (e.g., Steward 1976; Wyss

Results make sharp right-angle turns in the alverectangley, traverse
L . the pyramidal cell layer, and finally enter the stratum lacunosum-
Injection sites moleculare ifold arrows. Left andright rectanglesare shown at

. . . L . higher magnification irc andd, respectively. An entorhinal fiber
All animals received a single PHAL injection into the jn’the stratum radiatum that follows a trajectory parallel to the py-
EC. The injection sites were found in the medial and latramidal cell layer is indicatecpen arroy. ¢ Higher magnifica-
eral entorhinal areas at different septo-temporal levelson of theleft rectanglein b. Note that the PHAL-labeled entorhi-
and usually covered several cell layers. Injection sitesal fiber in the alveus comes to a branching poantoivhead

were 100-800 pm in diameter. An increased immunoWhere two collaterals arisarfows). One collateral makes a right-
. L ngle turn toward CA1, whereas the other collateral continues in
cytochemical background staining could be observed fo&e alveusd Higher magnification of theight rectanglein b. The

a_n add_itional 1_00_500 pm beyond the_ Cem_ral ianCtiQrfabeled axon makes a sharp right-angle turn in the ahagsa-
site. Injection sites were 500—-800 pm in their longitudi-heag and continues toward CAlarfow). Bars: 200 pm ina;
nal extent (Deller et al. 19964, b). 75 um inb; 10 pm inc, d
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Fig. 3a—e.Entorhino-hippocampal fibers to the ipsi- and contra- hippocampal projections are labeled. The temporo-dentate projec-
lateral hippocampus at a septal lewekrontal section through the tion is weak compared with the temporo-ammonic projection. The
hippocampus after a PHAL injection into the ipsilateral EC. The entorhinal fibers reach the stratum lacunosum-moleculare via the
corresponding contralateral hippocampus is shown the tem-  alveus (ectangle}. Higher magnification of thdeft and right
poro-hippocampal projections are labeled with the tracer. Most ofrectanglesshown ind ande, respectivelyd Higher magnification

the fibers reach the stratum lacunosum-moleculare via the alveusf theleft rectanglein c. Crossed temporo-ammonic fibers can be

(rectangle at higher magnification in a serial sectionkj alv, followed from the alveus through the CA1 pyramidal cell layer to
Alveus; DG, dentate gyrusb Serial section of the hippocampus the stratum lacunosum-moleculaeeHigher magnification of the
and higher magnification of thectangleshown ina. Arrowsin- right rectanglein c. Crossed temporo-ammonic fibers reach the

dicate fibers that reach the stratum lacunosum-moleculare via thetratum lacunosum-moleculare from the alveasofvs). Bars:
alveus.c Contralateral hippocampus & The crossed temporo- 500 pm ina, ¢; 100 um inb, € 50 um ind
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group of fibers followed a trajectory similar to that of eral turning toward the entorhinal termination zone in
the entorhino-dentate fibers. These fibers could be folCAl and the other collateral continuing in the alveus to-
lowed from the injection site to more septal levels of theward the fimbria (Figs. 2c, 4c, d).
hippocampal formation in serial sections of the hippo- At a hippocampal level close to the septal pole, the
campus. They were located laterally to the entorhinoalvear path seemed even more prominent (Fig. 3a): Nu-
dentate fiber bundle, perforated the subiculum, and emnerous entorhinal fibers reached the stratum lacunosum-
tered the stratum lacunosum-moleculare of CAl (Figsmoleculare via the alveus (Figs. 3b, 5a), but no perforat-
1a, c, 6b). These fibers continued within this layer untiling fibers could be seen at this level of the hippocampal
they reached their topographically corresponding termiformation.
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 @&he alvear pathway is the main route for crossed
rostro-dorsal direction to more septally located portionsentorhinal fibers to CAl
of the hippocampal formation. However, at this temporal
level of the hippocampal formation, only a few entorhi-In contrast to the weak crossed entorhino-dentate and
nal fibers could be followed into the alveus. These fibergrossed entorhino-CA3 projections (Zimmer and Hjorth-
continued in the alveus until they were located opposit&imonsen 1975; Steward 1976, 1980; Wyss 1981; Deller et
the termination field of the perforating fibers, traversedal. 1996a), the crossed entorhinal projection to CA1 was
the strata oriens, pyramidale, and radiatum, and, finallyglmost comparable in density to the entorhino-ammonic
terminated in the same field as the perforating entorhingbrojection on the injection side (Steward 1976; Wyss 1981;
fibers (Figs. 1b, 6b). 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,
The alvear pathway is a major trajectory of entorhinal ), traversed the layers of CA1 (Fig. 3c, d, e, 4b), and ter-
fibers to CAl at septal levels minated in the stratum lacunosum-moleculare. Many
E}rossed entorhino-ammonic fibers branched (Fig. 4c, d).

