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Two profilin isoforms (PFN1 and PFN2a) are expressed in the mamma-
lian brain. Although profilins are essential for regulating actin
dynamics in general, the specific role of these isoforms in neurons
has remained elusive. We show that knockdown of the neuron-specific
PFN2a results in a significant reduction in dendrite complexity and
spine numbers of hippocampal neurons. Overexpression of PFN1 in
PFN2a-deficient neurons prevents the loss of spines but does not
restore dendritic complexity. Furthermore, we show that profilins are
involved in differentially regulating actin dynamics downstream of the
pan-neurotrophin receptor (p75"™), a receptor engaged in modulat-
ing neuronal morphology. Overexpression of PFN2a restores the mor-
phological changes in dendrites caused by p75"™® overexpression,
whereas PFN1 restores the normal spine density. Our data assign spe-
cific functions to the two PFN isoforms, possibly attributable to differ-
ent affinities for potent effectors also involved in actin dynamics,
and suggest that they are important for the signal-dependent fine-
tuning of neuronal architecture.
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N euronal plasticity depends on functional changes at synapses
and, additionally, on the spatial and temporal modulation of
neuronal architecture, which is induced by the transmission of ex-
ternal signals to the cytoskeleton. Among the proteins engaged in
the organization of the actin cytoskeleton are profilins (1) that bind
to monomeric actin, polyproline-stretch proteins, and membrane-
bound phospholipids (reviewed in ref. 2). In the mammalian brain,
two different profilin isoforms are found: profilin 1 (PFN1), which
is ubiquitously expressed in all eukaryotic cells, and profilin 2a
(PFN2a), which is tissue-restricted and shows its highest expression
level in the brain (3, 4). The cell- and tissue-specific role of profilins
remains poorly understood. In particular, the precise function of
neuronal PFN2a is still unclear. Recent evidence points to pre- and
postsynaptic functions of both isoforms. Experiments with cultured
hippocampal neurons revealed activity-dependent targeting of
PFN1 (5) and PFN2a (6) into spines of excitatory neurons. Fur-
thermore, Lamprecht et al. (7) demonstrated a stimulus-dependent
accumulation of profilin, without isoform specification, in spines of
neurons in the rat amygdala. In addition, NMDA receptor activa-
tion was seen to correlate with changes in spine morphology, a
process apparently involving PFN2a, RhoA, and the RhoA-specific
kinase ROCK (8). In contrast, data derived from a KO mouse in-
dicate that PFN2a acts presynaptically, by controlling vesicle exo-
cytosis and presynaptic excitability (9). The aim of the current
study was to unravel the physiological role of PFN2a in regulating
dendrite morphology and spine stability of mature pyramidal
neurons. We used a loss-of-function approach inducing RNAi-
mediated knockdown of PFN2a in hippocampal neurons. Fur-
thermore, we investigated whether PFN2a might be involved in the
regulation of actin dynamics downstream of known effectors of
neuronal morphology, such as the pan-neurotrophin receptor p75
(p75N™) in the adult nervous system (10, 11). We found that on
knockdown of PFN2a, the number of both dendrites and spines is
significantly reduced in hippocampal pyramidal neurons. The de-
fective phenotype is reversed after reintroduction of PFN2a. Con-
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comitant expression of PFN1 rescued the loss of spines but did
not restore dendritic complexity. The differential effects of the two
isoforms reside in their participation in two different actin signaling
pathways. Coexpression experiments with p75N'™® and profilins
revealed that PFN1 and PFN2a cooperate in preventing p75™ <-
dependent morphological alterations. These findings demonstrate
that PFN2a indeed plays a crucial role in the maintenance of
dendritic structure in mature hippocampal neurons and exerts
PFNI1-independent as well as redundant functions.

