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FIG. 6. Reduced axonal growth in PAK1/PAK3 DK mice. (A) Brain sections stained for myelin showing thinner white matter tracts in the DK
mice. Scale bar, 2 mm. (B) Hippocampal sections stained for the axon-specific protein phospho-neurofilament (pNF) revealing reduced pNF
fluorescence intensity in the CA1 area (arrow) in the DK mice. Scale bar, 300 wm. On the right are enlarged CA1 dendritic areas revealing reduced
axonal fragments in the DK section. Scale bar, 50 um. (C) Hippocampal sections stained for the presynaptic marker synapsin (syn). Scale bar, 300
pm. (D) Summary data showing reduced fluorescence intensity of myelin and pNF but not of synapsin in the DK mice (» = number of brain
sections). (E) Cultured hippocampal neurons stained at DIVs 3, 7, and 21 for pNF (green) and F-actin (red) showing reduced axonal growth in
DK neurons. Scale bars, 50 pm. (F to H) Summary data showing reduction in both total axon length (F) and branching points (G) but not in

average branch length (H) in the DK neurons (z = number of neurons).

fluorescence in the Schaffer collateral area in the DK mice
(normalized pNF immunofluorescence intensity, DK =
42.9% = 3.2% of WT, P < 0.0001) (Fig. 6B and D). In con-
trast, despite the drastic reduction in pNF staining fluores-
cence, the relative fluorescence intensity of the presynaptic
marker synaptophysin was significantly increased in the DK
brain (ratio of synaptophysin to pNF fluorescence intensity,
DK = 214% =+ 7.5% of WT, P < 0.0001) (Fig. 6C and D). The

relative increase in synaptophysin expression in the DK mice
was similar to that of postsynaptic glutamate receptors (Fig. 4A
to D), suggesting altered synaptic properties (see below). To
further determine the nature of the axonal deficit, we again
used cultured hippocampal neurons costained for pNF and
F-actin to track the development of the axons (Fig. 6E to H).
Both WT and DK neurons had only one primary axon,
indicating that axon specification is not disturbed. However,
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at days 3 and 7, the DK neurons showed a clear reduction in
both total axon length (on day 3, WT = 1,426 = 75 pm,
DK = 451 £ 40 pm, P < 0.0001; on day 7, WT = 3,230 *
131 pm, 1,340 = 52 wm, P < 0.0001) (Fig. 6F) and the
number of branching points (on day 3, WT = 4.12 = 0.33,
DK = 1.48 = 0.20, P < 0.0001; on day 7, WT = 7.50 = 0.40,
DK = 3.77 = 0.26, P < 0.0001) (Fig. 6G). The effect on the
mean length of individual branches was mild and not signif-
icant (Fig. 6H), suggesting that the primary role of PAKI1
and PAK3 in axonal development is to promote axonal
branching.

In clear contrast to the neuronal defects, analysis of glial
cells in hippocampal sections stained for the glia-specific
marker GFAP indicated that the morphologies of these cells
were indistinguishable between WT and DK mice (cell body
area, WT = 55.6 = 2.5 um?, DK = 56.7 + 3.6 pm?, P > 0.05;
number of primary processes, WT = 5.7 = 0.2, DK = 54 *
0.4, P > 0.05; total process length, WT = 121 * 1.9 wm, DK =
124 = 2.2 wm, P > 0.05). Thus, the morphological defects in
the DK mice are specific to the neurons.

Taken together, these results indicate that PAK1 and PAK3
are critically required for dendritic/axonal branching, which
likely represents a key mechanism by which PAK1 and PAK3
promote postnatal brain enlargement.

