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Abstract
In vitro studies have pointed to the collapsin response mediator proteins (CRMPs) as key regulators
of neurite outgrowth and axonal differentiation. CRMP3 is expressed mostly in the nervous system
during development but remains at high levels in the hippocampus of adults. To explore CRMP3
function in vivo, we generated mice with targeted disruption of the CRMP3 gene.
Immunohistochemistry and Golgi staining of CA1 showed abnormal dendrite and spine
morphogenesis in the hippocampus of CRMP3-deficient mice. Apical dendrites displayed an increase
in undulation and a reduction in length and branching points. Basal dendrites also exhibited a
reduction in length with an alteration in soma stem distribution and an increased number of thick
dendrites localized in stratum oriens (SO). Long-term potentiation (LTP) was impaired in this area.
These data indicate an important role for CRMP3 in dendrite arborization, guide-posts navigation,
and neuronal plasticity.
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A growing body of evidence suggests that CRMPs play an essential role in neurite outgrowth,
guidance, and axonogenesis (1). Members of this family of proteins appear to act as intracellular
signaling molecules for guidance cues and neurotrophic factors. In sensory neurons, CRMP2
is required for the signal transduction cascade initiated by semaphorin 3A (Sema3A; ref. 2), a
repulsive signaling molecule in axonal guidance leading to neuronal growth-cone collapse. In
hippocampal neurons, it is also necessary for BDNF and NT3-induced axonal outgrowth (3).
Overexpression of CRMP2 in cultured hippocampal neurons induces supernumerary axons,
while a dominant-negative form suppresses the formation of the primary axon (4), confirming
a role for CRMP2 in axon specification and growth. We have shown that CRMP1 is required
for neurite extension induced by neurotrophin-3 (NT3) in sensory neurons (5). Overexpression
of CRMP4 in cultured cortical primary neurons increases neurite length and branching (6),
while overexpression of CRMP5, also known as CRAM (CRMP3-associated molecule),
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increases filopodia formation and supernumerary growth cones (7). CRMP3 is highly
expressed during brain development, but in adults its expression is restricted to the hippocampal
formation, the pontine nuclei, and the olivary complex (8). To date, little is known regarding
the biological effects of CRMP3. However, we have shown that autoantibodies in sera from a
subset of systemic cancer patients with limbic encephalitis react to CRMP3 (9,10). To gain
further insight into CRMP3 function, we generated CRMP3-deficient (CRMP3−/−) mice by
homologous recombination. Abnormalities related to the absence of CRMP3 expression
indicate that CRMP3 regulates dendrite arborization and spine morphology in the hippocampus
and is required for LTP formation.

MATERIALS AND METHODS
Targeting vector construct

A mouse 129/SvE genomic lambda fix library was screened with a 2.5 kb 32P-labeled cDNA
probe containing the entire coding region of CRMP3. The 5.0 kb EcoRI genomic fragment of
a clone containing exons 2, 3, and 4 was subcloned into Bluescript. From this insert, the 4.7
kb HindIII/EcoRI fragment was used for the targeting construct. The unique ClaI site located
in the middle of exon 3 was used to add a BamHI site for insertion of a BamHI cassette (IRES-
LacZ-NeopA).

The plasmid DNA of the CRMP3 knockout construct was electroporated into R1 ES cells.
Confirmation of correct targeting was established with genomic DNA isolated from individual
colonies. The transmission of the target allele of a chimeric male was bred with 129/SvE
females, and their progeny was genotyped. CRMP3−/− progeny, identified by PCR, was further
confirmed by Western and Southern blot analysis. Briefly, genomic DNA (15 μg) was digested
with EcoRI, separated on 1% agarose gels, and blotted on nitrocellulose filters. The 32P-dCTP
labeled 0.3 kb EcoRI-HindIII DNA fragment located outside the targeting vector was used as
probe. For Western blots, equal amounts of proteins were separated by 10% SDS-PAGE and
blots incubated with anti-CRMP3 antibody (8), followed by HRP-conjugated secondary
antibody (Santa Cruz Laboratories, Santa Cruz, CA, USA) with Enhanced Chemiluminescence
(Amersham Biosciences, Piscataway, NJ, USA) detection. Primers derived from the LacZ
sequence [LacZS (AGCAGAAGCCGTCGATGTCG)/LacZA (ACCGTTCATACA
GAACTGG)] and from the intronic regions surrounding exon 3 [P3
(GGCAGATAGGTAACCAT-TTGG)/P4(GCATTTACAGAAACCCAGCC)] were used to
identify CRMP3−/− progeny by PCR.