Results

Knockdown of PFN2a Reduces Dendritic Complexity of CA1 Pyramidal
Neurons. A vector-based RNAI approach was used to unravel the
specific function of PFN2a in dendrite morphology and spine sta-
bility of hippocampal CAl neurons. Knockdown of PFN2a by the
vector short hairpin PFN2a (shPFN2a) (Fig. S14) was confirmed in
primary hippocampal neurons by immunocytochemistry using
a PFN2a-specific antibody (12) and quantified as a reduction in
PFN2a protein level of 73.3 + 2% (SI Text and Fig. S1 C and D). To
analyze fully developed principal neurons (13), organotypic hippo-
campal cultures were transfected at 7 d in vitro and imaged 1, 5, and
9 d posttransfection. Five days after transfection with shPFN2a,
CA1 neurons showed a pruning of already existing dendrites that
was not observed in control cells transfected with farnesylated GFP
(fGFP) only (Fig. 1.4 and B, arrows). The changes in dendrite struc-
ture remained stable until the last imaging time point. Quantifica-
tion of changes in dendritic length (approximately the proximal 400
pm of the apical dendrite) revealed a 32% reduction compared with
control cells (Fig. 1C). To analyze changes in dendrite structure in
detail, we fixed transfected cells 7 d posttransfection and performed
a Sholl analysis, plotting the number of dendritic branches in re-
lation to their distance from the neuronal soma. Both apical and
basal dendrites of shPFN2a-transfected CAl neurons displayed
a significant reduction of dendritic intersections when compared
with control cells (Fig. 24). Expression vectors against luciferase
(shRNA against firefly luciferase, sifluc) or expressing f{GFP alone
were used as controls. Because no significant differences between
the two control conditions were observed (Fig. S2), the results of
the two approaches were combined.

In a second set of experiments, we used a gain-of-function ap-
proach by overexpressing YFP-PFN2a for 48 h driven by a truncated
CMV promoter. The overexpression was quantified to approxi-
mately 4-fold of the endogenous protein. These cells showed a slight
but nonsignificant increase in overall dendritic complexity. A de-
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Fig. 1. Pruning of dendrites in shPFN2a-expressing cells. Hippocampal slice

cultures were biolytically transfected with shPFN2a (A) or fGFP (B) at 7 DIV, and
CA1 neurons were imaged at the indicated time points. Five days post-
transfection (dpt), pruning of previously existing apical dendrites was observed
in shPFN2a-expressing cells (arrows) that was not detectable in neurons trans-
fected with fGFP. Changes in dendritic structure remained stable up to dpt 9. (C)
Dendritic loss was quantified by measuring the first ~400 pm of the apical
dendrite at 1 and 9 dpt. Profilin2a-deficient neurons lost 32% of dendritic length,
whereas the length of control cells was unaltered during the imaging period.
(***P < 0.001) (Scale bar: A, 50 um.)

tailed Sholl analysis confirmed this impression for the basal as well
as apical dendritic compartment (Fig. S34).

In summary, our gain- and loss-of-function experiments dem-
onstrate that PFN2a is an important regulator of CAl pyramidal
neuron morphology in the mature hippocampus.

PFN2a Controls Spine Stability in CA1 Pyramidal Neurons. According
to a previous report (6), PFN2a is targeted to dendritic spines in an
activity-dependent manner and stabilizes these structures, thus in-
terfering with structural plasticity. Therefore, we analyzed dendritic
spine density changes in PFN2a-deficient cells. Detailed spine
density counts were performed for the different dendritic com-
partments—basal dendrites as well as proximal and distal apical
dendritic compartments—on CAl pyramidal neurons fixed 7
d posttransfection. As for dendritic complexity, we found PFN2a to
be important for spine maintenance. Specifically, shPFN2a-trans-
fected neurons showed a significantly reduced spine density in the
basal and proximal apical dendritic compartments (Fig. 2 B and C,
spine P values provided in Table S1). Total spine density, too, was
significantly reduced in shPFN2a-expressing CAl neurons as com-
pared with control cells (Fig. 2C). Neurons overexpressing PFN2a
showed no significant alterations in the number of spines. However,
a slight reduction in spine number could be observed in the basal
dendritic compartment (Fig. S3B), whereas the spine density of the
apical compartment and total spine density were unaltered in
comparison with control neurons (Fig. S3B). Hence, spine mainte-
nance requires a precisely regulated level of PFN2a.