Enhanced basal synaptic transmission and reduced synap-
tic plasticity in PAK1/PAK3 DK mice. To investigate the func-
tional consequences of reduced neuronal complexity and
smaller brain on neuronal and synaptic properties, we per-
formed electrophysiological recordings in the CAl region of
the hippocampus. First, we analyzed the membrane properties
of CA1 neurons using whole-cell recordings and found that,
compared to WT neurons, the DK neurons exhibited increased
input resistance and reduced current injections needed to elicit
an action potential (Fig. 7A and B). These changes are con-
sistent with the morphological data showing that the DK neu-
rons are smaller and simpler than WT neurons. The resting
membrane potential, access resistance, threshold to fire an
action potential, or the amplitude of the action potential were
not affected (Fig. 7C to E). Second, we evaluated basal synap-
tic strength at CAl synapses by stimulating the Schaffer col-
lateral fiber. Input-output curves of field excitatory postsynap-
tic potentials (fEPSPs) showed drastically enhanced responses
over a wide range of stimulus intensities in DK slices (Fig. 7F
to H). The enhanced synaptic transmission was surprising be-
cause of the markedly reduced dendritic arbors and axons,
which could predict fewer synapses and thus reduced synaptic
responses. In contrast to the elevated basal synaptic function,
the DK mice were impaired in synaptic plasticity. Both long-
term potentiation (LTP) and depression (LTD) were signifi-
cantly attenuated in DK mice (Fig. 71 to K). In particular, both
NMDA receptor-dependent (Fig. 7J) and metabotropic gluta-
mate receptor-dependent (Fig. 6K) LTD were nearly com-
pletely abolished in the DK mice (WT = 72.8% * 4.6%, DK =
88.8% * 3.9%, P < 0.024, and WT = 79.3% * 1.7%, DK =
94.5% = 2.9%, P < 0.001, respectively). These results indicate
that the reduced neuronal complexity has profound effects on
overall basal synaptic efficacy and ability to undergo bidirec-
tional synaptic plasticity. Since both LTP and LTD are thought
to be important cellular mechanisms underlying learning and
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memory (35), their deficits may contribute to the cognitive
deficits of the DK mice.

Reduced synapse density but enlarged individual synapses
in PAK1/PAK3 DK mice. To determine how the reduced den-
dritic arbors and axons lead to enhanced basal synaptic trans-
mission, we first analyzed the properties of the dendritic spine,
the major site of excitatory synaptic input. Analyses of cortical
and hippocampal pyramidal neurons with Golgi impregnation
revealed that the DK mice were profoundly altered in spine
morphology (Fig. 8A and B). For example, the DK mice had
significantly fewer mushroom-shaped spines than the WT mice
(WT =48.7% = 3.2%, DK = 20.0% = 1.5%, P < 0.0001) (Fig.
8C), more filopodia (WT = 8.4% = 1.0%, DK = 27.3% =
2.1%, P < 0.0001) (Fig. 8C), reduced head/neck ratios (Fig.
8D), smaller spine head areas (Fig. 8E), and increased spine
length (Fig. 8F). In particular, the DK neurons displayed over
a 10-fold increase in the number of uncommon spines charac-
terized by the existence of spine protrusions or branches on the
spine head (WT = 1.31% = 0.05%, DK = 15.33% = 1.12%,
P < 0.0001) (Fig. 8B and C). The density of the total dendritic
protrusions (including all types of spines), however, was not
significantly altered in DK mice (number of spines per 10-pm
dendritic segment, WT = 7.02 = 0.25, DK = 6.60 = 0.22, P =
0.24). Analysis of cultured hippocampal neurons prepared
from the DK mice also showed similar spine deficits. These
results indicate that PAK1 and PAK3 are essential for normal
spine morphology.

To further investigate the effect of PAK1/PAK3 deletion on
synaptic properties, we analyzed both synapse density and the
structure of individual synapses. Immunostaining experiments
showed that the relative levels of both postsynaptic glutamate
receptors (Fig. 4) and presynaptic marker synaptophysin (Fig.
6) were elevated in the DK hippocampal area, suggesting that
either the synapse density and/or synaptic properties of indi-
vidual synapses are enhanced. The former possibility is un-
likely given the reduced dendritic arbors/axons and normal
spine density per unit of dendrite in the DK mice. To confirm
this, EM thin sections of the hippocampal CA1l area were
obtained and analyzed. As shown in Fig. 9, the density of
asymmetric synapses (Fig. 9A, arrowheads) (identified by the
presence of postsynaptic density [PSD] apposed to presynaptic
vesicles) was indeed significantly reduced in the DK sections
compared to that of the WT sections (WT = 34.63 = 0.94/100
pwm?, DK = 26.28 + 0.71/100 wm?, P < 0.001) (Fig. 9A and C).
However, analysis of the PSD length indicated that the size of
PSD was significantly increased in the DK mice (Fig. 9A and
B). To further examine the property of individual synapses, we
analyzed cultured neurons costained for the combination of
the presynaptic marker synaptophysin, postsynaptic glutamate
receptor GluR2/3, the spine marker F-actin, and the axonal
marker pNF. WT neurons were characterized by complex ax-
onal networks interposed with elaborate dendritic trees, with
more but relatively weaker synaptophysin puncta (Fig. 9D,
left), whereas the DK neurons had simpler axonal networks
interposed with less-complex dendritic trees with apparently
larger and stronger synaptophysin-stained puncta (Fig. 9D,
right). Analysis of randomly selected dendritic segments
showed that although the numbers of synaptophysin puncta
per unit of dendritic length were the same between WT and
DK neurons (WT = 6.9 = 0.3/10 pm, DK = 6.9 = 0.2/10 pm,
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FIG. 7. Enhanced basal synaptic strength and impaired synaptic plasticity in PAK1/PAK3 DK mice. (A to D) Whole-cell recordings of CA1
pyramidal neurons showing increased input resistance (A) and decreased current injections to elicit an action potential (B) but normal resting
membrane potential (C), access resistance (D), and threshold potential to fire an action potential (E) in the DK neurons. (F to H) fEPSPs at CA1
synapse (F) and summary graphs (G and H) evoked by various stimulation intensities showing enhanced synaptic responses in the DK mice. (I,
J, and K) fEPSP recordings showing significantly reduced NMDA receptor-dependent LTP induced by high-frequency stimulation (4 times at 100
Hz, lasting 1 s each, arrow) (I), diminished NMDA receptor-dependent LTD induced by 1-Hz stimulation (15 min) (J, arrow), and the abolishment
of metabotropic glutamate receptor (mGluR)-dependent LTD induced by brief (10-min) application of 100 uM group I mGluR agonist DHPG

