
Peripheral Infusion of IGF-I Selectively Induces Neurogenesis in the
Adult Rat Hippocampus

Maria A. I. Åberg,1 N. David Åberg,1 Helena Hedbäcker,1 Jan Oscarsson,2 and Peter S. Eriksson1
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In several species, including humans, the dentate granule cell
layer (GCL) of the hippocampus exhibits neurogenesis through-
out adult life. The ability to regulate adult neurogenesis phar-
macologically may be of therapeutic value as a mechanism for
replacing lost neurons. Insulin-like growth factor-I (IGF-I) is a
growth-promoting peptide hormone that has been shown to
have neurotrophic properties. The relationship between IGF-I
and adult hippocampal neurogenesis is to date unknown. The
aim of this study was to investigate the effect of the peripheral
administration of IGF-I on cellular proliferation in the dentate
subgranular proliferative zone, which contains neuronal pro-
genitor cells, and on the subsequent migration and differentia-
tion of progenitor cells within the GCL. Using bromodeoxyuri-
dine (BrdU) labeling, we found a significant increase of BrdU-
immunoreactive progenitors in the GCL after 6 d of peripheral
IGF-I administration. To determine the cell fate in progenitor

progeny, we characterized the colocalization of BrdU-
immunolabeled cells with cell-specific markers. In animals
treated with IGF-I for 20 d, BrdU-positive cells increased sig-
nificantly. Furthermore, the fraction of newly generated neurons
in the GCL increased, as evaluated by the neuronal markers
Calbindin D28K, microtubule-associated protein-2, and NeuN.
There was no difference in the fraction of newly generated
astrocytes. Thus, our results show that peripheral infusion of
IGF-I increases progenitor cell proliferation and selectively in-
duces neurogenesis in the progeny of adult neural progenitor
cells. This corresponds to a 78 6 17% ( p , 0.001) increase in
the number of new neurons in IGF-I-treated animals compared
with controls.
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Most CNS neurons are terminally differentiated and are, thus, not
replaced after neuronal cell death. However, self-renewing cells
with multilineage potential, designated stem cells or progenitor
cells, have been identified in the adult mammalian brain (Reyn-
olds and Weiss, 1992; Richards et al., 1992; Craig et al., 1996;
Suhonen et al., 1996; McKay, 1997; Temple and Alvarez-Buylla,
1999). Neural stem cells generate new neurons throughout life in
the dentate gyrus of the hippocampus in several species, including
humans (Altman and Das, 1965; Kuhn et al., 1996; Eriksson et al.,
1998). Progenitor cells isolated from this region have demon-
strated the capacity for self-renewal in vitro; when grafted back
into the adult brain, they have the potential to develop into
mature neurons with the phenotypic characteristics of surround-

ing neurons (Suhonen et al., 1996). Proliferation and differentia-
tion of adult neural stem cells are affected by age, growth factors,
excitatory input, adrenal steroids, seizures, and enrichment of the
environment (Cameron and Gould, 1994; Palmer et al., 1995;
Craig et al., 1996; Kuhn et al., 1996; Bengzon et al., 1997; Gould
et al., 1997; Kempermann et al., 1997; McKay, 1997; Nilsson et al.,
1999). However, there are to our knowledge no known exogenous
substances that selectively induce neurogenesis in the adult mam-
malian CNS in vivo.

Insulin-like growth factor-I (IGF-I) is a growth-promoting pep-
tide that is important during development of the brain (Sara and
Carlsson-Skwirut, 1988; Bozyczko-Coyne et al., 1993; Giacobini
et al., 1995; Dentremont et al., 1999). Overexpression of IGF-I,
both peripherally and centrally, in transgenic mice results in an
increase in brain size and myelin content (Carson et al., 1993).
Conversely, the number of granule cells in the hippocampus, the
oligodendrocyte and neuron density within the olfactory bulbs,
and total brain size are reduced in knock-out mice (Beck et al.,
1995; Cheng et al., 1998).

There are two potential pathways by which IGF-I may affect the
hippocampus. IGF-I receptors expressed in the adult dentate
gyrus (Lesniak et al., 1988) may be reached by IGF-I either from
the periphery (by crossing the blood–brain barrier) (Duffy et al.,
1988; Reinhardt and Bondy, 1994) or locally by paracrine IGF-I
(Breese et al., 1996). In the present study we wanted to assess the
impact of peripheral, normally liver-derived, IGF-I.

