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Central Infusion of Insulin-Like Growth Factor-1 Increases
Hippocampal Neurogenesis and Improves Neurobehavioral
Function after Traumatic Brain Injury

Shaun W. Carlson and Kathryn E. Saatman

Abstract

Traumatic brain injury (TBI) produces neuronal dysfunction and cellular loss that can culminate in lasting impairments in
cognitive and motor abilities. Therapeutic agents that promote repair and replenish neurons post-TBI hold promise in
improving recovery of function. Insulin-like growth factor-1 (IGF-1) is a neurotrophic factor capable of mediating neuro-
protective and neuroplasticity mechanisms. Targeted overexpression of IGF-1 enhances the generation of hippocampal
newborn neurons in brain-injured mice; however, the translational neurogenic potential of exogenously administered IGF-1
post-TBI remains unknown. In a mouse model of controlled cortical impact, continuous intracerebroventricular infusion of
recombinant human IGF-1 (hIGF) for 7 days, beginning 15min post-injury, resulted in a dose-dependent increase in the
number of immature neurons in the hippocampus. Infusion of 10 pg/day of IGF-1 produced detectable levels of hIGF-1 in the
cortex and hippocampus and a concomitant increase in protein kinase B activation in the hippocampus. Both motor function
and cognition were improved over 7 days post-injury in IGF-1-treated cohorts. Vehicle-treated brain-injured mice showed
reduced hippocampal immature neuron density relative to sham controls at 7 days post-injury. In contrast, the density of
hippocampal immature neurons in brain-injured mice receiving acute onset IGF-1 infusion was significantly higher than in
injured mice receiving vehicle and equivalent to that in sham-injured control mice. Importantly, the neurogenic effect of IGF-
1 was maintained with as much as a 6-h delay in the initiation of infusion. These data suggest that central infusion of IGF-1
enhances the generation of immature neurons in the hippocampus, with a therapeutic window of at least 6 h post-injury, and
promotes neurobehavioral recovery post-TBIL.
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Introduction wake of the substantial immature neuron loss, the injured hippo-

campus exhibits a compensatory response that increases the genera-

THE CONNECTION BETWEEN traumatic brain injury (TBI) and
the development of cognitive dysfunction has been well de-
scribed. Many TBI survivors report that persistent cognitive dys-
function contributes to reduced quality of life in the years after their
injury.'™ Observations from magnetic resonance imaging or post-
mortem studies implicate disrupted hippocampal function as a
likely contributor to cognitive dysfunction post-TBI.>~'°

Impaired motor and cognitive function are well-characterized
consequences of the controlled cortical impact (CCI) rodent model of
TBL''""" In addition to widespread neuronal death in the contused
cortex, CCI is associated with cell loss in the dentate gyrus granular
cell layer, hilus, CA-1, and CA-3.">7'31819 The population of im-
mature neurons in the subgranular zone (SGZ) of the dentate gyrus is
particularly vulnerable to injury, with greater than 50% reduction in
this population in the days after moderate to severe CCL.>°? In the

tion of newborn neurons in the weeks after injury through
proliferation and differentiation of neural stem cells in the SGZ.>'~*
However, only a small portion of newly proliferated cells adopt a
neuronal phenotype, and few post-trauma—born neurons survive to
incorporate into the granular layer.?"***” Immature neurons appear to
have unique roles in hippocampal-dependent learning and memo-
1y, and mice subjected to CCI after targeted immature neuron
ablation showed worse cognitive performance than CCI-injured mice
with intact immature neurons at the time of injury.*' Thus, therapeutic
agents that promote the generation, survival, or integration of im-
mature neurons hold promise for the treatment of TBI.

Insulin-like growth factor-1 (IGF-1) is a potent neurotrophic
factor that promotes cell survival and enhances the generation of
new neurons both in vitro and in vivo.**7>® IGF-1 promotes brain
growth during development, contributes to neurogenesis in the
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adult hippocampus and subventricular zone of naive and hypoph-
ysectomized rodents,:‘m’:‘;‘w10 and mediates exercise-induced in-
creases in hippocampal neurogenesis.*'** Reductions in IGF-1 are
associated with impairments in brain development* and have been
linked to pathology associated with aging and neurodegenerative
conditions.**™ Conditional astrocyte-specific overexpression of
IGF-1 in the context of TBI improves neurobehavioral function>
and promotes the generation and dendritic growth of hippocampal
immature neurons post-CCIL.** Systemic administration of IGF-1
has been shown to improve neurobehavioral function and stimulate
downstream IGF-1 signaling in the brain,>'? but its effects on
neurogenesis have not been evaluated to date.