(K, bar). n = number of slices or neurons.

P = 0.94) (Fig. 9E and F), the sizes (or the mean intensities)
of the individual puncta were significantly increased in DK
neurons (Fig. 9G, WT = 0.4 = 0.02 um? DK = 0.8 = 0.04
wm?, P < 0.001). Furthermore, while most of the synapses (i.e.,
synaptophysin puncta colocalized with GluR2/3) in WT neu-
rons were found on the dendritic spine (spine synapse,
84.0% = 2.4%; shaft synapse, 14.9% *+ 1.6%), a greater pro-
portion of the DK synapses were formed on the dendritic shaft

(spine synapse, 43.7% = 1.5%; shaft synapse, 56.3% * 1.5%)
(Fig. 9H). Together, these morphological data indicated that
while the total number of synapses is reduced, the size of
individual synapses is increased in the DK mice. To confirm
that the functionality of individual synapses was also enhanced,
we analyzed miniature EPSCs (mEPSCs) of hippocampal CA1
neurons and found that both the frequency and amplitude of
mEPSCs were significantly higher in the DK slices than in the
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FIG. 8. Abnormal spine morphology in PAK1/PAK3 DK mice. (A,
B) Dendritic segments of CA1 neurons with Golgi impregnation show-
ing changes in spine morphology and presence of uncommon spines
with spine head branches/protrusions (arrows) in the DK mice. Scale
bars, 4 um. (C to F) Summary graphs showing reduced mushroom
spines with increased filopodia and uncommon spines (C), reduced
head/neck rations (D), reduced spine head size, and increased spine
length (F) in the DK mice. n = number of spines from three animals
per genotype.

WT slices (frequency, WT = 0.17 = 0.02 Hz, DK = 0.26 = 0.01
Hz, P < 0.001; amplitude, WT = 12.85 = 0.32 pA, DK =
15.06 = 0.71 pA, P < 0.01), suggesting that both transmitter
release and postsynaptic responses are elevated in the DK
mice. A change in presynaptic function in the DK mice is also
supported by decreased paired pulse facilitation in the DK
slices (data not shown). Taken together, these results indicate
that reduced neuronal complexity has profound effects on syn-
apse development and function, with reduced synapse number
but enhanced potency of individual synapses.

