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The temporal and spatial distributions of several growth factors
suggest roles in the regulation of neuronal differentiation in the
neocortex. Among such growth factors, the insulin-like growth
factors (IGF-I and -II) are of particular interest because they are
available to neurons from multiple sources under independent
control. IGF-I is produced by many neurons throughout the
brain and also by cells in the cerebral vasculature. IGF-II is
found at high levels in the CSF, and both IGF-I and IGF-II cross
the blood–brain barrier. Thus, the IGFs may act as both para-
crine and endocrine regulators of neuronal development. As an
initial step toward understanding the influence of IGFs in the
developing cerebral cortex, the present study examined the
effects of IGF-I and of the neurotrophins brain-derived neuro-
trophic factor (BDNF) and neurotrophin-3 (NT-3) on the den-
dritic complexity of layer 2 pyramidal neurons. The results

demonstrate that IGF-I increased the branching and total extent
of both apical and basal dendrites of pyramidal cells in orga-
notypic slices of rat primary somatosensory cortex. BDNF and
NT-3 also enhanced dendritic development, but the two neu-
rotrophins increased the extent of only basal, not apical, den-
drites and promoted greater elongation than was seen after
IGF-I treatment. These results provide direct evidence that
IGF-I can regulate the dendritic elaboration of cortical neurons
and indicate that endogenous IGFs may influence dendritic
differentiation and the formation of cortical connections. In
addition, IGF-dependent regulation of dendritic structure may
represent a link between age-related declines in IGFs and
cognitive deficits seen in senescence.
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The temporal and spatial distributions of the insulin-like growth
factors (IGF-I and -II) and of IGF receptors in the CNS (Bondy,
1991; Garcia-Segura et al., 1991; Bondy et al., 1992; Kar et al.,
1993; Niblock et al., 1998) suggest that IGFs may influence the
development and plasticity of CNS neurons (Anlar et al., 1999;
Torres-Aleman, 1999). Among growth factors, IGFs are of spe-
cial interest because they are available to neurons from several
sources. IGF-I is produced in the liver and released into the
bloodstream (Roberts et al., 1986; Hynes et al., 1987). Plasma
IGF-I crosses the blood–brain barrier (Reinhardt and Bondy,
1994; Pulford et al., 1999) and may be particularly available via
this route in the first few postnatal weeks, before the blood–brain
barrier is established fully (Schulze and Firth, 1992). IGF-I also
is produced by cortical and other CNS neurons (Lund et al., 1986;
Adamo et al., 1988; Bach et al., 1991; Bondy, 1991; Niblock et al.,
1998) and by endothelial and smooth muscle cells of the cerebral
vasculature (Delafontaine et al., 1991; Sonntag et al., 1999).
IGF-II is abundant in the CSF because of synthesis in the choroid
plexus and transport from the blood and is produced by glial cells
in several neural regions (Lauterio, 1991; LeRoith et al., 1993).
Such diverse sources and regulation suggest that IGFs could play
multiple roles in the developing CNS, perhaps as general growth-

promoting factors and as focal regulators of neuronal differenti-
ation. The observation that IGFs decline in the aging brain
(Sonntag et al., 1999) increases further the importance of under-
standing the influence of the factors on neuronal structure and
function.

Several reports suggest that IGFs influence axonal and/or den-
dritic elaboration. Axonal diameter is increased in the brains of
IGF-I-overexpressing mice (Ye et al., 1995), and axonal number
and myelination are reduced in IGF-I (2/2) mice (Beck et al.,
1995; Cheng et al., 1998). Neuropil volume is increased in IGF-
I-overexpressing mice and reduced in mice in which IGF-I sig-
naling is decreased (Gutierrez-Ospina et al., 1996). Beyond stud-
ies of transgenic mice, however, assessing the role of IGFs in
neuronal differentiation in vivo is difficult. Although IGF-I and II
cross the blood–brain barrier (Duffy et al., 1988; Reinhardt and
Bondy, 1994, Pulford et al., 1999), systemic effects make it difficult
to interpret neuronal changes after peripheral delivery.

In vitro, IGF-I influences the differentiation of dissociated
peripheral, cerebellar, and other neurons (Recio-Pinto and Ishii,
1988; Torres-Aleman et al., 1989; Lauterio, 1992; Russo and
Werther, 1994), but effects on the development of cortical neu-
rons remain primarily unexplored. This study investigated the
effects of IGF-I on dendritic elaboration of layer 2 pyramidal
neurons within the primary somatosensory cortex of the rat in
which mRNA for IGF-I and its receptor are expressed highly
during the period of dendritic elaboration (Bondy, 1991; Bondy et
al., 1992). Organotypic cultures provided an accessible and con-
trolled environment, facilitated identification, and labeling of a
defined population of cortical neurons, and permitted analysis of
the growth of two distinct dendritic compartments, the apical and
basal dendrites. The effects of brain-derived neurotrophic factor
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(BDNF) and neurotrophin 3 (NT-3) were also examined in these
studies. The two neurotrophins have primarily opposite effects on
the growth of dendrites of neurons in the deep layers of the ferret
visual cortex (McAllister et al., 1995, 1996, 1997); thus, it was of
interest to assess the effects of BDNF and NT-3 on neurons in
supragranular cortex and to compare those effects with the effects
of IGF-I.

