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Septal cholinergic neurons may affect hippocampal memory
encoding and retrieval by differentially targeting parvalbumin
(PARV)-containing basket cells and neuropeptide Y (NPY) inter-
neurons. Thus, the cellular associations of cholinergic efferents,
identified by the low-affinity, p75 neurotrophin receptor
(p75NTR), with interneurons containing either PARV or NPY in
the hilus of the rat dentate gyrus were examined in single
sections using dual labeling immunoelectron microscopy. Most
profiles immunoreactive (IR) for PARV and NPY were perikaryal
and dendritic and found within the infragranular and central
hilar regions, respectively, whereas most profiles with p75NTR-
labeling were unmyelinated axons and axon terminals. Al-
though PARV-labeled profiles were more numerous, p75NTR-
labeled axons and terminals contacted few PARV-IR profiles
compared to NPY-labeled profiles (2% of 561 for PARV vs 12%
of 433 for NPY). Moreover, structures targeted by p75NTR-IR
axon terminals varied depending on the presence of PARV or
NPY immunoreactivity. p75NTR-IR terminals primarily con-

tacted PARV-IR dendrites (87%) compared to somata (13%);
however, they contacted more NPY-IR somata (57%) than den-
drites (43%). p75NTR-labeled terminals formed exclusively
symmetric (inhibitory-type) synapses with PARV-IR somata and
dendrites; however, they formed mostly symmetric but also
asymmetric (excitatory-type) synapses with NPY-IR somata
and dendrites. These results suggest that septal cholinergic
efferents in the dentate gyrus: (1) preferentially innervate NPY-
containing interneurons compared to PARV-containing basket
cells; and (2) may provide a more powerful (i.e., somatic con-
tacts), yet functionally diverse (i.e., asymmetric and symmetric
synapses), modulation of NPY-containing interneurons. More-
over, they provide evidence that neurochemical subsets of
hippocampal interneurons can be distinguished by afferent
input.
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Neurons in the medial septum–diagonal band complex provide a
major subcortical input to the hippocampal formation (HF)
(Swanson and Cowan, 1979; Senut et al., 1989). Septohippocam-
pal neurons include cholinergic and noncholinergic populations,
the latter mostly containing GABA (Köhler et al., 1984; Amaral
and Kurz, 1985; Freund and Antal, 1988). Cholinergic septohip-
pocampal neurons are believed to influence memory and atten-
tional processing (Chiba et al., 1995; Baxter et al., 1997); more-
over, loss of these neurons is associated with age- and
Alzheimer’s-related memory declines (Muir, 1997).

Septal afferents are topographically arranged within the HF
with many terminating in the hilus of the dentate gyrus (Swanson
and Cowan, 1979; Milner et al., 1983). Although they contact
principal and nonprincipal (GABAergic interneurons) hippocam-
pal cells (Frotscher, 1991; Dougherty and Milner, 1999),
GABAergic and cholinergic septal axons have different patterns
of connectivity. GABAergic septohippocampal terminals prefer-

entially contact GABAergic basket interneurons and almost ex-
clusively form symmetric synapses (Freund and Antal, 1988).
Many of these basket interneurons contain the calcium-binding
protein parvalbumin (PARV) and are primarily in the infragranu-
lar hilus (Kosaka et al., 1987; Freund, 1989; Deller et al., 1994;
Freund and Buzsáki, 1996). In contrast, cholinergic septohip-
pocampal terminals are thought to form both asymmetric and
symmetric synapses indiscriminately with granule cells and hilar
GABAergic interneurons (Clarke, 1985; Frotscher, 1991).

However, we recently reexamined the ultrastructural distribu-
tion of cholinergic septal terminals in the dentate gyrus using p75
neurotrophin receptor (p75NTR) immunoreactivity, which is not
detected in GABAergic septal neurons (Koliatsos et al., 1994).
This study revealed that p75NTR-immunoreactive (IR) axons and
axon terminals were more numerous in the central hilus, suggest-
ing that they preferentially contacted interneurons rather than
granule cells (Dougherty and Milner, 1999). Previous studies
support this notion and further suggest that GABAergic inter-
neurons targeted by septal cholinergic terminals may contain
neuropeptide Y (NPY). First, septal afferents, morphologically
similar to cholinergic terminals, form numerous contacts on hilar
NPY-containing interneurons (Milner and Veznedaroglu, 1993).
Second, cholinergic septal deafferentation using 192 IgG-saporin
leads to rapid and selective decreases in the number of NPY-
containing hilar interneurons (Milner et al., 1997). This NPY-
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labeled interneuron loss is restricted to a subset located primarily
in the central hilus and distinct from infragranular GABAergic
basket cells (Milner et al., 1997, 1999). However, whether septal
cholinergic neurons preferentially contact subpopulations of
GABAergic interneurons in the dentate gyrus remains to be
demonstrated.

