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Increasing the Levels of Insulin-Like Growth Factor-| by an IGF
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The present studies were conducted to determine if increasing central levels of the neurotrophic factor insulin-like growth factor-1 (IGF-
) either directly or indirectly produces anxiolytic and antidepressant-like effects in the mouse. Central levels of IGF-| can be increased
directly, by administering IGF-I, or indirectly by blocking the insulin-like growth factor binding proteins (IGFBPs). The IGFBP family has the
unique ability to regulate IGF-| levels by sequestering IGF-I into an inactive complex. Therefore, an IGFBP inhibitor increases the level of
IGF-I available to bind to its receptor. Intracerebroventricular (icv) administration of the nonspecific IGFBP inhibitor NBI-31772 (10—
30 png) increases the number of punished crossings in the four-plate test and NBI-31772 (0.3—10 pg) increases time spent in the open
quadrant of the elevated zero maze (EZM), indicative of anxiolytic-like effects. NBI-31772 (3—-30 pg) also decreases immobility time in
the tail suspension test, indicative of antidepressant-like effects. Similarly, icv administration of IGF-I (0.1 ug) produces anxiolytic-like
effects in the four-plate test and IGF-1 (0.3—1 pug ) produces anxiolytic-like effects in the EZM. IGF-I (10 pg) also produces antidepressant-
like effects in the tail suspension test. Coadministration of the IGF-I receptor antagonist JBI with NBI-31772 or IGF-I blocks the anxiolytic-
like and antidepressant-like effects of these compounds. These results suggest that NBI-31772 produces behavioral effects by increasing
levels of IGF-I that in tum activate the IGF-I receptor. The present studies demonstrate that an IGFBP inhibitor mimics the behavioral
effects of IGF-I and that IGFBP inhibition may represent a novel mechanism by which to increase IGF-| to treat depression and anxiety.
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INTRODUCTION

Despite the high prevalence of depressive and anxiety
disorders in the population (Berton and Nestler, 2006;
Kessler et al, 2005; Malberg and Schechter, 2005), our
understanding of the mechanisms by which antidepressant
and anxiolytic drugs produce their effects are limited. The
current generation of antidepressant drugs primarily
modulate neurotransmitter systems by indirectly elevating
levels of monoamines (Schechter et al, 2005). More recent
clinical and preclinical research in depression (Duman,
2004; Nestler et al, 2002) has begun to focus on the role of
growth factors and neurotrophic factors in depression and
antidepressant action. Clinically effective antidepressant
drugs increase adult hippocampal neurogenesis in rodents,
and a current hypothesis is that neurotrophins or drugs that
modulate plasticity-related proteins or growth factors may
provide the next generation of antidepressant or anxiolytic
drugs (Malberg and Schechter, 2005).
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Insulin-like growth factor-1 (IGF-I) has a number of
growth-promoting effects in the central nervous system
(CNS), which qualify this molecule as a neurotrophin (Kim
et al, 1998, 2004; Kurihara et al, 2000). IGF-I was first
named ‘somatomedin C’ owing to its ability to mediate the
effect of somatotropin (growth hormone) (Le Roith et al,
2001). In the late 1970s somatomedin C was renamed IGF-I
because of its sequence similarity with insulin. Both central
(icv) and systemic administration of IGF-I increases
hippocampal cell proliferation and neurogenesis in the
adult rat (Aberg et al, 2000; Anderson et al, 2002). These
same effects are seen after administration of clinically
effective antidepressant drugs. Moreover, central adminis-
tration of IGF-I produces antidepressant-like effects in the
rat forced swim test (Hoshaw et al, 2005).

An IGFBP inhibitor can be used to increase IGF-I levels
owing to the unique properties of the IGFBP family
(Wetterau et al, 1999). The IGFBP family exerts a precise
regulation of IGF-I levels throughout the CNS and
peripheral nervous systems (for a review, see Wetterau
et al, 1999). The majority of circulating IGF-I is not
available in a ‘free pool’ for IGF-I receptor (IGF-IR) binding
and activation. Instead, the majority of IGF-I exists in an
inactive IGF-LIGFBP complex. The insulin-like growth



factor binding proteins (IGFBPs) act as functional antago-
nists by sequestering IGF-I into the inactive IGF-I:IGFBP
complex. An IGFBP inhibitor has the net effect of releasing
free IGF-I from the inactive IGF-I:IGFBP complex and
increasing the amount of free IGF-I available for IGF-IR
binding.

