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p21H-rasvV*"? in Postmitotic Pyramidal
Neurons Results in Increased Dendritic
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ABSTRACT

The small G protein p21Ras is a critical molecular switch for relaying neurotrophic
actions and is essential for normal functioning and plasticity of the nervous system. In this
study, the morphogenetic effects of p21Ras were investigated on neurons in vivo. Morpho-
logical changes of layers II/III and Vb commissural pyramidal neurons of the primary
somatosensory cortex were analyzed in transgenic mice expressing permanently active p21H-
RasV?112 in postmitotic neurons. Pyramidal cells were retrogradely labelled with biotinylated
dextran amine and subsequently traced using Neurolucida. Compared with wild-type mice,
transgenic animals showed a significant increase in the surface area and volume of basal
dendrites on the proximal and intermediate segments in layers II/III and on further distal
segments in layer V. In addition, the surface area and volume of the trunk and of the proximal
segments of oblique branches of apical dendrites were enlarged in both layers. Sholl analyses
of basal and apical dendrites showed a significant increase in dendritic complexity of layer V
neurons. A positive correlation was observed between the size of the basal dendrite and the
neuronal soma size in the transgenic population, indicating that growth-promoting effects of
p21H-RasV#!!2 affect both cellular compartments in parallel. However, the dendritic surface
correlated with the number of tips and dendritic stem diameter in both wild-type and
transgenic populations, demonstrating that these relations represent rather conservative
design principles in dendritic morphology. The data presented here suggest an important role
of p21Ras-dependent signaling in the final differentiation and maintenance of dendritic
morphology. J. Comp. Neurol. 467:119-133, 2003.  © 2003 Wiley-Liss, Inc.
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Dendritic morphology is the structural correlate for
neuronal processing by determination of the number and
kinds of inputs a neuron receives. It was long considered
that dendrites passively transmit information toward the
soma, but recent evidence suggests that dendrites act as
dynamic integrators of synaptic input (Hausser et al.,
2000). Although dendritic architecture is intrinsically de-
termined to a considerable extent (Bray, 1973; Banker and
Cowan, 1979; Bartlett and Banker, 1984), recent studies
indicate that dendritic growth is remarkably dynamic and
responsive to different environmental signals, including
synaptic activity and guidance molecules (McAllister,
2000; Scott and Luo, 2001; Whitford et al., 2002). Signal-
ing from afferents (Rakic, 1975; Miller, 1981; Plaschke et
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al., 1995; Wong and Ghosh, 2002) and certain activity
patterns (Vaughn, 1989; Kleim et al., 1997) have been
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reported to fine tune dendritic growth and patterning, and
visual activity has dramatically promoted dendritic arbor
growth (Li et al., 2002; Sin et al., 2002). Effects of neuro-
trophins on cortical neurons have elicited special interest,
because they are a prerequisite not only for neuronal
development but also for the maintenance of functional
stability and plasticity in the adult nervous system
(Thoenen, 1995; Davies, 2000; Huang and Reichardt,
2001; McAllister, 2002). Neurotrophins regulate the
sprouting as well as the orderly growth and patterning of
dendritic trees in both the developing (McAllister et al.,
1995, 1996; Baker et al., 1998; Horch et al., 1999; Niblock
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et al., 2000; McAllister, 2002) and the adult (Horch and
Katz, 2002) neocortex. They help to establish specific den-
dritic designs according to certain activity patterns (Horch
et al., 1999) by enhancing and opposing effects on den-
dritic development (McAllister et al., 1997). Finally, neu-
rotrophins have been reported to reverse age-related
structural changes (Mervis et al., 1991), to prevent den-
dritic atrophy (Kolb et al., 1997a), and to stimulate neu-
ronal growth (Kolb et al., 1997b) in the adult nervous
system.

Both neuronal activity and neurotrophins guide dendritic
development via mechanisms involving GTPase-dependent
modulation of the actin cytoskeleton (McAllister, 2000; Li et
al., 2002; Sin et al., 2002). Special interest has been focused
on the small G proteins of the Rho family. They are known to
be powerful intracellular regulators of signaling pathways to
the actin cytoskeleton (Luo et al., 1997; Smith, 1999; Meyer
and Feldman, 2002) and are, therefore, in a perfect position
to mediate neurotrophic or activity-dependent effects on den-
dritic morphology (McAllister, 2000). Actually, RhoA and
also Cdc42 and Rac have been reported to regulate distinct
aspects of dendritic arbor growth and remodeling: RhoA
prevents dendrite formation and induces dendritic retrac-
tion, whereas Rac or Cdc42 activity increases dendritic
branch dynamics (Ruchhoeft et al., 1999; Nakayama et al.,
2000; Li et al., 2000, 2002; Redmond and Ghosh, 2001; Sin et
al., 2002).