Understanding the targeting specificity of septal cholinergic
afferents with subpopulations of GABAergic interneurons could
have important implications for hippocampal function. In partic-
ular, growing evidence indicates that functionally and morpho-
logically distinct interneuron subtypes might modulate selective
types of hippocampal-dependent memory processes (Han et al.,
1993; Halasy and Somogyi, 1993; Klapstein and Colmers, 1997;
Sik et al., 1997; Paulsen and Moser, 1998). Thus, the present study
sought to determine whether septal cholinergic afferent terminals
differentially innervate subpopulations of GABAergic interneu-
rons containing NPY or PARV in the dentate gyrus. For this, the
proportion of cholinergic axon terminals (identified with p75NTR

immunoreactivity) that contacted hilar NPY- or PARV-IR
perikarya and dendrites was compared using electron microscopy.

MATERIALS AND METHODS
Section preparation. Nine naive male Sprague Dawley rats (250–300 gm;
Taconic, Germantown, NY) were used in these studies. All methods
were approved by the Weill Medical College of Cornell University
Institutional Animal Care and Use Committee and conform to National
Institutes of Health guidelines. Rats were anesthetized with Nembutal
(150 mg/kg, i.p.), and their brains were fixed by ascending aortic arch
perfusion sequentially with solutions of: (1) 10–15 ml of normal saline
(0.9%) containing 1000 U/ml of heparin, (2) 50 ml of 3.75% acrolein
(Polysciences, Warrington, PA) and 2% paraformaldehyde in 0.1 M
phosphate buffer (PB; pH 7.4), and (3) 200 ml of 2% paraformaldehyde
in PB. For the immunogold–silver procedure, all rats were injected with
the zinc chelator DEDTC (1 mg/kg, i.p.) 15 min before perfusion to
reduce nonspecific silver labeling of mossy fibers (Milner and Vezneda-
roglu, 1993). The region of the forebrain containing the HF was re-
moved, cut into a 5-mm-thick coronal block and placed in the latter
fixative (30 min). The brains then were sectioned (40-mm-thick) on a
vibrating microtome (Vibratome) and collected in PB. Before immuno-
cytochemical processing, sections were placed into 1% sodium borohy-
dride in PB (30 min).

Antibodies. For immunohistochemical localization of the p75 NTR, two
antibodies were used. In a previous investigation, we found that both of
these antibodies labeled the same cellular profiles with the same subcel-
lular distribution (Dougherty and Milner, 1999). Specificity of both
antibodies has been tested previously (Chandler et al., 1984; Dobrowsky
et al., 1994). The polyclonal antibody raised in rabbit (Promega, Madi-
son, WI), which recognizes the cytoplasmic domain of the p75 NTR, was
used in double-labeling experiments with antibodies for PARV. The
monoclonal antibody derived from mouse 192 IgG, which recognizes the
extracellular domain of the p75 NTR (Boehringer Mannheim, Indianap-
olis, IN) was used in double-labeling experiments with antiserum for
NPY. A polyclonal antiserum raised in rabbits against NPY (Peninsula,
Belmont, CA) and a monoclonal antibody raised in mice to PARV
(Sigma, St. Louis, MO) (both diluted 1:2000) have been previously tested
for specificity to their respective peptides, using both preadsorption and
immunodot blot techniques (Sloviter and Nilavier, 1987; Milner and
Veznedaroglu, 1992).

Dual immunocytochemical labeling. To reduce variability attributable
to differences in fixation and solutions between the dual-labeling condi-
tions, tissue collected from each rat was labeled using both conditions on
the same day. For dual immunocytochemical localization of p75 NTR and
PARV or NPY, prepared sections through the HF were processed by
using a combined immunoperoxidase and immunogold–silver labeling
technique (Chan et al., 1990). Sections were incubated for 48 hr at 4°C in
a 0.1% bovine serum albumin (BSA) and a Tris-buffered saline (TBS,
pH 5 7.6) solution containing either: (1) rabbit polyclonal antiserum for
p75 NTR at 1:2000 dilution and mouse monoclonal antibody for PARV at
1:1000 dilution, or (2) mouse monoclonal antibody for p75 NTR at 1:300
dilution and rabbit polyclonal antiserum for NPY at 1:2000 dilution.

After incubation with these primary antisera, sections were dually la-
beled for either of the two antibody combinations using immunoperoxi-
dase followed by immunogold–silver detection.

For immunoperoxidase labeling, sections were incubated in either
biotinylated donkey anti-rabbit (for detection of p75 NTR immunoreac-
tivity in combination with PARV labeling) or rat anti-mouse IgG (for
detection of p75 NTR immunoreactivity in combination with NPY label-
ing) (Vector Laboratories, Burlingame, CA; 1:400 in 0.1% BSA–TBS)
for 30 min. After rinses with TBS, sections were incubated in avidin–
biotin–peroxidase complex (Vectastain Elite kit; Vector Laboratories;
1:100 in TBS) for 30 min. Bound peroxidase was visualized by 6 min
incubation in 0.022% 3,39-diaminobenzidine (DAB; Aldrich, Milwaukee,
WI) and 0.003% hydrogen peroxide in TBS.