ﬁ‘a%&?rif egrg?cl):ﬁ}/r?elu('?itgé?;eiﬁfdleggl)’O% g;?\fgdla{ﬁ: ne collateral turned toward the stratum lacunosum-mole-
ulare; the other collateral continued in the alveus.

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 terminatiorbiscussion
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 perforatin
entorhinal fibers (Fig. 2a, b). Interestingly, a small num

In the present study, anterograde tracing with PHAL was
Ysed to analyze the contribution of the alvear pathway to

ber of PHAL-labeled entorhinal fibers was also observe- he entorhino-ammonic projection. Our data indicate that

in the stratum radiatum. These fibers followed a trajecto—he alvear pathway is a major route of entorhinal fibers

ry parallel to the pyramidal cel layer of CAL and CA3 (© ("¢ GAL region In the septal portion of the hippocam-
: . , us and the main route of entorhinal fibers to the contra-

(Fig. 2a, b), before traversing the CA3 pyramidal cellP :

layer and entering the fimbria. Moreover, the entorhina,ateral CAL region.

fibers in the alveus frequently branched with one collat-

The alvear pathway of the rat hippocampus

] ] ] ] _ Entorhinal fibers in the alveus were first mentioned by
Fig. 4a—d. Entorhino-hippocampal fibers to the contralateral hip- Cajal (1911) who described a projection of entorhinal fi-

pocampus at an intermediate septo-temporal levélorizontal : ) “ }
section through the hippocampus after a PHAL injection into thebers to the subiculum and named these fibers the “tempo

contralateral EC. The corresponding ipsilateral hippocampus i§0-@mmonic alvear path”. Later, Lorente de N6 (1934)
shown in Fig. 2. The crossed temporo-hippocampal projectionglemonstrated numerous entorhinal fibers in the alveus
are labeled with the tracer. The crossed temporo-dentate projectsing the Golgi technique. He distinguished between a
tion is weak compared with the temporo-ammonic projection to“deep” commissural system of the entorhinal cortex and
ﬁ@ﬁéerﬁiénoi;iégﬁogbseﬁcs)vvrﬁe}ﬁ;' gél a tgﬁ S‘)‘/‘;ﬁggcﬁgﬁﬁ a “superficially” located fiber system to the prosubiculum
magnification of theectanglein a. The entorhinal fibers reach the a.nd to CA:!'a' Results Obta'.ned by autoradiography and
stratum lacunosum-moleculare via the alveais)( These fibers  Silver staining after EC lesions led Steward (1976) to
make sharp right-angle turns in the alvetectangle$, traverse ~ suggest that the entorhinal fibers present in the alveus on-
the pyramidal cell layer, and finally enter the stratum lacunosumiy represented the most laterally originating component
moleculare Left andright rectanglesshown at higher magnifica-  of a more extensive projection system to both the subicu-
“08 in ﬁtandtd, rﬁspecgvi'yghiﬁ'ﬁgeﬁ ”Jagnt'f'cha.‘“o{‘f%f th_‘*’eftth lum and the CA1 region, and that they did not represent a
andright rectanglesn b. -labeled entorhinal fiber in the : : -
alveus branchesafrowhead into two collaterals grrows). One separate pat_hway. The alvear path is also mentioned in
collateral makes a sharp turn toward the stratum lacunosum-moldl€® ~autoradiographic ~ study of Wyss (1981) who
culare. The other collateral continues within the alveBers:  suggested that the entorhinal fibers in the alveus repres-