Recent studies have drawn attention to the small G
protein p21Ras in dendritic growth (Holzer et al., 2001a,b;
Huang and Reichardt, 2003). As with other GTPases,
p21Ras regulates the phosphorylation of downstream ki-
nases that trigger cascade mechanisms resulting in the
regulation of enzymatic activities, ionic channels, cellular
morphology, and gene expression (Ahn, 1993; Nishida and
Gotoh, 1993; Heumann, 1994). Although p21Ras is a ubig-
uitous eukaryotic protein, its expression in brain is up

TABLE 1. Somal Perimeter and Somal Areas in Layers IV/III and V
(Mean = SEM)

Layers II/IIT Layer V
Transgenic Wild-type Transgenic Wild-type
Perimeter (m) 49.01 + 1.82* 38.84 + 0.96 53.65 + 3.37* 42.21 * 1.66
. . . . £ #
Flg. 1. nght mlcrograph ofa retrogradely labelled (BDA) pyrami- So(r:::?lizz)irea 130.18 + 5.63 99.21 + 2.76 148.59 + 5.64 98.66 + 3.22
dal neuron from layers II/III of the transgenic mouse primary somato-
sensory cortex. Scale bar = 50 pm. #P < 0.05.
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Fig. 2. Effect of transgenic ras on the perimeter and somal area of commissural pyramidal neurons in layers II/III (A) and in layer V (B).
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to tenfold higher compared with other tissues (Tanaka et
al., 1986; Furth et al., 1987). Pioneering studies have
emphasised the crucial role of p21Ras in the differentia-
tion of nerve cells in vitro (Noda et al., 1985; Bar-Sagi and
Feramisco, 1985; Guerrero et al., 1986). In the adult ner-
vous system, reactive elevation of p21Ras expression has
been demonstrated during dendritic reorganization and
compensatory neosynaptogenesis following lesion (Phil-
lips and Belardo, 1994). Furthermore, p21Ras is impli-
cated in the pathology of neurodegenerative diseases, such
as Alzheimer’s disease (Gértner et al., 1995, 1999).

The effect of constitutively active p21Ras protein on the
mature nervous system has been previously investigated
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in p21H-rasV?'? transgenic mice (Heumann et al., 2000;
Holzer et al., 2001a,b). In this transgenic model, the ex-
pression of transgenic p21H-RasV?!12 starts postnatally at
about day 15, when neurons are postmitotic and most
synaptic contacts have been established. In particular,
cortical pyramidal neurons express the transgenic con-
struct at high levels. The volume of the cerebral cortex of
these transgenic mice is increased by approximately 20%
compared with wild-type mice. This increase has been
attributed to the enlarged volume of the cortical pyrami-
dal cells but not to a raise in the number of neurons
(Heumann et al., 1996, 2000; Holzer et al., 2001a,b). The
aim of the present study was to investigate the effect of
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Fig. 3. Comparison between several parameters of basal dendrites in transgenic mice and wild types
in layers II/III (A-C) and V (D-F). Bars show the mean values of quantity (A,D), length (B,E), and
diameter (C,F) of the basal dendritic orders. Asterisks indicate significant difference between the groups.
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TABLE 2. Parameters of Basal Dendrites of Layer II/III Pyramidal Neurons (Mean = SEM)

Diameter (um)

Volume (pm?)

Surface area (um?)

Length (pm)

Quantity

Wild-type

Transgenic

Wild-type

Transgenic

Transgenic Wild-type

Wild-type Transgenic Wild-type

Transgenic

Order

72
96
69
64
59
62

1
0
0
0
0
0

07+
04*
03*
06
05
07

1
0.
0.
0.
0.
0.

54
21
22
64
01
67

27
20
15
12
11
13

47+
92+
61%
58*
90

73.03 =8
33.73 £ 2
271+3
19.52 + 2
18.63 =3
9.39

62 + 4.55
58 + 6.14
17 £ 6.91
01 +7.71
57 +12.08
14 * 21.67
91 + 140.82

79
104
92
90
91
100

16 + 13.63*
11 * 8.33*
57 + 31.70%
81 + 10.00
00 + 20.23
81 + 7.56

155
130
160.
109,
121

66.

99
99
50
77
43
08

22
55
60
58
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64

45%
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39
24
03
21
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20
36
67
61
54
00

4
8
9
5
3
2

20
34%
60
55
47
68

4
7
9
6
3
3

57 + 41.47

503

34 * 271.25*

1,000.15 + 112.27*

2,778

3,775

#*P < 0.05.
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constitutively active p21Ras (p21H-RasV212) on the mor-
phology of pyramidal cells in the neocortex.

The morphology of pyramidal cells is very heterogenous
with respect to dendritic variability and complexity (Feld-
man, 1984). Even within the same region, differences are
remarkable: Callosal neurons have been reported to have
larger and more complex dendritic arbors for both apical
and basal dendritic trees compared with ipsilateral neu-
rons (Soloway et al., 2002). In addition, long corticocortical
projection neurons have been shown to establish longer,
more complex dendritic arbors than pyramidal neurons
projecting locally (Duan et al., 2002). To specify the inves-
tigated population of neurons, only commissural pyrami-
dal neurons of the same layers and of the same region
were analyzed in the present study.

MATERIALS AND METHODS

Three 9-month-old B6CBF1 X NMR1 male transgenic
mice carrying a bicistronic construct consisting of p21H-
ras¥®!!? linked via an internal ribosomal entry site to
B-galactosidase cDNA were used. Expression of the trans-
gene is restricted to a subset of neuronal cells by the rat
synapsin 1 promoter (described prevoiusly by Heumann et
al., 1996, 2000). Experiments were carried out on three
male wild-type mice as well.