For immunogold–silver labeling, sections were rinsed in 0.01 M PBS,
pH 7.4, blocked in 0.8% BSA and 0.1% gelatin in PBS for 10 min, then
incubated in either goat anti-mouse (for detection of PARV immunore-
activity) or goat anti-rabbit (for detection of NPY immunoreactivity)
IgG conjugated to 1 nm gold particles (AuroProbe; Amersham, Arling-
ton Heights, IL; 1:50 in BSA–gelatin blocking solution) for 2 hr. Sections
were rinsed in PBS and post-fixed in 2% glutaraldehyde in PBS for 10
min. To obtain optimal visualization of immunogold labeling, gold par-
ticles bound to the sections were silver-enhanced for 6–7 min (IntenSE
kit; Amersham).

For electron microscopy, labeled sections were fixed for 1 hr in 2%
osmium tetroxide in 0.1 M PB and embedded in EMBed (Electron
Microscopy Sciences, Fort Washington, PA) between two sheets of Aclar
plastic as described previously (Milner and Veznedaroglu, 1992). Sec-
tions through the dentate gyrus were mounted onto EMBed blocks, and
ultrathin sections (70-nm-thick) from the tissue–plastic interface of each
section were cut with a diamond knife, collected on 400 mesh copper
grids, and counterstained with uranyl acetate and Reynolds lead citrate.
Final preparations were examined with a Philips 201 electron micro-
scope. Final illustrations were generated from scanned photographic
prints with a Power Macintosh 8500/120 (Apple Computer, Cupertino,
CA) using Adobe Photoshop 4.0 (Adobe Systems, Mountain View, CA)
and Quark X-Press 3.32 (Quark, Denver, CO).

Electron microscopic analysis. Electron microscopic analysis of dual
immunocytochemical labeling was conducted on those six rats in which
ultrathin sections collected from the dentate gyrus displayed optimal
morphological preservation and robust immunolabeling of the p75 NTR

and either PARV or NPY. The hippocampal nomenclature used in this
study is that reviewed in Patton and McNaughton (1995). The term
“infragranular hilus” denotes that region of the hilus ;55 mm below the
granule cell layer.

Ultrastructural nomenclature was in agreement with Peters et al.
(1991). Neuronal perikarya were identified by the presence of a nucleus.
Dendrites contained endoplasmic reticulum, were usually postsynaptic to
axon terminals, and ranged from 0.5–4.5 mm in diameter. Axons were
defined as those profiles containing filaments but few synaptic vesicles
and having a cross-sectional diameter of 0.1–0.2 mm. Axon terminals
were defined as those profiles with a cross-sectional diameter of $0.3 mm
in which small synaptic vesicles could clearly be seen. Those immunore-
active profiles that could not be identified because of distorted or com-
promised morphology were categorized as “undefined.” Asymmetric
synapses contained thick postsynaptic densities, whereas symmetric syn-
apses had thin postsynaptic densities. Appositions were defined as those
contacts between profiles in which no interposing glial processes were
found but which lacked any recognizable synaptic specializations. A
profile was defined as immunogold–silver-labeled when two or more
particles were seen in large profiles or a single particle in small profiles,
such as small unmyelinated axons and dendritic spines that could be
traced in serial sections. Immunoperoxidase-labeled profiles were iden-
tified as those containing dense precipitate.

A total of 10 coronal vibratome sections were examined in this study.
The final quantitative analysis is based on data obtained from two blocks
of tissue from each of three rats. For each lamina of the dentate gyrus,
three grid squares were analyzed (with total area of 9075 mm 2). Four
laminae were examined [central hilus (CNH), infragranular hilus (IGH),
granule cell layer (GCL), and inner molecular layer (IML)] for a total of
36,300 mm 2 of tissue analyzed per block of tissue, for each dual labeling
condition. Only fields adjacent to the plastic-tissue interface were se-
lected. For this, all immunogold–silver labeled profiles were counted,
categorized (e.g., perikarya, dendrites, axons and terminals, glia) and
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described in terms of their laminar location. For each block of tissue
examined, the total number of immunogold–silver-labeled profiles was
determined, from which the percentage of those in each profile category
and each lamina contacted by p75 NTR-labeled axons and axon terminals
was calculated. The data are expressed as either mean percent 6 SEM or
percentage of total observed. The types of contact relationships were
identified and classified as defined above. x 2 analysis and factorial
ANOVAs were used to compare the data obtained from PARV- and
NPY-immunolabeled tissue sections.

RESULTS
Light microscopic examination of p75NTR-, PARV-,
and NPY-IR
In agreement with previous reports (Pioro and Cuello, 1990;
Dougherty and Milner, 1999), p75NTR-IR was found in fine
varicose processes and puncta throughout the dentate gyrus.
Dense p75 NTR-IR was clustered in the supragranular and infra-
granular regions, whereas diffuse p75 NTR-IR was observed
throughout the remaining dentate laminae (Fig. 1A). Distribution
patterns of immunocytochemical labeling of PARV and NPY in
neuronal cell bodies and fibers also were similar to those previ-
ously reported (Fukuda et al., 1996; Milner et al., 1997). Most
PARV-IR neuronal perikarya and dendrites were located in the
infragranular region of the hilus (Fig. 1B). Occasionally,
PARV-IR perikarya and dendrites were seen in the central hilus
and molecular layer (Fig. 1B). NPY-IR neurons and dendritic
processes were seen primarily in the hilus (Fig. 1C). Although a
few NPY-labeled perikarya were observed in the infragranular
region of the hilus, the majority were in the central portion.