It is possible that the reported alterations in hippocampal
granule cell number in animals with supranormal or subnormal
IGF-I levels occur in part as a result of a perturbation in the
proliferation of endogenous neural progenitor cells. This hypoth-
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esis led us to investigate the proliferation and differentiation of
progenitor cells in the adult dentate gyrus in hypophysectomized
(hx) rats treated with peripheral administration of IGF-I. The hx
rat is widely used as a model of somatic IGF-I deficiency because
hx animals have low circulating levels of IGF-I (Schoenle et al.,
1982; Sjöberg et al., 1994). We used bromodeoxyuridine (BrdU)
labeling to monitor proliferation and double or triple immuno-
fluorescent labeling for BrdU and cell-specific markers to deter-
mine the phenotype of the progenitor progeny.

MATERIALS AND METHODS

Animals and hormonal treatment. We used hx rats, which have low
circulating levels of IGF-I (Schoenle et al., 1982; Sjöberg et al., 1994).
The effect of IGF-I treatment was shown by comparing the weight gain
in treated versus untreated (control) hx rats (data not shown) (Schoenle
et al., 1982; Fielder et al., 1996). Female Sprague Dawley rats (Mølle-
gaard Breeding Center, Ejby, Denmark) were hypophysectomized at
50 d of age at the Møllegaard Breeding Center. Weight-matched female
normal (non-hx) rats were also investigated. All rats were maintained
under standard conditions of temperature (24–26°C) and humidity (50–
60%) and with lights on between 05:00 and 19:00 hr. The rats had access
to water and standard laboratory chow ad libitum. Hormonal treatment
started 7–10 d after hypophysectomy. All hx rats received subcutaneous
injections of cortisol phosphate (400 mg/kg per d; Solu-Cortef, Upjohn,
Puurs, Belgium) and L-thyroxine (10 mg/kg per d; Nycomed Pharma,
Oslo, Norway) diluted in saline (08:00 hr) (Sjöberg et al., 1994).
L-Thyroxine and glucocorticoids were given because these hormones are
known to be important for normal central neural plasticity and function
(Sinha et al., 1994; McEwen, 1996; Reagan and McEwen, 1997). Control
hx rats were given cortisol and L-thyroxine. Recombinant human IGF-I
(Genentech, South San Francisco, CA) was diluted in saline and given as
a continuous infusion using Alzet 2001 osmotic minipumps (Alza, Palo
Alto, CA; 1.25 mg/kg per d) for short-term experiments and Alzet 2004
(0.9 mg/kg per d) for long-term experiments, resulting in comparable
levels of serum IGF-I (see Results). The osmotic minipumps were im-
planted subcutaneously on the backs of the rats. Hormonal treatment
continued for 6 d (short-term) or 20 d (long-term). Altogether three
separate sets of animals were used (one short-term and two long-term).
During the first 5 d of each treatment period, all animals received a daily
intraperitoneal injection of bromodeoxyuridine (BrdU; 50 mg/kg of body
weight; Boehringer Mannheim, Scandinavia AB, Bromma, Sweden). The
animals were killed by decapitation at the end of each treatment period.
The experimental methods were approved by the Board of Animal Ethics
(Göteborg University, Göteborg, Sweden).

Immunohistochemistry. After decapitation, the brains were removed
and fixed in 4% p-formaldehyde for 24 hr and stored thereafter in a 30%
sucrose solution. Coronal sections (40 mm) obtained by the use of a
freezing microtome were stored in a cryoprotectant (25% ethylene glycol
and 25% glycerin in a 0.05 M phosphate buffer) at 220°C before immu-
nohistochemistry or immunofluorescence. Staining was done on free-
floating 40 mm sections pretreated with 0.6% H2O2 in Tris-buffered
saline (TBS; 0.15 M NaCl and 0.1 M Tris-HCl, pH 7.5) for 30 min to block
endogenous peroxidase activity. To ensure the detection of BrdU-labeled
nuclei, we denatured the DNA before incubation with mouse anti-BrdU
antibody (1:400; Boehringer Mannheim). DNA denaturation was per-
formed in the following manner: tissue was incubated in 50% formamide
and 23 SSC (13 SSC, 0.3 M NaCl and 0.03 M sodium citrate) for 2 hr at
65°C, rinsed for 15 min in 23 SSC, incubated again for 30 min in 2 M HCl
at 37°C, and rinsed again for 10 min in 0.1 M boric acid at pH 8.5. The
tissue was then rinsed in TBS several times, followed by incubation in
TBS, 0.25% Triton X-100, and 3% normal horse serum (TBS-TS) for 30
min and then with primary antibody in TBS-TS overnight at 4°C. The
tissue sections were then incubated for 2 hr with biotinylated horse
anti-mouse IgG (1:160) secondary antibodies (Vector Laboratories, Bur-
lingame, CA) and rinsed in TBS. Avidin—biotin–peroxidase complex
was applied for 1 hr before 5 min of peroxidase detection (using 0.25
mg/ml diaminobenzidine, 0.01% H2O2, and 0.04% NiCl).