Mice were anesthetized intramuscularly with a cocktail
of ketamine (100 mg/kg), xylazine (5 mg/kg), and atropine
(0.1 mg/kg) and mounted onto a stereotaxic instrument.
Prior to incision, 0.1 ml Xylonest (Astra) was injected
below the skin for local anesthesia, the left parietal bone
was partially removed, and unilateral injection of biotin-
ylated dextran amine (BDA; 1 pl of 20%, 10,000 MW;
Molecular Probes) was delivered mechanically with a
Hamilton syringe into the corpus callosum 1 mm lateral to
the midline and 0.5 mm caudal to the bregma, 1 mm deep
from the pial surface according to the stereotaxic atlas of
Franklin and Paxinos (1997). Seven days later, the ani-
mals were intracardially perfused while under deep anes-
thesia, first with saline (0.9% NaCl) for 1-2 minutes and
then with a fixative containing 4% paraformaldehyde in
0.1 M phosphate buffer (pH 7.4) for 30 minutes. The
brains were postfixed in the same fixative overnight, im-
mersed in 30% sucrose for another 24 hours, and sectioned
(160 pm) in the coronal plane on a cryostat. The free-
floating sections were extensively washed in 0.05 M Tris-
buffered saline (TBS; pH 7.4) and then reacted with the
avidin-biotin-peroxidase complex (1:100 in TBS; Vec-
tastain Elite ABC Kit; Vector Laboratories, Burlingame,
CA) at room temperature for 2 hours. BDA was visualised
by using 3,3'-diaminobenzidine (0.025%; Sigma, St. Louis,
MO) intensified with nickel-ammonium sulfate (0.05%;
Merck, Darmstadt, Germany) in the presence of 0.001%
hydrogen peroxide diluted in TBS. Sections were mounted
onto gelatin-coated glass slides, dehydrated, and covered
with DPX (Fluka, Heidelberg, Germany).

The retrogradely labelled commissural pyramidal cells
in the primary somatosensory cortex were traced using
Neurolucida (MicroBrightField, Inc., Colchester, VT).
Briefly, the perikaryal outline and the route of the den-
drite were followed on the monitor screen by using a
computer mouse, and the mouse wheel allowed continuous
adjustment of the dendritic diameter. A motorized stage
with position encoders allowed navigation through the
section in the X, Y, and Z axes and the accurate acqusition
of the spatial coordinates of the measured structure. All
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Fig. 4. Sholl analysis of basal dendritic tree in layers II/III (A-C) and V (D-F). Numbers of dendritic
intersections (A), bifurcation nodes (10-pm bin; B), and tips (C) show similar rising and falling phases in
layers II/III; significant differences are seen in layer V (D-F). Asterisks indicate significant difference

between the groups.

visible dendrites were traced without marking eventual
truncation of smaller dendritic sections. This might have
led to a certain underestimation of the dendritic tree,
especially in transgenic mice with a larger dendritic arbor.
To gain both sufficient transparency for optimal tracing
and at the same time a neuronal reconstruction as com-
plete as possible, sections of 160 pm thickness were used.
Thicker sections allowed only ambiguous tracing of thin-
ner dendritic branches. Shrinkage correction (300%) was
carried out in the Z axis, but not in the X,Y plane, because
shrinkage was negligible in these dimensions (~10%). The
three-dimensional (3D) reconstructions of traced neurons

were analyzed with NeuroExplorer (MicroBrightField,
Inc.). The following data were calculated and used for
further analysis: 1) cell body: perimeter and surface area
(two-dimensional projection); 2) basal dendrites: quantity;
number of branches and tips; length, diameter, surface
area, and volume (total and mean) per neuron and per
dendritic order; 3) apical dendrite: number of branches
and tips; length, diameter, surface area, and volume (total
and mean) per neuron; the same data for shaft, orders of
oblique dendrites and terminal arbor were also gained; 4)
Sholl analysis of basal and apical dendrites: number of
intersections, tips, and bifurcation nodes (branching
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TABLE 3. Parameters of Basal Dendrites of Layer V Pyramidal Neurons (Mean + SEM)

Length (pm)

Diameter (um)

Volume (pm?)

Surface area (um?2)

Quantity

Wild-type

Transgenic

Wild-type

Transgenic

Transgenic Wild-type Transgenic Wild-type

Wild-type

Transgenic

Order

09
05
03
03
05
13

1
0
0
0
0
0

14*
11
04*
04*
05%
09

2
1
0.
0.
0.
0.
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=10 00 M A ¥
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0 M = A
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42
22
15
10

8

67
12%
80*
88*
56%*
63

21 * 147.69*

76,
49
27
29
17
10.