Electron microscopy
p75NTR immunoreactivity is primarily presynaptic
In agreement with our previous reports (Dougherty and Milner,
1998, 1999), the majority of p75NTR immunoreactivity was found
in axons and axon terminals (Figs. 2–4). Less frequently, glial
processes, dendritic shafts, and dendritic spines contained
p75NTR immunolabeling (data not shown). In the present inves-
tigation, the distribution and morphological characteristics of the
p75NTR-IR axonal profiles within the dentate gyrus were identi-
cal when either the monoclonal antibody 192 IgG or the poly-
clonal antiserum raised in rabbit for the p75NTR was used.
p75NTR-IR profiles were most numerous within the inner molec-
ular layer, infragranular hilus, and central hilus. p75 NTR immu-
noreactivity was found predominantly within small (0.1–0.3 mm
in diameter) unmyelinated axons and small to medium (0.3–0.8
mm diameter) axon terminal profiles (Fig. 2). p75NTR-IR axon
terminals contained many small synaptic vesicles and mitochon-
dria, but no dense core vesicles.

PARV immunoreactivity is in basket cells
PARV immunogold–silver-labeled neuronal profiles observed in
the present investigation closely resembled those described in
previous reports in which immunoperoxidase labeling was used
(Ribak et al., 1990; Deller et al., 1994). Briefly, PARV-IR neu-
ronal profiles had the morphological characteristics of basket
cells: (1) small (6–12 mm in diameter) and aspinous perikarya, (2)
nuclei with Nissl bodies, intranuclear rods, and nuclear infoldings
(data not shown), (3) aspinous dendrites that received numerous
contacts from terminals forming both asymmetric and symmetric
synapses (Figs. 2B, 3), and (4) axon terminals that form symmetric

Figure 1. p75 NTR-IR processes have an overlapping distribution with
both PARV- and NPY-containing neuronal profiles in the dentate gyrus.
A, p75 NTR-labeled puncta and fine varicose fibers are densest in supra-
granular and infragranular cell layer (GCL) (arrows) and more diffuse in
the central portions of the hilus (HIL) (arrowhead) and molecular layer
(ML). B, Most PARV-IR somata and dendrites are in the infragranular
region of the hilus (arrows), whereas PARV-IR fibers and puncta are
dense in the granule cell layer. Scattered processes and somata with
PARV immunoreactivity are seen within the molecular layer and central
hilus. C, Numerous NPY-IR perikarya and dendrites are located within
the central regions of the hilus (arrows). NPY-IR fibers are also visible in
the hilus (arrowhead) Scale bars: A–C, 400 mm.
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synapses with granule cell bodies, dendrites, and axon initial
segments (data not shown).

In agreement with the pattern of PARV-IR observed at the
light microscopic level, the types of PARV-IR profiles observed
(n 5 581) varied significantly between the lamina. Most PARV-
labeled somal profiles (n 5 43) occurred within the infragranular

hilus and the central hilus (58 and 18%, respectively). PARV-
labeled dendritic profiles (n 5 382) also occurred more frequently
in the infragranular and central hilus (34% each) than in the
granule cell layer and inner molecular layer, whereas PARV-
labeled axon terminal profiles (n 5 156) were found primarily in
the granule cell layer (59%).

Figure 2. The majority of p75 NTR-IR axons and axon terminals do not contact PARV-labeled perikarya and dendrites. A, In the infragranular layer,
a p75 NTR-IR axon terminal ( p75-T ) is near but does not contact a PARV-IR soma (PARV-SO), which contains many gold–silver particles (arrowheads)
within its cytoplasm. Numerous unlabeled axon terminals (UT ) synapse on the PARV-labeled soma (arrows). B, A p75 NTR-IR axon ( p75-Ax) is in the
vicinity of a PARV immunogold–silver-labeled dendrite (PARV-D) in the hilus. Many unlabeled axon terminals (UT ) form asymmetric synapses (curved
arrows) with this dendrite. SSV, Small synaptic vesicles. Scale bars: A, B, 0.5 mm.
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NPY immunoreactivity is in morphologically distinct subtypes
of interneurons
NPY-IR neuronal profiles in the current experiment were similar
to those described in previous investigations using immunoper-
oxidase labeling (Deller and Leranth, 1990; Milner and Vezne-
daroglu, 1992, 1993; Milner et al., 1997, 1999). NPY-labeled
somal profiles were either elongated or round and ranged from
small (6–12 mm diameter) to medium (12–18 mm in diameter)
(Figs. 5, 6; see Fig. 8). NPY-labeled somata contained immuno-
gold–silver particles that were commonly observed near rough
endoplasmic reticulum or within Golgi complex saccules and
multivesicular bodies (Fig. 5A,B). At least two morphologically
distinct types of NPY-labeled somata were observed: (1) those
contacted by few axons and axon terminals and covered by nu-
merous glial processes (Fig. 5) and (2) those contacted by several
axons and axon terminals with very little glial coverage of their
plasmalemmal surface (Fig. 6). NPY-IR dendritic profiles ranged
from 1.5–5 mm in diameter and primarily contained mitochon-
dria, smooth endoplasmic reticulum, and microtubules (Figs. 7,
8B). NPY-IR perikarya and dendrites often were contacted by
many axon terminals (Fig. 7). NPY-labeled axon terminals were
predominantly small (,0.8 mm in diameter) and contained many
small synaptic vesicles and few mitochondria (data not shown).