Enhanced cofilin activity and perturbed actin network. Fi-
nally, to elucidate the molecular mechanisms underlying the
structural and functional deficits in PAK1/PAK3 DK mice, we
analyzed a number of proteins that might be affected by PAK1
and PAK3. Western blot analysis of protein lysates from whole
brain as well as from isolated brain areas (e.g., hippocampus or
cortex) showed that despite brain volume reduction, the total
protein level of the tested molecules showed no significant
alterations in the DK mice (Fig. 10A). However, the basal level
of phosphorylated (inactive) cofilin (p-cofilin) was markedly
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reduced (p-cofilin/cofilin, DK = 23.5% * 3.3% of WT, P <
0.0001 compared to WT; total cofilin, DK = 98.5% = 2.1% of
WT), suggesting that cofilin activity is enhanced in the DK
brain. It is important to stress that neither the basal level of
p-cofilin nor total cofilin was altered in PAK1 or PAK3 sin-
gle-KO mice (7, 39), indicating that PAK1 and PAK3 are
functionally redundant in regulating cofilin phosphorylation in
the brain. Immunohistochemical staining of brain sections also
showed that the level of p-cofilin, but not the level of the total
protein, was significantly reduced throughout the DK brain
(Fig. 10B). It is interesting to note that cofilin expression in the
WT animals was detectable throughout the brain but particu-
larly enriched in white matter regions (Fig. 10B, arrowheads),
whose volume reductions were particularly striking in the DK
brains (Fig. 1). Consistent with enhanced cofilin activity, the
amount of F-actin was significantly reduced (CA1 phalloidin
intensity, WT = 100% = 1.6%, DK = 69.7% * 1.7%, P <
0.0001) (Fig. 10C). In cultured hippocampal neurons, F-actin
intensity was much higher in actively growing processes in
young neurons (day 7) and in the dendritic spines of mature
neurons (day 21) than in the adjacent dendritic shaft, whereas
in DK neurons, the spine and shaft F-actin intensities were
similar (Fig. 10D and E). Moreover, abnormal clusters of F-
actin were frequently observed along DK dendrites (Fig. 10D,
arrowheads). These results indicate that PAK1 and PAK3 are
essential for proper cofilin-mediated F-actin distribution in
neuronal processes and suggest that enhanced cofilin activity
may contribute to the neuronal deficits in the DK mice. To test
this possibility, we treated the DK neurons with a short cell-
permeable peptide, pS3. This phosphopeptide is derived from
the N-terminal sequence of cofilin containing the phosphory-
lation site (serine 3) and has been shown to reduce cofilin
activity by blocking cofilin phosphatases (1, 62). As shown in
Fig. 10F and G, pS3 treatment (40 pg/ml, 2 h) significantly
reduced the spine length of the DK neurons compared to the
control peptide treatment (control = 3.42 = 0.09 um, pS3 =
2.63 = 0.04 pm, P < 0.001). pS3 had no significant effects on
the spine length in WT neurons. These results argue that
enhanced cofilin function contributes to the spine deficits in
the DK mice.

DISCUSSION

Postnatal brain growth in mammals is critical for attaining
normal brain size and function, but the underlying mechanisms
are poorly understood. In this study, we provide multiple lines
of evidence indicating that neuronal size and complexity reg-
ulated by PAK1/PAK3-dependent actin cytoskeleton is a key
factor responsible for postnatal brain growth and normal brain
size. Reduced neuronal complexity has severe effects on syn-
aptic properties, which may underlie the cognitive deficits as-
sociated with the DK mice.

It is well documented that human microcephaly is associated
with mental retardation and other psychiatric and neurological
deficits. However, the relationship between brain size and its
cognitive significance in mice is difficult to interpret, because
the reduced brain size in mice is often accompanied by abnor-
malities in gross brain structures, total neuronal loss, and/or
altered cellular organization (16, 40, 41, 45). Animal models
displaying clearly defined postnatal growth defects but with
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normal structure and neuronal organization are rare. One such
mouse model might be the genetically altered mice lacking the
expression of the Rett syndrome gene MECP2 (6, 14, 22).
However, these mutant mice display complex neurological
symptoms, which ultimately result in death. In addition, the
brain size reduction in MECP2 mutant mice is small (—10 to
15%) and is not specific to the brain, because the overall body
weight is also reduced. In contrast, the PAK1/PAK3 DK mice

display (i) a dramatic and specific postnatal reduction in brain
size, (ii) an early defect that coincides with rapid postnatal
brain enlargement, (iii) a normal life span and viability without
neurological defects, and (iv) a normal brain anatomy and
cellular organization. These features make PAK1/PAK3 DK
mice a unique and robust model for studying postnatal brain
enlargement and its relation to cognition. Accordingly, we
show that the DK mice are severely affected in a number of



402 HUANG ET AL.

behaviors, including learning and memory, indicating the crit-
ical importance of normal brain size in proper brain function.

A considerable amount of work has been done in both hu-
mans and animals to investigate the cellular and molecular
mechanisms underlying embryonic brain development. It is
now well accepted that generation and migration of the neu-
rons are the primary mechanisms responsible for prenatal
brain growth (8, 41, 45), and many molecules involved in these
processes have been identified. Notably, these include micro-
cephalin (MCPH1), cyclin-dependent kinase 5 regulatory-as-
sociated protein 2 (CDK5RAP2), centromere-associated pro-
tein J (CENPJ), and abnormal spindle-like microcephaly-
associated protein (ASPM), whose genetic defects are linked
to human primary microcephaly and cortical malformations
(16, 41). In contrast, relatively few studies have been devoted
to postnatal brain enlargement. The results of the present
study provide important insights in this respect. In PAK1/
PAK3 DK mice, despite a marked reduction (—38%) in brain
volume/weight, the change in the total brain cell number is
minimal (—10%), indicating that the number of cells is not
sufficient for normal postnatal brain growth. However, neuro-
nal dendrites and axons are severely reduced in the DK mice.
Importantly, neither the number nor the morphology of glial
cells is affected in these mice. These results strongly argue that
neuronal complexity is a key determinant of postnatal brain
growth and attainment of normal brain volume.