21 +10.21
88 = 7.19
05 +9.07
38 +13.84
44 + 1043
83 = 402.10

93
93
90.
84
65
23

72 * 12.43*
88 + 12.99*
22 £ 9.97%
99 *+ 10.51%
12 + 9.94%
72 +9.63

17
4,961.6 = 363.48*

134.
154
166
155
101

05
13
18
81
44

17
41
55
60
47
85

20
79
37*
21%*
80*

22
52
81
81
65
74

24
49
79
85
31
00

3
7
9
5
4
3

22
39
41
71
56
71

3
6.
8
6.
4
3

74 + 95.55

594

1,250

2,790,

#*P < 0.05.
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points). Statistical analysis of morphological measures
was performed using a multifactorial ANOVA, with strain
(wild-type vs. transgenic) as the between-groups factor
and radius or branch order as the within-subjects factors.
Student’s ¢-tests was used in the post hoc analysis. Cor-
relative analyses were carried out using linear regression.
The significance level was set at P < .05, and computa-
tions were performed using the Prophet 5.0 statistical
package. The photomicrograph (Fig. 1) was taken with a
digital microscope camera AxioCam HRc¢ running on Ax-
ioVision 3.1 software (both from Carl Zeiss Vision) and
were adjusted in Corel Draw 8.0.

RESULTS

The injections applied into the corpus callosum resulted
in retrograde labelling of many neurons within layers II,
III, and Vb of the motor and sensory cortices of both
hemispheres. Anterogradely labelled commissural fibers
and terminals were also found in the same regions
throughout all layers of the cortex. Pyramidal neurons in
the primary somatosensory cortex were selected for fur-
ther analysis. In layers II/III, 30 neurons were traced in
transgenic and another 30 neurons in wild-type mice. In
layer Vb, 21 neurons were traced in transgenic and 14 in
wild-type mice. A typical BDA-labelled neuron is shown in
Figure 1.

Cell body

No detailed investigations were carried out on the soma.
By using the Neurolucida system, the area and perimeter
of the two-dimensional projection of the soma were calcu-
lated. Both parameters as measured in layers II/III and V,
respectively, are significantly larger in transgenic com-
pared with wild-type mice (Table 1). In both layers,
perikarya with equivalent perimeters have larger somal
areas in the transgenic animals (Fig. 2A,B).

Basal dendrites

Main observations. In both layers, the surface area
and volume of the basal dendritic tree in the p21H-
RasV2!'? transgenic mice are considerably larger than in
the wild type (see Fig. 7A,B). This is determined mainly
from increased dendritic diameter but also from segment
elongation in layer V. The dendritic density of layer V
neurons is significantly higher in transgenic mice.

Layers II/ITI. There is no global difference in the
number of segments per order between wild-type and
transgenic populations (Fig. 3A). However, additional
dendritic orders appear in the transgenic neurons.
Seventh-order segments were found in seven transgenic
neurons but only in one wild-type cell, and eighth-order
segments were found only in two transgenic cells. First-
order segments of transgenic cells are elongated (Fig. 3B).
The average diameters of the first three dendritic orders
are increased (Fig. 3C) as well as the resulting surface
area and volume (Table 2). In total, the size of the basal
dendritic tree is dramatically enlarged (see Fig. 7A,B).
Curves of Sholl analyses are very similar for both popula-
tions (Fig. 4A-C). The number of bifurcation nodes
reaches its maximum at 30 wm and at 50 wm, which leads
to a peak in the number of dendritic intersections at 60
pm.

Layer V. Although there are no differences in the
number of segments (Fig. 3D), the mean length of inter-
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difference between the groups.

mediate segments (orders 3-5) is extended (Fig. 3E), and
the average diameters of most dendritic orders are en-
larged in transgenic mice (Fig. 3F). Corresponding to the
increased diameters and lengths of segments, their sur-
face area and volume are augmented as well (Table 3),
resulting finally in the significant enlargement of the
whole basal dendritic tree (see Fig. 7A,B). Similarly to
layer II/IIT pyramidal cells, there are additional dendritic
orders in the transgenic cell population. Seventh-order
dendrites were found in two cells of the wild-type group
but in six cases of the transgenic group, eighth (3 cases)-
and ninth (2 cases)-order segments were found only

among the transgenic population. In contrast to the case
for layer II/III neurons, Sholl analysis reveals significant
differences between transgenic and wild-type populations
(Fig. 4D-F). The course of the intersection curve is similar
in both types (Fig. 4D). In the wild type, the peak of
dendritic density occurs between 30 pm and 50 pm. In
contrast, the maximum of dendritic intersections of trans-
genic cells is higher and is shifted toward a greater dis-
tance (between 70 pm and 80 pm) from the soma. Accord-
ingly, in transgenic cells, the number of intersections is
higher at radii over 60 pm (Fig. 4D). The number of
branching points is elevated at several radii in the trans-
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TABLE 4. Parameters of Apical Dendrites of Layer II/III Pyramidal Neurons (Mean = SEM)

Diameter (pm)

Surface area (um?) Volume (pm?)

