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The correlation between functional and structural neuronal plasticity is by now well documented. However, the molecular mechanisms
translating patterns of neuronal activity into specific changes in the structure of neurons remain unclear. Neurotrophins can be released
in an activity-dependent manner, and they are capable of controlling both neuronal morphology and functional synaptic changes. They
are thus attractive molecules to be studied in the context of synaptic plasticity. In the CNS, most of the work so far has focused on the role
of BDNF and of its tyrosine kinase B receptor (TrkB), but relatively little is known about the function of the pan-neurotrophin receptor
p75 NTR. In this study, we show in loss-of-function experiments that postnatal hippocampal pyramidal cells in two mutant lines of p75 NTR

have a higher spine density and greater dendritic complexity than wild-type (WT) mice. Conversely, in a gain-of-function approach,
p75 NTR overexpression in WT neurons significantly reduces dendritic complexity, as well as spine density in all dendritic compartments.
These results show that p75 NTR negatively modulates dendritic morphology in adult hippocampal pyramidal neurons and documents a
new case of functional antagonism between Trk and p75 NTR signaling.
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Introduction
A striking feature of mammalian neurons is the complexity of
their dendritic tree, on which they receive, process, and integrate
inputs from their presynaptic partners. Dendrites of many neu-
rons are decorated with spines, which are small and specialized
compartments representing the postsynaptic sites of excitatory
synapses. The shape and extent of the dendritic arbor of a neuron
undergo significant alterations during development, and they are
profoundly influenced by neuronal activity (Bliss and Col-
lingridge, 1993; Dunaevsky et al., 1999; Malenka and Nicoll,
1999). In addition, changes in synaptic strength have been corre-
lated with the remodeling of spines (Engert and Bonhoeffer,
1999; Maletic-Savatic et al., 1999; Toni et al., 1999) (for review,
see Yuste and Bonhoeffer, 2004).

Among attractive molecular candidates as modulators of neu-
ronal morphology are the neurotrophins and their receptors.
Neurotrophins constitute a family of molecules, which includes
nerve growth factor, brain-derived neurotrophic factor (BDNF),

neurotrophin-3, and neurotrophin-4. They are secretory pro-
teins that are released from neurons in an activity-dependent
manner. Two types of receptors mediate neurotrophin action:
tyrosine kinase A (TrkA), TrkB, and TrkC, (Patapoutin and
Reichardt, 2001) and a pan-neurotrophin receptor p75 (p75 NTR)
that belongs to the tumor necrosis factor receptor (TNFR) family
(Dechant and Barde, 2002). This dual-receptor system accounts
for the diverse, often antagonistic, effects exerted by neurotro-
phins. The well known trophic functions of neurotrophins, in-
cluding, for example, the prevention of programmed cell death
during development (Levi Montalcini and Booker, 1960; Snider,
1988; Ernfors et al., 1995), are mediated by Trk receptors. Con-
versely, the binding of neurotrophins to p75 NTR can cause cell
death in the nervous system (e.g., the septal nucleus, the spinal
cord, and the retina) (Frade et al., 1996) (for review, see Fried-
man, 2000). Neurotrophins also exert antagonistic effects during
activity-dependent synaptic plasticity processes. For example,
BDNF and its receptor TrkB play a crucial role in the induction
and maintenance of hippocampal long-term potentiation (LTP)
(for review, see Poo, 2001). In contrast, deletion of p75 NTR leads
to a significant impairment in long-term depression (Rösch et al.,
2005; Woo et al., 2005), without affecting LTP.

With regard to structural plasticity, neurotrophins control
neuronal morphology by promoting both dendritic (for review,
see McAllister et al., 1999) and axonal elongation and arboriza-
tion (Cohen-Cory and Fraser, 1995). These effects are thought to
be mediated by activation of Trk receptors. In contrast, p75 NTR is
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thought to block process elongation by virtue of its ability to
activate a Rho GTPase (Yamashita et al., 1999). It has also been
shown to mediate axonal growth inhibition by myelin-derived
neurite growth inhibitors (Wang et al., 2002). In the developing
cerebral cortex, there is striking evidence that neurotrophins play
an important role in regulating dendrite growth and branching in
developing cortical neurons in a layer-specific and activity-
dependent manner (McAllister et al., 1999). Also, BDNF exoge-
nous application modulates the number and shape of dendritic
spines in mature hippocampal pyramidal neurons (Tyler and
Pozzo-Miller, 2001).

To further explore the mechanisms controlling neuronal
morphology, we analyzed whether p75 NTR is involved in modu-
lating the dendritic structure of mature neurons.

Materials and Methods
Preparation of hippocampal slice cultures. Hippocampal organotypic cul-
tures were prepared from postnatal day 5 (P5) to P6 C57BL/6 wild-type
(WT), p75 NTRexonIV (p75 NTRIV), or p75 NTRexonIII (p75 NTRIII) knock-out
(KO) mice following the method of Stoppini et al. (1991). Briefly, the
hippocampus was dissected in ice-cold sterile Gey’s balanced salt solu-
tion, containing 0.5 ml of kynurenic acid (100 mM stock solution) and 0.5
ml of glucose (50% stock solution) and adjusted to pH 7.2. Hippocampi
were then sliced transversely at a thickness of 400 �m on a tissue chopper
(McIllwain, Wood Dale, IL). The slices were plated onto Millicell CM
membrane inserts (Millipore, Bedford, MA) and cultivated in a 37°C, 7%
CO2, 99% humidity incubator. The slices were maintained in a medium
containing 50% DMEM with HBSS without glutamine, 25% HBSS, 1 ml
of glucose (50%), 25% Donor Equine Serum (HyClone, Logan, UT), and
0.5 ml of L-glutamine (200 mM stock solution) with medium changes
every third day. To reduce the number of non-neuronal cells, the slices
were treated for 24 h with a mixture of antimitotic drugs (cytosine arabi-
noside, uridine, and fluorodeoxyuridine, 10 �6 to 10 �7

M each; Sigma,
Munich, Germany).

Plasmids and reagents. To visualize pyramidal cells within organotypic
cultures, we transfected individual neurons with green fluorescent pro-
tein (GFP; GFP-N1; Clontech, Mountain View, CA) under a cytomega-
lovirus (CMV) promoter. To analyze spine morphology, we expressed a
farnesylated form of GFP, targeted specifically to the membrane, driven
by the CMV promoter (Clontech). The mouse full-length p75 NTR cDNA
plasmid (GenBank accession number BC038365) was subcloned into the
pSP70 vector.