Histology
Male animals (3 months old) were used for histology and electrophysiology experiments.
Normal and mutant littermate mice brains were processed in parallel, and all data were analyzed
by an investigator blind to the genotype. Standard immunohistochemistry, β-galactosidase, and
Golgi staining were performed to analyze cell morphometry. For β-galactosidase staining,
serially cut 30-μm-thick cryosections of fixed brains were incubated with X-gal solution (5
mM potassium ferricyanide, 5 mM potassium ferrocyanide, 2 mM MgCl2, and 1 mg/ml 5-
bromo-4-chloro-3-indoyl-β-D-galactopyranoside in PBS) at 37°C for 10–12 h. For
immunohistochemistry, 10–20 μm cryostat sections were collected on Superfrost Plus slides,
permeabilized with 0.1% Triton X-100 in PBS containing 1% gelatin, and stained with the
following antibodies: mouse monoclonal against MAP2 (1/2500 dilution, Chemicon
International, Temecula, CA, USA) and rabbit polyclonal against MAP2 (1/2000, Sigma, St.
Louis, MO, USA) and β-galactosidase (1/1000, Promega, Madison, WI, USA). Sections were
incubated with one or more of the secondary antibodies (Alexa Fluor 546-coupled anti-rabbit
IgG and Alexa Fluor 488-coupled anti-mouse IgG; 1/2000, Molecular Probes, Eugene, OR,
USA). Some sections were incubated with a 0.1 μg/ml solution of DAPI (4,6-diamidino-2-
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phenylindoldihydrochloride, Sigma) to label cell nuclei. Sections were viewed using an
epifluorescent Zeiss microscope. Golgi staining was performed according to the
manufacturer’s instructions (Rapid Golgi Staining Kit, FD Neurotechnologies, Inc., Ellicott
City, MD, USA). Coronal sections (150 μm) containing identical regions of the hippocampal
formation were selected from wild-type (WT) and CRMP3−/− mice for analysis. Neurons
chosen for camera lucida tracing were impregnated entirely with Golgi stain and were not
obscured by other neurons. All neurites were visible within the plane of focus. For
quantification of the undulation of apical dendrites, a linearity index was calculated by
computer-assisted measurement of apical dendrite lengths (100 μm from the cell body) using
MCID Elite image analysis software (Imaging Research, Inc., St. Catherine’s, ON, Canada).
The linearity index is defined as the curvilinear length in micrometers of a region of the apical
dendrite divided by the linear distance between the ends of the region measured (11). Spines
were assigned the morphology category that most resembled the shape of that spine. The length
of each spine was defined as the distance from the distal surface of the spine head to the dendrite
in micrometers. Finally, spines were counted at 50-μm-long distance from the soma in the
stratum oriens. To avoid potential interference of thick apical dendritic diameter on spine
morphometry in stratum radiatum, we analyzed spines density and length on oblique dendritic
arbors of apical dendrites. Spine density was defined as number of spines per 25 μm of dendrite.
Statistical significance was assessed by paired two-tailed t test, with significance set at P <
0.05.