Length (pm)

Quantity

Transgenic Wild-type

Transgenic Wild-type Transgenic Wild-type

Wild-type

Transgenic

Wild-type

Transgenic

11
13
19
21
03
03
07
09

1
0
0
0
0
0
0
0

11*
09
15
06
O5>1:
05%*
05
06

2
0
0
0
0
0
0
0

69 + 25.91
27 £ 5.17
79 *+ 35.06
79 + 27.04
76 + 1.63
89 + 1.78
49 + 4.77
69 = 17.99
72 = 82.01

360.
27
53
57
17
12
14,
23

687

86

85#:

47*

49

14
125.50*

77 + 76.51*
+

77 = 8.88
66 + 12.02
4,

*4

99
45

+1
=}

826
44
31
15
36
23
18
17

1,298

43 + 44.88
15 = 13.45
89 + 53.29
82 + 56.31
58 + 8.39
63 + 9.68
95 + 17.53
61 + 100.90
75 + 218.81

842
121
141
179
112
94
97
157

2,515

53*
4
48
85
70*
79
14

31
39 + 240.43*

172
131
122
147
120
105
122
3,397

16 + 15.97
95 + 7.34
43 + 7.10
71 +12.31
07 + 6.02
47 + 5.53
30 + 5.43
00 + 43.58

194,
57
49
60
66
62
63
92

79.85 + 14.83

236
68
59
71
58
57

00
00
28
70
30
50
48
00

1
2
2
3
4
3
2
2

00
00
41
33
36
39
38
42

1
2
3
2
4
4
3
2

Shaft
Tuft I
Tuft IT
Tuft 11T
Obl. I
Obl. II
Obl. IIT
Obl. IV
Total

*P < 0.05.
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genic population beyond 50 pm (Fig. 4E), such as the
number of tips beyond 100 pm (Fig. 4F).

Apical dendrite

Main observations. In both layers, the surface area
and volume of the apical tree are considerably larger in
transgenic compared with wild-type mice (see Fig. 7A,B).
These changes are caused principally by increased den-
dritic segment caliber. In layer V, the dendritic tree is
more arborized.

Layers II/III. 'The majority of pyramidal neurons car-
ried one apical trunk, which bifurcated into two primary-
order segments in the terminal arbor. Pyramidal neurons
with two apical dendrites were not considered in the anal-
ysis. There is no difference in the number and length of
dendritic segments between the groups (Fig. 5A,B). The
apical trunk and the first two orders of the oblique den-
drites are characterized by enlarged average diameter,
surface area, and volume in transgenic mice (Table 4, Fig.
5C). Sholl analysis reveals no differences in any of the
considered parameters (number of intersections, bifurca-
tion nodes and tips; Fig. 6A—C). The maximum of dendritic
intersections is located between 70 pm and 80 pm in both
populations (Fig. 6A). The distance of branching points of
oblique dendrites from soma was also analyzed; however,
no differences were found between transgenic and wild-
type neurons (see Table 6).

Layer V. The number and the length of dendritic seg-
ments were not changed in the transgenic population;
however, the apical trunk was considerably elongated
(Fig. 5D,E). The stem diameter of the apical trunk and the
average diameter of the first two orders of oblique den-
drites were enlarged in the transgenic mice (Table 5, Fig.
5F). Accordingly, surface area and volume of these seg-
ments were enlarged (Table 5). Sholl analysis revealed a
global increase of dendritic intersections in the transgenic
population (Fig. 6D), but the maximum occured at the
same distance from the soma as in the wild type (between
60 pm and 80 pm). No differences were found in the
number and distribution of bifurcation nodes or tips (Fig.
6E,F). Oblique dendrites branch from the apical trunk at
very similar distances from soma in both groups (Table 6).

Correlations

Previous studies have demonstrated that several pa-
rameters of neuronal morphology do not vary indepen-
dently from each other. Such interrelations between pa-
rameters might help to uncover principal design rules of
dendritic geometry that are characteristic of distinct neu-
ron types (Larkman, 1991a,b). To specify further the ef-
fects of transgenic p21Ras on dendritic morphology, pa-
rameters representing the dendritic size were correlated
with characteristic neuronal measures, such as somal
size, dendritic stem diameter, and number of tips.

Whole-cell correlations. In both layers, the total vol-
ume of basal dendrites correlates positively with the soma
size in the transgenic group, but not in the wild type (Fig.
8A,B). On the contrary, the volume of apical dendrite
correlates positively with soma size in wild-type but not in
transgenic animals (Fig. 8C,D).

Stem diameter correlations. The surface area (Fig.
9A,B) and volume of the basal dendritic trees of layers
II/III as well as of layer V neurons display a positive
correlation with the stem segment diameter in both
groups of animals. However, in the transgenic population
of layer V neurons, this correlation is shifted so that the



Mumber of nodes Murmber of inlersections

MNumber of endings

Total surface of dendritic tree (um®)

®  wildype
trarsgenic
84
[
4
) .‘-L'-'-\.-)c L *aa
2 ; Gy
3 HL + I
H\n,“i‘ st
- '-I-.‘_‘uﬂv""....
o R RS 44 POy Sl
&0 100 (4] 200 280 00 350 400
Radius (pm)
Z
1 o wikiyps
i;ﬂy‘,‘ o transgenic
Al
.|I—|I
1% bhs
1
L i R A
i s -;f.“w{ i ¥ B A 2 f
1 e
0 [%s T \f;-.’-u:\' {osetiais
50 100 184 200 250 3 E) 400
Radius (um)
2
& widlyps
F O fransgenic
q 4
]
o d < - : . s - o
4] 100 150 200 250 and kL] 400