200 um ina; 150 um inb; 10 um inc, d ent the commissural projection system of the EC, with
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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 flane lin theinse) 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 CAl via the al-
veus bpen arrow. alv, Alveus;
DG, dentate gyrugjhg dorsal
hippocampal commissurinset:
Planes of sectioning of the hip-
pocampi illustrated in Figs. 5, 6.
f, Fornix;s, septal pole of the
hippocampust, temporal pole
of the hippocampud Coronal
section of the hippocampus
(plane llin inset AP -4 mm).
Theopen arrowindicates fibers
that reach the stratum lacuno-
sum-moleculare via the alveus.
¢ Coronal section of the hippo-
campus flane Illin inset AP
1-5 mm). Theopen arrowindi-
cates fibers that reach the stra-
tum lacunosum-moleculare via
the alveusBars: 400 pr:

only some superficial axons terminating in CAla and theveus of the monkey (Witter and Amaral 1991) and that
adjacent parts of the subiculum. More recent studies bghows anatomical similarities to the alvear pathway de-
Witter and co-workers (for review, see Witter et al. 1989) scribed in the present study. Our data, however, show that
using the sensitive anterograde tracer PHAL, have denthe alvear pathway is present in the rat and demonstrate
onstrated entorhinal fibers that reach the stratum lacunaiumerous entorhinal fibers reaching the ipsi- and contra-
sum-moleculare of CAl via the alveus. However, thesdateral CA1 region of the hippocampus via the alveus.
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 The importance of the alvear pathway for the entorhinal
has been proposed (Witter 1989; Amaral and Witteprojection to CA1

1995) that all entorhino-hippocampal fibers should be re-

ferred to as the “perforant pathway” in order to simplify The relative contribution of alvear pathway fibers to the
anatomical terminology. The same authors mention #silateral entorhinal projection to CAl is difficult to es-
small fascicle of entorhinal fibers that is present in the altimate. Perforating entorhinal fibers to CA1 clearly dom-
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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 ofinsetin Fig. 5a;

AP -3.6 mm). Numerous
PHAL-labeled crossed tempo-
ro-ammonic fibers reach the
stratum lacunosum-moleculare
via the alveusdpen arrovy.

b Horizontal section of the hip-
pocampus ipsilateral to the in-
jection side (plane V dhsetin
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-molecularé¢ld
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 arrov). DG, Dentate gy-
—— [US.Bars: 400 pn

. CAl inate at temporal levels of the hippocampus. Since these
perforating alvear fibers may also have a septo-temporal spread within the
fibers pathway fibers stratum lacunosum-moleculare (for review, see Amaral
and Witter 1995), perforating fibers could reach the sep-
e SeII;Fal « tal portion of CA1 by following a course within the stra-
portion

tum lacunosum-moleculare in a longitudinal (temporo-
septal) direction. In contrast, the high specificity of the
entorhino-CAL1 projection described recently (Tamamaki
and Nojyo 1995) suggests that the septo-temporal spread
# temporal — of the entorhinal projection to CAl is limited and that
gorion entorhinal fibers to the septal portion of CA1 are mostly
derived from alvear pathway fibers (Fig. 7). Unfortu-

Fig. 7. Fiber tracts from the entorhinal cortex to CAL. In the sep-nat.ely' little is kn.own abOUt. the _septo-temp(?ral spread of
tal portion of the hippocampal formatiotog), most of the ento- @ Single perforating entorhinal fiber to CA1; therefore, a
rhinal fibers to CA1 reach the stratum lacunosum-moleculare vi€contribution of the perforating fibers to the septal por-
the alveus. In the temporal portion of the hippocampal formatiortion of CA1 cannot be excluded (Fig. 7).