To this end, we evaluated the efficacy of centrally infused IGF-1
to enhance neurogenesis and improve neurobehavioral function in a
mouse model of CCI. We first evaluated a range of doses (0.3, 1, 3,
and 10 ug/day) to select a dose with maximal benefit. Using this
dose, we measured brain levels of IGF-1 and confirmed activation
of protein kinase B (Akt), a downstream signaling protein. The
ability of early onset, continuous IGF-1 infusion to improve motor
and cognitive function and increase immature neuron density in the
first week after injury was tested. Last, onset of IGF-1 infusion was
delayed 6h post-injury to evaluate the clinical relevance of this
approach targeting hippocampal plasticity.

Methods
Animals

All experimental protocols were approved by the University of
Kentucky Institutional Animal Care and Use Committee in accord
with the established guidelines from the Guide for the Care and Use
of Laboratory Animals from the National Institutes of Health.
Animals were group housed in the University of Kentucky Medical
Center animal vivarium with a 14:10 h light/dark photoperiod and
provided food and water ad libitum. Adult male C57BL/6J mice 8—
10 weeks of age, weighing 25-30 g, were purchased from Jackson
Laboratories (Bar Harbor, ME) for experiments.

Controlled cortical impact

Mice were anesthetized using 3% isoflurane for preparation of
the scalp and placement in the stereotaxic frame (David Kopf
Instruments, Tujunga, CA) and maintained by 2% isoflurane by
nose cone for the duration of the surgery. An incision was made
on the midline of the scalp to expose the skull. A 5-mm crani-
otomy was placed midway between bregma and lambda, lateral to
the sagittal suture on the left hemisphere of the skull, leaving the
dura intact. CCI injury was performed with a computer-controlled
pneumatically driven piston with a 3-mm rounded impactor tip to
rapidly (3.5m/s) and transiently (500msec) produce a 1-mm
depth impact to the exposed dura of the brain (TBI-0310 Im-
pactor; Precision Systems and Instrumentation, Versailles, KY).
Sham-injured animals received anesthesia and a craniotomy.
Animals were randomly assigned to either sham injury or brain
injury and treatment with either vehicle or recombinant human
IGF-1 (hIGF-1).

Central infusion of insulin-like growth factor-1

Mice were randomized for injury and treatment status. While
anesthetized, a cannula was placed in the contralateral ventricle
(anteroposterior AP —0.5 mm bregma, mediolateral ML —1.0 mm,
dorsoventral DV —3.0 mm>?) 15 min after sham injury or CCI. The
cannula (brain infusion kit 3; Alzet, Cupertino, CA) was attached to
an osmotic minipump (model 1007D, 0.5 puL/h; Alzet) for contin-
uous intracerebroventricular (ICV) infusion for a period of 7 days.
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Minipumps were primed in sterile USP-grade phosphate-buffered
saline (PBS) in a 37°C water bath for at least 6 h before surgical
implantation, with the exception of the delayed treatment study, in
which an approximate 6-h delay in treatment initiation was
achieved by implantation of a nonprimed minipump. The base of
the cannula was secured to the skull using an instant adhesive
(Loctite 454; Alzet) and a set screw (MX-0090-01F-C; Ama-
zonSupply.com, Seattle, WA) was placed adjacent to the base of
the cannula with a small amount of dental acrylic. The minipump
was positioned in the subcutaneous space over the scapula, lateral
to the spine. Mice exhibited no observable impairment in mobility
resulting from minipump implantation. The minipumps were filled
with vehicle (pH 7.4, 24 mM of acetic acid diluted in USP-grade
PBS) or 0.026, 0.085, 0.26, or 0.85 mg/mL of hIGF-1 (National
Hormone and Peptide Program, Torrance, CA) to deliver 0.3, 1, 3,
or 10 ug/day. IGF-1 dosing was extrapolated from previous studies
demonstrating efficacy of IGF-1 to attenuate somatosensory im-
pairment and reduce cell loss after cerebral hypoxic-ischemia, =’
reduce cell loss in a model of Huntington’s disease,”® and promote
hippocampal neurogenesis.”® After cannula implantation, a small
circular disk of dental acrylic was adhered to the skull over the
craniotomy site, the scalp was sutured, and the mouse was placed
on a heating pad to maintain normal body temperature. All mice
received a subcutaneous injection of 1 mL of sterilized saline to
prevent dehydration from the surgical procedure and implantation
of the minipump. Once ambulatory, mice were returned to their
home cage.

