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The spine apparatus is a cellular organelle that is present in many
dendritic spines of excitatory neurons in the mammalian forebrain.
Despite its discovery >40 years ago, the function of the spine
apparatus is still unknown although calcium buffering functions as
well as roles in synaptic plasticity have been proposed. We have
recently shown that the 100-kDa protein synaptopodin is associ-
ated with the spine apparatus. Here, we now report that mice
homozygous for a targeted deletion of the synaptopodin gene
completely lack spine apparatuses. Interestingly, this absence of
the spine apparatus is accompanied by a reduction in hippocampal
long-term potentiation (LTP) in the CA1 region of the hippocampus
and by an impairment of spatial learning in the radial arm maze
test. This genetic analysis points to a role of the spine apparatus in
synaptic plasticity.

Dendrites of many neurons are covered with small append-
ages or ‘‘spines’’ that contain the postsynaptic elements for

the contact of the respective dendrite with excitatory afferents
(1). Spines form biochemical microcompartments largely sepa-
rated from the parent dendrite (2, 3) and they have been
hypothesized to be sites of synaptic plasticity in the brain (2,
4–9). Their number, shape, and size depend on various factors
such as neuronal activity and hormonal and environmental
stimuli (10–17). Many telencephalic spines contain a distinct
organelle, the spine apparatus, that consists of stacks of smooth
endoplasmic reticulum (sER) interdigitated by electron-dense
plates (1, 18, 19). The function of the spine apparatus in synaptic
transmission is largely unknown although a role in local calcium
storage has been postulated (20, 21). This in turn suggests a
possible role of the spine apparatus in synaptic plasticity, because
release of calcium from internal stores is known to be involved
in activity-dependent synaptic plasticity (2, 22–25).

We have recently shown that Synaptopodin, a 100-kDa pro-
line-rich protein (26), is closely associated with the spine appa-
ratus in spines of telencephalic neurons (27). In adult mice,
synaptopodin transcripts are expressed in the olfactory bulb,
cerebral cortex, striatum, and hippocampus, but not in the
cerebellum. In addition, Synaptopodin is also expressed in
podocytes of kidney glomeruli (26). The tight association of
Synaptopodin with the spine apparatus suggested that Synap-
topodin is an important component of this organelle (27, 28). We
therefore generated synaptopodin-deficient mice by gene-
targeting and assessed the morphological and functional conse-
quences of the Synaptopodin deficiency. Mice developed nor-
mally and did not show pathohistological changes. The number
and length of dendritic spines on cortical neurons were normal.
However, we discovered that spine apparatuses were completely
absent in synaptopodin-deficient mice. In view of the postulated
function of the spine apparatus in synaptic plasticity, we studied
synaptic plasticity in adult mice lacking Synaptopodin function.

Methods
Inactivation of synaptopodin by Gene Targeting. The synaptopodin
gene was cloned from a genomic bacterial artificial chromosome
(BAC) library (Genome Systems, St. Louis) and inactivated by
homologous recombination in embryonic stem (ES) cells (E14�
129�Ola). The targeting construct was made in a classical
replacement vector termed pHM2 (29) with modifications. To
ensure that a null allele was generated, the coding region was
replaced by the lacZ gene, which was fused in frame downstream
of the ATG (Fig. 1A). The selectable neomycin resistance marker
was flanked by LoxP sites and inserted downstream of the lacZ
gene. Screening of ES cell clones for homologous recombination
was performed by Southern blot analysis (Fig. 1B). A total of 151
ES cell clones were screened, and 12 positive clones were
obtained. Two of these clones were injected into blastocysts and
germ-line transmission was obtained. Heterozygous animals
were intercrossed to generate homozygous mice. Genotyping
was performed by PCR and the line was maintained in a
129�C57BL6 (F1) mixed genetic background. All analyses were
performed with the investigator blind to genotype.