Hippocampal slice electrophysiology
LTP was elicited by applying theta burst stimulation (TBS) (10 bursts of 4 stimulation pulses
at 100 Hz delivered at 200-μs intervals). Parameters of evoked fEPSPs were normalized to the
values of their respective means measured during the baseline-recording period. Hippocampal
slices were prepared as described previously by Kramar et al. (12). Briefly, brains from male
WT and CRMP3−/− mice (n=7) were placed in oxygenated dissection medium containing 124
mM NaCl, 3 mM KCl, 1.25 mM KH2PO4, 5 mM MgSO4, 3.4 mM CaCl2, 26 mM NaHCO3,
and 10 mM glucose. Field excitatory postsynaptic potentials (fEPSP) were recorded from
stratum radiatum of CA1b using a single pipette filled with 0.15 M NaCl (with a resistance of
2–3 MΩ) in response to orthodromic stimulation (twisted nichrome wires, 65 μm) of the
Schaffer collateral-commissural projections in CA1 stratum radiatum. Pulses were delivered
to the stimulation electrode at 0.033 Hz with current test intensity adjusted to obtain 50–60%
of the maximal fEPSP. Recorded evoked potentials were digitized and several parameters
(fEPSP slope, amplitude, and area) analyzed using pCLAMP 9.0 (Axon Instruments/Molecular
Devices, Sunnyvale, CA, USA). LTP was elicited by applying theta burst stimulation (TBS)
(10 bursts of 4 stimulation pulses at 100 Hz delivered at 200-μs intervals). Parameters of evoked
fEPSPs were normalized to the values of their respective means measured during the baseline-
recording period. Values given in the text are means ± SEM, and statistical significance was
assessed by paired Student’s Wilcoxon t tests, with significance set at P < 0.05. Representative
traces are averages of 10 sweeps.

RESULTS
Targeting inactivation of the CRMP3 gene and general appearance of CRMP3−/− mice

A targeting vector was designed to disrupt the CRMP3 gene at exon 3. The mutation consisted
of insertion of stop codons in all three reading frames with an IRES linked to a LacZ open
reading frame with SV40 polyadenylation site, extended with a neomycin resistance gene that
was expressed independently with its own promoter (Fig. 1A). The LacZ-Neomycin cassette
insertion disrupts the CRMP3 gene and makes it possible to identify CRMP3-expressing cells
by visualizing β-galactosidase. The homozygote genotype was confirmed by a change in size
of EcoRI-DNA genomic fragment revealed by Southern blot (Fig. 1B) or PCR (Fig. 1C).
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Western blot analysis with an anti-CRMP3 antibody directed against the peptide
MVPAKPGSGAPARASC showed the loss of CRMP3 gene product (Fig. 1D). Thus, we
conclude that this targeted LacZ-Neo insertion resulted in a null mutation of the CRMP3 gene.

CRMP3−/− mice grew normally and did not present major organ defect. In particular, no gross
abnormality was seen in hippocampus, cerebellum, neocortex, thalamus, and striatum of
CRMP3−/− or CRMP3+/−mice by light microscopy of cresyl violet- or DAPI-stained sections
(not shown). β-Galactosidase activity staining to map CRMP3 gene expression confirmed
previous results (8,13). An intense blue color was seen and remained unchanged in 1-wk- to
6-month-old animals in the pontine nuclei, olivary complex and the hippocampus (Fig. 1E).
Within the hippocampus, LacZ activity was strong in stratum pyramidal (SP) and stratum
radiatum (SR) of field CA1 (Fig. 1F), CA3, and dentate gyrus. Blue coloration was also seen
in several nuclei of the thalamus and in the dorsal part of the reticular formation. LacZ
expression in cerebellum decreased with age starting at postnatal day 14, with only few cells
in the granular layer displaying blue coloration in 4- to 5-wk-old mice. To investigate possible
correlations between structural and functional abnormalities, we analyzed the morphological
and electro-physiological characteristics of the CA1 pyramidal neurons of CRMP3−/− mice.