Particle-mediated gene transfer. Hippocampal slice cultures were trans-
fected using the particle-mediated gene-transfer device Helios Gene Gun
System (Bio-Rad, Hercules, CA) after 15 d in vitro (DIV). Plasmids were
purified on a Qiagen (Valencia, CA) column and precipitated onto 0.6
�m gold microcarrier particles according to the instruction manual for
the Helios Gene Gun (Bio-Rad). For cotransfection, the DNA loading
ratio was 3:1 (p75 NTR to GFP) for a total of 2 �g/mg gold. For control
experiments with GFP, the plasmid total amount was also 2 �g/mg gold.
The gold beads coated with expression plasmids were then propelled
from plastic tubing bullets onto the slices with a rapid helium burst of 50
psi. The gold beads exited the gene gun at �1 cm above the slices and
passed through a filter with a pore size of 3 �m to prevent big clusters of
beads from reaching the slices. Between 2 and 4 d after transfection, slices
were fixed and used for immunohistochemistry.

Immunohistochemistry. Immunohistochemistry using antibodies to
p75 NTR was performed routinely on all slices to distinguish p75 NTR over-
expressing from control neurons expressing only GFP. Slices were briefly
fixed with 4% paraformaldehyde and incubated for 1 h in a blocking
solution containing 0.2% Triton X-100 and 10% normal goat serum in
PBS. Slices were then incubated overnight at 4°C with primary antibody
(anti-human p75 NTR; Promega, Madison, WI) diluted 1:500 in blocking
solution and, finally, with the secondary antibody diluted 1:400 in PBS
[cyanine 3 (Cy3)- or Cy5-conjugated anti-rabbit IgG; Jackson Immu-
noResearch, West Grove, PA] for 4 h at room temperature. After wash-
ing, the slices were mounted using an aqueous mounting medium con-

taining anti-fading agents (Biomeda, Foster City, CA). For the synapsin I
staining, we used a lengthy protocol in which shot slices were fixed in 4%
PFA overnight and incubated for 1 d in a blocking solution containing
0.4% Triton X-100, 1.5% normal horse serum, and 0.1% BSA in PBS.
Slices were then incubated for 7–10 d at 4°C in the primary antibody
(anti-human synapsin I; Chemicon, Temecula, CA) diluted 1:500 in the
same blocking solution without BSA. The secondary antibody was di-
luted 1:400 in PBS, and the slices were incubated for 1–2 d at 4°C in the
dark. After washing, the slices were mounted using an aqueous mounting
medium containing anti-fading agents (Biomeda). Appropriate controls,
lacking the primary antibodies, were performed for each antibody.

Neuron selection. The delivery of a single gold particle carrying GFP
under the control of the CMV promoter resulted in the intense labeling
of the entire dendritic arbor (see Fig. 2 A, B) as well as of all dendritic
spines (see Fig. 3A) of individual pyramidal neurons. Only nonoverlap-
ping labeled neurons were selected for our analysis to allow an unambig-
uous reconstruction of the entire dendritic tree. Reliable cotransfection
was achieved by coating gold particles with a 3:1 mixture of DNAs en-
coding the p75 NTR construct as well as GFP. Post hoc immunohistochem-
istry was used to confirm p75 NTR overexpression. All analyzed neurons
derived from cultures prepared from P5–P6 mice and cultivated for
14 –18 DIV. Small numbers of individual pyramidal neurons were trans-
fected in each culture, allowing to easily follow the complete dendritic
processes of each labeled neuron. Anatomical criteria were used to iden-
tify a neuron as a dentate gyrus granule cell, CA1 pyramidal cell, CA3
pyramidal cell, or interneuron, respectively. Neurons selected for analy-
sis were both CA1 and CA3 pyramidal cells, completely filled with GFP
and not showing signs of degeneration.

Neuronal imaging and analysis. Neurons selected for analysis were im-
aged with either a Leica (Nussloch, Germany) TCS-NT or a Leica SP2
confocal microscope. Each neuron was first imaged using a 40� objec-
tive [numerical aperture (NA), 1.25] and z-sectioned at 0.5 �m incre-
ments. Single image stacks were then collapsed, imported in Photoshop
(Adobe Systems, San Jose, CA) and mounted to obtain a two-
dimensional reconstruction of the entire neuron subsequently used for
Sholl analysis (Sholl, 1953) of dendritic length and complexity. The Sholl
analysis was obtained using the Neurolucida software (MicroBrightField,
Colchester, VT), which calculates the cumulative number of dendritic
intersections at 10-�m-interval distance points from each neuron start-
ing from the cell body. The analysis of the number of dendrite crossings
was performed separately for basal and apical dendrites. We also calcu-
lated the total number of crossings for each cell as an index for total
dendritic complexity. Spine density was measured separately for basal,
mid-apical, and most-apical dendrites. The selected dendrite segments
were imaged using a 63� objective (NA, 1.32) with a zoom of 2 and were
z-sectioned at 0.3 �m increments. The number of spines and the den-
dritic length were counted on three-dimensional (3D) stacks using the
measurement tool of the Imaris software (Bitplane, Zürich, Switzerland).
Care was taken to ensure that each spine was counted only once by
following its course through the adjacent z-sections. The number of
spines was normalized per micrometer of dendritic length. Spine counts
were performed blindly, without knowledge of the identity of the samples
during the analysis. Both for dendritic complexity, as well as for spine
density values, we did not find any significant difference between CA1
and CA3 pyramidal dendrites. Therefore, neurons from both areas were
combined in our quantification.

Classification of spines. Dendritic spines were classified according to
two main criteria (Harris et al., 1992; Koh et al., 2002). First, their length
was measured from their base at the dendrite to the tip of their head (see
Fig. 4 A, L). In addition, spine shape was defined by the ratio between the
minimum (min) and the maximum (max) diameters of the spine, neck,
and head, respectively, allowing us to classify them following standard
categories (Peters and Kaisrman-Abramof, 1969) as stubby (type I),
mushroom (type II) and thin (type III) (see Fig. 4 A). In particular, spines
were analyzed one by one and were allocated to a specific category de-
pending on the relationship between their length, their minimum diam-
eter, and their maximum diameter We were thus able to distinguish three
main spine subtypes: stubby, in which the length is �1 �m and the
maxhead/minneck ratio is �1.5; thin, in which the maxhead/minneck ratio is
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�1.5 and the length �1 �m; and mushroom, in which the maxhead/
minneck ratio is �1.5 (independent of their length). This method has the
advantage that the category of the spines is determined by objective
criteria. To measure spine length, max diameter, and min diameter, the
images of dendrite stretches, from the most-apical, mid-apical, and basal
compartments, were acquired using a Leica SP2 confocal microscope
with a 63� objective (NA, 1.32) and a zoom of 8 and were z-sectioned at
0.3 �m increments. During the measurements, we did not consider any
3D information. Spine measurements were performed using the mea-
surement tool in the Imaris software (Bitplane).