Electron Microscopy. Wild-type (male; n � 5) and mutant mice
(male; n � 5) were deeply anesthetized with an overdose of
Nembutal (300 mg�kg body weight) and were fixed by transcar-
dial perfusion as described (27). Experiments were performed in
agreement with the German law on the use of laboratory
animals. Frontal sections (50 �m) of neocortex, striatum, and
hippocampus were embedded and serially thin-sectioned for
electron microscopy (27, 28).

Synaptopodin Immunostaining. Frontal sections of hippocampus,
neocortex and striatum (50 �m) from wild-type and mutant mice
(male and female; n � 8 for each genotype), were immunostained
with rabbit anti-Synaptopodin (26) and processed for light and
electron microscopy (27). Some sections were used for preembed-
ding immunogold labeling (grain size: 1.4 nm). In control experi-
ments, the primary antibody was omitted. No immunostaining was
observed in synaptopodin mutant mice (Fig. 2 A and B).

Quantification of Spine Apparatuses. In random ultrathin sections
of neocortex, striatum, and hippocampus (stratum radiatum of
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CA1 and stratum radiatum and stratum lucidum of CA3) from
wild-type (male; n � 5) and mutant (male; n � 5) mice, the
percentage of spines with a spine apparatus was determined. A
regular spine apparatus was considered to be present if at least
two dense plates and at least one tubule of sER were detected
in close apposition.

Spine Counts. Frontal sections (100 �m; right hemisphere) from
wild-type (n � 5) and mutant (n � 5) mice were used for
Golgi-impregnation taking advantage of a section impregnation
procedure (30). Sections were coded and spines were counted on
apical dendrites of layer 5 pyramidal cells in the somatosensory
cortex (82 cells in wild type and 82 cells in the mutant) and on
oblique dendrites of CA1 pyramidal cells (57 cells in wild type and
48 cells in the mutant). In layer 5 cortical pyramidal cells, spines
were counted in three successive segments of 83 �m each, begin-
ning with the dendritic portion originating from the soma. In CA1
pyramidal cells, all spines on individual oblique dendrites were
counted and expressed as spines per �m. The same cells were used
to determine the percentage of mushroom spines (spines with a
head diameter more than twice that of the spine neck; ref. 19; wild
type: n � 5 animals, 15 cells, 750 spines; mutant: n � 5 animals, 15
cells, 750 spines). Statistical analysis involved an ANOVA for
repeated measures and the Mann–Whitney U test. All spine counts
were performed blind to genotype.

Spine Length. Spine length was measured on the same CA1 den-
drites that were used for spine counting (wild type, n � 5; mutant,
n � 5). A commercially available image analysis software (Analysis,
SIS, Münster, Germany) was used to determine the length of all

spines located within a single horizontal focus plane of the micro-
scope. Five to eight dendrites per animal were analyzed. Between
32 and 162 spines were measured per dendrite (total number of
spines measured: 6,495). The average length of spines as well as the
distribution of spines within 0.25-�m-length categories were deter-
mined. The same cells were used to measure the length of mush-
room spines (wild type: n � 5 animals, 15 cells, 750 spines; mutant:
n � 5 animals, 15 cells, 750 spines). Statistical analysis was per-
formed by using a nonparametric test (U test). All measurements
were performed blind to genotype.

Electrophysiology. Hippocampal transverse slices (400 �m) were
prepared as described elsewhere (31). Field excitatory postsyn-
aptic potentials (fEPSP) measured in the CA1 stratum radiatum
were evoked by stimulation of the Schaffer collateral-
commissural afferents. Baseline recording of 20 min preceded
application of high frequency stimulus. Long-term potentiation
(LTP) was induced by three consecutive theta burst stimuli
(TBS; 10 � 4 pulses with 200-ms interburst intervals and 10-ms
intervals within each pulse) or tetani (three series of 30 pulses
for a pulse length of 100 �s, 200 Hz). Poststimulation recordings
continued for 80 min for early LTP (E-LTP) and 180 min for late
LTP (L-LTP). For L-LTP measurements 180 min after stimu-
lation, only slices that showed E-LTP were included in the
analysis. Paired pulse recordings were done at intervals of 10, 20,
40, 80, and 160 ms after the initial pulse. Ensemble averages �6
were constructed by using all data points, aligned with respect to
the time of LTP induction. LTP was counted as ‘‘successful’’ if
there was an enhancement of the fEPSP slope to �120% of
baseline average 55–60 min after TBS or tetanus application. All