Quantitative analysis of the DG revealed that the majority of
NPY-IR profiles observed (n 5 433) were located in the infra-
granular hilus (n 5 135) and central hilus (n 5 148). The majority
of NPY-labeled profiles in these regions comprised somata (n 5

45) and dendrites (n 5 178). Few NPY-containing terminals were
seen (n 5 58). Numerous NPY-labeled terminals were found in
the outer molecular layer; however this region was not included in
the quantitative analysis because few p75NTR-IR profiles are
found here (Dougherty and Milner, 1999). Significantly fewer
NPY-IR labeled profiles were found in the inner molecular layer
and granule cell layer (n 5 94 and 56, respectively).

p75NTR-IR axon terminal associations with NPY-IR and
PARV-IR profiles
The relative frequency of immunogold–silver-labeled profiles ob-
served in tissue labeled for PARV or NPY was not significantly
different (PARV, 116 profiles per section; NPY, 108 profiles per
section). Despite nearly equal densities of immunogold–silver
labeling in each of these conditions, a significantly greater pro-
portion of NPY-IR profiles received contacts from p75NTR-IR
axon terminal profiles than did PARV-IR profiles (x2 5 8.25;
df 5 3; p , 0.03). Of all NPY-IR profiles observed, 12% (n 5 51)
were contacted by one or more p75NTR-IR axon terminal pro-
files. In contrast, only 2% (n 5 12) of all PARV-IR profiles
observed received such contacts.

Instances in which p75NTR-IR axon terminals synapsed with
NPY-IR perikarya and dendrites (n 5 51) occurred primarily in
the infragranular and central hilar regions (n 5 21 and 23,
respectively). These synapses were predominantly symmetric
(86%), but some were asymmetric (14%). p75NTR-IR terminals
synapsed more frequently with NPY-IR somata (57%) than with

Figure 3. Occasionally, p75 NTR-IR axon terminals contact PARV-labeled dendrites. A, In the infragranular hilus, a p75 NTR-IR axon terminal ( p75-T )
forms a symmetric synapse (curved arrow) with a large PARV-IR dendrite (PARV-D). An unlabeled axon terminal (UT ) forms a symmetric synapse
(curved open arrow) with the same dendrite. B, In the infragranular hilus, a large p75 NTR-IR axon terminal ( p75-T ) contacts (curved arrow) a small,
PARV-IR dendrite (PARV-D). C, In the infragranular hilus, a large p75 NTR-IR axon terminal ( p75-T ) forms a symmetric synapse (curved arrow) with
a large PARV-IR dendrite (PARV-D). Scale bars: A, 0.65 mm; B, C, 0.5 mm.
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Figure 4. Rarely, p75 NTR-labeled terminals are associated with PARV-containing terminals. A, A somata in the granule cell layer is contacted (curved
arrow and arrowhead, respectively) by both a PARV-IR axon terminal (PARV-T) and a p75 NTR-IR axon terminal ( p75-T ). B, In the supragranular portions
of the molecular layer, a p75 NTR-IR axon terminal ( p75-T ) abuts (curved arrow) a PARV-IR axon terminal (PARV-T ) labeled with gold–silver particles
(arrowheads). C, An axon terminal in the supragranular layer contains both p75 NTR-IR and PARV-IR gold–silver particles (arrowheads). A single-labeled,
p75 NTR-IR axon terminal ( p75-T ) nearby forms a symmetric synapse (curved arrow) with an unlabeled dendrite. Scale bars: A, 1.0 mm; B, C, 0.5 mm.
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Figure 5. p75 NTR-labeled terminals commonly contact NPY-labeled perikarya with sparse inputs. A, In the hilus, a p75 NTR-IR axon terminal ( p75-T )
forms a symmetric synapse (curved arrow) with an NPY-IR soma (NPY-SO). This soma is contacted by few axon terminals, and its plasmalemmal surface
is covered by glial profiles (asterisk). B, In the infragranular hilus, a p75 NTR-IR axon terminal ( p75-T ) forms an asymmetric synapse (curved arrow) with
an NPY-IR soma (NPY-SO) that contains gold–silver particles (arrowheads). Glial processes (asterisk) are apposed to adjacent regions of the
plasmalemma. C, In the central hilus, much of the plasmalemmal surface of an NPY-IR soma is apposed by glial processes (asterisk). A p75 NTR-IR axon
terminal forms a symmetric synapse (curved arrow) with this perikaryon, whereas a nearby unlabeled axon terminal (UT ) forms an asymmetric synapse
(open curved arrow). Mvb, Multivesicular body; ER, endoplasmic reticulum. Scale bars: A, B, 0.5 mm; C, 0.65 mm.
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Figure 6. NPY-labeled perikarya with heavy inputs also commonly receive contacts from p75 NTR-labeled terminals. A, In the infragranular hilus, a
p75 NTR-IR axon terminal ( p75-T ) establishes an asymmetric synapse (curved arrow) with an NPY-IR soma (NPY-SO). Many unlabeled axon terminals
(UT ) also synapse on this perikaryon (open curved arrows). B, Higher magnification view of a portion of an NPY-labeled perikaryon contacted by a
p75 NTR-IR axon terminal ( p75-T ) and numerous unlabeled terminals (UT ) (solid curved arrows and open curved arrows, respectively). Scale bars: A, 1.0
mm; B, 0.5 mm.
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NPY-IR dendrites (43%) (Table 1, Figs. 5A,B, 6–8). Some
NPY-IR somata (n 5 3) and dendrites (n 5 2) were contacted by
more than one p75NTR-IR axon terminal (Fig. 5B), which was
never seen for PARV-IR profiles. Moreover, NPY-IR somata
that received contacts from p75NTR-IR axon terminals fell into
both morphological subtypes (i.e., those having have either very
little or abundant axon terminal coverage on the plasmalemmal
surface) (Figs. 5A,B, 6, 7).