Quantification of synapsin I-positive dendritic spines. To assess whether
the additional spines in p75 NTR KO mice contained functional synapses,
we performed immunolabeling for synapsin I in hippocampal slices, and
we analyzed the proportion of dendritic spines colocalized to synapsin
I-positive dots both in WT and p75 NTRIV KO mice. GFP-labeled den-
dritic spines were considered colocalized when in close apposition to a
synapsin I-positive dot in the same z-section or in one section above or
below. Images of stretches of the most apical, mid-apical and basal den-
dritic tree were acquired using a Leica SP2 confocal microscope with a
63� (NA 1.32) objective using a zoom of 8 and z-sectioned at 0.3 �m
increments. Spine measurements were performed blindly using the mea-
surement tool in the Imaris software (Bitplane).

Statistical analysis. The statistical analysis was performed using Mi-
crosoft (Redmond, WA) Excel or Statistica. The data obtained were com-
pared between two different experimental conditions using either a two-
tailed Student’s t test or, for n � 5, a Mann–Whitney nonparametric test.

Values of p � 0.05 were considered significant.
The Sholl analysis data were tested applying a
two-tailed Student’s t test point by point. All
data shown are presented as mean � SEM.

Real-time PCR analysis. Quantitative real-
time PCR was performed to determine relative
gene expression levels of p75 NTR in the devel-
oping hippocampus and cerebellum and in
hippocampal slices. Total RNA was extracted
(Chomczynski and Sacchi, 1987) and was con-
verted into cDNA using Superscript II reverse
transcriptase (Invitrogen, Carlsbad, CA).
Primer Express software (Applied Biosystems,
Foster City, CA) was used to design two inde-
pendent p75 NTR primer and probe combina-
tions: probe set p75 NTR-A, “p75 primer sense
1,” 5�-CCC CAC CAG AGG GAG AGA A; “p75
primer antisense (AS) 2,” 5�-GGC TAC TGT
AGA GGT TGC CAT CA and “p75 probe #3”
5�-(FAM)-5�-ACT GCC TCA GCC CAA GCC
CTC AA-3�-(TAMRA); probe set p75 NTR-A,
“p75 primer sense 13,” 5�-TGT GGG CCT TGT
GGC TTA TAT; “p75 primer AS 14,” 5�-AGT
TTC TCT CCC TCT GGT GGG; and “p75
probe 15,” 5�-(FAM)-5�-TTG CTT GCA GCT
GTT CCA TCT CTT GAA AG-3�-(TAMRA).
To normalize p75 NTR expression GAPDH
mRNA levels were determined with a described
primer/probe set (Giulietti et al., 2001). All
real-time PCRs were performed in triplicate us-
ing the 2� Thermo-start QPCR system (AB-
gene, Epsom, UK) and 0.5 �l of synthesized
cDNA. Thermal cycling was performed on a
GenAmp 5700 system (Applied Biosystems),
and real-time PCR data were analyzed using
GenAmp 5700 SDS and Excel software
(Microsoft).

Riboprobe synthesis and in situ hybridization.
Nucleotide positions 835–1270 of a p75 NTR

cDNA plasmid (GenBank accession number
BC038365) were subcloned into the pSP70 vec-
tor. This allowed the generation of strand-
specific p75 NTR riboprobes labeled with digoxi-
genin (Holz et al., 1996). The probe

corresponded to parts of the extracellular, transmembrane, and death
domains of the p75 NTR molecule without overlap with conserved TNFR
domains.

In situ hybridization of slice cultures and tissue sections was performed
as described previously (Holz et al., 1996). Tissue was fixed with 4%
paraformaldehyde in phosphate buffer, acetylated, and permeabilized.
After incubation in hybridization buffer [50% formamide, 5� SSC, and
2% blocking reagent (Roche Diagnostics, Indianapolis, IN)], tissue was
hybridized with either the sense or antisense p75 NTR riboprobe at 68°C
for 16 h. After stringent washes in 0.2� SSC at 70°C, specifically bound
riboprobes were detected by an alkaline phosphatase-conjugated anti-
digoxigenin antibody (Roche Diagnostics) and a nitroblue tetrazolium/
5-bromo-4-chloro-indolyl-phosphate color reaction. Before photomi-
croscopic analysis, the tissue was counterstained with 4�,6�-diamidino-
2-phenylindole dihydrochloride.

Results
Expression levels of p75 NTR in hippocampal
organotypic cultures
We first determined the expression levels of p75 NTR in the cul-
tured mouse hippocampal slices and compared them with those
found in vivo at the same age. We used a quantitative real-time
PCR assay and found significant levels of p75 NTR transcripts in
the hippocampus of both P10 and P28 mice (Fig. 1A). As ex-

Figure 1. Expression pattern of the p75 NTR in the mouse hippocampus. A, Quantitative real-time PCR assays document the
expression of p75 NTR in the developing hippocampus (HIP) and cerebellum (CER) as well as in hippocampal slice cultures (HIP
slice). CNS tissues were obtained from animals 10 or 28 d of age. The slices had a corresponding age and were isolated from a P5
mouse brain allowed to mature in vitro for an additional 5 or 23 d, respectively. Note that, in each case, p75 NTR expression is
developmentally downregulated. Gene expression data are shown as percentage relative p75 NTR transcript levels normalized to
GAPDH mRNA. The error bars indicate the SD of the mean of three measurements. A total of four independent real-time PCR
experiments were performed (3 using probe set p75 NTR-A and 1 with probe set p75 NTR-B), all giving similar results. B, Micro-
graphs showing in situ hybridization for p75 NTR mRNA in the P21 mouse hippocampus. Note p75 NTR gene expression in the
dentate gyrus and in both the CA1 and CA3 region [4�,6�-diamidino-2-phenylindole dihydrochloride (DAPI) staining in the bottom
panels]. Sections incubated with the p75 NTR sense probe did not show specific staining (right panels). Scale bar, 1 mm. C,
Micrographs showing the in situ hybridization for p75 NTR mRNA in hippocampal slice cultures derived from P5 mouse and culti-
vated for 15 d. Similar to the in vivo condition, p75 NTR mRNA was detected in the dentate gyrus as well as in CA1 and CA3. Sections
incubated with the sense probe did not reveal specific staining (right panel). Scale bar, 1 mm. D, Left, Higher magnification of the
CA1 area of a culture stained with the p75 NTR antisense probe showing a significant number of positive cells in all of the areas
mentioned above. Right, A higher magnification shows several positive cells in the CA1 region. Scale bar, 500 and 100 �m,
respectively. In situ hybridizations shown in B–D were performed on more than five occasions each with identical outcome.
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pected (Buck et al., 1988; Lu et al., 1989)
p75 NTR expression in the hippocampus
was developmentally regulated (Fig. 1A).
Likewise, significant levels of p75 NTR were
also detected in hippocampal slice cul-
tures isolated at P5 and allowed to mature
in vitro for an additional 5 or 23 d. Similar
to our in vivo observations, p75 NTR ex-
pression was found to be reduced after 2
additional weeks of in vitro maturation
(Fig. 1A).