Radius (um)

Fig. 6. Sholl analysis of the apical dendritic tree in layers II/III (A-C) and V (D-F). Numbers of
bifurcation nodes (B,E) and tips (C,F) show similar very similar values in both layers. Number of
intersections increased significantly in layer V (D) but not in layers II/III (A). Asterisks indicate

(]
=4
& wilkdtype %
B84 O transgenic 9
k]
=
k-]
-]
E=]
E
3
=
04
; ; 8 ; . ; ;
o 50 100 180 200 280 ana 380 400
Radius (pm)
27
£
B —
0 lransgenic -
[ ] hig
QTA
\C.,E 2
| r [
14 =
o tad
T ’ 5 . . ; . 5 ;
0 50 100 150 00 280 El] 0 400
Radiuws {pm)
27
g
*  witiype 2
o Wransgenic -]
B
H]
1 I E
I =
[uﬁ{s“"w« 2
N f*
D o 103 150 200 250 o0 350 400
Radius [pm)
significant difference between the groups.
g —
_— it * £
[ transgenic T A -
sa0o - | i
* * =
4000 - | b
* | 1=
- @
I . =
300 -
g
g
00 4 W
=
1000 -+
]
BD 1L AD 1l B0 ADN

1400 -

1200 4

=
=

=
2

@
2

&
2

3

E widype * *
ransgenic T B
&
&
BO N AD I BDW. ADY.

Fig. 7. Total surface area (A) and total volume (B) of basal and apical dendrites are considerably
enlarged in transgenic mice compared with wild types. Asterisks indicate significant difference between
the groups. BD, basal dendrite; AD, apical dendrite; II/III, layers II/III; V, layer V.



128

TABLE 5. Parameters of Apical Dendrites of Layer V Pyramidal Neurons (Mean = SEM)

Diameter (pm)

Surface area (um?2) Volume (pm?)

Length (um)

Quantity

Wild-type

Wild-type Transgenic

Transgenic

Wild-type

588

Wild-type Transgenic

Transgenic

Wild-type

Transgenic

16
00
29
23
05
03
04
15

1
1
1
0
0
0
0
0

10
15
19
09*
03*
04
09

32

1
1
0
0
1
0
0
0

24
89
17
43
48

42 + 77.85

95 + 36.53
03 +£1.94

248
15
22
30

8
6
5
6
601

21 + 10.49
08 + 22.16%*
82 + 11.9%
19 + 1.52

58 + 105.56*

66 + 1.41
76 = 4.89

615
18
30
45
25
12

7
11
1,166

29 + 34.84
40 * 34.76
60 + 9.85
63 + 7.57
08 + 10.27
51 +4.11
45 + 293.18

98
132
57

51

52

55
2,143

10 + 177.56*
47 *+ 19.04
64 *+ 56.56%
53 + 6.79%
46 + 8.57

68 + 8.85

36 = 33.59
99 *+ 312.49*

1,390
99
108
156
88

79

65

82
3,844,

39 +20.48
69 = 13.71
11 = 7.89
18 + 21.02
29 +9.85
49 = 5.07
31 +6.39
51 = 3.60

45
58
38

141
34
41
42
45

349.88 + 46.43*
*12.74

+ 8.50

+ 6.20

79

99

12

60.73
48.85 * 19.46

00
00
60
00
56
58
80
00

1
2
1
1
5
5
3
2

18
29

00
00
62
48
59
00

Shaft
Tuft I
Tuft IT
Tuft 11T
Obl. I
Obl. IT
Obl. IIT
Obl. IV
Total

*P < 0.05.
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surface of dendritic trees is larger compared with that of
the wild type at equivalent stem diameters (Fig. 9B). The
size of apical arbors of layer II/III neurons is similarly
related to the stem diameter in both groups (Fig. 90),
whereas the surface area of apical dendrites in layer V is
rather independent of the stem diameter (Fig. 9D).

Tip number correlations. In both cortical layers, the
surface area of basal and apical dendrites is highly corre-
lated with the number of tips. Plots illustrate that den-
drites with an equivalent number of endings have a larger
surface area in the transgenic group (Fig. 10A-D).

DISCUSSION

The small G protein p21Ras, which is crucially involved
in neurotrophic signal transduction pathways, has been
implicated as being essential for normal functioning and
plasticity of both the developing (Noda et al., 1985; Bar-
Sagi and Feramisco, 1985; Guerrero et al., 1986) and the
adult (Brambilla et al., 1997; Silva et al., 1997; Moore et
al., 2000) nervous system. Furthermore, enhanced expres-
sion of p21Ras is associated with neuronal restructuring
after lesion or in the context of neurodegenerative dis-
eases (Phillips and Belardo, 1994; Gértner et al., 1995,
1999). In the present study, the effect of permanently
active p21Ras on the morphology of pyramidal neurons
was investigated when main developmental changes were
already completed. We took advantage of a transgenic
mouse line, in which p21H-RasV?!'? is postnatally ex-
pressed starting at about day 15, when neurons are post-
mitotic (Heumann et al., 2000).