MATERIALS AND METHODS
Female Sprague Dawley rats with litters were obtained from Zivic-Miller
Laboratories (Zelienople, PA) and maintained in the Wake Forest
University School of Medicine (WFUSM) animal facility on a 12 hr
light /dark schedule in a climate-controlled room. Food and water were
available ad libitum. The animal facility at WFUSM is fully accredited by
the American Association for Accreditation of Laboratory Animal Care
and complies with all Public Health Service–National Institutes of
Health and institutional policies and standards for laboratory animal
care. All protocols described herein were approved by the institutional
Animal Care and Use Committee.

Postnatal day 10 (P10) (day of birth is P0) rat pups were anesthetized,
cleaned with 70% ethanol, and decapitated. Before removing the brain,
coronal cuts were made rostral to the tectum and rostral to the hippocam-
pal commissure. The isolated tissue block then was removed and placed
into cold (4°C), sterile artificial CSF (aCSF) (in mM: 280 NaCl, 5 KCL,
1 MgCl2, 24 dextrose, 1 CaCl2, and 10 HEPES, pH 7.2) (McAllister et
al., 1995). All tissue preparation was performed under sterile conditions
in a laminar flow hood. Each brain was glued with cyanoacrylate adhesive
(caudal side down) to the floor of a vibratome cutting chamber and
immediately covered with cold aCSF; the bath surrounding the cutting
chamber was filled with ice water. Coronal vibratome sections (300 mm)
were cut and collected with aCSF on polyethylene terephthalate mem-
brane inserts (one slice per insert) in six-well tissue culture plates
(Falcon). Immediately after the slices were collected, the aCSF was
removed, and 980 ml of media [50% Basal Medium Eagle, 25% HBSS,
25% horse serum, 10 mM HEPES (Life Technologies, Gaithersburg,
MD), 36 mM dextrose, and 25 mM KCl, pH 7.2 (modified from McAl-
lister et al., 1995)] was added to the well under the insert.

After all of the slices for an experiment were collected, trophic factors
were added to the culture wells in 20 ml of media. Three trophic factors
were tested in each experiment. Slices were incubated with des(1–3)
IGF-I (des IGF-I) (200 ng/ml; GroPep, Adelaide, South Australia),
BDNF (200 ng/ml; Regeneron Pharmaceuticals, Tarrytown, NY), or
NT-3 (200 ng/ml; Regeneron Pharmaceuticals) for 24 hr. Des IGF-I is a
naturally occurring post-translational modification of IGF-I that has a
significantly reduced affinity for the IGF binding proteins. Des IGF-I was
used in all of these experiments to minimize interactions of IGF-I with
endogenous and media-derived IGF binding proteins. Because the cul-
ture media contained serum, which was likely to contain IGF-I, we
measured IGF-I in the prepared media by radioimmunoassay (Sonntag et
al., 1992). IGF-I was present in control media at a concentration of 7.5
ng/ml. Thus, all of the cultures were exposed to IGF-I at a level that was
,4% of what was added in IGF-I-treated cultures.

Slices were incubated at 37°C in 5% CO2 for 24 hr. The culture period
was kept short to minimize changes in slice organization that might
secondarily effect dendritic structure; preliminary experiments revealed
robust responses to growth factors within that period. After 24 hr in
culture, the slices were fixed by immersion in 2.5% paraformaldehyde
with 4% sucrose in 0.1 M phosphate buffer, pH 7.4, for 35 min at room
temperature and then stored in 0.1 M phosphate buffer at 4°C for up to 1
week. To better visualize cortical lamination, slices were stained briefly
with a 0.1% solution of 49,69-diamidino-2-phenylindole before intracel-
lular injections. Slices then were placed on the modified stage of an
Olympus Optical (Tokyo, Japan) BX50-WI microscope, and a sharp
electrode was positioned manually at the surface of the tissue under a
long-working distance 603 immersion objective. A motorized microma-
nipulator was used to advance the electrode until a cell was encountered
(as evidenced by partial filling of the cell body or dendrites). Cells were
filled with a mixture of 3% Lucifer yellow (lithium salt) and 3% Lucifer
yellow cadaverine biotin-X (dipotassium salt; Molecular Probes, Eugene,
OR) in distilled water (2–8 nA negative current, 600 msec pulse, 1 Hz,
for 5–10 min). Slices with filled cells were post-fixed in 4% paraformal-
dehyde in 0.1 M phosphate buffer for at least 24 hr before subsequent
processing.