To determine which cell types express
the p75 NTR gene, we performed in situ hy-
bridization experiments using a p75 NTR-
specific antisense riboprobe and com-
pared p75NTR expression in the brain of
P21 mice with hippocampal cultures ob-
tained from the P5 mouse brain and culti-
vated for 2 weeks in vitro. At P21, p75 NTR

expression was limited to the hippocam-
pus, the cerebellum, and the septum (data
not shown). In the P21 hippocampus, the
specific p75 NTR antisense detected high
levels of p75 NTR mRNA in neurons of the
dentate gyrus and of the CA1 and CA3 re-
gions (Fig. 1B; compare with the sense-
treated sections on the right). Similarly,
age-matched hippocampal organotypic
cultures showed significant levels of
p75 NTR expression (Fig. 1C). Neurons in
both the CA1 and CA3 region of the hip-
pocampal cultures showed p75 NTR ex-
pression (Fig. 1D). In both areas, two dif-
ferent cell populations were observed and
characterized by either a high (Fig. 1D, ar-
row) or low (arrowhead) p75 NTR expres-
sion level.

Analysis of dendritic morphology using
particle-mediated GFP transfection
To visualize the fine structure of pyrami-
dal neurons in organotypic cultures, we
transfected individual cells with enhanced
GFP using particle-mediated gene trans-
fer. As described for ferret cortical neu-
rons (Lo et al., 1994), this technique typi-
cally yields between one and a few
transfected cells per slice and reveals fine
structural details without exerting any
toxic effect (Lo et al., 1994). We could thus
readily visualize the complete dendritic
arbor, including fine branches as well as
dendritic spines, of individual neurons
(Figs. 2A, 3A). We analyzed neurons in
hippocampal slices prepared from P5
mice and cultured for 2 weeks in vitro. By
this age, the neurons have developed a
complex, three-dimensional morphology
with many oblique dendritic branches ex-
tending from the primary apical and basal
processes. In addition, dendrites are stud-
ded with numerous spine-like protrusions
of varying size and shape. In WT, the mor-

Figure 2. Dendrite morphology of GFP-expressing pyramidal neurons from WT and p75 NTRIV knock-out animals. A, Confocal
image, consisting of stacks of multiple optical sections showing the normal morphology of GFP-labeled hippocampal pyramidal
neurons. Note the complete filling of dendrites as well as the absence of any sign of degeneration. Scale bar, 100 �m. B, Confocal
images showing two representative examples of p75 NTRIV KO-derived pyramidal neurons. Note the largely normal dendritic
complexity and length. Scale bar, 100 �m. C, Sholl analysis comparing both apical and basal dendrite in WT and p75 NTRIV KO
pyramidal neurons. *p � 0.05.
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phology of CA1 and CA3 pyramidal neurons detected by GFP
(Fig. 2A) was similar to the one described in previous studies
filling neurons with a fluorescent dye (Tyler and Pozzo-Miller,
2001). Specifically, both CA1 and CA3 pyramidal cells are char-
acterized by a basal dendritic tree consisting of three to five pri-
mary branched dendrites and by an apical dendritic tree formed
by a single thick, highly branched, apical dendrite emerging from
the opposite portion of the cell body. A detailed analysis of den-
dritic complexity and length using the Sholl analysis (Fig. 2C)
(n � 10) confirmed previous descriptions of hippocampal pyra-
midal neurons (Nakayama et al., 2000), thus demonstrating that
the GFP biolistic transfection did not cause any detectable dele-
terious effect on neuronal morphology, as shown previously (Lo
et al., 1994).

Dendrite morphology and spine density in p75 NTRIV neurons
To examine the role of p75 NTR, we first used a mouse line in
which the exon IV of the p75 NTR (P75 NTRIV) gene was targeted
(von Schack et al., 2001). Compared with GFP-expressing WT

neurons (Fig. 2A), GFP-expressing p75 NTRIV KO pyramidal neu-
rons show a largely normal dendritic morphology (Fig. 2B). We
used Sholl analysis to calculate the total number of dendrite
crossings as an objective measurement of the total dendritic com-
plexity. This analysis revealed for p75 NTRIV KO neurons an in-
crease in dendritic complexity that was somewhat more pro-
nounced for the basal compartment when compared with WT
neurons. However, for the apical and for the basal compartment,
the difference was not statistically significant (Fig. 2C, inset) (api-
cal, p � 0.344; basal, p � 0.15; WT, n � 10; KO, n � 10). A more
detailed Sholl analysis revealed a statistically significant increase
in dendritic complexity in the mid-distal portion of the apical
dendrite (Fig. 2C, left) (WT, n � 10; KO, n � 10; p � 0.05
between 480 and 520 �m from the soma). This area roughly
corresponds to the distal portion of the stratum radiatum in
which most of the CA3 and mossy fiber axons synapse, respec-
tively, on CA1 and CA3 pyramidal neurons. No significant dif-
ferences were apparent in the total length of the apical and basal
dendritic compartments between WT and p75 NTRIV KO neurons
(Fig. 2C, left) (apical, p � 0.67; basal, p � 0.77).