PFN1 Does Not Compensate for the Reduction in Dendritic Complexity
but Restores Spine Density After PFN2a Knockdown. We then ana-
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Fig. 2. Spine density is reduced in shPFN2a-transfected CA1 neurons. (A)
Dendritic complexity of basal and apical dendrites was compared between
control neurons (n = 25) and shPFN2a-transfected cells (n = 11) using Sholl
analysis. (B) High-resolution images of representative basal dendrites of cells in
organotypic cultures expressing fGFP or shPFN2a. (C) Spine density of control
cells as well as cells expressing shPFN2a. *P < 0.05; **P < 0.005. (Scale bar: 5 pm.)

lyzed whether the effects observed following knockdown of PFN2a
could be reversed by introducing an RNAi-resistant PFN2a mutant
(Fig. S14). CA1 neurons transfected with shPFN2a and the RNAi-
resistant PFN2a-mod (shPFN2a-mod) showed an overall normal
dendritic morphology (Fig. 34). Specifically, the Sholl analysis of
the apical dendritic compartment yielded data not significantly
different from control cells, whereas in the basal dendritic com-
partment, only the region 30-50 pm from soma was significantly
reduced (Fig. 34). Moreover, the spine density of shPFN2a-mod-
transfected cells was almost identical to control spine numbers
(Fig. 341). These results underline that the vector-transfected cells
synthesize PFN2a protein faithfully and that the effects of PFN2a
knockdown on neuronal morphology are specific for PFN2a and
not an unspecific consequence attributable to the RNAi approach.
To investigate whether the morphological alterations seen in
neurons following PFN2a knockdown are specific for this isoform,
we replaced endogenous PFN2a with YFP-PFNI1 in hippocampal
pyramidal neurons (Fig. 3B). The dendritic morphology of CA1l
neurons showed an almost identical phenotype to those transfected
with shPFN2a alone. In both, the basal and apical compartment
dendritic complexity was significantly reduced as compared with
cells transfected with control plasmids (Fig. 3B, gene replacement
PFN1). However, the loss of spines observed in shtPFN2a-transfected
cells did not occur in cells overexpressing PFN1, because spine
numbers were similar to control levels (Fig. 3B1).
PFN1 and PFN2a Can Compensate for Discrete Aspects of p75"T"-
Dependent Morphological Alterations in Primary Hippocampal
Neurons. We then asked whether PFN2a could act as a link be-
tween signaling of surface receptors located at the membrane and
the actin cytoskeleton. Several receptors are known to be involved
in the regulation of neuronal morphology not only during de-
velopment but in the adult nervous system. Receptors for neuro-
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Fig. 3. PFN1 cannot rescue the shPFN2a-dependent reduction in dendritic
complexity. Sholl analysis (4) and spine density (A7) of CA1 pyramidal neu-
rons in organotypic slice cultures expressing a polycistronic construct con-
taining shPFN2a and PFN2a-mod, an RNAi-resistant PFN2a mutant (PFN2a
mod, n = 17). Sholl analysis (B) and spine density (B7) of CA1 pyramidal
neurons in organotypic slice cultures expressing a polycistronic construct
containing shPFN2a and PFN1 (PFN1, n = 16). Remarkably, coexpression of
PFN1 does not prevent the significant reduction in dendritic complexity in-
duced by the knockdown of PFN2a but it prevents the reduction in spine
density. *P < 0.05, **P < 0.005.

trophic factors [NGF, BDNF, neurotrophin (NT) 3, and NT4/5]
are well-known modulators of neuronal morphology; thus, we
chose p75N™ as a candidate molecule. Overexpression of this
receptor in primary hippocampal neurons induces a reduction of
dendritic complexity in the proximal dendritic compartment (11),
quite similar to CA1 cells depleted of PFN2a by shPFN2a trans-
fection. In addition, p75™ " has been shown to affect the activity of
the small GTPase RhoA (14, 15), which, in turn, regulates den-
dritic branching and spine density (reviewed in ref. 16).