Slices containing labeled neurons were reacted histochemically to
convert the Lucifer yellow–biotin compound to a stable reaction product.
Slices were rinsed in PBS, pH 7.4, infiltrated with dimethyl sulfoxide (5,
10, and 20%), and frozen twice over acetone and dry ice. After the
second thawing, slices were rinsed with PBS and incubated in PBS with
10% methanol and 3% H2O2 (30 min) to block endogenous peroxidase
activity. Nonspecific binding then was blocked by incubation in 2%
bovine serum albumin (BSA) and 0.25% Triton X-100 for 1 hr. Slices
were incubated in avidin-biotin complex (ABC; Vector Laboratories,
Burlingame, CA) overnight (4°C) with 2% BSA and 0.1% Triton X-100,
after which labeled neurons were visualized using 3,39-diaminobenzidine
(0.5 mg/ml) intensified with cobalt chloride (0.03%)and nickel ammo-
nium sulfate (0.2%) (Adams, 1981). The reacted slices were rinsed in
PBS, mounted on charged slides, dehydrated through graded ethyl alco-
hol, cleared in xylene, and coverslipped using Cytoseal (Stephens
Scientific).

Figure 1 illustrates a labeled layer 2 pyramidal neuron in a typical slice.
A filled cell was chosen for reconstruction and analysis if (1) it was in
layer 2 of primary sensory cortex, (2) it had a pyramidal morphology (i.e.,
a single apical dendrite oriented toward the pia and at least two basal

Figure 1. Labeled layer 2 pyramidal neuron. A, The neuron shown is
representative of the intracellularly labeled neurons analyzed in this
study. The pial surface of the slice is visible at the top of the micrograph.
B, A higher-magnification micrograph of a portion of the apical dendritic
arbor illustrates the completeness of labeling. Scale bars: A, 50 mm; B, 15 mm.
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dendrites), and (3) its dendrites appeared to be completely filled. Slides
were coded before analysis, and all analyses were completed without
knowledge of the experimental condition. A total of 80 cells from 22
slices were reconstructed and analyzed. Somal size was measured in two
additional cells in which dendritic filling appeared incomplete.

Labeled neurons were reconstructed in three dimensions using an
Olympus Optical BX-50 microscope equipped with a motorized stage, a
1003/1.4 NA PlanApo objective, and the NeuroLucida system for neu-
ronal analysis (MicroBrightField Inc., Colchester, VT). In addition to
three-dimensional Sholl analysis (Sholl, 1953), the total number and
length of apical and basal dendrites were determined, as well as the
number of apical and basal dendritic branch points, number of dendritic
segments, and the length of each segment. Branches and segments were
ordered progressively from proximal to distal on the dendritic arbor;
apical and basal dendrites were analyzed separately. First-order (prima-
ry) basal dendrites were those arising from the soma, and first-order
apical branches were defined as those arising from the primary apical
dendritic shaft. Any two or more branches that arose from a single
branch point were considered to be of the same order.

Multiple quantitative analyses were performed to address several spe-
cific questions, including whether any of the trophic factors produced
changes in fundamental aspects of cell morphology, such as size of the
soma and number of primary dendrites. The quantitative measures of the

dendritic arbors of neurons in control and trophic factor-treated slices
that were obtained using the NeuroLucida system were used to establish
the presence and average magnitude of responses to growth factors. In
addition, the data were used to analyze where in the dendritic arbor new
branching occurred (e.g., in the apical vs the basal arbor, proximally,
and/or distally) and the extent to which changes in dendrites arose
through increased branching, growth of existing dendritic branches, or
both. The last question is not easily assessed quantitatively. When both
the number of branches and the dendritic length increase, it is difficult to
establish whether the increase in total extent is attributable solely to the
addition of new branches or includes increased growth of established
branches. In the present study, it was reasoned that increases in the
length of dendrite and number of dendritic endings in the outer Sholl
analysis spheres in the absence of increased numbers of branch points in
those spheres would be prima facie evidence of elongation of exiting
dendrites. This issue also was addressed more directly by examining the
frequency distributions of the lengths of all terminal and nonterminal
dendritic segments under each condition.

The effects of trophic factor treatment on all of these parameters were
assessed using the Systat statistical package (SPSS, Chicago, IL). For
statistical tests, the n value for each treatment group ranged from 16 to
20 neurons in four to six slices (from the same number of rats) from three
separate experiments. In cases in which significant effects of treatment

Figure 2. Representative sample of recon-
structed neurons. The illustrated neurons rep-
resent the range of complexity observed in
control slices, as well as the increased com-
plexity evident after growth factor treatment
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were indicated by ANOVA, the Student–Newman–Keuls multiple com-
parisons test (SNK) was used to test for effects of each factor on
individual variables (e.g., number of branches of a specific order).

RESULTS
Qualitative observation of filled neurons suggested that there
were robust effects of each trophic factor on dendritic arbors.
Dendrites in IGF-I and neurotrophin-treated slices were notice-
ably more elaborate than those in untreated control slices, despite
a range of dendritic complexity within each group (Fig. 2). Sholl,
dendritic length, branch point, and branch order analyses sup-
ported the qualitative observations, and ANOVA indicated there
were significant and differential effects of IGF-I, BDNF, and
NT-3 treatment on dendrites of pyramidal neurons in layer 2. The
following sections detail the specific quantitative differences
among the trophic factor treatment groups and untreated
controls.