Fig. 1. Generation of synaptopodin-deficient mice. (A) Gene targeting strategy. The ORF of the synaptopodin gene (amino acids 2–690; black box) was replaced
in frame by a lacZ cassette by using homologous recombination. (B) Southern blot analysis of genomic DNA from wild type (���) and two independent,
heterozygous (���) ES cell clones. The correct recombination was determined by using a 5� external probe on EcoRI�BgIII digests and a 3� internal probe on
XbaI�NcoI digests, as well as Neomycin and LacZ probes (not shown). Both clones shown were used to generate chimeric mice. (C) Western blot analysis of cytosolic
forebrain extracts prepared exactly as described (26) from (���), (���), and (���) mice by using the Synaptopodin-specific rabbit polyclonal antibody NT (26).
The 100-kDa band corresponding to Synaptopodin was strongly expressed in ��� and weaker in ��� mice, but was absent from ��� mice.
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results were statistically analyzed by a Student’s t test (two sided).
To analyze the functionality of the N-methyl-D-aspartate
(NMDA) receptor, fEPSPs were recorded in the following
sequence: after 15 min baseline recording, 6,7-dinitroquinoxa-
line 2,3-dione (DNQX, 10 �M) in low Mg2� (0.5 mM) artificial
cerebrospinal f luid (ACSF) was applied via the bath. After 15
min DL-2-amino-5-phosphonovalerate (50 �M) together with
DNQX were applied for 20 min to the same slice in low Mg2�

ACSF; afterward, normal ACSF was used for washout.

Behavioral Testing. Adult male wild-type (n � 16) and mutant mice
(n � 14) were used. For the open field (100 � 60 � 30 cm, floor
divided into squares, 10 � 10 cm each), mice were placed on the
central square and the numbers of line crossings, rearings, and
leanings were noted (15 min). The elevated plus maze consisted of
a wooden apparatus with four arms of 40 � 10 cm at right angles,
connected by a central platform 10 � 10 cm. Two of the opposed
arms were enclosed by 40-cm-high walls (closed arms), whereas the
other two arms had no walls (open arms). The whole apparatus was
elevated 83 cm above the floor. Mice were placed on the central
platform facing a closed arm and were allowed to freely explore (15
min). Because of the elevation, anxious animals preferentially enter
closed arms. Entries into open and closed arms and the cumulative
time spent on either type of arm were measured. The radial arm
maze consisted of a central octogonal platform with eight regularly
arranged Plexiglas arms (25 � 6 � 6 cm) with a hidden food pellet
(10 mg) at the end of each arm. Extra-maze cues were present in
the room. Animals were food-deprived to 85–90% of pretest body
weight. Initially, two habituation trials (one per day; 15 min, free
access to all arms) and a training period of 5 consecutive days (one
trial per day) were performed. These were terminated after 15 min
or after all eight rewards had been eaten. Repeated entries into one

arm, time spent to eat all rewards, and number of novel entries
within the first eight entries were all counted and scored (32).