Abnormal neurite outgrowth and lamination in the hippocampus of CRMP3−/− mice
In WT mice, examination with MAP2 and Golgi staining revealed obvious laminar
cytoarchitectoral organization with neuronal perikarya disposed in a single compact lamina.
The single primary apical dendrite emerged from the neuronal cell body, branched within
stratum radiatum in a well-developed arbor, running relatively straight and projecting for long
distance in the plane of the section (Fig. 2A), suggesting that these dendrites need guidance for
proper orientation and positioning within the brain. In contrast, in CRMP3−/− mice, the MAP2-
positive apical dendrites were poorly aligned and wavier in appearance (Fig. 2B). These
findings were confirmed with Golgi impregnation (Fig. 2C, D). In CRMP3−/− mice, a
significant number of pyramidal neurons display tortuous/undulating apical dendrites (CRMP3
−/−, 42%; WT, 6%; Fig. 2H) that were morphologically distinct (Fig. 2D–E) from the straight
apical dendrites of WT mice (Fig. 2C). The mean linearity index for apical dendrites of
pyramidal neurons from WT mice was 1.06 ± 0.01, whereas that of apical dendrites from
CRMP3−/− mice was 1.30 ± 0.05 (Fig. 2I). Interestingly, hippocampal pyramidal axons that
run through the alveus (Fig. 2F–G) and dendrites from cortical pyramidal neurons from
CRMP3−/− mice were not undulated (Fig. 3). In addition, the number of branching on primary
(PD) and secondary (SD) apical dendrites of CA1 pyramidal cells from CRMP3−/− mice was
decreased (PD: WT, 16.2±0.2, CRMP3−/−, 12.3±0.1, P<0.05; SD: WT, 12.0±0.7, CRMP3−/
−, 6.1±0.5, P<0.01) with a reduced total dendritic length (WT, 1920±71 μm, CRMP3−/−, 1242
±47 μm, P<0.01; Fig. 2J, K).

The distribution pattern of basal somata stems (BSS) per cell was also different between the
two genotypes (Fig. 2L; see Supplemental Fig. 1, left). In WT, 50% of pyramidal cells displayed
4 BSS, each bearing 10 –12 basal primary dendrites (BPD). A significant decrease was found
in the number of cells bearing 4 BSS (Fig. 2L) and in BPD per cell in CRMP3−/− mice (WT,
10.85±0.47, CRMP3−/−, 6.75±0.60, P<0.01) while the number of BPD/BSS was not different
(WT, 2.75±0.38, CRMP3−/−, 2.60±0.20), suggesting that the decrease in BPD was related to
the impairment in BSS. A reduction in total basilar dendritic length was also observed in
CRMP3−/− mice (WT, 1387±99 μm, CRMP3−/−, 1005±38 μm, P<0.05).

Finally, staining with two antibodies against MAP2 showed an outgrowth of thick dendrites
(>2.5 μm) that extended into and throughout SO in CRMP3−/− mice (Fig. 4B) and resulted in
a significant increase in the density of neurites (1.4±0.1 and 56.5±6.3 neurites/0.01 mm2 for
WT and CRMP3−/−, respectively; P<0.0001). Many of these thick dendrites originated from
the pyramidal cell layer (Fig. 4C), suggesting a likely—and at least partially—pyramidal
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origin. These observations are consistent with data obtained from Golgi preparations, which
revealed a significant increase in the number of cells bearing thick neurites projecting to SO
(1.7±0.5 and 5.0±0.6 cells/field for WT and CRMP3−/−, respectively; Fig. 4F). Interestingly,
in CRMP3−/− mice, some cells lacked a typical thick apical dendrite projecting in SR and
instead displayed a cluster of thin, short neurites (Fig. 4E) or several misoriented apical
dendrites running parallel to the SP layer (see Supplemental Fig. 1, right). These characteristics
were never observed in WT mice.

Dendritic spine alterations in pyramidal neurons of CRMP3−/− mice
Several subtypes of spines—stubby, finger, cup, and mushroom—are found by Golgi-staining
of pyramidal cells in hippocampal CA1 of adult CRMP3−/− mice (Fig. 5C–E), suggesting that
CRMP3 is not associated with the development of a particular spine shape per se. In addition,
no significant difference was found in spine density (Fig. 5A, B) for a given distance along the
secondary apical (WT: 27±2.0 spines/25 μm; CRMP3−/− : 26±2.0 spines/25 μm, P<0.05) or
basal dendrites (WT: 26±3.0 spines/25 ±m; CRMP3−/− : 25±2.0 spines/25 μm, P<0.05) of
CA1 pyramidal cells between genotypes, although a trend shows a slight decrease in mushroom
spines and a slight increase in finger spines (see Supplemental Information, T.1 and T.2). In
contrast, significant differences in mushroom and finger length were found between genotypes
in both SO and SR. These two spine types were significantly shorter in CRMP3−/− than in WT
mice (P<0.004; Fig. 5F). Thus, the processes leading to formation of novel spines might be
CRMP3-independent, while the processes leading to elongation of spines are at least partially
CRMP3-dependent. Dendritic spines are sites of biochemical compartmentalization and
sources of electrical activities, and their function seems to be associated with their shape and
size. It has been found that the decay of intrasynaptic Ca23 depends on the length of the spines
(14). The altered size of CRMP3−/− spines is likely to generate a different electrophysiological
pattern that may influence various functional changes in CRMP3−/− hippocampus.