Somal size, number of primary basal dendrites, and
length of apical shaft were unchanged
Filled neurons showed no obvious cell shrinkage, hypertrophy, or
process degeneration, regardless of treatment condition. Somal
area was identical in the four treatment groups ( p . 0.1,
ANOVA) (Fig. 3A), as was the number of primary basal dendrites
( p . 0.3, SNK) (see Fig. 5D, branch order 1). Given that depth
from the pial surface (which determines the length of the apical
dendritic shaft) significantly influences the extent of the apical
dendritic arbor of layer 2 pyramidal neurons, the mean length of
the apical dendritic shaft was compared among treatment groups.
No significant difference was apparent ( p . 0.1, ANOVA) (Fig.
3B); thus, the neurons that were analyzed were located at similar
positions within layer 2, and there was no gross change in apical
dendritic morphology.

IGF-I promoted branching of apical and
basal dendrites
IGF-I treatment increased the number of branches within, and
the total length of, both the apical and basal dendritic arbors. The
total number of apical dendritic branches and the total length of
the apical arbor in the IGF-I condition were increased ;75 and
50%, respectively, above the values for untreated controls ( p ,
0.05, SNK) (Fig. 4A–C). Both nonterminal and terminal apical
branches increased after IGF-I treatment, from 4.8 6 0.7 per
neuron to 9.6 6 1.5 (mean 6 SEM, p , 0.01, SNK) and from
9.3 6 0.9 to 15.1 6 1.6 ( p , 0.005, SNK), respectively. The effects
of IGF-I on basal dendrites appeared to be more modest, with an
;50% increase in the total number of branches ( p , 0.05, SNK)
and an apparent 30–40% increase in total dendritic length (Fig.
4D–F). The increase in total basal branches included an increase
in nonterminal branches from 9.2 6 0.9 to 15.8 6 1.9 ( p , 0.05,
SNK) per neuron and an increase in terminal segments from 13.8
6 1.2 to 20.5 6 2.0 ( p , 0.05, SNK) per neuron.

When the total number of branches of each order was quanti-
fied for the apical arbor, it was apparent that IGF-I produced
significant increases (compared with untreated controls or
neurotrophin-treated slices) in the number of branches of the first
through the sixth orders ( p , 0.05, SNK) (Fig. 5A). Thus, new
segments were formed throughout much of the dendritic tree.
Within the basal dendritic arbor, the increased branching was
restricted to intermediate-order (fourth, fifth, and sixth) branches
( p , 0.05, SNK) (Fig. 5D). In addition to increased numbers of
branches of specific orders, the increased branching of apical and
basal dendrites in response to IGF-I was apparent in the in-

creased percentage of neurons possessing dendrites of the highest
orders (Fig. 5B,E). Analyses of the mean length of individual
dendritic segments (Figs. 5C,F) revealed no significant increase in
segment lengths in response to IGF-I for any branch order in
either apical and basal dendrites.

Three-dimensional Sholl analysis of the apical dendrites after
IGF-I treatment revealed significant increases in both the number
of dendritic branches ( p , 0.005, ANOVA) (Fig. 6A) and den-
dritic length ( p , 0.005, ANOVA) (Fig. 6B) throughout much of
the dendritic arbor. Increases in both metrics ( p , 0.05, SNK)
were apparent from the region immediately surrounding the soma
out to ;135 mm or more from the cell body. Because there was no
region of the arbor in which an increase in dendritic length was
evident in the absence of increased branching, the increase in
total length of the apical arbor may have arisen solely from the
formation and growth of new segments.

BDNF and NT-3 increased basal dendritic branching
and length
Neither BDNF nor NT-3 altered the total length of, or number of
branches within, the apical dendritic arbor (Fig. 4A,B). Each
increased the number of basal dendritic branches, however, as