NBI-31772 is a nonspecific IGFBP inhibitor, which has
been shown to mimic the effects of IGF-I in both in vitro
and in vivo assays (Liu et al, 2001; Mackay et al, 2003). This
nonpeptide ligand binds with high affinity to all six
members of the IGFBP family (Liu et al, 2001) and has
only low affinity for the IGF-IR and IGF-IIR (Chen et al,
2001; Loddick et al, 1998). NBI-31772 has been shown to
displace IGF-I from the inactive IGF-IIGFBP complex at
low nanomolar concentrations, resulting in active IGF-I. In
an IGF-I-mediated cell proliferation assay, the IGFBPs
produced an inhibition of cell proliferation, which was
reversed by NBI-31772. In wvivo, NBI-31772 produced
neuroprotective effects in a similar manner to exogenously
administered IGF-I (Mackay et al, 2003).

In the present studies, NBI-31772 was administered
centrally (icv) to determine whether inhibition of the
IGFBPs can be used to produce antidepressant or anxioly-
tic-like effects similar to IGF-I. Additional studies were
conducted to determine whether the IGF-IR antagonist, JB1,
could block the effects of IGF-I and NBI-31772 to confirm
that IGF-I and NBI-31772 produce their behavioral effects
via activation of IGF-IR. The present studies demonstrate
that increasing central levels of IGF-I by administration of
an IGFBP inhibitor produces anxiolytic-like and antide-
pressant-like behavioral effects in the mouse in vivo, similar
to IGF-I administration. Moreover, these effects are blocked
by the IGF-IR antagonist JB1, indicating that these effects
are mediated via increased IGF-I acting at the IGF-IR. Taken
together, these results suggest that increasing IGF-I levels
via an IGFBP inhibitor may represent a novel treatment for
depression and anxiety.

MATERIALS AND METHODS
Animals

Male mice weighing 18-24 g were housed in groups of four
in hanging wire cages, allowed access to food and water ad
libitum, and maintained on a 12-h light-dark cycle, with
lights on at 0600. All behavioral testing was performed
during the light cycle. Separate strains of mice were used in
different behavioral tests based on the best combination of
baseline behavior and response to reference compounds.
Swiss-Webster mice were used for the four-plate and tail
suspension tests and Balb/C mice were used for the elevated
zero maze (EZM). All studies were previously approved by
the Institutional Animal Care and Use Committee and
performed in accordance with the Guide for the Care and
Use of Laboratory Animals as adopted and promulgated by
the National Institutes of Health.

Test Compounds

IGF-I (recombinant human IGF-I; Bachem), JB1 (Bachem),
and NBI-31772 (Calbiochem) were all dissolved in a water
vehicle.
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ICV Injections

Mice were lightly anesthetized with halothane. Test
compounds were administered into either the left or right
ventricle by visual location, and all compounds were
administered 20 min before the test session. For experi-
ments where two icv injections were given, an animal
received an injection in both the left and right ventricles,
with the second injection given immediately after the first
injection. A 26-gauge Hamilton syringe with 3 mm needle
was used for injections and the injection site was visualized
by locating the middle of the invisible line that runs
diagonally from the left eye to the right ear. Test
compounds were injected in a 2pl total volume. This
injection method has been previously validated in our
laboratory (Ring et al, 2006).