In contrast to the relatively mild phenotype on dendrite mor-
phology, spine density was significantly higher in p75 NTRIV KO
pyramidal neurons when compared with WT neurons (Fig. 3A).
This finding was quantified by detailed spine density counts in
three-dimensional high-magnification stacks of the apical, mid-
apical, and basal dendrites. In GFP-labeled WT pyramidal cells,
both spine density values were in agreement with those reported
previously for neurons in organotypic cultures (Fig. 3B) (n � 9;
total spine density, 0.51 � 0.03 spines per micrometer of den-
drite; apical dendrites, 0.35 � 0.02 spines per micrometer of
dendrite; mid-apical dendrites, 0.64 � 0.03 spines per microme-
ter of dendrite; basal dendrites, 0.6 � 0.05 spines per micrometer
of dendrite) (Engert and Bonhoeffer, 1999; Tyler and Pozzo-
Miller, 2001). The inhomogeneous distribution of spine densities
in the different dendritic compartments is in accord with a pre-
vious description of the distribution of excitatory synapses on the
dendrites of CA1 pyramidal cells in vivo (Megı́as et al., 2001). Still,
we cannot completely exclude that minor differences with regard
to spine density values between the different dendritic compart-
ments may be attributable to the fact that, in hippocampal slice
cultures, some of the main afferent inputs have been axotomized.
Total spine density was significantly higher in p75 NTRIV KO py-
ramidal neurons (Fig. 3B) (n � 11; 0.82 � 0.09 spines per micro-
meter of dendrite; p � 0.01) than in WT neurons. In addition, a
significant increase in spine density in p75 NTRIV KO neurons
compared with WT neurons was observed in all dendritic com-
partments (apical: KO, 0.52 � 0.02 spines per micrometer of
dendrite; p � 0.014; mid-apical: KO, 1.05 � 0.11 spines/�m of
dendrite; p � 0.002; basal: KO, 0.92 � 0.008 spines per micro-
meter of dendrite; p � 0.007) and was most pronounced in the
mid-apical and basal compartment (Fig. 3B). Interestingly, the
increase in the mean total spine density was highly significant in
50% of the p75 NTRIV KO pyramidal neurons (1.058 � 0.14 spines
per micrometer of dendrite; p � 0.0004). In contrast, in the other
half of the p75 NTRIV KO pyramidal neurons, spine density was
only slightly increased but was still significantly different from
WT (0.62 � 0.04 spines per micrometer of dendrite; p � 0.01),
suggesting the existence of two different populations of p75 NTRIV

KO pyramidal neurons.
We did not observe any correlation between the total den-

dritic complexity and the spine density values within individual
pyramidal cells both in WT and in p75 NTRIV KO.

Figure 3. Spine density counts in GFP-expressing pyramidal neurons from WT and p75 NTRIV

knock-out animals. A, Two high-power confocal images of representative stacks of apical den-
drites of WT and p75 NTRIV KO neurons. Note the higher spine density in KO neurons versus WT.
Scale bar, 3 �m. B, Histograms showing the spine density counts confirming the qualitative
impression of a higher spine density in KO (red) versus WT (green) neurons. Both total spine
density and the density in the different dendritic compartments are shown. Note the higher
differences in spine density in the mid-apical and basal dendritic compartments than in the
apical dendritic compartment. *p � 0.05; **p � 0.005. C, Left, Higher-magnification view of
GFP-labeled spines with some synapsin I-positive presynaptic terminals (red; arrows). Scale bar,
1 �m. Right, Quantification of the proportion of dendritic spines colocalized with synapsin
I-positive dots in WT and p75 NTRIV KO dendrites. Error bars represent SEM.
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Additional spines in p75 NTRIV-deficient animals
contain synapses
To ascertain whether the additional spines observed in p75 NTRIV

KO-derived neurons bear synapses, we stained our slices with
antibodies to synapsin I to mark presynaptic terminals. We then
analyzed the proportion of dendritic spines colocalized with syn-
apsin I-positive puncta in both genotypes. Dendritic spines of
WT neurons were in close apposition (�0.3 �m) with synapsin I
dots (Fig. 3C, left) in 61.6 � 1.68% of the cases (four cells from
three WT slices) (Fig. 3C, right). In p75 NTRIV KO neurons, the
proportion of spines colocalized with a synapsin I-positive dot
was slightly, but not significantly, higher (69.5 � 3.05%; p � 0.07;
five cells from three KO slices) (Fig. 3C) than in WT cells. The
equal proportion of spines colocalized with synapsin I suggests a
net higher number of synapses in p75 NTRIV KO than in WT neu-
rons. The percentage of colocalized spines in our samples repre-
sents a lower limit of the proportion of spines with presynaptic
partners. However, because it is consistent with previously pub-
lished studies (Tyler and Pozzo-Miller, 2001), we suggest that this
is attributable to the limited detection sensitivity of the immuno-
cytochemical reaction in slice cultures and therefore does not
influence the comparison between WT and KO neurons.

Changes in spine size and shape in p75 NTRIV KO versus
WT neurons
In addition to alterations in spine number, spine size, and shape
have also been shown to be modified by neuronal activity (Lang et
al., 2004; Matsuzaki et al., 2004). We therefore analyzed whether
spine density changes in p75 NTRIV KO pyramidal neurons were
combined with alterations of the size and shape as well. Because
of the great variety of spine morphologies (Fig. 4A), we adopted a
set of criteria that have been shown to be useful in classifying
spines (Harris et al., 1992; Koh et al., 2002). First, using high-
zoom three-dimensional stacks (63�; zoom 8), we measured the
total length of each spine from its base at the dendrite to the tip
(Fig. 4A). In addition, we calculated the ratio between the maxi-
mal head diameter and the minimal neck diameter of each spine
(Fig. 4A). We then used spine length and maxhead/minneck ratio to
evaluate each single spine and to assign it to one specific spine
category. By this means, we were able to distinguish the three
classical main spine subtypes: stubby (type I), in which the length
is �1 �m and the maxhead/minneck ratio is �1.5; thin (type III), in
which the maxhead/minneck ratio is �1.5, and the length is �1 �m;
and mushroom (type II), in which the maxhead/minneck ratio is
�1.5 (independent of the length). With this classification, we
then compared the proportion of the different spine types in WT
and p75 NTRIV KO neurons (WT, n � 5; KO, n � 3). This analysis
confirmed our impression of a significantly lower percentage of
stubby (type I) spines in p75 NTRIV KO neurons ( p � 0.03) ac-
companied by a non-statistically significant increase in mush-
room (type II) spines ( p � 0.38) as well as in thin spines (type III,
p � 0.09) (Fig. 4B). We therefore plotted the proportion of dif-
ferent spine types for each dendritic compartment of WT and
p75 NTRIV KO neurons separately (WT, n � 5; KO, n � 3). We
observed a significant increase of mushroom (type II) spines
( p � 0.03) paralleled by a decrease in stubby (type I) spines ( p �
0.03) in the basal compartment of p75 NTRIV KO neurons when
compared with the same location in WT cells. In the same com-
partment, we also detected a nonsignificant increase in thin (type
III) spines ( p � 0.07).