Figure 3. Stability of somal size and length of apical dendritic shaft.
None of the growth factors tested elicited a significant change in somal
size (A) or in the length of the primary, apical dendritic shaft ( B).
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Figure 4. Quantitative effects of growth factors on dendritic branching and total dendritic length. A, IGF-I elicited a 75% increase in the mean number of
branches in the apical dendritic arbor (*p , 0.05, SNK). B, IGF-I produced a 50% increase in the mean total length of the apical arbor ( p , 0.05, SNK). C,
Plotting the total apical dendritic length for each control and IGF-I-treated neuron against its rank (within the treatment group) revealed the wide range in
measured values and suggested that even the largest layer 2 neurons responded to IGF-I treatment with an increase in apical dendritic length. D, Each of the
growth factors tested elicited an increase in the mean number of branches within the basal dendritic arbor ( p , 0.05, SNK). E, It appeared each factor also
produced an increase in total basal dendritic length. When all neurons in each group were compared, however, the differences failed to reach statistical
significance ( p . 0.05, ANOVA). F, Plotting the total length for each neuron against its rank indicated there was an upper limit on basal length at which the
values for control and treated neurons converged. After eliminating the two greatest values in each group (e.g., neurons that were presumably already near the
limit before treatment; values in box), a second ANOVA indicated a significant effect of treatment, and post hoc tests demonstrated significant increases in mean
length in response to each factor ( p , 0.05, SNK).
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Figure 5. Effects of IGF-I on dendrites by branch order. A, Analysis of the mean number of apical branches of each order for control and IGF-I-treated
neurons indicated there were significant effects of treatment and branch order ( p , 0.005, ANOVA). Post hoc tests demonstrated that IGF-I produced
significant increases in the mean number of branches of the first through sixth orders (*p , 0.05, **p , 0.01, SNK). B, Consistent with the increased
number of branches at several orders, IGF-I increased the percentage of neurons that included apical dendritic branches of higher orders (fourth through
eighth). C, Analysis of the mean length of branches of each order revealed no apparent changes in length in response to IGF-I (the absence of
higher-order branches in many neurons, particularly from control slices, precludes statistical analysis like that in A). D, (Figure legend continues)
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well as the total basal dendritic length ( p , 0.05, SNK) (Fig.
4D,E). Like IGF-I, the neurotrophins promoted formation of
both nonterminal and terminal branches in the basal arbor. The
number of nonterminal segments increased from 9.2 6 0.9 per
neuron for controls to 14.1 6 1.2 for BDNF and 14.5 6 1.3 for
NT-3 ( p , 0.05, SNK); terminal segments increased from 13.8 6

1.2 to 18.6 6 1.3 for BDNF and 19.5 6 1.5 for NT-3 ( p , 0.05,
SNK). Thus, the average magnitudes of the responses to the
neurotrophins were similar and were comparable with the effects
of IGF-I on branch number and total length for basal dendrites.

Although the effects of IGF-I and the two neurotrophins on
total length of the basal dendritic arbor appeared to be striking

4

Comparison of the mean number of basal branches at each order within each treatment group demonstrated that there was increased branching ( p ,
0.005, ANOVA) of intermediate (third through sixth order) branches; IGF-I increased fourth through sixth order branches, NT-3 third and fourth order,
and BDNF only third order (*p , 0.05, SNK). E, Consistent with the increased number of branches at intermediate orders, the growth factors increased
the percentage of neurons bearing basal branches of the highest orders. F, There was no apparent change in the mean length of basal dendritic branches
of any order after treatment with any growth factor.

Figure 6. Three-dimensional Sholl analysis of dendrites. A, Comparison between control and IGF-I-treated neurons of the mean number of apical
branches within each analysis sphere revealed a significant effect of treatment ( p , 0.005, ANOVA) with increases in length out to 135 mm from the
soma (*p , 0.05, **p , 0.01, SNK). B, Similar analysis of the length of dendrite within each analysis sphere indicated IGF-I increased dendritic length
over the same area. C, Comparison among control and growth factor-treated neurons of the mean number of basal branches within each analysis sphere
also revealed a significant effect of growth factor treatment ( p , 0.005, ANOVA). IGF-I increased branching out to 30 mm from the soma (*p , 0.05,
SNK) but BDNF and NT-3 only out to 15 mm (*p , 0.05, SNK). D, IGF-I, BDNF, and NT-3 each increased dendritic length out to 30 mm from the
soma. Thus, for the two neurotrophins, there was increased length in regions of the arbor without increased branching, suggesting there was elongation
of preexisting dendritic branches. For the analysis in C and D, data from BDNF- and NT-3-treated neurons (which were statistically identical with respect
to the length of basal dendrites) were combined to increase statistical power.
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and consistent (Fig. 4E), the apparent effect of trophic factor
treatment did not reach statistical significance (0.1 . p . 0.05,
ANOVA). Subsequent examination of the range and distribution
of measured values for each condition suggested this was not
simply a result of large variance in total length. Ranking and
comparing the total basal dendritic lengths for control and treated
neurons suggested there was a ceiling effect; the highest values for
each group converged at an upper limit for basal dendritic length
(Fig. 4F). After elimination of the two highest values from each
group (e.g., those at the presumed upper limit for dendritic
length), reanalysis of the remaining values indicated there was
significant effect of each of the three trophic factors on total basal
dendritic length ( p , 0.05, SNK) (Fig. 4F), despite the incum-
bent decrease in the number of observations.

Like IGF-I, BDNF and NT-3 increased branching of
intermediate-order segments in the basal arbor ( p , 0.05, SNK)
(Fig. 5D). The percentage of neurons possessing higher-order
branches was increased (Fig. 5E), and there was no significant
change in mean segment length at any branch order (Fig. 5F).
After treatment with BDNF or NT-3, increased branching was
evident only in the innermost Sholl analysis sphere; i.e., within 15
mm of the cell body ( p , 0.05, SNK) (Fig. 6D). Dendritic length
was increased over a larger portion of the dendritic arbor, out to
30 mm from the cell body ( p , 0.05, SNK) (Fig. 6C).