Study 1 (dose response for human insulin-like
growth factor-1)

Mice subjected to CCI injury were randomized to receive infu-
sionof 0.3, 1, 3, or 10 ug/day of IGF-1 (n=5/dose) or vehicle (n=4)
beginning 15 min post-injury for a period of 7 days. Histological
assessment and quantification of immature neuron density was
performed as the primary outcome measure at 7 days post-injury.
No animals were excluded. Although histology was the primary
outcome for this study, cognitive function was assessed at 3 and
7 days post-injury using the novel object recognition (NOR) task, as
described below, in order to provide pilot data to inform later
studies.

Study 2 (acute onset infusion of 10 ug/day
of human insulin-like growth factor-1)

Based on results from study 1, larger cohorts of mice were
generated to more comprehensively evaluate the effects of acute-
onset 10-ug/day hIGF-1 infusion. Sham-injured (n=10/treatment
group) and CCl-injured mice (n=19/treatment group) received
central infusion of 10 pg/day of hIGF-1 or vehicle for 7 days post-
injury at a flow rate of 0.5 uL/h. Blood from nonfasted mice was
collected onto test strips by tail prick by a 25-G needle and glucose
levels measured using a handheld glucometer (OneTouch Ultra®;
LifeScan Canada Ltd., Burnaby, BC, Canada) before anesthesia, at
90 min, 1 and 7 days post-injury. Motor and cognitive deficits were
assessed during the week post-injury by a modified neurologi-
cal severity score (NSS) and the NOR task, respectively, as de-
scribed below. At 7 days post-injury, mice received an overdose of
Fatal-Plus® (65 mg/kg of sodium pentobarbital; Vortech Pharma-
ceuticals, Dearborn, MI), and blood was collected by intracardial
puncture for measurement of serum hIGF-1. Mice were random-
ized into one of two groups to be utilized for 1) quantification of
hIGF-1 and Akt activation by enzyme-linked immunosorbent assay
(ELISA) and western blot, respectively (n=>5 sham-injured per
treatment group and n=8-9 CCl-injured per treatment group) or 2)
cresyl violet histological and immature neuron immunohisto-
chemical assessments (n=4 sham-injured/treatment group and
n=_8-10 brain-injured/treatment group) described below. Accurate
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placement of the cannula was determined by the visual verification
of the needle track in cresyl violet—stained coronal sections. A
small number of animals were excluded based on improper
placement of the cannula (n=1 sham + vehicle; n=1 sham + IGF-
1) or because of obstruction or damage to cannulation tubing (n=1
sham + IGF-1; n=2 CCI + IGF-1). An additional cohort of mice
received CCI brain injury and either no cannulation, vehicle infu-
sion, or 10 pug/day of IGF-1 infusion (n=6/group) over 7 days, at
which time they were euthanized for measurement of brain water
content as described below.

Study 3 (delayed onset infusion
of human insulin-like growth factor-1)

Mice were subjected to CCI and infused with either 10 pg/day of
IGF-1 (n=5) or vehicle (n=3) beginning at approximately 6 h post-
injury by implantation of a nonprimed minipump at 15 min post-
injury. Histological assessment and quantification of immature
neuron density were performed at 7 days post-injury. No animals
were excluded.