Immunofluorescence. Sections were treated for DNA denaturation, as
described above, and then incubated in TBS-TS for 30 min. Thereafter,
they were incubated with rabbit anti-Calbindin D28K (1:500; SWant,
Bellinzona, Switzerland), mouse NeuN (1:30; Chemicon, Temecula,
CA), mouse microtubule-associated protein-2 (MAP2; 1:400; Boehringer

Mannheim, Mannheim, Germany), or rabbit anti-GFAP (1:500; Dako,
Glostrup, Denmark) and rat anti-BrdU antibody (1:200; Harlan, Lough-
borough, United Kingdom) overnight at 4°C. GFAP and Calbindin D28K
were detected with Texas Red-conjugated anti-rabbit IgG (1:200 for
GFAP and 1:100 for Calbindin D28K; Jackson ImmunoResearch, West
Grove, PA), Calbindin D28K was also detected with Cy5-conjugated
anti-rabbit IgG (1:150; Jackson ImmunoResearch), NeuN and MAP2
were detected with Texas Red-conjugated anti-mouse IgG (1:100; Jack-
son ImmunoResearch), and BrdU was labeled with an FITC-conjugated
anti-rat IgG (1:150; Jackson ImmunoResearch) for 2 hr at 37°C. Immu-
nofluorescence was detected and processed with a Nikon Diaphot fluo-
rescence microscope and confocal laser-scanning microscopy using a
Bio-Rad 1024 system (Hercules, CA).

Quantification. For each animal, the number of BrdU-positive cells in
the granule cell layer (GCL; including the subgranular layer) and in the
hilus and their corresponding sample volumes were determined in 12
immunoperoxidase-stained, 40-mm-thick coronal sections taken 240 mm
apart. Area estimations were obtained by planimetry, using a Lucivid
device (MicroBrightField, Colchester, VT) attached to a Leica micro-
scope. The section thickness of 40 mm (microtome setting) was used in
the dissector estimation of volume. The number of BrdU-positive cells
was counted within the GCL and two cell diameters below the GCL,
ignoring the cells in the uppermost focal plane and focusing through the
thickness of the section to avoid errors caused by oversampling [for a
discussion of the optical dissector principle, see Gundersen et al. (1988);
West (1993); Coggeshall and Lekan (1996)]. Pictures were taken under a
Nikon microscope equipped with a video camera. The results are ex-
pressed as BrdU-positive cells per sample volume per section. We deter-
mined the total number of BrdU-positive cells in the GCL and in the
hilus. We also determined the colocalization of BrdU with cell-specific
markers in the GCL in six to eight 40-mm-thick coronal sections taken
240 mm apart in each animal. For the neuronal marker Calbindin D28K,
457 BrdU-positive cells were analyzed respecting colocalization; for the
neuronal marker NeuN, 735 BrdU-positive cells were analyzed; for the
neuronal marker MAP2, 203 BrdU-positive cells were studied; and for
the glial marker GFAP, 911 BrdU-positive cells were analyzed. All
cell-counting procedures were blindly performed. The absolute volumes
of the GCL and the hilus were determined in a Nissl-stained series of
sections taken 480 mm apart throughout the hippocampus.

IGF-I measurement. Serum IGF-I concentrations were determined by a
hydrochloric acid–ethanol extraction RIA, using human IGF-I for label-
ing (Nichols Institute Diagnostics, San Juan Capistrano, CA) (Sjöberg et
al., 1994).