Four-Plate Test

The four-plate apparatus consists of a Plexiglas chamber
(18 x 25 x 16 cm”) with a floor consisting of four rectan-
gular metal plates (8 x 11.cm?), which are separated from
one another by a 4mm gap. All four plates are wired to a
shock generator (Med Associates). In each experiment, the
mouse is placed into the chamber and given an 18-s
habituation period followed by a 1-min test. During the test,
the animal’s innate tendency to explore the novel environ-
ment is suppressed by the delivery of a mild foot shock
(0.8 mA, 35) every time the animal moves from one plate to
another (referred to as a ‘punished crossing’). During each
shock, there is a 3-s time out where no further shocks are
administered by the investigator and crossings are not
recorded during this time period. Experimental sessions are
I min in length and the number of punished crossings is
recorded by a computer attached to the shocker device.
Clinically effective classes of anxiolytic compounds such as
benzodiazepines, selective serotonin reuptake inhibitors, or
partial 5-HT;, agonists produce increases in punished
crossings, which is indicative of anxiolytic-like activity
(Aron et al, 1971; Bourin et al, 1992; Hascoet et al, 2000).

EZM

The EZM is a modification of the elevated plus maze and
consists of a circular platform (outer diameter approxi-
mately 60 cm, width 5cm) that is elevated 55 cm above the
floor, and made of black Perspex (Shepherd et al, 1994). The
EZM features two open and two enclosed (closed) quad-
rants. The closed quadrants have walls extending 20 cm
above the surface of the maze, whereas the open quadrants
have a lip, constructed of clear Perspex, extending 3 mm
above the surface of the maze. In this paradigm, a mouse is
placed onto the EZM for a 5-min test period and has free
access to explore all quadrants of the maze. This location
and all subsequent movement is recorded using Ethovision
video tracking software (Noldus IT, Netherlands). The
percentage of time the animal spends in the open or
closed quadrants is recorded and analyzed. In this
paradigm, as a result of the aversive properties of the open
quadrants, animals spend a greater proportion of time in
the closed quadrants. Compounds that increase the
percentage time an animal spends in the open quadrants
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of the EZM, compared to the closed quadrants, are
considered to exhibit anxiolytic-like activity (Kash et al,
1999; Pellow et al, 1985).

Tail Suspension Test

The procedure followed in this study is a variant of the one
originally described by Steru et al (1985). In this test, mice
are suspended upside down by taping their tails with
adhesive laboratory tape (VWR International) to a flat metal
bar connected to a force transducer within a sound-
attenuating chamber (Med Associates). The bar is posi-
tioned such that a mouse is not able to grasp the top or the
sides of the chamber. The total time spent immobile during
a 6-min test session is automatically recorded. Compounds
that decrease the total immobility time compared to control
animals are predicted to have antidepressant-like effects. In
each study, eight mice were tested simultaneously in
separate chambers.

Locomotor Activity Test

The locomotor activity chambers are Plexiglas chambers (16
in x 16 in X 20 in). During each test, mice are individually
placed into the chamber and spontaneous locomotor
activity is measured for a 6-min period using an automated
infrared beam system (Versamax; Accuscan, Columbus,
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OH). The computer and software converts the infrared
beam breaks into total activity counts for analysis.

Statistical Analysis

One-way analysis of variance (ANOVA) was performed on
behavioral data to determine effects of test compound
treatments, followed by least significant difference tests for
a post hoc analysis. All data in figures are the mean + SEM.

RESULTS

Anxiolytic-Like Effects of IGF-I and the IGFBP Inhibitor
NBI-31772 in the Mouse Four-Plate Test

In the mouse four-plate test, central administration of IGF-I
(0.03-1ng) produced a significant overall effect on pun-
ished crossings (Figure la; F(3,36) =3.153, p<0.05). Post
hoc analysis revealed a significant increase in punished
crossings after the 0.1 pg dose of IGF-I (32% increase from
vehicle; p<0.03). This increase in punished crossings
indicates putative anxiolytic-like activity of IGF-I.
NBI-31772 (3-30 pg, icv) also produced a dose-dependent
increase in punished crossings in this model (Figure 1b;
F(5,74) =13.215, p<0.001). Post hoc analysis revealed a
significant increase in punished crossings at 10 and 30 pug
(22 and 32% for 10 and 30 pg, respectively; p<0.05). At

bg.
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*p<0.05 compared to vehicle (VEH) treated group, n=10 per group