Because dendritic morphology of pyramidal cells is very
heterogeneous, not only in different areas (Jacobs et al.,
1997, 2001; Elston and Rockland, 2002) but also within
the same region (Duan et al., 2002; Soloway et al., 2002),
the investigated population of cells was confined to com-
missural neurons of layers II/IIl and V of the primary
somatosensory cortex. Although this restriction means a
limitation of the present study, it allowed an analysis of a
relatively homogeneous subpopulation of pyramidal neu-
rons.

The most obvious alteration of pyramidal cells in the
transgenic cortex is an increased somal and dendritic size.
In both layers, the somal area and perimeter are larger in
transgenic mice. Nothing conspicuous concerning the
perikaryal contour was noticed in the transgenic group.
However, the fact that somal areas even at equivalent
somal perimeters were greater in transgenic than in wild-
type mice might be a sign of specific changes in the geo-
metrical proportions of perikarya that could not be speci-
fied in detail. Changes in dendritic size were analyzed
comprehensively. In both layers, surface area and volume
of proximal and intermediate dendritic segments were
significantly augmented. This was true also for more dis-
tal segments in layer V, where differences were more
pronounced. No significant changes were seen in the num-
ber of dendritic segments; however, in some cases, addi-
tional orders were observed. Surface and volumetric
changes resulted mainly from increased dendritic caliber
and in layer V also from segment elongation. Conse-
quently, the total surface area and the total volume of
dendritic trees were greatly increased. Considering that
pyramidal neurons are the numerically dominant cell type
of the neocortex (Braitenberg, 1978) and that their den-
drites occupy much of the brain’s volume (Ramén y Cajal,
1955), we suggest that the increase in somal and dendritic
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size is large enough to account for the increased cortical
volume described previously (Heumann et al., 2000).

Series of Sholl analyses shed light on differences in the
dendritic complexity of layer V neurons. Basal dendrites
established more bifurcation nodes in transgenic mice,
which led to an increase in dendritic density in interme-
diate and distal regions of the dendritic tree. Similar al-
terations were observed in the apical arbor.

The present data clearly indicate that an enhanced
p21Ras activity results in a dramatically enlarged and
more complex dendritic tree. Previous authors have re-
ported that differences in the size of dendritic receptive
surface were parallel to changes observed in the number
of synapses (Miiller et al., 1984) and that a clear positive
relationship exists between spine density and dendritic
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diameter (Feldman, 1975; Feldman and Dowd, 1975). The
vast majority of excitatory synapses to cortical pyramidal
cells was established on spines (Colonnier, 1968), with a
proportion that has been estimated to be as high as 95%
(Diamond et al., 1970). Therefore, the possibility of further
synapse formation evidently grows in transgenic mice, on
both dendritic shafts and spines. Actually, the number of
synapses in layers II/III has been reported to be increased
in this transgenic mouse line. These morphological
changes might influence the effectiveness of signal pro-
cessing.

Because at least some aspects of neuronal morphology
follow specific design rules that are represented by the
interrelation of morphometric parameters (Larkman,
1991b), further analyses addressed the question of

TABLE 6. Distance of Branching Points of Oblique Dendrites in Layers II/III and V (Mean + SEM)

Layers II/III Layer V
Oblique branch Transgenic Wild-type Transgenic Wild-type
28.71 = 25.02 27.76 + 18.20 11.56 = 5.79 12.86 + 3.99
60.49 = 33.10 63.07 = 38.93 26.61 = 15.82 24.86 = 12.05
108.14 + 68.60 105.31 + 65.18 46.64 = 42.10 46.36 + 32.37
157.89 + 105.74 148.36 + 80.95 87.08 + 83.75 82.29 + 47.58

OO0 -1 Uk W -

159.29 *+ 63.89
207.75 * 66.43
247.46 + 91.87

169.27 = 89.33
165.17 = 81.56
209.13 + 70.63

104.15 * 66.37
172.22 = 82.53
211.70 * 109.65
264.99 + 137.87
222.16 + 46.37

117.44 * 55.30
131.03 = 70.10
128.03 = 47.31
136.1 = 69.97
161.05 = 8.98
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whether such correlations might be altered in the trans-
genic population. In both layers, the positive correlation
between somal size and apical dendritic volume found in
the wild type could not be verified in transgenic mice. On
the other hand, in contrast to the case in the wild type, the
soma size is highly correlated with both surface area and
volume of basal dendrites in the transgenic population.
The dendritic stem diameter correlates positively with the
dendritic surface area and volume in both groups, but the
total size of dendritic tree is greater at equivalent stem
diameter in transgenic neurons.

These examinations suggest that enhanced dendritic
growth triggered by permanent p21Ras activity results in
proportional, correlative development of basal dendrites.
However, alterations of the apical dendrites as a total are
less proportional and less correlative. The extension of
apical dendrites in the transgenic population is rather
independent of perikaryal size, so that morphometric cor-
relations such as those present in the wild type disappear.
Because the apical dendrite is a more complex arborized
structure combined of several modules (trunk, oblique
dendrites, apical tuft), it is argued that their modifications
might be differently affected owing to cortical lamination
or other extrinsic determinants.