Statistical analysis. Values are expressed as the mean 6 SEM. Com-
parisons between groups were made with one-way ANOVA throughout
the study. Two-way ANOVA was applied to the results on colocalization
of BrdU and Calbindin D28K/NeuN. Regression analysis with correlation
analysis was also performed. Differences that are not statistically signif-
icant are followed by the abbreviation NS. p values , 0.05 were consid-
ered statistically significant.

RESULTS

IGF-I stimulates proliferation of neural progenitors in
the adult rat dentate gyrus
Two IGF-I treatment protocols were used in the IGF-I-deficient
hypophysectomized rats. The 6 d treatment was performed to
evaluate the short-term effect of IGF-I on proliferation, and the
20 d treatment was used to evaluate effects on the cell fate of
BrdU-immunoreactive progenitor progeny.

Blood samples were taken when the animals were killed; serum
levels of IGF-I were measured to make sure that the miniosmotic
delivery system was functioning properly. One day after the last
injection of BrdU in animals treated for 6 d, the serum level was
148 6 35 mg/dm3 compared with 47 6 1.6 mg/dm3 in hx controls
( p , 0.01). Fifteen days after the last injection of BrdU in
animals treated for 20 d, the serum level was 222 6 23 mg/dm3 in
IGF-I-treated animals compared with 65 6 7.0 mg/dm3 in hx
controls ( p , 0.001). Additionally, the weight gain of rats treated
with IGF-I showed the expected response (data not shown).
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Together, these data show that the peripheral infusion of IGF-I
reached the systemic circulation, thereby being able to affect the
brain by passing the blood–brain barrier.

The number of newly generated cells in the adult dentate gyrus
was determined by monitoring the incorporation and subsequent
immunohistochemical detection of BrdU within the nuclei of
dividing cells (Fig. 1b–e). BrdU-immunoreactive nuclei were lo-
cated predominantly within the GCL or along the border between
the GCL and the hilus. The nuclei were generally condensed and
exhibited variable shapes. The number of BrdU-immunoreactive
cells in IGF-I-treated animals was compared with the number of
BrdU-immunoreactive cells in the hx controls. In animals that
underwent short-term (6 d) IGF-I treatment [i.e., animals evalu-
ated 1 d post-BrdU injection (p.i.)], the number of BrdU-
immunoreactive cells in the GCL was 7291 6 950 cells/mm3

compared with 4076 6 731 cells/mm3 in hx controls, which
corresponds to a 79 6 29% increase ( p 5 0.015) (Fig. 2a). In the
hilus, the number of BrdU-immunoreactive cells was 2765 6 331
cells/mm3 in IGF-I-treated animals compared with 1808 6 211
cells/mm3 in hx controls ( p , 0.05).

In animals that underwent long-term (20 d) IGF-I treatment
(i.e., those evaluated 15 d p.i.), the number of BrdU-
immunoreactive cells in the GCL was 2695 6 175 cells/mm3 in
IGF-I-treated animals compared with 1883 6 138 cells/mm3 in hx
controls, which corresponds to a 43 6 12% increase ( p , 0.01)
(Fig. 2 A). In the hilus, the number of BrdU-immunoreactive cells
was 640 6 56 cells/mm3 in IGF-I-treated animals compared with
306 6 62 cells/mm3 in hx controls ( p , 0.01).

In normal (nonhx) rats, the number of BrdU-immunoreactive
cells detected 15 d p.i. was 2416 6 283 cells/mm3 in the GCL (n 5
8), which is close to that in the IGF-I-treated hx rats. This
observation supports a role for IGF-I in the regulation of neuro-
genesis in the GCL. Furthermore, a statistically significant posi-
tive correlation between weight gain and the number of BrdU-
positive cells in the GCL was observed (r 5 0.92; p , 0.01) (Fig.
2 B). This observation demonstrates that a stronger biological
activity of IGF-I in the periphery also has a greater effect on
hippocampal neurogenesis.

Figure 2. Quantification of BrdU-positive cells in the adult rat hip-
pocampus. A, The density of BrdU-positive cells (cells per cubic millime-
ter of sample volume) in the GCL 1 and 15 d p.i. was determined
stereologically. IGF-I-treated animals (n 5 4 at 1 d p.i.; n 5 7 at 15 d p.i.)
are hx rats given L-thyroxine, cortisol, and IGF-I, as described in Mate-
rials and Methods. Controls (n 5 5 at 1 d p.i.; n 5 8 at 15 d p.i.) are hx
rats given L-thyroxine and cortisol only. Means 6 SEM are given. *p ,
0.05; **p , 0.01. B, Weight gain and the number of BrdU-labeled cells in
the GCL at the individual level are compared. There is a correlation
between S-IGF-I and BrdU-positive cells after 20 d of IGF-I treatment
(15 d p.i.); animals with a relatively low serum IGF-I have relatively low
numbers of BrdU-positive cells, and vice versa.