Impairment of LTP induction in CA1 of CRMP3−/− mice
The abnormalities in pyramidal cell morphology and spines are of particular interest since these
cells are key components in the trisynaptic circuit, thought to play a major role in LTP. In
consequence, we performed electrophysiological experiments in hippocampal slices to
investigate a potential physiological correlation to the CA1 pyramidal dendrite abnormalities.
No alterations in basal synaptic transmission (Fig. 6A) or paired pulse facilitation (Fig. 6B)
were found. However, the analysis of fEPSP during TBS indicates that physiological events
required for LTP induction were disrupted in CRMP3−/− mice. As shown in Fig. 6C, CRMP3
−/− exhibited a significant decrease in the magnitude of LTP in hippocampal slices prepared
from area CA1 of CRMP3−/− mice (23±8%) when compared to controls (60±6%; P<0.05; t
test). The fEPSP slope at 1 min was similar for both groups (72±7% for CRMP3−/−, 81±7%
for WT). Previous work has shown that, relative to the initial burst, subsequent burst responses
during TBS exhibit an important component mediated by activation of NMDA receptors. As
illustrated in Fig. 6D, slices prepared from CRMP3−/− mice exhibited a significant reduction
in burst response numbers 2, 4, and 6, which reached, respectively, 86 ± 10%, 108 ± 11%, and
116 ± 16% increases in WT mice but only 42 ± 5%, 51 ± 6%, and 43 ± 7% in CRMP3−/− mice.
These results demonstrate a deficit in LTP formation and strongly suggest abnormalities in
neural plasticity in the CRMP3−/− mice.

DISCUSSION
During development, neurite outgrowth and specific connections between neurons and their
targets are determined, at least in part, by guidance molecules. When the intracellular signaling
pathways for these molecules are selectively disturbed, structural impairments, inappropriate
laminar organization, and hippocampal dysfunction can occur. CRMPs, which are particularly
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abundant in hippocampus, are implicated in the semaphorin signal transduction pathway,
inducing growth cone collapse, and in the neurite extension controlled by neurotrophins.
Therefore, they may participate in the regulation of neurite outgrowth and wiring of this
structure. Indeed, the present analysis of mice with disruption of the CRMP3 gene supports a
role for CRMP3 in dendrite organization in hippocampus. CRMP3−/− mice display a
significant decrease in dendritic length and branching points and an abnormal undulation of
apical primary dendrites. This abnormal undulation is likely due to the altered signaling of
CRMP3-dependent guideposts proteins directing point to point navigation of growth cone on
the spatial array (15). Interestingly, a similar pattern has been described in L1 knockout mice
(11). L1 is the coreceptor of the Neuropilin 1 receptor complex for Sema 3A. To a lesser degree,
dendrite misorientation is also present in Sema3A- and Fyn-deficient mice (16). CRMP4 (6)
and cypin (17), which shares strong homology with the CRMP family, have also been shown
to have a role in dendrite branching.

Another intriguing observation obtained from immunohistochemistry in CRMP3−/− mice was
the higher incidence of thick MAP2-positive dendrites projecting to SO (Fig. 4). MAP2 is
essential for establishing proper dendritic extension. It stabilizes microtubules and modifies
cytoskeletal dynamics (18). The absence of CRMP3 may lead to a molecular cascade
dissociation that might eventually influence the normal accumulation and function of MAP2.
Golgi staining also revealed an increase in cells bearing these atypical dendrites. Since only a
small portion of neurons are stained with Golgi impregnation, it was not possible to
quantitatively and directly compare data obtained with the two techniques. Nonetheless, these
combined findings suggest that CRMP3 is a critical factor participating in the signaling
mechanism of dendrite growth and orientation in hippocampus. Ectopic and hypertrophic
dendrites and axons were also found in hippocampus of mice with selective Pten deletion
(19). In contrast to the effects of Pten deletion, however, no axonal abnormalities were detected
in CRMP3−/− mice by Tau (not shown) or Golgi (Fig. 2F–G) staining, suggesting that CRMP3
regulates only the arborization and patterning of dendrites in this brain region. Furthermore,
the absence of abnormal undulations of pyramidal dendrites in the cerebral cortex of the same
animals, where CRMP3 is not expressed, confirms the specific role of CRMP3 in hippocampus.