(botto), most of the entorhinal fibers reach CA1 after perforating

the subiculum

Bilaterally projecting entorhinal fibers
in the alvear pathway

The number of fibers that reach CAl via the alvear path-
way increases toward septal levels of the hippocampal
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formation (Figs. 5, 6). This septo-temporal distributioncific cortical column of the EC (Witter 1993; Tamamaki
is similar to the septo-temporal topography of theand Nojyo 1995). Thus, precise guiding cues have to be
crossed entorhino-hippocampal projections (Stewargostulated as being present during development. First,
1976; Wyss 1981). Interestingly, it has been suggestetthere need to be signals inducing axon collateral forma-
that entorhinal fibers in the alveus belong to the crossetion and, secondly, the correct target pyramidal cells
and commissural projections of the EC (Wyss 1981)have to be recognized. Such information might be pres-
i.e., projections that terminate in the contralateral hippoent bilaterally, thereby enabling the crossed collateral to
campus (Steward 1976; Wyss 1981; Deller et al. 1996hjnd its corresponding target in the contralateral hippo-
and contralateral EC (Kohler 1986, 1988; Adelmann etampus. Interestingly, similar branching processes (right
al. 1996). Since many entorhinal fibers branch in the alangles) can be seen in other parts of the central nervous
veus and show one collateral to the ipsilateral stratumsystem, such as the corticospinal tract. Axons of this
lacunosum-moleculare of CAl, and a second collateraystem branch in the pons with one collateral turning at
that continues in the alveus toward the fimbria, the find-a right angle toward the pontine nuclei and the other col-
ings of Wyss (1981) may only need to be slightly ex-lateral continuing into the spinal cord (O’Leary and
tended: Entorhinal fibers in the alveus also appear tderashima 1988; Heffner et al. 1990; for review, see
have an ipsilateral collateral to CAl. Thus, entorhinal fi-O'Leary et al. 1991). Thus, it remains to be shown
bers that project to the ipsilateral and to the contralaterathich cues facilitate the pathfinding of the alvear axons
CA1l area could be those that make up the alvear patln the hippocampus; cellular elements, such as guidepost
way. 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-
Cells of origin of the alvear path fibers gested.

Neurons in the entorhinal cell layer Ill have been iden-
tified as the cells of origin of the entorhinal projection Electrophysiological characteristics
to the ipsilateral and contralateral CAl area of the hipof the alvear pathway
pocampus (Steward and Scoville 1976). However,
since no retrograde double-labeling experiments havén electrophysiological experiments, alvear stimulations
been performed, it remains unclear whether the samieave frequently been used to analyze the functional
neuron projects both ipsilaterally and contralaterally tocharacteristics of hippocampal neurons in vivo and in
CALl or whether two different subpopulations of neu-slice preparations of the hippocampus (e.g., Leung
rons are involved. The branching of entorhinal axons in979; Klapstein and Colmers 1993; Buhl et al. 1994;
the alveus observed in the present study provides evl-eung et al. 1995; Schmitz et al. 1995). In particular,
dence for a bilateral innervation of the CA1l area bythe CALl region has been analyzed by using alvear stim-
single layer Il neurons of the EC. One collateralulation, and the electrophysiological effects observed on
reaches the ipsilateral CA1 area, the other collateraCAl pyramidal neurons are generally interpreted as an-
crosses the midline and innervates the contralateraldromic stimulation of CAl axon collaterals (e.g.,
CA1 region. Such a bilateral innervation of the hippo-Leung 1979; Klapstein and Colmers 1993). Although
campus is also known for the associational and comalvear pathway fibers may be involved when stimulating
missural projection of the dentate gyrus (Blackstadthe alveus (e.g., Leung 1979), such an effect has been
1956; Zimmer 1971; Gottlieb and Cowan 1973; Swan-neglected, mainly because its anatomical basis has pre-
son et al. 1978; Laurberg 1979; Laurberg and Sorenseriously been unclear (Leung 1979). Moreover, alvear
1981; Deller et al. 1995, 1996¢). In this commissuralstimulation may yield different results in hippocampal
system, single hilar neurons have ipsilateral and comslices depending on the septo-temporal level of the hip-
missural collaterals (Berger et al. 1980). Moreover, itpocampus from which the slices are made. The alvear
has recently been shown that commissural and associfibers may indeed be discounted if the slices are taken
tional axons also terminate in corresponding layers ofrom temporo-occipital levels but should be taken into
the dentate gyrus (Deller et al. 1996c¢), thereby inneraccount whenever slices are taken from septal levels of
vating similar target regions and, possibly, target cellsthe hippocampus.
It remains to be seen whether single layer Ill entorhinal
neurons that contribute to the ipsilateral and crossed
entorhinal projection to CA1 show a similar bilateral Conclusions
specificity.
The alvear pathway appears to be a major trajectory of
entorhinal fibers to the septal portion of the ipsilateral
Target specificity of entorhinal fibers to CA1 and contralateral CA1 region of the hippocampus. Ento-
rhinal neurons of layer Il that project to the ipsilateral
Entorhinal fibers in the alveus branch opposite their tarand to the contralateral CA1 area are putative cells of or-
get area (Figs. 5, 6). This observation is noteworthyigin. Specific guiding cues in the alveus are required
since layer Ill neurons of the EC project only to a limit- during development in order to enable these fibers to
ed portion of the CA1 subfield that corresponds to a spereach their specific target area.
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