The present study also provides a molecular basis for post-
natal brain growth and secondary microcephaly. A number of
previous studies have shown that molecules involved in meta-
bolic diseases are associated with secondary microcephaly, but
the defects are not specific to the brain, and the reduced brain
growth is thought to be caused by insufficient energy supply
due to the metabolic defects (e.g., see reference 49). Similarly,
although MEPC2 mutant mice show a mild secondary micro-
cephaly phenotype, exactly how this transcription regulator
affects postnatal growth remains unknown. Therefore, the
present study demonstrating that PAK1/PAK3-dependent sig-
naling is specifically required for in vivo neuronal growth and
postnatal brain enlargement is of particular importance be-
cause it provides a concrete molecular mechanism. In PAK1/
PAK3 DK mice, cofilin phosphorylation is reduced, and block-
ing cofilin activity rescues their spine deficits, suggesting that
cofilin-dependent actin regulation may mediate the effect of
PAK1/PAK3. However, it is unlikely that cofilin is the only
mediator of PAK1/PAK3 action, and further experiments are
needed to identify other potential targets. Since PAKs are
common downstream substrates of a number of signaling path-
ways, including those mediated by the Rho/Ras GTPases, neu-
rotrophins, and glutamate receptors (11, 34, 56, 60), and many
molecules involved in these pathways have been shown to be
important for activity-dependent neuronal morphogenesis in
vitro (54), it is possible that the PAK1/PAK3-dependent actin
reorganization may represent a converged mechanism by
which these signaling molecules regulate brain development.

The present study indicates that proper neuronal complexity
is critical for establishing normal synaptic connections and
functionality in the brain. In PAK1/PAK3 DK mice, although
synaptic connections are made, they are clearly different in
both structure and function. The increased PSD length in the
DK mice appears to be inconsistent with the reduction in the
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number of mushroom-shaped spines, which normally have a
large PSD. One possible interpretation is that more synapses
are formed on the dendritic shaft or along the neck of the spine
in the DK mice. Another possibility is that although the spine
heads are smaller in the DK mice, their PSD occupies a rela-
tively larger proportion of the spine head area compared to the
WT mice. Therefore, the PSD size does not necessarily corre-
late positively with the size of the spine head. Although the
PSD enlargement may account for enhanced synaptic re-
sponses in the DK mice, other neuronal alterations, including
increased membrane resistance, may also contribute to the
functional enhancement. In addition to basal synaptic changes,
the impairments in long-lasting synaptic plasticity are also
prominent in the DK mice. The mechanisms responsible for
the reduced bidirectional synaptic plasticity are not clear but
may be related to the altered basal synaptic properties and
reduced neuronal complexity. Although PAKI1/PAK3 may
function at mature synapses to directly regulate synaptic plas-
ticity, this is not likely the main reason to account for altered
synaptic properties in the DK mice; manipulations of PAKSs in
adult animals (i.e., without altering neuronal dendrites/axons
or brain size) produce no effects on basal synaptic strength and
much milder effects on synaptic plasticity and behavioral re-
sponses (9, 10, 24). Therefore, we conclude that PAK1 and
PAK3 control synaptic properties mainly through balancing
the development of proper neuronal complexity/size and indi-
vidual synaptic potency. In cultured neurons, dendritic com-
plexity regulated by catenins, potent regulators of actin dynam-
ics, has been shown to be inversely correlated with mEPSC
amplitudes (47). Thus, coordinated changes in dendritic mor-
phology and unitary excitatory synaptic strength appear to be
common mechanisms important for establishing a proper neu-
ral circuit both in vivo and in vitro.

In summary, our analysis of PAK1/PAK3 DK mice has pro-
vided the first in vivo evidence for PAKs mediating signaling in
coordinating neuronal complexity, synaptic properties, and
postnatal brain enlargement. Reduced brain size due to sim-
plified neuronal dendrites/axons has severe effects on synapse
development and function, which may underlie the behavioral
and cognitive deficits associated with microcephalic patients.
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