Because it has been reported in p75"™® KO mice (11) that
dendritic complexity and spine density in pyramidal hippocampal
neurons are increased, we wondered whether there might be
a direct connection between the levels of p75™'® and profilins
and whether mice lacking p75™™® might compensate for their
neuronal defects by up-regulation of _lproﬁlins. We found that
both isoforms are up-regulated in p75™'® KO mice (Fig. S4). We
first transfected primary hippocampal neurons with p75™ R,
These neurons showed no signs of degeneration as swellings or
retraction bulbs but displayed a significant simplification of the
dendritic tree as indicated by a reduction in the number of
dendritic endings when compared with control cells (Fig. 4 A-C,
details provided in Table S2). The overexpression of p75™ '} as
well as profilin isoforms was verified by immunocytochemistry.
We then asked whether the expression of PFN2a would be suf-
ficient to rescue the p75™ R-mediated loss of dendrites. Indeed,
when p75™™ and PFN2a were overexpressed in the same cells,
the number of dendrites was identical to that of control neurons
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Fig. 4. PFN2a but not PFN1 can compensate for p75"™"-dependent dendritic
loss in primary hippocampal neurons. Neurolucida reconstructions of primary
hippocampal neurons (21 DIV) expressing fcherry. (A) Control cell expressing
fcherry only and a hippocampal neuron transfected with p75"™ and fcherry.
(B) Histograms showing the number of dendritic endings and spine density of
neurons expressing only fcherry as a control, p75N™®, PFN2a, or PFN2a and
p75NTR. (C) Histograms showing the number of dendritic endings and spine
density of cells transfected with fcherry as a control, p75N™®, PFN1, or PFN1
and p75N™R. *P < 0.05; **P < 0.01; ***P < 0.001. (Scale bar: 100 pm.)

(Fig. 4B). Furthermore, the expression of PFN2a in dissociated
cultures mimicked the increase in dendrite number as observed
in organotypic cultures (Fig. 4B). The overall dendritic length was
not affected by either treatment. Because the level of p75~'™® is
also negatively correlated with the number of dendritic spines
(11), we then quantified sgl)jne numbers of control cells and
neurons overexpressing p75™ "%, PFN2a, or both proteins. As
expected, the number of spines on p75™ R-overexpressing cells
was significantly reduced (Fig. 4B). Notably, and in contrast to
the dendritic phenotype, p75" 'R-dependent spine loss was not
rescued by overexpressing PFN2a within the same neurons
(Fig. 4B). Moreover, spine numbers in neurons overexpressing
PFN2a alone were also significantly reduced (Fig. 4B). Taken
together, our results show that in primary hippocampal neurons,
PFN2a is able to compensate for the reduction in dendritic
complexity induced by p75N™® overexpression, whereas the
p75" ™ induced loss of spines is not prevented. To determine
whether this reversal of p75™ ' R-dependent morphological
alterations is PFN2a-specific, we expressed PFN1 alone in h"IiB_
pocampal neurons as well as PFN1 together with p75™'X.
Analysis of the total dendritic endings revealed that PFN1 could
not restore the dendritic simplification induced by p75™'R

Michaelsen et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1004406107/-/DCSupplemental/pnas.201004406SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1004406107/-/DCSupplemental/pnas.201004406SI.pdf?targetid=nameddest=ST2
www.pnas.org/cgi/doi/10.1073/pnas.1004406107

L T

/

1\

BN AS  DNAS P

overexpression (Fig. 4C). Moreover, overexpression of PFNI
alone significantly reduced the number of dendrites when com-
pared with control neurons (Fig. 4C). Surprisingly, we found the
number of spines in p75N™ and PEN1 coexpressing neurons to
be similar to that in control cells (Fig. 4C), indicating that PFN1
can prevent the p75™ ' R-dependent loss of dendritic protrusions.
The expression of PFN1 alone did not lead to a significant
change in spine number (Fig. 4C).

To address the question of which molecular mechanisms could
account for the differential role of the two profilin isoforms in
actin-based neuronal architecture, we looked at their interaction
with actin nucleators. We focused on two members of the formin
family, both binding partners of profilins via their polyproline
stretch-containing FH1 domain (17, 18) and important media-
tors of actin polymerization (19), and analyzed their binding
affinity for the profilin isoforms. Although PFN1 and PFN2a
both reacted with FH1 of mDial in pull-down assays, coimmu-
noprecipitation revealed that in brain lysates, only PFN2a forms
complexes with mDia2 (Fig. S5).