The increase in dendritic length in portions of the arbor in
which there was no increase in branch number suggested that
BDNF and NT-3 promoted elongation of previously established
dendritic segments. This issue was addressed further by examin-
ing the measured lengths for all segments in each dendritic arbor
for every neuron in each treatment group. Dendritic segments
ending at branch points (nonterminal) were analyzed separately
from terminal segments. For the apical dendrites of control and
IGF-I-treated neurons, the distributions of lengths of nontermi-
nal segments had similar peaks at ;20 mm (Fig. 7A). Comparable
plots of the lengths of terminal segments in the apical arbor
revealed an increased population of shorter segments after IGF-I
treatment (Fig. 7B), suggesting that little growth of existing
segments accompanied the formation of new terminal segments.
Analysis of basal, nonterminal dendritic segments revealed rela-
tively similar distributions for control and growth factor-treated
neurons, with peaks at 10–15 mm (Fig. 7C). In contrast, the
distributions of lengths of terminal segments in the basal den-
dritic arbor indicated there was an increased proportion of longer
terminal segments after treatment with BDNF or NT-3 (Fig. 7D),
providing additional evidence for elongation of terminal seg-
ments in response to the two neurotrophins but not in response to
IGF-I.

Layer 2 pyramidal neurons appeared to respond
uniformly to growth factor treatment
It cannot be determined by looking at mean measures of dendritic
extent under different treatment conditions whether all, or only a
subpopulation, of neurons responded to growth factor treatment.
As an initial approach to this issue, the frequency distributions of
measured values for total dendritic length and for the number of
branch points was examined for all of the neurons analyzed.
IGF-I appeared to produce a consistent shift in measures of
apical dendritic extent, with no indication that only a subpopula-
tion of neurons responded (Fig. 8A). Similarly, with respect to
basal dendritic changes, growth factor treatment (IGF-I, BDNF,
or NT-3) appeared to shift the distribution of measured values

toward larger values without appreciably changing the shape of
the distribution (Fig. 8B).

DISCUSSION
This study provides the most direct evidence to date that one or
more of the insulin-like growth factors regulates dendritic elab-
oration in the cerebral cortex. IGFs, IGF receptors, and insulin
receptors are all present in the neocortex during the period of
rapid dendritic growth (Bondy, 1991; Garcia-Segura et al., 1991;
Bondy et al., 1992; Kar et al., 1993), and IGF-I, IGF-II, and
insulin previously have been shown to stimulate neurite out-
growth from dissociated neurons (Recio-Pinto and Ishii, 1988;
Torres-Aleman et al., 1989; Caroni and Grandes, 1990). The most
straightforward interpretation of the current results is that des
IGF-I acted through the IGF-I receptor, and the neurotrophins
through their associated Trk receptors, to directly promote den-
dritic growth. Nevertheless, because insulin, IGF-I, and IGF-II
can each activate heterologous as well as homologous receptors,
(with ;100-fold less efficacy) (Recio-Pinto and Ishii, 1984;
Werner and LeRoith, 1995), we cannot rule out the possibility
that effects of IGF-I were mediated in part by insulin receptors. In
addition, because neurotrophic factors might influence neuronal
or glial survival or other aspects of the in vitro environment, it is
also possible that effects of such factors on dendritic elaboration
observed in this and previous studies were secondary to changes
in cell survival or slice health. Several findings argue against that
interpretation in the present study. First, although there is accu-
mulating evidence for laminar differences in neuronal survival in
cultured slices, neuronal survival in layer 2 is not influenced by
any of the factors used in this study (Niblock et al., 1997). In
addition, the differential regulation of apical and basal dendrites
observed in this study suggests a direct rather than a general,
indirect regulation of dendritic elaboration. In fact, there was no
correlation between apical and basal dendritic extent, even in
control neurons. Finally, if dendritic extent was primarily a func-
tion of slice health, then one would expect neurons within a single
cortical slice to be more similar in dendritic extent than neurons
in different slices. This was not the case. Every slice under each
condition contained neurons with a range of dendritic extents,
with values above and below the mean for the given metric and
treatment. Thus, although there is not as yet unequivocal evi-
dence that the neurotrophic factors acted directly to promote
dendritic branching and growth, there is no evidence to the
contrary.

Regulation of dendritic growth
Only specific aspects of neuronal morphology were affected by
IGF-I, BDNF, and NT-3. Somal size did not change; thus, there
was no overall stimulation of cell growth. Moreover, the number
of primary basal dendrites remained constant, in contrast to
previous studies of the ferret visual cortex that demonstrated
changes in the number of primary dendrites in response to neu-
rotrophins (McAllister et al., 1995). Those studies examined
neurons at an earlier age, when layers 2 and 3 are still forming.
Although one cannot discount differences among species (rat vs
ferret), cortical areas (S1 vs visual cortex), or cortical layers (layer
2 vs layers 4–6), it seems likely that the most fundamental aspects
of dendritic architecture, such as the number of primary den-
drites, are plastic only very early in the differentiation of cortical
neurons (Petit et al., 1988).