Target type tended to be dependent on peptide label. For
instance, associations between p75NTR-IR and PARV-IR profiles
tended to be axodendritic rather than axosomatic. For associations
between p75NTR-IR and NPY-IR profiles, the reverse was true: the
majority of synapses formed were axosomatic and fewer were axo-
dendritic (Table 1). Moreover, synaptic associations between
p75NTR-IR terminals and PARV-IR perikarya and dendrites were
exclusively symmetric, whereas synaptic associations between
p75NTR-IR terminals and NPY-IR perikarya and dendrites were
predominantly symmetric, but also asymmetric (Table 1).

Unlike NPY-labeled profiles, which were almost exclusively

perikarya and dendrites in the regions analyzed, a number of
PARV-IR profiles were axon terminals. Rarely, (n 5 1) a
p75NTR-IR axon terminal and a PARV-IR axon terminal con-
tacted the same perikaryon (Fig. 4A). Equally rare was the
identification of axoaxonic contacts between a p75 NTR-IR axon
terminal and a PARV-IR axon terminal (Fig. 4B). Moreover, a
few axon terminal profiles (n 5 4) contained immunoreaction
product for both p75NTR- and PARV-IR (Fig. 4C).

DISCUSSION
These results suggest that septal cholinergic afferents to the
dentate gyrus: (1) preferentially innervate NPY-containing inter-
neurons compared to those labeled with PARV and (2) may
provide a more powerful (i.e., somatic innervation), yet function-
ally diverse (i.e., asymmetric and symmetric synapses) modula-
tion of NPY-containing interneurons. Moreover, they provide
evidence that neurochemical subsets of hippocampal interneu-
rons can be distinguished by afferent input.

Figure 7. p75 NTR-IR axon terminals commonly contact NPY-IR dendrites. A, A p75 NTR-IR axon terminal ( p75-T ) contacts (curved arrow) a large
NPY-IR dendrite (NPY-D) in the hilus. Several unlabeled terminals (UT ) also contact (open curved arrows) this dendrite. B, A large NPY-IR dendrite
(NPY-D) in the infragranular hilus is contacted by a p75 NTR-IR axon terminal ( p75-T ) that forms a symmetric synapse (curved arrow). The NPY-labeled
dendrite contains many gold–silver particles located at the plasmalemma (arrowheads) and is also contacted (open curved arrows) by an unlabeled
terminal (UT ) and an unlabeled mossy fiber terminal (mT ). Scale bars: A, 1.0 mm; B, 0.5 mm.
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Cholinergic septal afferent terminals form more
contacts with NPY-IR neurons than PARV-IR neurons
In the present investigation, p75NTR-IR axon terminals, presum-
ably arising from cholinergic neurons in the septal complex
(Dougherty and Milner, 1999), contacted a significantly greater
proportion of NPY-IR profiles than PARV-IR profiles. More-
over, some NPY-IR targets were contacted by two or more

p75NTR-IR axon terminals. According to their location and mor-
phology, the majority of NPY-IR cells likely correspond to hilar
perforant path-associated (HIPP) cells (Han et al., 1993; Halasy
and Somogyi, 1993; Freund and Buzsáki, 1996; Sik et al., 1997).
The axon terminals of these cells, many of which also contain
somatostatin, contact the dendrites of granule cells, overlapping
with the termination zones of glutamatergic entorhinal afferent