In summary, we show that both profilin isoforms significantly
influence neuronal architecture but have complementary effects
on mature hippocampal neurons (working model illustrated in
Fig. 5). Whereas overexpression of PFN1 reduces the number of
dendrites but leaves spine numbers unaffected, overexpression of
PFN2a slightly increases dendritic complexity and leads to a loss
of dendritic spines at the same time. Reduction of the PFN2a
level by RNAi knockdown severely affects both dendritic com-
plexity and spine numbers. Furthermore, our results suggest dis-
crete roles for both profilin isoforms downstream of p75™ "X,

Discussion

The relevance of two different isoforms of profilin (PFN1 and
PFN2a) in the mammalian brain has been tackled in a number of
studies, especially because only PFN1 is essential for cell survival
(3). Although PFN2a is expressed predominantly in the brain,
PFN1 also shows high expression levels there, indicating that

%

/

d'g\ L

Fig. 5. Proposed model for the action of both profilin isoforms in different
neuronal compartments. Interactions of PFN1, PFN2a, and p75"™® shape
dendritic and spine morphology during processes of synaptic plasticity. The
three proteins react with different signaling pathways to regulate actin as-
sembly. PFN1 preferentially binds to PIP2 (26), PFN2a binds with the formin
mbDia2 (this study), and both interactions stimulate actin assembly, but the
actin assembly is directed to different neuronal compartments (single
arrows). In contrast, p75""R negatively controls the ROCK pathway (14, 15),
which modulates spine density and dendritic complexity. Both profilin iso-
forms and p75"™ communicate with each other (this study, double arrows),
and can thus influence each of the pathways. For reasons of clarity, the
known direct interactions between profilins and members of the ROCK
signaling cascade (RhoA and ROCK) are not included in this scheme.

Dendritic complexity

Michaelsen et al.

both proteins might have crucial but possibly distinct functions
(4). Interestingly, the ratios between the different isoforms vary
significantly among different brain regions. The ratio of PFN2a
to PFN1 is especially high in areas of the brain that show a high
amount of activity-dependent synaptic plasticity, such as the
hippocampus and cortex (20), but nowhere in the adult central
nervous system is either of them expressed alone.

Recent studies in PFN2a KO mice reported an overall normal
brain anatomy and neuronal morphology. Processes of func-
tional plasticity, such as long-term potentiation and long-term
depression, as well as learning were normal in these mice. These
findings led investigators to suggest a role for PFN2a in con-
trolling vesicle exocytosis (i.e., a presynaptic function) (9).
However, compensatory effects cannot be ruled out, as may be
concluded from the observation of an initial but transient in-
crease in the number of sprouting neurites from young PFN2a ™"~
neurons (21).

By using RNAi-mediated acute knockdown of PFN2a in ma-
ture pyramidal neurons, we were able to analyze the postsynaptic
role of PFN2a without possible compensatory effects. The
number of dendrites as well as spines was reduced in PFN2a-
deficient pyramidal neurons, suggesting that PFN2a plays a cru-
cial role in the actin-dependent stability of these structures. This
is consistent with studies in nonneuronal cells, where profilins
have been shown to increase the density of submembranous actin
networks, thereby stabilizing these dynamic structures (22, 23).
Thus, one might expect functional equivalence of both isoforms
in actin-based processes. Such an assumption is supported by
findings that PFN2a is the ubiquitously expressed form clearly
responsible for general actin-based motility in birds (12). Yet,
our data presented here show that functional equivalence be-
tween PFN1 and PFN2a is not the case in neurons: The decrease
in PFN2a-specific dendritic morphology could not be prevented
by replacement with exogenous PFN1, whereas spine density was
comparable to control levels. Thus, we see a specific function of
PFN2a in stabilizing dendrite architecture and a concerted ac-
tion of the two profilin isoforms in maintaining dendritic spines
(Fig. 5). These results, together with our findings demonstrating
a differential response to the activity of a surface receptor that
also controls neuronal architecture, indicate that PFN1 and
PFN2a differ in their interactions with the actin cytoskeleton.
Biochemical studies revealed that PEN1 and PFN2a have com-
parable affinities for actin (reviewed in ref. 24). Hence, rather
than being based on differences in direct profilin-actin in-
teraction, such diverse variability may concern differential af-
finities for the profilin partners that are also involved in
regulating the actin dynamics in neurons; for example, proteins
interacting with the polyproline binding site on profilins. Both
isoforms can form complexes with a variety of polyproline stretch
proteins (reviewed in ref. 2), but they might have differential
preferences. Indeed, different affinities for PFN1 and PFN2a
have been revealed for the polyproline stretch of SMN, a protein
vital for neuronal survival in mice and humans (25), and in
biochemical analyses of the complexes present in extracts of
murine brain, the polyproline motifs of the actin regulator Mena/
Vasp were found to be associated with PNF2a but not with PFN1
(4, 26). Furthermore, there is evidence for differential roles
of profilin isoforms in the performance of formins, a family of
powerful actin regulators (19). Formins drive the assembly of
actin bound to diverse profilin isoforms by significantly different
rates (27), and in Schizosaccharomyces pombe, the failure of
human PFNI1 to compensate for yeast profilin could be assigned
to an incompatibility with the respective yeast formin, indicating
that there are indeed isoform-specific differences in the in-
teraction of profilins with formins (28). Here, we show that only
PFN2a is bound to the formin mDia2 in brain lysates, whereas
PFN1 was not detectable in the corresponding immunoprecipi-
tates. On the other hand, for purified bovine profilins, it has
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already been shown that PFN1 has a higher affinity for the
membrane lipid PIP2 than PFN2a (26). Such differences may
well be the basis for differential actin filament assembly, as re-
quired for either dendritic complexity or spine density.