Figure |

The effects of IGF-l or NBI-31772 or alprazolam on behavior in the mouse four-plate test. Compounds were administered 20 min before testing

and the number of punished crosses during the |-min test was recorded. (a) IGF-I (0.1 pg) produced a significant increase in punished crossings, which is
indicative of an anxiolytic-like effect. (b) NBI-31772 produced a dose—dependent increase in punished crossings, which reached significance at the 10 and
30 g doses. (c) The reference anxiolytic compound alprazolam produced a dose—dependent increase in punished crossings, which reached significance

at 0.5 pg.
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Figure 2 The effects of the combination of IGF-I or NBI-31772 with the IGF-IR antagonist |BI on behavior in the mouse four-plate test. Compounds were
administered 20 min before testing and the number of punished crosses during the [-min test was recorded. (a) IGF-I (0.1 pg) produced an anxiolytic-like
increase in punished crossings, which was completely blocked by coadministration of JBI (30 pg). (b) NBI-31772 (30 pug) produced an anxiolytic-like increase
in punished crossings, which was completely blocked by coadministration of |BI (10 pg).

higher doses of NBI-31772 (56 and 100 pg), an increase in
punished crossings was observed, although seizures were
observed in a percentage of animals in both groups (20 and
40% of animals in the 56 and 100 pg group, respectively)
and these doses were not used for analysis. The increase in
punished crossings at 10 and 30pg indicates putative
anxiolytic-like activity of NBI-31772.

In comparison, central administration of the reference
anxiolytic compound alprazolam (0.005-0.5 pg, icv) produced
a dose-dependent increase in punished crossings (Figure 1c).
Although the overall ANOVA did not reach significance
(p=0.10), planned post hoc comparison tests indicated that
the 0.5ng dose produced a significant increase in punished
crossings compared to vehicle (32%, p<0.05).

Blockade of the Anxiolytic-Like Effects of IGF-I or
NBI-31772 by the IGF-I Antagonist JB1

Combination studies with the IGF-1 antagonist JB1 and
IGF-1 were conducted in the mouse four-plate test to
determine whether the anxiolytic-like effects of IGF-I are
mediated by the IGF-IR. Experiments performed in our
laboratory had determined that centrally administered JB1
(3-30ng) had no effect on punished crossings (data not
shown; p>0.05 compared to vehicle group at all doses
tested). IGF-I (0.1 pug) produced the expected anxiolytic-like
effect of increased punished crossings (Figure 2a;
F(3,36) =4.785, p<0.01; 25% increase compared to vehicle
group; p<0.004) and JB1 (30 ng) had no effect on punished
crossings. When IGF-I was administered in combination
with JB1, the anxiolytic-like effects of IGF-I were completely
blocked, suggesting that the anxiolytic-like effects of IGF-I
are mediated through the IGF-IR.

Similar studies were conducted to determine if the IGF-IR
mediates the anxiolytic-like effects of NBI-31772 in a similar
manner to those seen with IGF-I. Under these conditions,
NBI-31772 (30 pg) increased punished crossings (Figure 2b;
F(3,36) = 8.634, p<0.005; 24% increase compared to vehicle
group; p<0.003), but when administered in combination with
JB1 (10pug), the anxiolytic-like effects of NBI-31772 were

completely blocked. Taken together, these data suggest that
NBI-31772 produces its anxiolytic-like effects by increasing
free active IGF-I to bind to and activate the IGF-IR.

Anxiolytic-Like Effects of IGF-1 and NBI-31772 in the
Mouse EZM

In the mouse EZM, central administration of IGF-I (0.1-
1 pg) produced a significant overall effect on the percent
time spent in the open arms of the maze (Figure 3a,
F(3,36) =4.789, p<0.01). Post hoc analysis revealed that the
0.3 and 1 pg doses significantly increased the percent time
spent in the open arms compared to the vehicle group (91
and 159% respectively, p<0.05). This increase in percent
time in the open arms of the EZM is indicative of an
anxiolytic-like effect of IGF-1.