Together, the results of the present study demonstrate differ-
ential regulation of dendritic growth by IGF-I, BDNF, and NT-3
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and suggest that these factors could play specific, compartmen-
talized roles in regulating dendritic elaboration. The data reveal
differential control of the growth of major compartments of the
dendritic arbor, demonstrating that IGF-I promotes elaboration
of both apical and basal dendrites and that BDNF and NT-3
influence only basal dendrites. Similarly independent control of
apical and basal dendrites was reported previously for regulation
by neurotrophins of dendritic development in visual cortex
(McAllister et al., 1995, 1996, 1997) in which BDNF and NT-3
elicited primarily opposite effects on deep pyramidal neurons.
The present study demonstrates that the two neurotrophins do
not always act in such opposition, but rather produce qualitatively
and quantitatively similar effects on supragranular neurons.

These results demonstrate additional specificity of regulation

within individual dendritic compartments. IGF-I promotes
branching of lower- and higher-order dendrites in both proximal
and distal portions of the apical arbor. BDNF and NT-3 increase
basal dendritic extent only proximally and affect only
intermediate-order branches. Such specificity also extends to the
nature of dendritic growth. IGF-I, BDNF, and NT-3 each signif-
icantly increased branching, but the two neurotrophins produced
more elongation of previously existing branches than did IGF-I.
Thus, distinct aspects of dendritic elaboration may be regulated
quite specifically by different trophic factors. Given accumulating
evidence that dendrites actively process afferent inputs (Johnston
et al., 1996; Yuste and Tank, 1996; Sejnowski, 1997) and the
expectation that the location of newly formed synapses may be as
important as their number, changes in specific dendritic compart-

Figure 7. Effects of growth factors on the lengths of branching versus terminal dendritic segments. The frequency distributions of the lengths of
individual dendritic segments were determined independently for apical and basal segments that ended at branch points (nonterminal, A and C) or as
terminal branches (B and D). IGF-I produced no increase in the length of nonterminal (A) or terminal (B) apical dendritic branches. The distribution
of terminal segment lengths was shifted toward shorter segments, indicating that little, if any, growth of preexisting segments occurred along with the
formation of the new branches that formed in response to IGF-I. Similar analysis of the effects of the growth factors on the length of basal dendritic
segments (C and D) revealed a distinct shift toward larger values in the distribution of lengths of terminal branches in response to BDNF and NT-3. This
suggests that an increase in the length of dendritic segments accompanied the increased branching of basal dendrites in response to the neurotrophins
but not in response to IGF-I.
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ments in response to different growth factors might well produce
equally distinct changes in neuronal function.

These observations raise interesting and challenging questions

about the cellular and molecular mechanisms by which trophic
factors influence dendritic elaboration and by which effects are
targeted to specific domains within the dendritic arbor. With
regard to promotion of dendritic growth, studies from several
laboratories demonstrate that IGFs can influence cytoskeletal
changes like those that must underlie dendritic modifications
(discussed in Ishii, 1993). For example, expression of a- and
b-tubulin and neurofilament proteins increases in response to
insulin and the IGFs (Mill et al., 1985; Fernyhough et al., 1989;
Ishii et al., 1989; Wang et al., 1992). IGF-I also promotes tyrosine
phosphorylation of the focal adhesion proteins focal adhesion
kinase (FAK) and paxillin (Leventhal et al., 1997; Kim and
Feldman, 1998). FAK and paxillin are important in cytoskeletal
remodeling and stabilization within growth cones and may play
similar roles during dendritic growth (Burridge et al., 1992;
Miyamoto et al., 1995; Leventhal et al., 1997). In addition to these
links between growth factor signaling and cytoskeletal regulation,
several recent studies provide clues to the means by which effects
of neurotrophins could be targeted specifically to basal dendrites,
as observed here. Accumulating evidence suggests a link between
the expression of cell surface gangliosides and the growth of basal
dendrites (Walkley et al., 1998; Zervas and Walkley, 1999).
Gangliosides appear to potentiate signaling by Trk receptors
(Ferrari et al., 1995; Mutoh et al., 1995; Farooqui et al., 1997);
thus, a selective association of gangliosides with basal dendrites
might render those dendrites particularly sensitive to the growth-
promoting effects of neurotrophins.

IGF-I in the developing cortex
Whatever the underlying cellular and molecular mechanisms, the
observation that individual neurotrophic factors regulate specific
aspects of dendritic architecture of a given neuron, within specific
compartments of the dendritic arbor, may provide important
insight into the observation that most neurons in the developing
CNS produce, are exposed to, and may respond to a wide variety
of trophic agents. Within the peripheral nervous system (PNS), in
apparent contrast, a particular cell population often appears to
depend on a single neurotrophic factor for survival or differenti-
ation (discussed in Snider, 1994). In the PNS, a critical factor
often is produced in a restricted location, acts locally, and is
relatively inaccessible to the developing processes of other neu-
ronal populations. Within the CNS, however, the regulation of
neuronal development by neurotrophic factors appears to be less
singular. A given neuronal population within the cerebral cortex
is exposed to, and may respond to, multiple neurotrophic factors
at key points in development. These observations beg the obvious
question of whether multiple neurotrophic factors have redundant
or distinct roles in regulating the development of a given popu-
lation of neurons. The present results argue against redundancy
and for specific regulation of distinct aspects of neuronal
differentiation.