Both profilin isoforms considered here are also involved in
transmitting signals from the neuronal membrane downstream to
the actin cytoskeleton. A membrane-bound neurotrophin re-
ceptor, p75NTR, modulates the small GTPase RhoA, which binds
to mDial and can activate the Rho kinase ROCK (14, 15, 17, 18,
29). RhoA and ROCK have been shown to control actin stability
during neuritogenesis in a PFN2a-dependent manner (21). On
the other hand, PFN1 has been shown to influence neurito-
genesis in PC12 cells in a ROCK-dependent manner (30). Future
research will provide details about the signaling mechanism and
signaling partners involved.

Based on the information available and the data reported
here, we support the view that PFN1 and PFN2a are both im-
portant for actin-based neuronal plasticity. Their role in regu-
lating actin dynamics and in signaling involves discrete as well as
cooperative activities, and their role can be explained by the
following working model (Fig. 5): PFN1 preferentially binds to
PIP2 (26), whereas PFN2a interacts preferentially with the for-
min mDia2, as we show in this study (Fig. S5). We propose that
both interactions stimulate actin assembly but direct them to
different neuronal compartments. In contrast, p75~"'® negatively
controls the ROCK pathway (14, 15), which modulates spine
density and dendritic complexity. Taken together, both profilin
isoforms and p75™"™® communicate with each other, and can thus
influence each of the pathways. Consequently, this provides
neurons with a higher degree of flexibility for the fine-tuning of
structural plasticity in the response to extracellular signals.

Materials and Methods

Cell Culture. Organotypic slice cultures of postnatal day 5/6 mice (C57 BI/6)
were prepared as previously described (31). To reduce the number of non-
neuronal cells, antimitotic drugs (uridine, cytosine-p-p-arabinofuranoside-
hydrochloride and 5-fluoro-2’-deoxyuridine) were applied for 24 h 3 d after
preparation. Primary cultures of mouse hippocampal neurons were pre-
pared using mice (C57 BI/6) at embryonic day 18. Embryos were decapitated,
and the brains were kept in ice-cold Gey's balanced salt solution supple-
mented with glucose. Cells were plated at high density (10°) on poly-L-lysine—
coated coverslips (13 mm) and kept in Neurobasal medium (Gibco) sup-
plemented with 2% (vol/vol) B27 (Gibco) and 0.5 mM Glutamax (Gibco) at
37 °C, 5% (vol/vol) CO,, and 99% humidity.

Transfection. To visualize dendritic complexity, the neurons were transfected
with constructs carrying farnesylated forms of either enhanced GFP (fGFP)
(Clontech-Takara) or mcherry (fcherry) (32) under the control of a CMV
promoter. Coexpression of f{GFP and YFP-PFN2a or YFP-PFN1 was confirmed
by microscopy. Neurons expressing both plasmids were easily identified by
high fluorescence intensity in the neuronal soma attributable to fGFP at the
membrane and YFP in the cytoplasm. Organotypic cultures were transfected
at 7 and 12 days in vitro (DIV), respectively, using the Helios gene gun system
(Biorad). Bullet preparation was performed using a ratio of 2:1 (milligrams of
gold per microgram of DNA). Slices were transfected by shooting at a pres-
sure of 100 psi through tissue culture inserts with a pore size of 3 pm to
prevent gold clumps from damaging the cultures. Primary hippocampal
cultures were transfected using Lipofectamine 2000 (Invitrogen) following
the manufacturer’s instructions. As already observed, the efficiency of
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cotransfection using Lipofectamine 2000 was nearly 100%. Coexpression
was confirmed by immunocytochemistry.