Centrally administered NBI-31772 (0.1-10 pg, icv) also
produced a dose-dependent increase in the percent time
spent in the open arms of the maze (Figure 3b;
F(5,81) =3.613, p<0.05). Post hoc analysis revealed that the
0.3-10 pg doses produced significant increases in the percent
time in the open arms compared to the vehicle group (67, 65,
55, and 79% increase in the 0.3, 1, 3, and 10pug groups,
respectively, p<0.05). These effects are indicative of
anxiolytic-like activity of NBI-31772 in the EZM.

In comparison, central administration of the reference
anxiolytic compound chlordiazepoxide (CDP; 3-30pg)
increased the percent time spent in the open arms of the
EZM (Figure 3c; F(3,35) =10.221, p<0.001), with the 30 pug
dose producing a significant increase in the percent time
spent in the open arms compared to the vehicle group
(165% increase, p<0.0001).

Antidepressant-Like Effects of IGF-I and NBI-31772 in
the Mouse Tail Suspension Test

In the mouse tail suspension test, IGF-I (1-10 pug) produced a
dose-dependent decrease in immobility (Figure 4a;
F(3,43) =3.71, p<0.05). Post hoc analysis revealed that the
10pg dose produced a significant decrease in immobility
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Figure 3 The effects of IGF-I or NBI-31772 or CDP on behavior in the mouse EZM. Compounds were administered 20 min before testing and the
percent time spent in the open arms of the EZM during the 5-min test was recorded. (a) IGF-I produced a dose—dependent increase in the percent time
spent in the open arms of the EZM, which reached significance at 0.3 and | pg. These data are indicative of an anxiolytic-like effect. (b) NBI-31772 produced
a dose—dependent increase in the percent time spent in the open arms, which reached significance at 0.3—10 pg. (c) The reference anxiolytic compound
CDP produced an increase in the percent time spent in the open arms of the EZM, which reached significance at 30 pg.

(33% decrease from vehicle; p<0.003). This decrease in
immobility indicates a putative antidepressant-like effect and
is in agreement with previous data demonstrating antide-
pressant-like activity of IGF-I in the rat (Hoshaw et al, 2005).

Similarly, NBI-31772 (0.3-30 pg) produced a dose-depen-
dent decrease in immobility (Figure 4b; F(5,70) =5.222,
p<0.005). Post hoc analysis revealed that the three highest
doses (3-301g) produced a significant decrease in immobi-
lity (32, 35, and 38% decrease in the 3, 10, and 30 pg groups,
respectively; p<0.03). This decrease in immobility indicates
antidepressant-like effects similar to that seen with IGF-I.

In comparison, the reference antidepressant compound
fluoxetine (10-30 pug) produced a dose-dependent decrease
in immobility (Figure 4c; F(3,44) =11.306; p < 0.001), which
reached significance at 30 ug (54% decrease compared to
vehicle, p<0.001).

Blockade of the Antidepressant-Like Effects of IGF-I or
NBI-31772 by the IGF-I Antagonist JB1

Studies were conducted in the mouse tail suspension test
to determine if the antidepressant-like effects of IGF-I are
mediated by the IGF-IR. IGF-I (10ng) produced the
expected antidepressant-like effects of decreased immobility
time (Figure 5a; F(3.36) =5.129, p<0.005; 22% decrease
compared to vehicle group, p<0.02). Although JB1 (30 pg)
alone had no effect on immobility time in this model, JB1
blocked the antidepressant-like effects of IGF-I. This

Neuropsychopharmacology

suggests that the antidepressant-like effects of IGF-I are
mediated by the IGF-IR.

To determine if the IGF-IR also mediates the antidepres-
sant-like effect of NBI-31772 in the tail suspension test, a
similar study was conducted as with IGF-I. NBI-31772 (10 pug)
produced a significant decrease in immobility time as
expected (Figure 5b; F(3,36) = 3.228, p <0.05; 47% decrease
compared to vehicle group, p<0.02). Coadministration of
JB1 (30pg) blocked the antidepressant-like effects of NBI-
31772 (p<0.05 compared to vehicle group). These data
indicate that NBI-31772 produces its antidepressant-like
effects by increasing IGF-I to activate the IGF-IR, in a similar
mechanism by which it produces anxiolytic-like effects.