Motor function assessment using
a modified neurological severity score

A previously described modification of the NSS task®® was used
to assess motor dysfunction at 3h and 1, 3, 5, and 7 days post-
injury. One day pre-injury, mice were acclimated to four Plexiglas
beams of varying widths (3, 2, 1, and 0.5 cm) and a 0.5-cm diameter
wooden rod. The beams and rod were 60 cm in length and elevated
47 cm above a table top. Three points were given for successful
crossing of the beam with normal position and usage of the forelimb
and hindlimb within 30 sec. Two points were given for successful
crossing of the beam despite either a forelimb or hindlimb hanging
below the beam, and 1 point was given for crossing the beam
despite inverting below the beam one or more times. The mouse
was righted and allowed to continue across the beam if it became
inverted on the beam. A score of zero was given if the mouse did not
cross in the allotted 30 sec or fell off the beam. For the rod, two
points were given for successful crossing of the beam in the allotted
30sec. A score of 1 was given for crossing despite inverting more
than three times. A score of 0 was given if the mouse did not
traverse in the allotted time or fell off the rod. A cumulative score
for each animal was recorded on each day of testing. Scoring was
performed by an evaluator blinded to injury and treatment condi-
tions of the mice.

Cognitive performance evaluation using
a novel object recognition paradigm

One day pre-injury, each mouse was habituated to a dedicated,
clear plastic cage (3220 x 14 cm) with an open top for a period of
1 h. Several hours later, each mouse was returned to its dedicated
cage, now containing two identical Lego®Duplo® figures placed in
opposite corners, and exploration was monitored for 5 min (fa-
miliarization trial). At 3 days post-injury, the familiarization trial
was repeated using the two original objects, recording the time
spent exploring each object over a 5-min period. Mice were then
returned to their home cage. After a 4-h delay, the mouse was
returned to the test cage where one of the original objects had been
replaced with a novel object. The time spent exploring each object
was recorded for the 5-min testing period. On day 7 post-injury,
mice were tested for 5 min using the same familiar object and a new
novel object. A recognition index was calculated as the time spent
exploring the novel object as a percentage of total object explora-
tion time. Testing was performed by an evaluator blinded to injury
and treatment conditions of the mice.

1469

Tissue collection

In study 2, blood was collected at the terminal time point to mea-
sure hIGF-1 in serum. After overdose with Fatal-Plus, as described
above, blood was collected intracardially, transferred to an Eppendorf
tube, and allowed to coagulate for 30 min. To extract serum, coagu-
lated blood was centrifuged at 4500g for 10 min at room temperature.
Serum was transferred to a new tube and stored at —80°C.

For ELISA and western blotting, mice received an overdose of
Fatal-Plus before decapitation. The brain was rapidly removed from
the skull and placed onto an ice-cold dissection plate. To concentrate
collection of tissue on the injury site, 3 mm of the anterior brain was
blocked in the coronal plane and the remaining ipsilateral and con-
tralateral cortical and hippocampal regions were dissected and sep-
arately placed in Eppendorf tubes and stored at —80°C.

For histology and immunohistochemistry, mice received an
overdose of Fatal-Plus and were transcardially perfused with hep-
arinized saline to clear blood from the vasculature followed by 10%
neutral-pH buffered formalin. Mice were decapitated and their
heads placed in formalin for 24 h. The brain was dissected from the
head and placed in formalin for an additional 24 h. Brains were then
placed in 30% sucrose for 24 h for cryoprotection before freezing in
—30°C isopentanes cooled on dry ice. Brains were cut into 40-pm-
thick coronal sections on a freezing sliding microtome (Microm;
Dolbey-Jamison, Pottstown, PA) at —20°C (Physitemp Instruments,
Inc., Clifton, NJ).

For edema measurements, mice received an overdose of Fatal-
Plus before decapitation. The brain was rapidly removed from the
skull and placed onto an ice-cold dissection plate. The ipsilateral
and contralateral cortical and hippocampal regions were dissected
as described for ELISA and western blot analysis. To calculate
water weight using the wet/dry weight method,®'%* tissue was
immediately weighed, desiccated in an oven at 70°C for 24 h, and
reweighed to acquire the dry weight. The percent water content was
calculated as (wet weight — dry weight) / wet weight X 100.