Figure 4. Classification of spine types in WT and p75 NTRIV KO neurons. A, Representative
image of a dendrite from a WT neuron showing the different type of dendritic spines. Scale bar,
2 �m. Spine types were classified in three categories, as shown on the right, based on the spine
length (L) as well as the ratio between their maximum head (Maxhead) and minimum neck
(Minneck) diameter: stubby (type I), mushroom (type II), and thin (type III). B, The top chart
shows the proportions of the three spine types for WT (green) and p75 NTRIV KO (red) neurons.
The bottom chart shows these differences plotted for apical, mid-apical, and basal compart-
ment separately. In the basal dendritic compartment of p75 NTRIV KO neurons, the proportion of
stubby spines is significantly reduced, but the proportion of mushroom spines is significantly
higher than in WT neurons. *p � 0.05. Error bars represent SEM.
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Dendrite morphology and spine density in p75 NTRIII

KO neurons
To corroborate our observations suggesting that p75 NTR plays an
important role in negatively modulating dendrite as well as spine

morphology, we took advantage of the ex-
istence of a second mutant of the p75 NTR

gene in which the exon III has been tar-
geted (p75 NTRIII) (Lee et al., 1992). The
analysis of a second mutant mice line be-
came especially important after a recent
report by Paul et al. (2004) suggesting that,
in the p75 NTRIV mutant, mice might still
express a proapoptotic fragment of the re-
ceptor. In the p75 NTRIII KO mouse, the
full-length receptor (FL-p75) is com-
pletely absent, whereas a truncated form
of the p75 NTR (S-p75), missing the
neurotrophin-binding domain, is still ex-
pressed (von Schack et al., 2001) (Fig. 5A).

As in the p75 NTRIV mutant mice, the
p75 NTRIII KO pyramidal neurons also
showed a largely normal dendritic mor-
phology (Fig. 5B). Similar to the p75 NTRIV

mutant, the total number of dendrite
crossings showed an increase in dendrite
complexity, only significant for the basal
dendritic compartment (apical compart-
ment, p � 0.35; basal compartment, p �
0.02) when compared with WT dendrites
(Fig. 5C). Total dendrite complexity of
p75 NTRIII KO-derived pyramidal neurons
was, however, not different from that of
p75 NTRIV KO neurons (Fig. 5C) (basal,
p � 0.48; apical, p � 0.99). Interestingly,
the Sholl analysis for apical dendrites of
p75 NTRIII neurons showed a slight increase
in dendritic complexity specifically in the
mid-distal portion of the apical dendrite,
reproducing, albeit not significantly, the
trend we observed in the p75 NTRIV KO
neurons (Fig. 5C) (WT, n � 10; p75 NTRIII,
n � 9; p75 NTRIV, n � 10). Moreover, al-
though in the Sholl analysis the p75 NTRIII

apical dendrites seemed to be longer and
therefore more complex than p75 NTRIV

neurons in the most apical portion, this
observation again did not reach a signifi-
cance level (no points with p � 0.05 for
Sholl analysis, for length p � 0.71). A sim-
ilar effect was also observed at the level of
basal dendrites. Here, p75 NTRIII neurons
were longer ( p � 0.04) as well as signifi-
cantly more complex than wild-type neu-
rons (Fig. 5C) ( p � 0.05 between 120 and
230 �m from the soma). However, we
again did not observe a significant differ-
ence in dendritic complexity and length be-
tween p75NTRIV and p75NTRIII neurons (Fig.
5C) (no point with p � 0.05 for Sholl analy-
sis, for length p � 0.12). Together, p75NTRIII

KO pyramidal neurons by and large showed
the same differences to WT animals as those
seen with p75NTRIV KO neurons.

Spine density measurements for the p75 NTRIII KO neurons
showed an intermediate phenotype between WT and p75 NTRIV

KO neurons. Total spine density was significantly increased in
p75 NTRIII KO pyramidal neurons when compared with WT neu-

Figure 5. Morphology of GFP-expressing p75 NTRIII KO-derived pyramidal neurons. A, Diagram summarizing the p75 NTR iso-
forms respectively expressed in WT (green), p75 NTRIII (violet), and p75 NTRIV (red) KO mice in which FL-p75 depicts the full-length
receptors, whereas S-p75 represents the short p75 NTR isoform lacking the neurotrophin-binding domain. Adapted from von
Schack et al. (2001). B, Confocal image showing a representative example of a p75 NTRIII KO-derived pyramidal neuron. Note the
largely normal dendritic morphology. Scale bar, 100 �m. C, Sholl analysis comparing both apical and basal dendrite in WT (green),
p75 NTRIII (violet), p75 NTRIV (red), and KO pyramidal neurons. D, Histograms showing the spine density count in WT (green) and
p75 NTRIII (violet), versus p75 NTRIV KO (red) KO neurons. Spine numbers are shown per micrometer of dendrite. Both total spine
density and the density in the different dendritic compartments are shown. Note the intermediate phenotype of p75 NTRIII (violet)
KO neurons between WT and p75 NTRIV KO spine density values. *p � 0.05. Error bars represent SEM.
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rons (p75 NTRIII, 0.63 � 0.05 spines/�m,
n � 5; WT, 0.51 � 0.03 spines/�m, n � 9;
p � 0.02) (Fig. 5D). In contrast, total spine
density in p75 NTRIII mutant neurons was
notably, but not significantly, lower than
the one observed in p75 NTRIV KO neurons
(0.82 � 0.09 spines/�m; p � 0.37; n � 11).
The tendency of an intermediate pheno-
type was maintained in all different den-
dritic compartments, although it was
more pronounced for the mid-apical and
basal dendrites in which the spine density
values in P75 NTRIII are significantly differ-
ent from WT but not from the P75 NTRIV

(apical: P75 NTRIII, 0.29 � 0.05 spines per
micrometer of dendrite, versus WT, p �
0.32, against P75 NTRIV, p � 0.02; mid-api-
cal: P75 NTRIII 0.79 � 0.4 spines per micro-
meter of dendrite, versus WT, p � 0.06,
against P75 NTRIV, p � 0.07; basal:
P75 NTRIII 0.85 � 0.03 spines per micro-
meter of dendrite, against WT, p � 0.04,
against P75 NTRIV, p � 0.99) (Fig. 5D).