IGF-I and NBI-31772 have no Effect on Spontaneous
Locomotor Activity

IGF-I (0.03-10pg, icv) had no effect on spontaneous
locomotor activity, as measured by activity counts, com-
pared to vehicle-treated controls (p>0.05; Figure 6a).
Similarly, NBI-31772 (3-30pg, icv) had no effect on
locomotor activity at any dose tested (p>0.05 compared
to vehicle; Figure 6b).

DISCUSSION

The present studies demonstrate that increasing the level of
IGF-I in the CNS via an IGFBP inhibitor produces both
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Figure 4 The effects of IGF-| or NBI-31772 or fluoxetine on behavior in the mouse tail suspension test. IGF-l or NBI-31772 was administered 20 min
before testing and the total time (seconds) spent immobile was calculated. (a) IGF-I produced a dose—dependent decrease in immobility, which reached
significance at 10 pg. These data are indicative of an antidepressant-like effect. (b) NBI-31772 produced a dose-dependent decrease in immobility, which
reached significance at 3—30 pg. (c) The reference antidepressant compound fluoxetine produced a dose-dependent decrease in immobility, which reached
significance at 56 pg.

a 250 1 5 b 250 -
225 | 225 -
200 | 200 | %
g 175 175 |
& 150 150 | *
£ 125 125
‘é 100 100
E 751 75 |
50 50
25 25
0 : . 0 - .
VEH JB1 VEH JB1 VEH JB1 VEH JB1
+ + + + + + + +
VEH VEH IGF-l IGF-l VEH VEH NBI- NBI-

31772 31772
*p<0.05 compared to vehicle (VEH) treated groups, n=10 per group

Figure 5 The effects of the combination of IGF-I or NBI-31772 with the IGF-IR antagonist |BI on behavior in the mouse tail suspension test. Compounds
were administered 20 min before testing and the total time (seconds) spent immobile was calculated. (a) IGF-l (10 pg) produced an antidepressant-like
decrease in immobility, which was blocked by co-administration of JBI (30 pug). (b) NBI-31772 (10 pg) produced an antidepressant-like decrease in
immobility, which was blocked by coadministration of |BI (30 pg).

anxiolytic and antidepressant-like effects in the mouse,
similar to those observed after IGF-I administration.
Further, these effects are blocked by administration of an
IGF-IR antagonist suggesting that these effects may be
mediated by activation of the IGF-IR.

The IGFBP inhibitor, NBI-31772, binds with high affinity
to all six IGFBPs, and is inactive at the IGF-I and IGF-II
receptors (Chen et al, 2001; Loddick et al, 1998; Mackay

et al, 2003). By blocking the ability of IGF-I to bind to the
IGFBPs, NBI-31772 breaks apart or inhibits the IGF-I:IGFBP
complex, releasing IGF-I into the CSF. The released IGF-I
can, in turn, activate both IGF-IR and IGF-IIR. Thus, it is
possible that the anxiolytic-like effect of NBI-31772 is not
owing to direct activation of the IGF-IR or IGF-IIR but as a
result of increasing the levels of IGF-I, which then activates
the IGF-IR or IGF-II (Figure 7).
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Figure 6 The effects of IGF-I or NBI-31772 on spontaneous locomotor activity. IGF-I or NBI-31772 was administered 20 before testing and the total
activity count (number of beam breaks) was calculated. (a) IGF-I had no effect on locomotor activity at any dose tested. (b) NBI-31772 had no effect on

locomotor activity at any dose tested.
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Figure 7 Schematic of anxiolytic-like actions of IGF-I and the IGF binding
protein inhibitor NBI-31772. (a) IGF-IR activation is responsible for the
anxiolytic-like effect of IGF-I, based on the finding that the IGF-IR antagonist
JB1 blocks the anxiolytic-like effect of IGF-I in the mouse four-plate test. (b)
For NBI-31772, we hypothesize that the compound inhibits or breaks apart
the inactive IGF-IGFBP complex, releasing active IGF-I. The released IGF-I
then activates the IGF-IR, producing an anxiolytic-like effect that can be
blocked by the IGF-IR antagonist JBI, in a similar manner to IGF-I.