Preparation of tissue for enzyme-linked
immunosorbent assay and western blotting

Cortical and hippocampal samples were homogenized in cold
lysis buffer (1% triton X-100, 20 mM of Tris-HCI, 150 mM of NaCl,
5mM of EGTA, 10mM of EDTA, 10% glycerol, and proteinase
inhibitor cocktail; Roche, Indianapolis, IN) and centrifuged for
30min at 4°C at a speed of 10,000g. Supernatants were collected
and utilized for analysis. Protein concentrations were determined
using a BCA assay kit (Pierce Biotechnology, Rockford, IL).

Quantification of insulin-like growth factor-1
by enzyme-linked immunosorbent assay

By using recombinant hIGF-1, exogenously infused IGF-1 could
be distinguished from endogenous mouse IGF-1 using an ELISA
kit for hIGF-1. hIGF-1 was quantified using the highly specific
Quantikine® human IGF-1 ELISA kit (DG100; R&D Systems Inc.,
Minneapolis, MN) according to the manufacturer’s instructions.
hIGF-1 was not detected in serum or brain samples of vehicle-
treated mice. Serum and brain samples were pretreated to dissociate
IGF-1 from the binding proteins. hIGF-1 standards (0.094—
6.000 ng/mL) and pre-treated samples were pipetted in duplicate
into a 96-well plate coated with monoclonal antibody specific to
hIGF-1. Absorbance of each well was measured at 450 and 540 nm
(background subtraction) wavelengths.

Western blot

Western blot analyses were performed as previously described.”®
Supernatant samples from ipsilateral hippocampi were loaded in
triplicate (30 ug) and electrophoresed through a 3—-8% Tris-HC1 gel
at 150 V. After transfer onto nitrocellulose membranes, membranes
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were blocked for 1 h in 5% dry milk dissolved in 0.1% Tween 20 in
Tris-buffered saline (TBS), and incubated overnight with a primary
antibody for phosphorylated Akt (pAkt) ser*”® (rabbit monoclonal,
1:2000; Cell Signaling Technology, Danvers, MA). Membranes
were rinsed and incubated for 1 h with a secondary antibody rec-
ognizing rabbit immunoglobulin G (IgG; 1:5000, IRDye800CW®;
Rockland Instruments, Inc., Gilbertsville, PA). Membranes were
rinsed and imaged with the Li-Cor Odyssey Infrared Imaging
System (Li-Cor Biosciences, Lincoln, NE). After pAkt develop-
ment, membranes were probed for the control protein actin using an
anti-f-actin primary antibody (mouse monoclonal, 1:5000; Cal-
biochem Inc., San Diego, CA) and secondary antibody conjugated
to an infrared dye (1:10,000; Rockland). For quantification, optical
density (OD) of each pAkt band was divided by its respective actin
OD and normalized to the mean relative OD for vehicle-treated
sham-injured mice.

Histological (cresyl violet) staining

For each brain, every tenth coronal section was mounted and air-
dried on gelatin-coated slides. Slides were hydrated in graded
ethanol solutions, stained with 0.5% cresyl violet (Acros Organics,
Somerville, NJ), rinsed in water, dehydrated through graded etha-
nol solutions, cleared in xylenes (Fisher Scientific, Fair Lawn, NJ),
and mounted with Permount (Fisher Scientific).

Immunohistochemistry

In an additional set, every tenth coronal brain section (n=6-7
per animal), centered with respect to the injury epicenter, was
immunolabeled using standard free-floating immunohistochemis-
try protocols for doublecortin (DCX) as previously described.*
Sections were washed in TBS and blocked with 5% normal horse
serum with 0.1% Triton-X-100 in TBS for 30 min. DCX primary
antibody (rabbit polyclonal, 1:500; Abcam, Cambridge, MA) was
diluted in blocking solution and placed on the tissues for overnight
incubation at 4°C. Sections were rinsed with TBS and incubated
with secondary antibody (anti-rabbit IgG conjugated with Alexa
Fluor® 488; Jackson ImmunoResearch, West Grove, PA) diluted in
blocking solution for 1h and rinsed with TBS. Sections were in-
cubated with Hoechst (1:10,000; Invitrogen, Carlsbad, CA) for
1.5 min to label all nuclei and rinsed with TBS. Labeled sections
were mounted on gelatin-coated slides, cover-slipped with Fluor-
omount (Southern Biotech, Birmingham, AL), and stored at 4°C.