Results
Lack of Spine Apparatuses in synaptopodin-Deficient Mice. The
intronless ORF of the murine synaptopodin gene was targeted by
homologous recombination in ES cells as shown in Fig. 1 A and
B. Loss of the Synaptopodin protein in homozygous mutant mice
was determined by Western blot analysis of adult forebrain tissue
(Fig. 1C) and by immunostaining (Fig. 2 A and B). Activity for
�-galactosidase was found in hippocampal principal neurons
(Fig. 2 C and D), similar to the expression of synaptopodin
mRNA (27). Synaptopodin-deficient mice (���) are viable and
fertile in a mixed 129�C57BL6 genetic background and indis-
tinguishable from wild-type (���) littermates under standard
laboratory conditions. In particular, the fine structure and
function of kidney podocytes, which express large amounts of
Synaptopodin (26), are normal in mutant mice as judged by
electron microscopy and urinary protein excretion analysis (S.C.,
K.S., B. Kränzlin, N. Gretz, W. Kriz, and P.M., unpublished
observations). Standard neuroanatomical techniques revealed a
normal cytoarchitecture of mutant brains. In addition, Golgi
impregnation showed a normal shape, orientation, and dendritic
arborization of single Golgi-impregnated neurons.

Electron microscopic analysis of Synaptopodin immunogold
labeling revealed selective staining of the spine apparatus in
wild-type animals (Fig. 3A), which prompted us to study this
organelle in synaptopodin-deficient mice. In these mutants, we
were unable to find spine apparatuses in spines of telencephalic
neurons (Fig. 3B). In serial thin sections, only occasional sER
cisterns were observed, lacking the electron-dense plates defin-
ing a spine apparatus. Blind quantitative analysis (Fig. 3C) of
�15,000 spines in neocortex, striatum, and hippocampus of
wild-type (���; n � 5) and mutant mice (���; n � 5)
confirmed the loss of spine apparatuses in synaptopodin-deficient
telencephalic neurons. However, the loss of spine apparatuses in
mutant telencephalic neurons was not paralleled by a loss of
spines. Spine counts in defined dendritic segments of Golgi-
impregnated pyramidal cells in layer 5 of the neocortex and in
CA1 pyramidal neurons did not reveal significant differences
between wild-type (n � 5) and mutant (n � 5) mice (Fig. 3D).
Because mushroom spines regularly contain a spine apparatus
(19), we tested whether the loss of the spine apparatus could have
selectively affected this spine subpopulation (Fig. 3E). However,
no difference was observed between the percentage of mush-
room spines in wild-type (17.2%) and mutant mice (17.33%).
Similarly, measurements of spine length did not reveal differ-
ences in average spine length (Fig. 3F; wild type: 0.78 �m,
mutant: 0.8 �m), differences in length categories (Fig. 3G), or
mushroom spine length (Fig. 3H; wild type: 1.09 �m; mutant:
1.04 �m) between spines of wild-type animals and mutants.
Analysis of serial thin sections through specialized spines, the
large complex spines or excrescences on proximal dendrites of
CA3 pyramidal cells known to contain a spine apparatus in wild
type (33), showed that these spines were present as normal but
lacked spine apparatuses. Interestingly, wild-type Purkinje cells
in the cerebellum do not express Synaptopodin (26), and the
spines of these neurons do not form a distinct spine apparatus
and contain only occasional cisterns of sER (34).

LTP Is Impaired in synaptopodin-Deficient Mice. Because of the
potential role of the spine apparatus and Synaptopodin in synaptic
plasticity (35, 36), we analyzed LTP in hippocampal slices from
adult wild-type and mutant mice (31). First, basal synaptic trans-
mission was examined by comparing the size of the presynaptic fiber
volley (PSFV; proportional to the number of presynaptic neurons
recruited by stimulation) to the slope of the fEPSP. We found basal
synaptic transmission to be normal in synaptopodin-deficient mice