Figure 8. Often, more than one p75 NTR-IR terminal contacts an NPY-labeled perikaryon or dendrite. A, Two p75 NTR-labeled terminals ( p75-T ) form
symmetric synapses (curved arrows) with the same NPY-containing soma (NPY-SO). This soma received few contacts from other terminals. B,. A large
NPY-labeled dendrite is contacted (curved arrows) by two p75 NTR-IR terminals ( p75-T ). An unlabeled terminal (UT ) also contacts (open arrow) the
same dendrite as well as a neighboring NPY-IR soma. Scale bars, 0.5 mm.
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fibers (Deller and Leranth, 1990). These cells therefore are ide-
ally situated to provide spatial control of the ability of granule cell
dendrites to support backpropagation and may be instrumental
regulators of synaptic plasticity by modulating excitatory inputs to
granule cells (Klapstein and Colmers, 1997; Paulsen and Moser,
1998). Conversely, PARV-IR neurons correspond to perisomatic
inhibitory interneurons or basket cells, which contact granule
cells and mediate both feedback and feedforward inhibition
(Ribak et al., 1990; Han et al., 1993; Halasy and Somogyi, 1993;
Fukuda et al., 1996).

Several different, but not mutually exclusive, mechanisms may
account for selective targeting of NPY-IR structures by cholin-
ergic axon terminals. For example, cholinergic neurons in the
adult rat septal complex are critically dependent on neurotrophins
derived from target structures for their survival. Recent reports
suggest that subpopulations of hippocampal interneurons pro-
duce unique combinations of neurotrophins (Pascual et al., 1999).
Some cholinergic axons may possibly target those structures that
produce the necessary neurotrophic combination. The large ma-
jority of both PARV-IR basket cells and NPY-IR interneurons in
the dentate gyrus contain nerve growth factor (NGF) mRNA and
thus likely produce NGF; however, neurotrophin-3 (NT-3) is
found within most NPY-IR interneurons in the dentate gyrus, but
only a small subset of PARV-IR interneurons (Pascual et al.,
1999). The possibility that adult septal cholinergic axons in the
dentate gyrus are attracted toward and preferentially synapse
with cells that produce both NGF and NT-3 may underlie the
current findings. Moreover, hippocampal interneurons may also
depend on neurotrophic support for survival (Ha et al., 1998), and
recent reports (Cho et al., 1998; Milner et al., 1999) suggest that
they may derive a portion of this (especially NGF) from their
septal cholinergic associations.

Cholinergic septal afferents preferentially contact
NPY-IR somata
Most associations between septal cholinergic afferents and
NPY-IR neurons were axosomatic. In contrast, the majority of
contacts between p75NTR and PARV profiles were axodendritic.
Perikaryal contacts may exert a more rapid and potent effect on
the cell than do dendritic inputs (Spruston et al., 1994; Milner et
al., 1999). Moreover, somatic synapses regulate action potential
firing whereas dendritic synapses influence efficacy of specific
types of afferent innervation (Paulsen and Moser, 1998). This
differential pattern of connectivity, combined with the greater
overall innervation of NPY-IR profiles compared to PARV-IR
profiles, suggests that activation of septohippocampal cholinergic
fibers is heavily weighted toward influencing NPY-IR rather than
PARV-IR interneurons.

p75NTR-IR axon terminals formed synapses with both classes

of NPY-IR somata: (1) those with sparse associations from axons
and axon terminals and a high degree of plasmalemmal astrocytic
coverage and (2) those with dense associations from many axons
and axon terminals and concomitantly less astrocytic coverage.
These observations add to the growing body of evidence that
functional and/or morphologically distinct subgroups of interneu-
rons exist in the hippocampal formation (Freund and Buzsáki,
1996; McQuiston and Madison, 1999; Pascual et al., 1999; Svo-
boda et al., 1999). Our recent study (Milner et al., 1999) indicates
that a subset of cholinergically targeted NPY interneurons lo-
cated in the central hilus may depend on such input for survival.
Further investigations are needed to examine whether degree of
terminal coverage compared to astrocytic coverage of the plas-
malemma determines vulnerability of NPY interneurons after
loss of cholinergic input. Moreover, the morphological variations
between NPY-IR perikarya we observed in the current investi-
gation (i.e., many overall terminal contacts vs few terminal con-
tacts) may be relevant to determining the functional conse-
quences of cholinergic activation among these somata; those cells
having few contacts may be more potently modulated by cholin-
ergic inputs than those cells having many terminal contacts.