The molecular mechanisms underlying the hippocampal dendritic abnormalities are unknown
although it has been recently shown that other CRMPs promote microtubule dimerization
(20) and F-actin bundling in vitro (21). Similarly, CRMP3 may mediate dendritic patterning
and spine outgrowth through rearrangement of the cytoskeleton. Remodeling of dendritic
arbors and spines is considered to represent the structural support of synaptic plasticity. In adult
CRMP3-deficient mice, abnormal dendritic organization and spine morphology of CA1 were
not associated with major differences in AMPA receptor-mediated synaptic transmission and
paired-pulse facilitation, which suggests that the basic features of synaptic transmission were
not markedly impaired. CRMP3 deficiency did cause, however, a marked reduction in LTP in
this brain structure (Fig. 6). Previous investigations have shown that inhibitory postsynaptic
potentials (IPSPs), which normally truncate EPSPs, are prominent during the first burst of the
TBS train but are largely absent in subsequent bursts. As a result, these subsequent bursts
exhibit buildup of depolarization due to a transient reduction of IPSPs and activation of NMDA
receptors. The spatial pattern of dendritic organization plays an important role in neuronal
function. Dendrites and spines are critical in particular for LTP formation. Abnormalities in
their morphology may thereby impede the correct formation of synaptic contact and
connections, and could be responsible for the LTP deficit observed in CRMP3−/− mice.
Notably, TBS induces actin polymerization in dendritic spines during LTP (22), which could
be impaired in CRMP3−/− mice. Conceivably, CRMP3 may also be a direct component of the
complex glutamate intracellular signaling pathway involved in LTP induction and
maintenance. Consistent with this hypothesis, cypin has been implicated in the postsynaptic
trafficking of PSD-95, the NMDA receptor-anchoring protein (23) and a CRMP2 isoform
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regulates the surface expression of NMDA receptor subunits (24). Interestingly, an alteration
in MAP2 staining and a deficit in LTP were also detected in hippocampus of CRMP1−/− mice
(25).