Fig. 2. Distribution of Synaptopodin protein and transcripts. (A) Immuno-
fluorescence microscopy shows the expression of Synaptopodin in wild-type
neocortex (CTX) and hippocampus. Note that immunolabeling is strongest in
the dendritic layers (27, 28), particularly in those of the dentate gyrus (DG). (B)
Absence of immunofluorescence in the mutant confirms the specificity of
Synaptopodin immunolabeling and the successful deletion of the synaptopo-
din gene. (C) Absence of �-galactosidase activity in wild type. (D) Synaptopo-
din mRNA is expressed in the granule cell layer (GCL) of the dentate gyrus (DG),
pyramidal cell layer of hippocampal areas CA3 and CA1 (27, 28), and in various
layers of the neocortex (CTX) as shown by �-galactosidase activity in the
mutant. (Scale bars: 400 �m.)
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(ratio EPSP slope�PSFV: mutant: 2.5 � 0.4, n � 32; wild type: 2.4 �
0.29; n � 43, P � 0.1, t test, two sided). In addition, paired-pulse
facilitation was measured by applying two stimuli (separated by

intervals ranging from 10 to 160 ms; Fig. 4A) and recording the
evoked fEPSP. Again, no significant differences were seen com-
paring wild type to mutant mice for all tested intervals (Fig. 4A; P �
0.1). These results indicate that presynaptic function is normal in
mutant mice. In contrast, LTP experiments revealed striking dif-
ferences between wild-type and mutant mice: all synaptopodin-
deficient mice tested showed a significantly reduced induction rate
of E-LTP for both tetanus (Fig. 4B) and TBS protocols (Fig. 4 C,
E, and F). For tetanic stimulation, the induction rate of LTP was
significantly lower in mutant (47%) than wild-type mice (72%; Fig.
4B). For TBS, a similar reduction of LTP induction was observed
(42% in mutant and 79% in wild-type mice; Fig. 4C). One hour
after the LTP-inducing stimulus, mutant mice still displayed lower
average slope values (121 � 4.1% compared with wild-type con-
trols: 140 � 4.0%: Fig. 4B). In the TBS studies, mutant mice
displayed an average slope of 118 � 4.8%, compared with 145 �
7.8% in wild-type controls (Fig. 4C). In summary, both TBS- and
tetanus-induced LTP are significantly reduced (P � 0.01) in
synaptopodin-deficient adult mice. Three hours after stimulation,
LTP is still clearly impaired in mutant mice (111 � 7.7%, compared
with 135 � 7.9% in wild-type controls, P � 0.05; Fig. 4D). In
summary, these experiments indicate that both the early as well as
the late phase of LTP are disrupted in synaptopodin-deficient mice.

To assure that the observed defect was not trivially explained by
a loss of NMDA receptors in the mutant animals, we tested
�-amino-3-hydroxy-5-methyl-4-isoxazole-proprionate (AMPA)
and NMDA receptor components of the fEPSP. In the presence of
the AMPA receptor antagonist DNQX, slices from mutant mice
showed a NMDA receptor component of the fEPSP comparable to
control mice: in the wild-type mice, application of 10 �M DNQX
(low Mg2� ACSF) reduced the fEPSP slope to 22.5% (�2.2%) and
20.7% (�1.7%) in the synaptopodin-deficient mice (P � 0.34;
Mann–Whitney test). In addition, when we added 50 �M DL-2-
amino-5-phosphonovalerate, the responses were reduced to zero,
indicating that the remaining responses after DNQX under low
Mg2� conditions were indeed NMDA receptor-mediated currents
(Fig. 6, which is published as supporting information on the PNAS
web site, www.pnas.org). This indicates that NMDA receptor
function was normal in synaptopodin-deficient mice.

Synaptopodin-Deficient Mice Show Behavioral Deficits. The impair-
ment in the proposed cellular correlate of spatial learning in
rodents, hippocampal CA3-CA1 LTP, prompted us to also analyze
the behavioral phenotype in synaptopodin-deficient mice (Fig. 5).
Would the absence of the spine apparatus have any effect on the
behavioral level? First, locomotor activity was monitored by using
the open field test. Although vertical activity (rearing and leaning)
was normal (data not shown), synaptopodin-deficient mice dis-
played a decrease in their horizontal activity (Fig. 5A). Next, the
mice were challenged by the elevated plus maze, which assesses
their anxiety. Compared with wild-type controls, synaptopodin-
deficient mice are less anxious (Fig. 5 B–D). Finally, spatial learning
was analyzed by using the radial arm maze. To avoid anxiety-related
effects, this spatial learning paradigm was chosen rather than the
Morris water maze. Synaptopodin-deficient mice are impaired in
their spatial learning ability as indicated by a significantly increased
error rate (P � 0.05) in the radial arm maze during the last 3 days
of training (Fig. 5E). The differences between genotypes were most
pronounced on the fifth day of training, with the synaptopodin-
deficient animals making twice as many errors as wild-type controls
(P � 0.01).