The type of synapse formed by cholinergic septal
afferents varies depending on the target
We found that the type of synapses formed by cholinergic hip-
pocampal afferents is, at least in part, dependent on target type.
In agreement with previous work (Dougherty and Milner, 1999),
p75NTR-IR axon terminals formed both symmetric and asymmet-
ric synaptic associations with their NPY-IR targets. However,
when contacting PARV-IR targets, such axon terminals formed
exclusively symmetric synapses. Under these circumstances,
postsynaptic responses may heavily depend on the presence of
various classes of cholinergic receptors, the neurochemical con-
tent of other afferents a given target receives, and/or the degree
to which these inputs are active. Physiological studies have shown
that diverse responses to cholinergic excitation may be mediated
by the activation of various classes of muscarinic and nicotinic
cholinergic receptors on functionally distinct subsets of hip-
pocampal interneurons (Behrends and Bruggencate, 1993; Mc-
Quiston and Madison, 1999). Moreover, anatomical studies indi-
cate that cholinergic receptors are not only differentially
distributed within the cellular compartments of subsets hip-
pocampal interneurons, but that they are differentially regulated
by cholinergic septal input (Levey et al., 1995; Hájos et al., 1998).
Together, these findings suggest that acetylcholine release may
lead to either inhibition or excitation within the same cell, as well
as among possibly distinct interneuron populations.

Cholinergic septal afferents have additional
relationships with PARV-IR neurons
Occasional instances of other types of interactions between
p75NTR-IR axon terminals and PARV-IR neuronal profiles were
observed in this study. In a few instances, p75NTR-IR axon
terminals and PARV-IR axon terminals were in close proximity
or directly apposed, raising the possibility that PARV-IR axon
terminals may modulate septal cholinergic hippocampal afferents
or vice versa. Some granule cell profiles were contacted by both a
p75NTR-IR axon terminal and a PARV-IR axon terminal, likely
to originate from a basket cell in the infragranular region of the
hilus (Ribak et al., 1990). This observation suggests that PARV-
containing basket cells and septal cholinergic afferents could
modulate the same populations of principal cells. In rare in-

Table 1. Relation of p75NTR-IR axon terminals to PARV- and NPY-IR
profiles

Total number
of contacted
profiles

p75NTR-IR termi-
nals contacting

Synapse type formed by
p75NTR-IR terminals

Somata Dendrites Asymmetric Symmetric

PARV 14 2 12 0 12
NPY 51 33 25* 14 44

Total number of profiles observed: PARV, 581; NPY, 433.
*For NPY/p75 NTR contacts, the number of contacts formed by p75 NTR-IR terminal
profiles exceeds total number of NPY-IR profiles because of the occurrence of
multiple contacts on a single NPY-IR profile.
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stances, PARV-IR and p75 NTR-IR were colocalized in the same
neuronal profile, indicating that some PARV-IR hippocampal
neurons and/or septal PARV-IR afferents are responsive to one
or more of the neurotrophins. The recent finding that many
PARV-IR hilar interneurons produce NGF (Pascual et al., 1999),
together with our observation of the p75NTR within these cells,
provides further evidence suggesting that in the adult, neurotro-
phin production may be regulated in an autocrine fashion, with
local neurotrophin concentrations possibly acting as a component
of a negative feedback loop (Zaremba and Dreyfus, 1999).

Functional significance
Investigations of both humans and animals have implied indi-
rectly the existence of an association between cholinergic septal
afferents and NPY-containing interneurons. In humans with ep-
ilepsy and dementia and among experimental animals after sei-
zure induction, both septal cholinergic cells and/or hippocampal
NPY/SOM-containing interneurons degenerate (Chan-Palay et
al., 1986; Babb et al., 1989; Lehéricy et al., 1991; Freund et al.,
1992; Sloviter, 1994). As presumptive modulators of hippocampal
interneurons, any alteration in septohippocampal afferents may
affect the cellular mechanisms that underlie learning and mem-
ory. Hippocampal interneurons have been proposed to provide
the spatial and temporal conditions necessary for synaptic modi-
fications that may underlie hippocampal-dependent memory en-
coding and retrieval (Paulsen and Moser, 1998). The current
findings, together with previous evidence (Milner et al., 1997;
Freund and Antal, 1988), suggest that septal afferents form syn-
aptic associations with hippocampal interneurons in a
transmitter-specific fashion, such that GABAergic septal afferents
predominantly contact GABAergic basket cells and cholinergic
septal afferents preferentially target NPY-IR HIPP interneurons.
Consequently, GABAergic and cholinergic septal afferents may
modulate inputs to hippocampal granule cells via separate inter-
neuron populations. Each of these populations may be involved in
synaptic plasticity: NPY-IR HIPP cells are ideally situated to
provide control of dendritic segments to support backpropaga-
tion, whereas basket and chandelier cells, which contact principal
cell somata and axon initial segments, synchronize principal cell
activity and mediate feedback inhibition (for review, see Paulsen
and Moser, 1998). Basket and chandelier cells may also achieve
temporal control of dendritic action potentials by phasing action
potential generation in the soma (Parra et al., 1998). Death of
basal forebrain cholinergic neurons, such as that seen in Alzhei-
mer’s disease, therefore is likely to lead to a loss of cholinergic
modulation of HIPP cells, whereas GABAergic input onto basket
cells remains intact. Functionally, this may lead to profound
granule cell inhibition, as well as a desynchronization of granule
cell responsiveness.
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