Overexpression of full-length p75 NTR

significantly reduces both dendrite
complexity and dendritic spine density
Our observations in both lines of p75 NTR

KO mice support the hypothesis that
p75 NTR plays an important role in nega-
tively modulating the morphology of ma-
ture hippocampal pyramidal neurons. To
corroborate this view, we took a gain-of-
function approach, in which we overex-
pressed a full-length mouse p75 NTR cDNA
in our slices. Immunohistochemistry for
p75 NTR was used to distinguish GFP only
(green) from GFP- and p75 NTR-
overexpressing neurons (Fig. 6A, yellow).
The entire extent of the dendritic tree was
positive for p75 NTR, with a more intense
labeling in the proximal compartments.
Qualitatively, neurons overexpressing the
full-length p75 NTR (Fig. 6A,B) did not
seem to show a profound alteration of the
dendritic architecture when compared
with WT pyramidal neurons. However,
quantification of the total number of den-
dritic branches per each neuron indicated
a significant decrease in total dendrite
complexity for the apical dendrites of
p75 NTR-overexpressing cells (Fig. 6C, in-
set) ( p � 0.02). The basal dendrites of
p75 NTR-expressing neurons did not show
any significant difference from those of
the control cells (Fig. 6C, inset) ( p �
0.86). We then used the Sholl analysis to
compare in detail the morphology of apical dendrites in control
versus p75 NTR-expressing neurons. The reduction in complexity
of p75 NTR-overexpressing neurons was confined to both the most
proximal and most distal portions of the apical dendrite (Fig. 6C)
(WT, n � 9; p75 NTR-expressing cells, n � 11; p � 0.05 between 60
and 120 �m and between 640 and 680 �m from the soma). The

length of apical dendrites in p75 NTR-expressing neurons was not
significantly different from WT neurons ( p � 0.5).

In a few instances, the immunohistochemistry revealed an
inhomogeneous expression pattern of the p75 NTR, providing us
with control and p75 NTR-expressing portions of the dendritic
tree within the same neuron (Fig. 6D, arrows) (n � 2). At a

Figure 6. Morphology of full-length p75 NTR-overexpressing neurons. A, Confocal image showing two GFP-expressing CA1
pyramidal neurons. The neuron on the right side (yellow) is positive for p75 NTR immunohistochemistry. Scale bar, 100 �m. B,
Confocal image showing a representative example of a mouse p75 NTR-overexpressing pyramidal neuron. Scale bar, 100 �m. C,
Sholl analysis showing a highly significant reduction in the dendritic complexity of the apical compartment (top panel) of mouse
p75 NTR-overexpressing neurons (orange). The reduced dendritic complexity in the apical dendrites (top panel) of p75 NTR-
overexpressing neurons is confined to the most proximal and most distal portions of the apical dendrite. The insets show the
differences in total dendritic complexity between WT (green) and p75 NTR-overexpressing neurons (orange). D, Two examples of
confocal images showing an inhomogeneous expression of p75 NTR (GFP left, p75 NTR immunohistochemistry and GFP overlay,
right). The number of dendritic branches seems to be inversely correlated to the expression level of p75 NTR (i.e., regions of high
expression are less complex than the low-expressing ones) (between arrows). Scale bar, 50 �m. E, Histograms showing the
difference in spine density count in p75 NTR-overexpressing (orange) versus WT (green) neurons. Both total spine density (left) and
the density in the different dendritic compartments (right) are shown. *p � 0.05. Error bars represent SEM.
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qualitative level, the observation of this p75 NTR expression pat-
tern suggested a strong correlation between high levels of p75 NTR

expression and a reduced dendritic complexity (Fig. 6D, arrows).
Together, our analysis of dendritic complexity in hippocampal
pyramidal cells suggests that p75 NTR overexpression reduces the
complexity of apical dendritic branches.

We also analyzed spine density in the p75 NTR-overexpressing
cells. Total spine density values were only slightly reduced in
p75 NTR-overexpressing hippocampal pyramidal cells when com-
pared with control cells (Fig. 6E) (p75 NTR-expressing cells,
0.46 � 0.03 spines per micrometer dendrite, n � 7; WT, 0.515 �
0.32 spines per micrometer of dendrite, n � 9; p � 0.39). How-
ever, the reduction in total spine density was most obvious in the
basal dendritic compartment of p75 NTR-expressing cells, where it
did reach statistical significance compared with WT cells
(p75 NTR-expressing cells, 0.38 � 0.05 spines per micrometer of
dendrite; WT, 0.63 � 0.03 spines per micrometer of dendrite, p �
0.02). Everywhere else, the changes in spine density were not
significantly different from WT controls.

One of the best established functions of p75 NTR is the induc-
tion of apoptosis in various cells, including developing neurons
(Troy et al., 2002). To exclude that, in our experimental condi-
tions, the overexpression of the full-length p75 NTR would cause
the death of hippocampal pyramidal cells, we added propidium
iodide in the medium of our cultures 2–3 h before fixing them to
label all dead or dying cells. Both GFP-labeled WT neurons, as
well as neurons expressing full-length p75 NTR, clearly show a
nonapoptotic nucleus indicating that the neurons we analyzed
were neither dead nor dying (data not shown).

Discussion
Understanding how molecular cues control dendritic morphol-
ogy is of high relevance to the question of how neuronal activity
can be translated into structural changes of the neurons in the
developing and the adult brain. In this study, we demonstrate
that p75 NTR controls dendrite morphology as well as spine-
density and spine morphology in hippocampal pyramidal neu-
rons of organotypic slice cultures.

Previous work showed that neurotrophin receptors can influ-
ence neuronal morphology both during development and in the
mature CNS (for review, see Bibel and Barde, 2000). Interest-
ingly, by neutralizing endogenous neurotrophins in cortical
organotypic cultures, McAllister et al. (1997) have shown that
different neurotrophins oppose each others actions in a layer-
specific manner to regulate the dendritic growth of pyramidal
neurons. Thus, neurotrophins appear to modulate neuronal
morphogenesis acting as growth-promoting as well as growth-
inhibiting molecules.

Overexpression of full-length and truncated TrkB isoforms
into developing cortical neurons increased, respectively, the
number and the length of their dendrites (Yacoubian and Lo,
2000). Accordingly, cortical pyramidal neurons of TrkB mutant
mice are characterized by thinner and less complex dendrites
than those in WT mice (Xu et al., 2000). Moreover, the increase in
spine numbers both in Purkinje cells and in hippocampal neu-
rons was blocked by inhibiting TrkB signaling (Shimada et al.,
1998; Tyler and Pozzo-Miller, 2001). Overall, these results sug-
gest that positive structural changes are induced via the activation
of Trk receptors. P75 NTR has also been shown to control the
growth of neuronal processes. In immature neurons, unoccupied
p75 NTR negatively regulates neurite and filopodial length by ac-
tivating RhoA (Gehler et al., 2004), whereas neurotrophin bind-
ing to p75 NTR stimulates neurite growth by decreasing RhoA

activation (Yamashita et al., 1999). In adult dorsal root ganglion
neurons and postnatal cerebellar neurons, binding of myelin-
derived proteins to p75 NTR activates RhoA and thereby inhibits
growth (Yamashita et al., 2002). Recent studies also suggest a
multipotential role of p75 NTR in modulating dendrite morphol-
ogy during development of hippocampal neuronal cultures, by
either reducing the number of primary dendrites and by control-
ling the cellular targets of Notch (Salama-Cohen et al., 2005) or
by mediating the filopodia growth promoting activity of TrkB-T1
(Hartmann et al., 2004). These and related observations suggest
that the effects of p75 NTR strongly depend on the cellular context
in which it is expressed and that, under certain cellular condi-
tions, it can act antagonistically to the Trk receptors.