IGF-I signals through the IGF-IR via a multiprotein
signaling complex (Ye and D’Ercole, 2006). This receptor
signaling pathway activates both the Ras/mitogen-activated
protein kinase pathway and the PI3 kinase-AKT pathways
(Brunet et al, 2001; Ye and D’Ercole, 2006). These pathways
share a high degree of overlap with the signaling pathways
of 5-HT and BDNF, which are also implicated in
antidepressant action (Mattson et al, 2004). It has also
been shown that chronic icv infusion of IGF-I increases
hippocampal 5-HT levels (Malberg et al, 2005). Therefore,
IGF-IR activation may involve other growth factors as well
neurotransmitter release.

IGF-I also binds to the IGF-IIR, also known as the IGE-II/
mannose-6-phospate receptor, albeit at a much reduced
potency (>100-fold difference) than for the IGF-I (Loddick
et al, 1998). In contrast to the IGF-IR, the IGF-IIR primarily
acts on intracellular trafficking of enzymes and IGF-II
clearance (Hawkes and Kar, 2003; Yee, 2006), although recently
Hawkes et al (2006) demonstrated that the IGF-IIR activates a
G-protein sensitive, protein kinase C dependent pathway.

JB1 is an IGF-1R antagonist, which is highly selective for
the IGF-IR relative to the IGF-IIR (Elmlinger et al, 1998).
JB1 completely blocked both the anxiolytic and antidepres-
sant-like effects of IGF-1, consistent with IGF-1R mediation
of these behavioral effects. JB1 also completely blocked the
effects of the IGFBP inhibitor NBI-31772, suggesting that
the behavioral effects of NBI-31772 may be mediated via
increased levels of IGF-1 that act at the IGF-1R. Although a
role for the IGF-IIR cannot be excluded, the results with JB1
are suggestive that the IGF-IR plays a critical role in these
effects (Figure 7). Taken together, this demonstrates that
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NBI-31772 mimics the behavioral effects of IGF-I and that
the IGF-IR may mediate these effects.

NBI-31772 has been shown to have functional effects of
mimicking IGF-I administration both in vivo and in vitro.
In vivo, NBI-31772 produces neuroprotective effects in a
similar manner to exogenously administered IGF-I (Mackay
et al, 2003). In vitro, NBI-31772 increases cell proliferation
in a similar manner to IGF-I (Liu et al, 2001). In addition,
NBI-31772 can antagonize the inhibitory effect of IGFBP3
on anabolic responses in human chondrocytes (De Ceu-
ninck et al, 2004). This indicates that the IGFBPs act as
inhibitory functional regulators of IGF-I and that NBI-31772
can substitute for exogenous administration of IGF-I.

Given that NBI-31772 is a nonspecific inhibitor of all six
IGFBPs, it is currently unknown which IGFBPs may mediate
the observed anxiolytic-like and antidepressant-like re-
sponses. There are six members of the IGFBP family,
which are found throughout the peripheral and central
nervous systems (Shimasaki and Ling, 1991). Although also
found in the periphery, IGFBP2 and IGFBP4 are highly
localized in the CSF, hippocampus, amygdala, cortex,
thalamus, and basal ganglia, and are expressed in adult
hippocampal progenitor cell cultures (Aberg et al, 2003;
Brar and Chernausek, 1993; Logan et al, 1994). Further
research is clearly needed to delineate the roles of each of
the IGFBPs.

The demonstration that an IGFBP inhibitor can be used to
functionally mimic IGF-I may allow for specificity in
elevating IGF-I in brain regions of interest without elevating
IGF-I peripherally. IGF-I induces cell proliferation in
multiple cell types and organ systems that may result in
undesirable side effects (Yee, 2006). Therefore, inhibition of
CNS-specific IGFBPs may produce increases in brain IGF-I
without affecting peripheral IGF-I in vivo.