Constructs. RNAi constructs were based on pRNATU6.3/Hygro (Genscript). For
PFN2a-specific knockdown ds oligodeoxynucleotide, GATCCGGATAACCTGA-
TGTGCGATGGCGAACCATCGCACATCAGGTTATCCTTTT was inserted into the
vector. GFP-cDNA was exchanged against fGFP-cDNA derived from pEGFP-F
(Clontech-Takara). For gene replacement, synthetic cDNAs encoding RNAi-
PFN2a-mod or human PFN1 (Geneart) fused to YFP were ligated into the
PFN2a-specific ShRNA vector. The expression of the YFP-profilin fusion pro-
teins was driven by a truncated CMV promoter (33). To generate recombi-
nant profilin, cDNAs of the profilin mutant were subcloned into pET21
(Novagen). The mouse full-length p75N™ cDNA [GenBank accession no.
BC038365 (11)] was inserted into pSP70 vector (Promega).

Immunocytochemistry and Immunoblotting. Organotypic (14 DIV) as well as
primary hippocampal (21 DIV) cultures were fixed over night at 4 °C with 4%
(wt/vol) formaldehyde and permeabilized with 0.2% Triton X-100 in phos-
phate buffer. All primary antibodies were incubated at 4 °C. Rabbit poly-
clonal anti-human p75"™ (Promega) was used at a dilution of 1:500 (3 d) for
organotypic cultures and 1:4,000 (overnight) on dissociated neurons.
Monoclonal mouse anti-PFN2a antibody (12) was diluted 1:100 for organo-
typic cultures (7 d) and 1:200 on dissociated neurons (overnight). Secondary
anti-mouse or anti-rabbit antibodies conjugated with Cy2, Cy3, or Cy5
(Jackson ImmunoResearch) were incubated 1:500 in PBS for 2 h at room
temperature. Immunoblotting was performed with Hela cell extracts after
SDS/PAGE. BiPro-tagged PFN1 was identified using anti-BiPro antibody as
described (34).

Image Acquisition and Analysis. For live imaging of organotypic hippocampal
cultures, the slices were transferred into modified HBSS (35) supplemented
with Fungizone (1.25 pg/mL, Gibco), penicillin (10,000 U/mL), and strepto-
mycin (10 mg/mL). Imaging was performed using an upright Olympus Cell*M
imaging station controlled by the Cell*M software and equipped with a 20x
0.8-N.A. objective (Olympus). After image acquisition, the cultures were
transferred back into the incubator in culture medium containing the same
antibiotics as above. Images of fixed neurons were acquired using an Axi-
oplan 2 Microscope (Zeiss) equipped with an Apotome (Zeiss) controlled by
Axiovision software (Zeiss). To cover entire CA1 neurons in the organotypic
cultures, several z-stacks with a slice interval of 1 um were acquired using
a 20x 0.8-N.A. Plan-APO objective (Zeiss). In dissociated cultures, plain
fluorescence images of hippocampal neurons were acquired. For analysis of
spine density in organotypic cultures, parts of basal and both proximal and
distal apical dendrites were imaged at a higher magnification with a 63x
1.4-N.A. Plan-APO oil immersion objective (Zeiss) and a z-stack thickness of
0.5 pm. In dissociated neurons, spines of secondary as well as tertiary den-
drites were imaged in the middle part of the dendritic tree using the same
settings as above. Morphological analysis was performed using Neurolucida
and Neurolucida explorer software (Microbrightfield). The values obtained
for Sholl analysis (36), spine density, or dendrite number and length were
exported to Excel (Microsoft) and Graphpad Prism (Graphpad Software, Inc.)
for statistical analysis using a paired Student’s t test (two-tailed and two-
sample unequal variance); significance was set at P < 0.05. For Sholl analysis,
data significance was considered only if more than two adjacent points
showed P values less than 0.05. All data are shown as the mean + SEM.
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