Our results point to p75 NTR as an overall negative modulator
of dendritic complexity in mature hippocampal neurons. In
p75 NTR KO mice, dendritic complexity is significantly increased
both in the basal and in the mid-distal portion of the apical den-
dritic compartment. In contrast, pyramidal neurons overex-
pressing the full-length p75 NTR show a significant reduction in
dendrite complexity, specifically in the most proximal portions
of the apical as well as basal dendritic trees. Accordingly, although
both spine density and synaptic contacts showed a significant
increase in p75 NTR KO mice, spine density was significantly re-
duced in p75 NTR-overexpressing pyramidal neurons. The differ-
ence between our loss- and gain-of-function experiments cor-
roborates our results in the p75 NTR KO neurons and makes it
unlikely that the phenotype we describe is a result of compensa-
tory mechanisms activated in the mutant mice.

Our observations are significant with respect to the previously
described correlations between activity-dependent synaptic plas-
ticity and positive as well as negative changes in spine density
(Engert and Bonhoeffer, 1999; Maletic-Savatic et al., 1999; Toni
et al., 1999; Nägerl et al., 2004; Zhou et al., 2004). In this context,
it is interesting that long-term depression (LTD) has been shown
to be significantly impaired in p75 NTR KO mice, whereas LTP was
shown to be unaffected (Xu et al., 2000; Rösch et al., 2005; Woo et
al., 2005). In addition to an increase in spine numbers in p75 NTR

KO neurons, there is also a significant difference in spine mor-
phology determining a clear shift in spine type: in p75 NTR KO
neurons we found an increased proportion of mushroom (type
II) as well as thin (type III) spines. It has been described that the
length and diameter of the spine neck play an important role in
isolating Ca 2� transients from the parent dendrite and the neigh-
boring spines (Majewska et al., 2000a,b; Kasai et al., 2003). In
addition, there is evidence that the number of AMPA receptors
on a spine is proportional to the area of postsynaptic densities
and the volume of the spine head (Harris and Stevens, 1989),
suggesting that spine morphology directly influences synaptic
transmission. Interestingly, it has been shown recently that in-
duction of LTD results in shrinkage of dendritic spines (Zhou et
al., 2004) as opposed to an enlargement of the spine head, which
is observed after LTP (Matsuzaki et al., 2004).

To better corroborate our observation in the p75 NTRIV KO
mouse, we took advantage of the existence of a second mutant
mouse in which exon III has been targeted (Lee et al., 1992)
resulting in the expression of a truncated isoform of the receptor
missing the neurotrophin-binding domain, albeit at low levels
(von Schack et al., 2001). The analysis of the second mutant
mouse for p75 NTR became especially critical as a recent study
suggested the possibility that a proapoptotic fragment of the
p75 NTR may still be expressed in the p75 NTRIV KO mice (Paul et
al., 2004). The authors suggested that aspects of the p75 NTRIV KO
phenotype may reflect a gain, rather than a loss of p75 NTR func-
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tion. With regard to the morphological analysis of pyramidal
neurons, this possibility can be excluded because the morpholog-
ical effects for both p75 NTR mutant lines are similar. We also note
that the overexpression of p75 NTR causes the opposite phenotype,
namely massive cell losses (Majdan et al., 1997) and that, in
Schwann cells cultured from p75 NTRIV KO animals, no p75 NTR

fragments were detected (von Schack et al., 2001). Similar to the
results in the peripheral nervous system and in the medial septal
nucleus (von Schack et al., 2001; Naumann et al., 2002), the mor-
phology of hippocampal pyramidal cells is also more strongly
affected in the p75 NTRIV mutation than in the p75 NTRIII mutation.
As previously suggested, this may indicate that the S-p75 in
p75 NTRIII KO mice partially compensates the lack of FL-p75 in
the p75 NTRIV KO mice by interacting both with cytoplasmic in-
teractors of p75 NTR as well as Trk receptors (Bibel et al., 1999; von
Schack et al., 2001).

P75 NTR is known to be strongly expressed in hippocampal
pyramidal cells in the early postnatal period and downregulated
within the first 2 weeks (Buck et al., 1988; Lu et al., 1989), al-
though it is still expressed at detectable levels at P9 –P14 (Buck et
al., 1988). These results are consistent with our observations. In
addition, we also showed p75 NTR expression in pyramidal cells in
2-week-old organotypic hippocampal cultures, thus indicating
that p75 NTR is indeed expressed at relevant time points and in the
appropriate cell types in our experimental preparation. Most im-
portantly, we clearly see detectable levels of p75 NTR expression in
both CA1 and CA3 pyramidal cells as well as in granule cells of the
dentate gyrus in vivo up to P21.

This opens the possibility that the p75 NTR receptor has acute
effects in the adult nervous system. How might p75 NTR interact
with the cytoskeleton to change spine and dendritic morphology
in an acute manner? Previous observations indicate that p75 NTR

controls the activity of RhoA (Yamashita et al., 1999, 2002) and
that the Rho GTPases are involved in maintaining dendritic
branches and spine development in pyramidal neurons (Na-
kayama et al., 2000; Tashiro et al., 2000; Li et al., 2002). Specifi-
cally, unoccupied p75 NTR has been shown to constitutively acti-
vate RhoA and, consequently, to negatively modulate the length
of neurites and filopodia, whereas binding of neurotrophins
modulates p75 NTR function by decreasing RhoA activation (Ya-
mashita et al., 1999; Gehler et al., 2004). In addition, p75 NTR has
been also shown to inhibit axonal growth mediating the negative
effect of myelin-associated glycoprotein (Yamashita et al., 2002)
and Nogo (Wang et al., 2002). In addition, Woo et al. (2005) have
recently described a specific function of pro-BDNF in facilitating
hippocampal LTD via the activation of p75 NTR. However, our
results should not be taken to necessarily imply that the effects of
p75 NTR in regulating the morphology of hippocampal pyramidal
cells are ligand mediated. They may be accounted for by intracel-
lular mechanisms such as the modulation of small GTP-binding
protein (see above).

In conclusion, our results add new insights to the bidirectional
mode of neurotrophin signaling in controlling the morphology
of neurons in the CNS. Specifically, they suggest a role of p75 NTR

as a negative modulator of structural changes in neurons and
further strengthen the view of a functional antagonism mediated
by the two different neurotrophin receptor types.
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