In the present studies, the anxiolytic-like and antidepres-
sant-like behavioral effects of icv IGF-I occur within 20 min
of infusion. This is in contrast to our previous results in the
rat forced swim test (Hoshaw et al, 2005), where IGF-1 was
infused 3 days before testing in order to produce an
antidepressant-like effect. The delayed response to IGF-1 in
the rat forced swim test suggests that a long-term cascade is
involved in that effect, whereas the current findings are
consistent with a more rapid effect of IGF-1.

A recent study by Nagaraja et al (2005) has investigated
the time course of IGF-I clearance in the rat after a single icv



infusion of radiolabeled IGF-I. These investigators demon-
strated that within minutes after the infusion, IGF-I spreads
from the lateral ventricle into the 3rd and 4th ventricles. At
the 20-min timepoint, which corresponds to the timepoint
that the animals in the present study were tested, the
majority of IGF-I was cleared out of the CSF, with 1.5 mm
penetration into the caudate-putamen and periaqueductal
grey of the rat brain. Although IGF-1R mRNA and protein
expression has been demonstrated in multiple regions of the
CNS, it is currently unknown where the IGF-I binds to the
IGE-IR to exert the observed behavioral effects. However, in
the mouse used in this study, IGF-1 may be hypothesized to
reach additional structures such as the hippocampus and
the amygdala, which are areas implicated in depression and
antidepressant action (Nestler et al, 2002) and express
IGF-1R mRNA (Araujo et al, 1989). Further research will
determine the cellular localization of the relevant IGF-1Rs
and the specific IGF-1-related pathways that mediate the
acute antidepressant and anxiolytic-like effects of IGF-1.

It has been shown that IGF-I produces increases in cell
proliferation and neurogenesis in vivo (Aberg et al, 2000).
However, the short time course (20 min) needed to produce
the behavioral effects of IGF-1 contrasts with the longer
time course necessary for IGF-1 to increase cell prolifera-
tion. This indicates that the behavioral and neurogenic
effects of IGF-1 may be differentially regulated. This
difference in time course between the acute behavioral
effects and the chronic administration necessary for cell
proliferation has also been seen with clinically effective
antidepressant such as fluoxetine (Malberg et al, 2000). An
understanding of the relationship between IGF-1-induced
changes in behavior and IGF-1-induced changes in neuro-
genesis is necessary and currently under investigation by a
number of laboratories.

Clinically, reduced serum IGF-I levels are seen in patients
with growth hormone (GH) deficiency and depressive
symptoms have been reported in these populations (Wall-
ymahmed et al, 1996), although this has not been seen in all
studies (Zenker et al, 2002). In these patients, GH therapy is
the standard treatment, which normalizes IGF-I levels.
Interestingly, Pavel et al (2003) have demonstrated that
adult patients who received GH treatment had an improve-
ment in mood. In contrast, cessation of GH treatment,
which produced a decrease in IGF-I levels, also produced an
increase in depression and other negative symptoms and
complaints (McMillan et al, 2003; Stouthart et al, 2003).
This effect can be counteracted in young adults by
restarting GH treatment and once again normalizing IGF-I
levels (Stouthart et al, 2003). In addition, children with GH
deficiency (compared to children with normal GH but short
stature) exhibit both depression and anxiety, and these
conditions are reduced by GH treatment (Stabler, 2001).
Taken together, it can be seen that patient populations with
IGF-I deficiency exhibit anxious or depressed moods, which
can be treated by GH therapy that increases IGF-I levels.

In summary, we report that increasing IGF-I levels via an
IGFBP inhibitor produces anxiolytic-like and antidepres-
sant-like effects, which are likely mediated by IGF-IR
activation. Importantly, an IGFBP inhibitor mimics the
effect of exogenous administration of IGF-I in these tests.
Taken together, these data point to inhibition of IGFBPs as a
novel mechanism for anxiolytic and antidepressant therapy.
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