Discussion
Our genetic analysis of Synaptopodin revealed an essential
molecular function of this protein in the formation of spine
apparatuses in spines of telencephalic neurons. The complete
lack of spine apparatuses in the telencephalon of synaptopodin-
deficient mice is paralleled by impaired synaptic plasticity. In

Fig. 3. Synaptopodin-deficient mice lack a spine apparatus. (A) Spine appa-
ratus (arrow) in a wild-type hippocampal neuron; immunolabeled for Synap-
topodin protein (1.4 nm gold grains, silver-intensified). (Scale bar: 0.2 �m.) (B)
Absence of spine apparatus (and of Synaptopodin protein) in a hippocampal
neuron from a synaptopodin-deficient mouse. (Scale bar: 0.2 �m.) (C) Average
percentage (plus SD) of spines with a spine apparatus (SA) in wild-type (���)
animals (n � 5) and synaptopodin-deficient (���) mice (n � 5). Number of
spines analyzed (��� versus ���): cortex (2,396�1,889), striatum (2,218�
1,985), hippocampal area CA1 (2,488�2,218), hippocampal area CA3 (1,742�
1,635). In synaptopodin-deficient mice (asterisks), the spine apparatus is ab-
sent in all regions analyzed. (D) The number of spines (plus SEM) on apical
dendrites of Golgi-impregnated layer 5 pyramidal neurons and on dendrites
of CA1 pyramidal neurons is similar in wild-type (���; n � 5) and synaptopo-
din-deficient (���; n � 5) mice. (E) The percentage of mushroom spines (plus
SD) is comparable in wild type (���; n � 5) and synaptopodin-deficient mice
(���; n � 5). (F) The length of spines (plus SD) was measured on dendrites of
CA1 pyramidal neurons. No significant difference was observed between
wild-type (���; n � 5) and synaptopodin-deficient (���; n � 5) mice. (G)
Analysis of spine length classes (each class: 0.25 �m; plus SD) revealed a
comparable distribution of spines in wild-type (���; n � 5) and synaptopodin-
deficient (���; n � 5) mice. (H) The selective analysis of mushroom spine
length (plus SD) did not show a significant difference between wild-type
(���; n � 5) and synaptopodin-deficient (���; n � 5) mice.
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particular, the absence of spine apparatuses is accompanied by
a loss of LTP at Schaffer collateral synapses and by spatial
learning impairments in synaptopodin-deficient mice. The
present genetic analysis reveals a molecular link of the spine
apparatus to synaptic plasticity and learning.

The spine apparatus consists of two structural elements, stacks
of sER and electron-dense plates (18, 34). Of these two com-
ponents, the formation of the electron-dense plates is likely to
depend on synaptopodin expression, because they were absent in
the mutants. Their absence may prevent the formation of
narrow, parallel stacks of sER that were not observed in
synaptopodin-deficient mice. However, the formation of sER in
general does not seem to be disturbed, because it was regularly
found in the perinuclear cytoplasm as well as in some spines and
dendrites of synaptopodin-deficient mice. In this context, it is
noteworthy that Synaptopodin is not expressed in the cerebellum
(26). Although Purkinje cell spines contain sER, they lack the
electron-dense plates and, accordingly, do not contain a regular
spine apparatus (18, 34) (and interestingly also do not show LTP

although they do show long-term depression). These studies
indicate that the spine apparatus is a characteristic structure in
spines of forebrain neurons and that the formation of its
electron-dense plates and parallel stacks of sER must require
Synaptopodin. The forced expression of Synaptopodin in Pur-
kinje cells is a potential future way to further elucidate the role
of Synaptopodin and the function of the spine apparatus.