Figure 1. BrdU immunohistochemistry in two ex-
periments in which IGF-I was given for 6 d (corre-
sponding to 1 d p.i. of BrdU) or 20 d (correspond-
ing to 15 d p.i. of BrdU). a, The hippocampal
region of the adult rat brain immunoperoxidase-
stained for the neuronal marker Calbindin D28K.
b–e, Differential interference contrast photomicro-
graphs of BrdU-immunopositive cells in the hip-
pocampus. A comparison of BrdU labeling in con-
trols (b, d) and IGF-I-treated animals (c, e) at 1 and
15 d p.i. of BrdU is shown. (For quantification, see
Fig. 2.) Scale bar, 100 mm.
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The absolute volume of the GCL and of the hilus and the ratio
between these volumes were determined in animals that under-
went long-term IGF-I treatment. There were no significant dif-
ferences in the volume of the GCL and of the hilus or between the
ratios of these volumes in IGF-I-treated animals versus animals in
the hx control group (data not shown).

IGF-I selectively induces neurogenesis

Colocalization of BrdU immunoreactivity with immunoreactivity
of the granule cell marker Calbindin D28K (Fig. 3a–h) and the
astrocyte marker GFAP (Fig. 3i) was investigated to determine
the phenotype of progenitor cell progeny in the dentate gyrus

Figure 3. Colocalization of BrdU immunoreactivity ( green–yellow in a, c–i, l, m, o, p) with immunoreactivity of the granule cell marker Calbindin D28K
(red in a–h; blue in j, m), the astrocyte marker GFAP (red in i), the neuronal marker MAP2 (red in k, m), or the neuronal marker NeuN (red in n, p)
(arrows indicate colocalization in a–p). Red blood cells and endothelial cells in several small blood vessels also emit nonspecific green and red fluorescence
(asterisks in a–p). The specificity of BrdU and Calbindin D28K coexpression in three dimensions is demonstrated by a Z-series of focal planes above (e,
f ) and below ( g, h) the focal plane shown in d (arrows in e–h indicate the same cell as in d). The merged image of b and c is shown in d, the merged
image of j, k, and l is shown in m, and the merged image of n and o is shown in p. Insets of each boxed area in j–m are magnified 2.53. Scale bars: a,
i, 50 mm; b—h, j—m, n—p, 25 mm.
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after long-term IGF-I therapy (i.e., in animals evaluated 15 d p.i.)
compared with that of hx controls. Using confocal microscopy, we
were able to detect colocalization of BrdU with either Calbindin
D28K or GFAP in the GCL. In IGF-I-treated hx animals, we found
an increase in the Calbindin D28K- and BrdU-immunoreactive cell
fraction (from 43 6 1.5 to 54 6 3.0%) compared with that of hx
controls; this corresponds to a 26 6 9% ( p , 0.01) increase (Fig.
4). In addition, 17 6 1.1% of BrdU-positive cells were also GFAP
positive compared with 20 6 1.3% in hx controls (NS). In the
hilus, no colocalization of BrdU and Calbindin D28K was found in
IGF-I-treated or control animals, whereas BrdU colabeled with
GFAP in 27 6 1.4% of BrdU-positive cells in IGF-I-treated
animals compared with 23 6 2.5% in controls (NS). To confirm
that the increase of BrdU-and Calbindin D28K-immunolabeled
cells represented new neurons, we performed additional double-
and triple-immunolabeling characterizations with other neuronal
markers, namely, MAP2 and NeuN. We found that all (100%) of
the newly generated BrdU- and Calbindin D28K-positive neurons
are MAP2 positive. We also found an increase in the fraction of
BrdU- and NeuN-labeled cells (from 54 6 5.0 to 65 6 4.0%) in
IGF-I-treated animals compared with controls. A two-way
ANOVA of these data, using treatment and type of antibodies as
factors, shows that IGF-I treatment results in an increase in the
fraction of newly generated neurons ( p , 0.01). Together, these
data show that long-term treatment with IGF-I affected differen-
tiation into neurons but not into astrocytes.