Marked alterations in neuronal morphology are found in CRMP3−/− mouse brain.
Interestingly, alterations in spine morphology, dendritic arborization, and abnormal neuronal
orientation are found in Down syndrome brain where the expression of CRMP3 gene is also
impaired (26).
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Figure 1.
Characterization of CRMP3−/− mice. A) The WT allele, the targeting vector, and the targeted
allele expected following homologous recombination (numbered boxes indicate exons; letters
with arrows indicate the primers used for PCR analyses). B1, BamH1; E1, EcoRI, H3,
HindIII; P, Probe. B) Southern blot analysis of genomic DNA isolated from liver of WT,
CRMP3+/−, and CRMP3−/− mice. The disrupted allele contains a new EcoRI restriction site,
generating a 2.4 kb fragment. C) Mice were genotyped with 2 PCR primer sets (P3/P4; NeoS/
NeoA). D) Western blot analysis. Total protein (20 μg) from hippocampus of WT and CRMP3
−/− mice incubated with specific anti-CRMP3 antibodies shows 66 kDa CRMP3 protein in the
WT and no protein in the mutant. E) Whole mount showing lacZ activity driven by CRMP3
gene promoter in CRMP3−/− adult brain. F) LacZ staining of CA1 region.
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Figure 2.
Abnormal dendritic pattern in CA1 of CRMP3−/− mice. Qualitative analysis of pyramidal
neurons: A, B) MAP2-staining with monoclonal antibody of coronal sections of hippocampus
from 3-month-old WT (A) and CRMP3−/− (B) mice. C, D) Golgi staining of hippocampus
from WT (C) and CRMP3−/− (D) mice. E) Representative tortuous dendrite. F, G)
Representative alvear axons from WT (F) and CRMP3−/− (G) mice. White arrow: straight
dendrite; Black arrow: tortuous dendrite. Quantitative analysis of apical dentrites: H) The
numbers of undulating and straight primary dendrites were counted in 8–10 fields for each
animal, and results were expressed as undulating dendrites in percentage of the total number
of apical primary dendrites per field (0.015 cm2). The graph represents the average of 1764
and 1605 pyramidal neurons from the WT and CRMP3−/−, respectively. I) Dendritic linearity
index. The graph represents 52 and 77 measurements with an image analyzer system from the
WT and CRMP3−/− mice, respectively. J) Camera lucida drawings with 40×lens of 32 neurons/
genotype were used to count the number of branching points. The unique apical dendrite
extending from the pyramidal cell soma was defined as primary dendrite (PD), dendrites
extending from PD as secondary dendrites (SD), and those extending from SD as tertiary
dendrites (TD). Higher-order dendrites were not measured. K) Average total dendritic length
(PD+SD+TD) of 32 neurons/genotype. Neurons from CRMP3−/− showed a significant
decrease in dendritic length. Morphometric analysis of basilar dendrites: (L) Number of basal
somata stem (BSS)/cell expressed as percentage of total cell count (WT 342; CRMP3−/− 315).
In CRMP3−/− mice, cell distribution was shifted with more cells having lower number of BSS
per cell as compared to WT. *P <0.01; **P <0.05. All statistics for quantitative analysis were
performed using average measurement per animal with 4 animals for each genotype.
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Figure 3.
Normal morphology of cortical neurons. MAP2 (A–B) and Golgi (C–D) staining of coronal
section of cortex of 3 month old WT (A, C) and CRMP3−/− (B, D) mice. Dendrites from cortical
pyramidal neurons from CRMP3−/− mice were not undulated.
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Figure 4.
Presence of thick dendrites in SO. MAP2 (A–C) and Golgi (D–E) staining show thick neurites
extending into SO of CA1 field of CRMP3−/− (B, C) but not WT (A) mice. D) Cells with apical
primary dendrite and thick basilar dendrites projecting into SO are present in both genotypes.
E) Some cells apparently lacked typical single primary apical dendrite and instead exhibited
several thin neuritic processes in CRMP3−/− mice. These features were not present in WT
mice. Black arrows: apical dendrites; white arrows: thick basilar dendrites; thick black arrow:
thin neuritic processes. F) Number of cells with thick neurites/field expressed as percentage
of total pyramidal cells present in the field (30 fields/genotype; * P < 0.01.
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Figure 5.
Dendritic spine alterations in hippocampal pyramidal cells. Representative Golgi-stained
dendrite of CA1 pyramidal cells from WT (A) and CRMP3−/− (B) illustrating the density of
individual spines along its length. Note the different types of spines (arrows): mushroom (C),
cup (D), finger (E), and stubby (E). Quantification of the length of the spines: measurements
were made of 2000–2200 spines/genotype (F) (*P<0.003). The lengths of cup and stubby
spines are not significantly different between genotypes (see Supplemental Information, T.2)
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Figure 6.
LTP impairment in hippocampal slices from CRMP3−/− mice. Electrophysiological
parameters in hippocampal slices from WT (closed circles and bars) and CRMP3−/− (open
circles and bars) mice, n =7. A) Input-output responses. No significant differences in fEPSP
amplitudes were found between WT and CRMP3−/− mice. Insert: representative field
responses in WT and CRMP3−/−. Calibration bars: 5 ms, 1 mV. B) Paired-pulse facilitation.
The degree of paired-pulse facilitation of fEPSP amplitude was expressed as a function of the
interpulse interval. Insert: representative field responses. Calibration bars: 10 ms, 1 mV. C)
LTP formation. TBS was applied and produced stable LTP in WT mice. The same stimulation
resulted in an initial potentiation in CRMP3−/− mice that decayed over time. Insert:
representative field response 2 min before and 60 min after TBS. Calibration bars: 5 ms, 1 mV.
D) Burst response. Depolarization elicited in slices from CRMP3−/− mice was significantly
less than from WT. Insert: representative recordings of the 4 fEPSPs of a burst response; burst
number 1 (top) and 8 (bottom) are superimposed for both animals. Calibration bars: 10 ms, 1
mV.
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