Consisting of portions of sER, the spine apparatus is regarded
as a calcium store (20, 21, 23) that may be involved in calcium-
dependent mechanisms of synaptic function and plasticity. Fur-
thermore, the spine apparatus seems to be linked to NMDA
receptors (37) via a cytoskeletal bridge of actin and �-actinin-2
(38) and may be involved in NMDA receptor-mediated release
of calcium from internal stores (24). In addition, the spine
apparatus may modify local calcium decay kinetics within a
spine, because calcium could be sequestered into its stacks of
sER (3). Calcium influx through NMDA receptors, calcium-
induced calcium release from internal stores, and calcium decay
kinetics within the spine microcompartment are critically in-

Fig. 4. Reduced LTP in the hippocampus of synaptopodin-deficient mice. (A) Paired-pulse facilitation (PPF) was not significantly different between mutant and
wild-type mice. The percentages denote the ratio of the second EPSP slope size to the first EPSP slope. PPF was tested for 10-, 20-, 40-, 80-, and 160-ms interstimulus
intervals (ISI). (B) Group data for fEPSP recordings before and after tetanus (100 Hz) application. The difference between synaptopodin mutant and wild-type
mice is significant (P � 0.01). Error bars, SEM; n, number of slices. (C) Group data for fEPSP recordings before and after theta burst (TBS; 100 Hz) application. Also
for TBS application the difference between mutant and wild-type mice is significant (P � 0.01; t test, two-sided). Error bars, SEM; n, number of slices. (D) Group
data for fEPSP recordings before and 3 h after TBS (100 Hz) application. L-LTP is also affected in synaptopodin-deficient mice. The difference between mutant
and wild-type mice is significant (P � 0.05; t test). Error bars, SEM; n, number of slices. Only slices that showed E-LTP were included in the analysis. (E and F) Single
experiment for a wild-type mouse (E) and a synaptopodin-deficient animal (F). Arrow, application of TBS (100 Hz). Sample fEPSP traces before and after TBS
application are displayed in Insets. Small letters next to the curve in the main graph indicate the time points at which the sample responses were taken.
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volved in mechanisms of synaptic plasticity resulting in func-
tional and structural changes at the synapses concerned (39, 40).
Because only a subpopulation of 	20% of the spines, typically
the mushroom-shaped ones, have a spine apparatus in the adult
(19), one might hypothesize that synapses containing a spine
apparatus may be primarily involved in processes of synaptic
plasticity. In the present study, we establish that LTP at Schaffer
collateral synapses is reduced in synaptopodin-deficient mice.
Future experiments will elucidate whether LTP at other syn-
apses (mossy fiber synapses), and other forms of synaptic plas-
ticity (long-term depression), are also affected in this mutant.
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Fig. 5. Learning defects in synaptopodin-deficient mice. (A) Locomotor activity in the open field. Bars indicate mean numbers (�SEM) of line crossings. Mutant
mice (n � 9) show less locomotor activity than wild-type controls (n � 10). (B–D) Anxiety-related behavior in the elevated plus maze. Frequency of closed (B) and
all (C) arm entries (mean � SEM). The ratio of entries into closed arms versus all arms is illustrated in D. Note that mutant mice (n � 9) are less anxious than wild-type
controls (n � 10), and that this difference is not caused by reduced locomotor activity. (E) Spatial learning in the radial arm maze. Mean numbers (�SEM) of spatial
working memory errors of wild-type (n � 16; dots) and mutant (n � 14; triangles) mice during the 5-day training period. From day three on, mutant mice show
significantly more failures than wild-type mice (*, P � 0.05).
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