To determine the total number of newly generated neurons, we
determined the absolute volume of the GCL (data not shown)
and multiplied this by the number of cells per sample volume
after 20 d of IGF-I treatment (Fig. 2 A) and the ratio of Calbindin
D28K-/BrdU-positive cells (Fig. 4) for each respective group. We
found that there were a total of 1971 6 154 newly generated
neurons in IGF-I-treated hx animals compared with 1106 6 107
in hx controls. This corresponds to a 78 6 17% ( p , 0.001)
increase in the number of newly generated neurons in IGF-I-
treated animals.

DISCUSSION

We investigated the effects of IGF-I on the proliferation and
differentiation of neural progenitor cells in the adult rat hip-
pocampus. A substantial increase in the total number of BrdU-
immunoreactive cells was observed after 6 d of IGF-I adminis-
tration, demonstrating the proliferative effect of IGF-I.
Furthermore, an analysis of the phenotypic distribution after 20 d
of IGF-I treatment indicated that the number of newly generated
neurons in the GCL increased significantly. To our knowledge,
this is the first study showing a selective induction of neurogen-
esis in the adult mammalian CNS.

It has been demonstrated that the incorporation of BrdU into
hippocampal granule cells reflects the number of proliferating
progenitor cells. The thymidine analog BrdU is incorporated into
DNA and can be detected immunohistochemically in cell progeny
(del Rio and Soriano, 1989; Kuhn et al., 1996). Bioavailability of
BrdU after injection has been estimated to last ;2 hr, and BrdU
labels DNA only during the S phase, which has been estimated to
last ;8 hr (Nowakowski et al., 1989; Takahashi et al., 1992). Thus,
the regimen used in this study is not likely to cause an overesti-
mation of the number of proliferating cells, because one injection
cannot label all dividing cells during a 24 hr period. The resulting
BrdU-positive cells also include the progeny of labeled cells that
divided again after BrdU was discontinued. Although these cells
still represent newborn cells, the exact time of cell division is
unknown; therefore, injections of BrdU over a 5 d period should
reduce the proportion of BrdU-positive cells that divide again
compared with a single dose of BrdU. The 5 d treatment period
should also reduce the significance of any treatment-induced
alterations in the length of any phase of the cell cycle.

Peripheral-derived IGF-I stimulates neurogenesis in
the dentate gyrus

The main regulators of circulating levels of IGF-I are nutritional
factors and growth hormone (GH) (Humbel, 1990; Thissen et al.,
1994). IGF-I is expressed in most tissues in the body, including
large organs like skeletal muscle (Isgaard et al., 1988), adipose
tissue (Vikman et al., 1991), and liver (Schwander et al., 1983;
D’Ercole et al., 1984; Humbel, 1990). However, the liver-derived
IGF-I is the principal source of circulating IGF-I that is able to
affect the brain (Schwander et al., 1983; Sjögren et al., 1999).

The administration of IGF-I results in weight gain in hypoph-
ysectomized animals, and this fact has been used in previous
studies to verify the bioactivity of exogenous IGF-I (Schoenle et
al., 1982; Fielder et al., 1996). The data showing a correlation
between weight gain and the proliferation rate of neural progen-
itors are noteworthy, because they support the existence of a
relationship between the effect of IGF-I on peripheral tissue and
that on the CNS and thus suggest that circulating IGF-I is
neurotrophic.

Possible mechanisms of IGF-I-induced neurogenesis
in the adult dentate gyrus

We show that peripheral administration of IGF-I induces neuro-
genesis in the adult hippocampus. In our study, the number of
newly generated neurons represents a combination of the prolif-
erative rate, the differentiation rate, and net cell survival /apopto-
sis. This assumption is supported by other studies, in which IGF-I
increased the proliferation of embryonic CNS precursors in vitro
(DiCicco-Bloom and Black, 1988; Drago et al., 1991; Zackenfels

Figure 4. Percentage of the surviving BrdU-positive cells after 20 d of
IGF-I treatment that differentiated into either neurons or astrocytes.
Colocalization of BrdU immunoreactivity with cell-specific markers, ei-
ther the granule cell marker Calbindin D28K or the astrocyte marker
GFAP, was monitored to determine the phenotype of newborn cells after
treatment with IGF-I, when compared with controls in the GCL (n 5 5 for
controls; n 5 7 for IGF-I-treated animals). Means 6 SEM are given.
**p , 0.01.
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et al., 1995) and in vivo (Ye et al., 1996), and conversely, the
number of hippocampal granule neurons was reduced in studies
of IGF-I knock-out mice (Beck et al., 1995). These results are
consistent with our data on the adult rat, which demonstrate a
pronounced increase in the number of BrdU-positive cells after
6 d of IGF-I treatment and suggest that a considerable proportion
of the newborn neurons detected after 20 d of IGF-I treatment is
attributable to stimulation of progenitor cell proliferation.