The broad effects of IGF-I on dendritic elaboration, combined
with its availability to neurons from the vasculature, make IGF-I
an attractive candidate as a molecular mediator for regionally
differential growth of the neocortex in response to differences in
levels of neural and metabolic activity (Riddle et al., 1992, 1993).
Because blood vessels are elaborated in more electrically and
metabolically active areas of the cortex, the supply of vascularly
derived IGF-I to neurons in those areas would increase. This,
perhaps in concert with neurally derived IGF-I, could promote
dendritic elaboration, increase neuropil volume, and contribute to
local growth. Such a model is consistent with the observation that

Figure 8. Effects of growth factors on the distributions of dendritic
lengths and branch numbers. A, Analysis of the frequency distributions of
total apical dendritic lengths for neurons in slices not exposed to IGF-I
suggests that the group comprises one population of smaller neurons with
mean dendritic length of ;500 mm and a second population of larger
neurons with mean length of ;1000 mm. Measures from control and
BDNF- or NT-3-treated slices, which were statistically identical with
respect to apical length and branch number, were combined to provide a
smoother distribution (each of the 3 individual distributions also sug-
gested 2 peaks). Comparison of the distribution of dendritic lengths for
neurons in IGF-I-treated slices indicated IGF-I elicited a similar increase
in the total length of each of the two populations of neurons. Comparable
analysis of apical branch points (rather than length) revealed a similar
bimodal distribution in untreated slices and increase in response to IGF-I
(data not shown). B, The frequency distribution for the number of basal
branch points appeared to be unimodal in control slices; the distribution
was shifted toward larger values in slices treated with neurotrophic fac-
tors. Data from IGF-I-, BNDF-, and NT-3-treated slices, which showed
identical increases in the mean number of branches and similar distribu-
tions, were combined for the distribution in B. The distributions of basal
dendritic lengths in control and treated slices showed similar shapes and
changes in response to treatment (data not shown).
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the cortex and somatosensory barrel field are increased in size in
IGF-I-overexpressing mice and decreased in mice in which IGF-I
signaling is blocked (Gutierrez-Ospina et al., 1996).

Insulin-like growth factors in the aging brain
Several aspects of the regulation of IGF signaling indicate that
IGFs may influence neuronal structure and function throughout
the life-span. IGF-I levels in the brain are highest during the early
postnatal period and then decrease to a lower level that is main-
tained throughout most of adulthood (Bondy, 1991; Bach et al.,
1991; Garcia-Segura et al., 1991; Niblock et al., 1998). Interest-
ingly, IGF-I levels decline precipitously in aged animals, coinci-
dent with declines in cerebral vascularization and cognitive abil-
ity (Sonntag et al., 1997, 1999). IGF-II is also present in the
developing and adult brain (Bondy et al., 1992; LeRoith et al.,
1993) and declines in the aging brain (Hammerman, 1987; Kitraki
et al., 1993; Dore et al., 1997). Accumulating evidence suggests
the relationship between the age-related decrease in IGF levels
and cognitive decline is more than coincidental. IGF-I, delivered
intracerebroventricularly, significantly improves the cognitive
function of aged animals and ameliorates age-related cerebrovas-
cular deficits (Markowska et al., 1998). In addition, blocking
IGF-I signaling in young rats produces cognitive deficits similar to
those seen in normal aging (Thornton et al., 1999). Ongoing
studies will establish whether the cognitive changes that follow
manipulation of IGF-I signaling reflect normal roles of IGF-I
(and/or IGF-II) in modulating neural function and whether be-
havioral effects of IGF-I are mediated by neuroanatomical mod-
ulation like that demonstrated here.

Conclusion
In summary, we have observed that IGF-I treatment leads to a
general increase in apical and basal dendritic branching in layer 2
of rat primary somatosensory cortex. BDNF and NT-3 influence
only basal dendrites but promote both elongation and branching
of those dendrites. These results provide evidence that cortical
dendritic differentiation within a single neuronal population can
be regulated by several trophic factors, with different factors
contributing uniquely to specific aspects of dendritic growth.
Thus, although widespread production of trophic factors in the
cortex may suggest redundancy, the individual factors, in fact,
may have distinct roles in the establishment of cortical connec-
tions. In addition to supporting a significant role for IGF-1 in the
developing brain, these observations suggest that the age-related
decrease in IGF levels, through associated changes in dendritic
structure, could contribute to the cognitive decline that accom-
panies senescence.
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