In previous studies of the rat visual cortex, Larkman
(1991a,b) demonstrated that the terminal segments of
basal trees contributed to a very high proportion of the
combined dendritic length. For this reason, he expected
that the number of dendritic tips and, hence, the number

of terminal segments in a tree would be related to other
metric parameters of dendritic morphology. According to
Larkman (1991b), the number of tips and, hence, the
number of terminal sections, are positively correlated with
the surface area of basal as well as apical dendrites. This
relationship is confirmed by the data of the present study.
A more mature neuronal environment allows evidently
less plasticity, which would probably force dendritic
growth in any possible direction, and so lead to even more
irregular patterns. Pyramidal neurons of the transgenic
population, however, preserved the above-mentioned cor-
relative attributes. It is suggested, therefore, that these
correlations may represent very conservative design prin-
ciples of dendritic morphology, which cannot be affected
significantly by artificial p21Ras activation in the phase of
final differentiation or maintenance of cortical neurons.
A crucial aspect concerns the morphogenetic period dur-
ing which the described morphological alterations become
manifest in the transgenic animals. As mentioned above,
p21Ras expression starts postnatally at about day 15,
when neurons are postmitotic. Previous studies in rats
showed that, although morphological differentiation of py-
ramidal neurons is not complete until the fourth postnatal
week, the main developmental changes occur during the
first 2 weeks after birth. The cell body of layer V pyrami-
dal neurons reaches its adult size by the end of the second
week, those of layer II/III pyramidal neurons 3 days later
(Miller, 1981). The dendritic tree attains its mature ap-
pearance by the beginning of the third postnatal week,
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when growth cones have almost completely disappeared
(Wise et al., 1979; Juraska, 1982; Miller, 1981). The ex-
tension and complexity of the dendritic tree have been
reported to increase significantly during the first 3 post-
natal weeks, and by week 3 the dendritic arbor is nearly
finished (Eayrs and Goodhead, 1959; Juraska and
Fifkova, 1979; Wise et al., 1979; Miller, 1981).

Members of the Ras superfamily of G proteins have been
shown to be very involved in the regulation of dendritic
branch dynamics of neurons that have a relatively mature
and established dendritic tree (Nakayama et al., 2000).
During the late developmental phase of hippocampal py-
ramidal cells, RhoA is implicated in limiting the growth of
dendrites by the retraction of existing branches (Na-
kayama et al., 2000). The reduction of the dendritic tree
during the second postnatal week has earlier been re-
ported using Golgi impregnation (Miller, 1981) and has
been interpreted to result from the elimination of seg-
ments that were unable to establish sufficient synaptic
support. This suggestion confirms recent findings that
neuronal and synaptic activity guides dendritic develop-
ment through mechanisms involving glutamate receptors
and Rho GTPase-dependent modulation of the actin cy-
toskeleton (Li et al., 2002; Sin et al., 2002). Recently, also
the p21Ras-dependent mitogen-activated protein kinase
(MAPK) cascade has been reported to control dendritic
morphogenesis by enhancing filopodial growth in activity-
dependent neural development, and with the same mech-

anism it supports activity-dependent synapse clustering
(Wu et al., 2001). Additionally, there is evidence that,
during late postnatal and adult life, neurotrophins con-
tinue to act via trk receptors (Merlio et al., 1992; Fryer et
al., 1996; Yan et al., 1997; Hayashi et al., 2000), which are
known to trigger the intracellular p21Ras pathway.

Recent advances have revealed that short-term den-
dritic remodeling, i.e., extension and retraction of growth
cones or processes, is accomplished by Rho GTPases-
dependent rearrangement of the actin cytoskeleton and
mainly is confined to dendritic tips and fine branches (Li
et al., 2000; McAllister, 2000; Sin et al., 2002). Although
some morphogenetic effects of p21Ras might be trans-
duced by the activation of Rac and Cdc42 (Katoh et al.,
2000; Negishi and Katoh, 2002), the present findings sug-
gest a different mechanism that induces more profound
and long-term morphological changes. Thus, constitu-
tively active p21Ras increases the number of higher den-
dritic orders and even induces the formation of additional
distal processes, but the major effect is the enlargement of
proximal and intermediate segments. Insofar as the ex-
pression of p21H-rasV*'? results in enhanced MAPK ac-
tivity in this transgenic model (Holzer, 2001a), the partic-
ular changes in dendritic morphology might be mediated
by MAPK-dependent pathways.

The observed morphological alterations in the p21H-
rasV*1? transgenic mice neocortex are due to effects
within the late developmental phase and/or to effects that
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proceed during adulthood. Although the late developmen-
tal phase is a preferred period for refining dendritic arbor,
rapid dendritic changes and remodeling are also induced
by activity-dependent TrkB activation in adult animals
(Aloyz et al., 1999). Under both conditions, however, sig-
nificant changes in the dendritic arbor are established
after neuronal growth and main developmental matura-
tion have been basically completed. Therefore, p21Ras
might play an important role in plastic changes not only in
early development but also during the final differentiation
and maintenance of neurons.
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