We further show that differentiation is also affected by IGF-I,
because an increase was seen not only in the absolute number of
cells but also in the fraction of newly generated neurons. Simi-
larly, IGF-I stimulates mouse embryonic CNS neural precursors
to differentiate into non-GABAergic neurons in vitro (Arsenijevic
and Weiss, 1998). In vivo, IGF-I increases neuronal recruitment
from the adult songbird subependymal zone (Jiang et al., 1998).
Together, our observations and the observations of others sup-
port the hypothesis that IGF-I increases neuronal differentiation
in both the developing and adult CNS. However, a third possi-
bility—an effect on cell survival /apoptosis—could also be re-
sponsible for the increase in neurons observed after IGF-I treat-
ment, because IGF-I supports the survival of neurons in the
embryo (Bozyczko-Coyne et al., 1993; Hughes et al., 1993; Lind-
holm et al., 1996; Blair et al., 1999). The knowledge is still limited
about the role of apoptosis in the regulation of adult neurogen-
esis. Because apoptotic nuclei have been described in the sub-
granular zone, cell elimination by programmed cell death could
explain the decrease in BrdU-positive cells observed 15 d p.i.
compared with 1 d p.i. (Bengzon et al., 1997). Quantitatively, the
loss of BrdU-positive cells might reflect an overestimation of
apoptosis, because BrdU itself could damage some labeled cells.
The fact that IGF-I has been shown to attenuate apoptosis in
hippocampal neurons after ischemia (Tagami et al., 1997) sug-
gests that the observed increase in the fraction of newborn neu-
rons after IGF-I treatment is in part an effect on cell survival.

Potential of induced neurogenesis in the dentate gyrus

It has been suggested that an increase in the expression of the
IGF-I gene or peripherally administered IGF-I plays an impor-
tant role in the neurotrophic response after injury such as epi-
lepsy or ischemia in the adult rat brain (Gluckman et al., 1992;
Guan et al., 1993; Breese et al., 1996; Saatman et al., 1997; Tagami
et al., 1997; Liu et al., 1998; Hughes et al., 1999). Several disorders
are associated with GCL pathology. Epilepsy is associated with
granule cell pathophysiology, including changes in hippocampal
calbindin immunoreactivity in rats (Köhr et al., 1991). Similarly,
temporal lobe seizures and memory dysfunction are associated
with abnormalities in the GCL and hilus (Lowenstein et al., 1992;
Beach et al., 1995).

Also, ischemic injury causes neuronal cell loss in the hippocam-
pus and subsequent memory impairment in animals and humans
(Zola Morgan et al., 1992; Squire and Zola, 1996). Considering
that dentate neurogenesis is increased with enriched environ-
ment and learning (Kempermann et al., 1997, 1998; Gould et al.,
1999; Nilsson et al., 1999), it is plausible that new neurons actually
participate in and mediate this process. The opposite order of
events is also very exciting and may also hold true, i.e., improved
ability of memory formation after for example drug-induced
neurogenesis. This however is a very complex process and re-
mains to be proven. The relationship between memory and adult
neurogenesis is supported further by the fact that radiation, which
is known to impair memory (Leibel and Sheline, 1987), also

inhibits GCL neurogenesis (Parent et al., 1999). Probably IGF-I-
stimulated proliferation and neurogenesis in neural progenitors
play a role in reducing neuronal loss after hippocampal damage as
occurs with epilepsy and ischemia. This issue, however, warrants
further investigation.

In conclusion, our in vivo data of selective induction of neuro-
genesis by peripheral IGF-I on hippocampal progenitors suggest
a role for this substance in the generation of new neurons in the
adult hippocampus. Additional studies of the effects of IGF-I may
therefore yield novel ideas with possible implications for future
therapeutic approaches.
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