Image acquisition

Representative images of cresyl violet—stained sections were
acquired at 4 X magnification using an AX80 Olympus microscope
(Olympus, Center Valley, PA). Representative images of DCX
immunoreactivity were acquired at 10 x or 20 X magnification us-
ing a C2+ TiE Nikon confocal microscope (Nikon, Melville, NY).

Cellular quantification

Quantification of DCX-positive cells was performed for each
section in the ipsilateral dentate gyrus granular layer for all studies,
and the contralateral granular layer in study 1. All positively la-
beled cells were manually counted live through the microscope
eyepieces by assessing DCX immunoreactivity through all focal
planes within the dentate gyrus granular layer at 40 X magnification
on an epifluorescent microscope (Olympus BX51) equipped with a
fluorescein isothiocyanate filter (41001; Chroma Technology,
Bellows Falls, VT). Live quantification at 40 X magnification was
utilized to enhance resolution of immature neurons. Cellular counts
were normalized to the volume of the dentate gyrus granular layer
of each section to control for differences in dentate gyrus size
across sections. The Hoechst-labeled dentate gyrus granular layer
was imaged (AX80; Olympus) and its area measured using Im-
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agePro (MediaCybernetics, Rockville, MD). The thickness of each
section was measured, in microns, using an epifluorescent scope
(Olympus BX51) equipped with a stereology stage. Granular layer
area and thickness measurements were used to calculate granular
layer volume. Volumetric density measurements (1000 cells/mm?>)
represent the entire granular layer, inclusive of the subgranular,
inner, and outer granular layers. A mean cell density was calculated
for all quantified sections for each animal. Sections from animals
with representative cell densities, based upon analysis of cell
counts, were selected for imaging and included in the figure panels.
Quantification of all sections was performed by an investigator
blinded to the injury and treatment conditions of each animal.

Statistical analysis

Data are presented as mean * standard error of the mean (SEM).
In study 1, cellular densities were statistically compared by one-
way analysis of variance (ANOVA) followed by a Dunnett’s
multiple comparison test. NOR recognition indices for each group
were compared to chance performance (50%) using a one-sample #-
test. In study 2, serum levels of IGF-1 were compared using a
Student’s z-test and blood glucose levels were compared by a re-
peated measures two-way ANOVA. Akt activation, edema mea-
surements for each region, and cellular densities were compared by
one-way ANOVA followed by Tukey’s post-hoc tests. NOR rec-
ognition indices for each group were compared to chance perfor-
mance (50%) using a one-sample t-test. Relative differences in
NOR recognition indices across groups were analyzed at each time
point by one-way ANOVA, followed by Tukey’s multiple com-
parisons tests. Brain levels of IGF-1 and NSS motor function scores
were compared by repeated measures one-way ANOVA with
Tukey’s post-hoc tests. In study 3, cellular densities were com-
pared using an unpaired two-tailed #-test. Statistical tests were
completed using Graphpad Prism software (Graphpad Software
Inc., La Jolla, CA). A p value less than 0.05 was considered sta-
tistically significant.

Results

Insulin-like growth factor-1 infusion produces
dose-dependent enhancement of hippocampal
neurogenesis

For study 1, a dose escalation was initially completed to guide
future studies utilizing IGF-1 therapy. To evaluate the effect of IGF-1
on immature neurons, the number of cells labeled with DCX, a
marker of immature neurons, was quantified in CCl-injured mice
treated for 7 days with vehicle or 0.3, 1, 3, or 10 ug/day of hIGF-1 by
continuous ICV infusion beginning at 15 min post-injury. CCI brain
injury resulted in the loss of approximately 50% of DCX immuno-
reactive neurons in the ipsilateral hippocampus in vehicle-treated
mice (Fig. 1A,B). IGF-1 treatment resulted in an apparent dose-
dependent enhancement of hippocampal immature neuron density in
the ipsilateral hippocampus at 7 days post-injury (Fig. 1B), with 3 ug/
day of hIGF-1 resulting in a significantly greater density of immature
neurons than vehicle treatment (p <0.05).

In the same cohort of mice, the NOR task was completed at 3 and
7 days to provide initial insights into cognitive effects of IGF-1
infusion. Statistically, the performance of brain-injured mice re-
ceiving either vehicle solution or the lowest dose of IGF-1 was
equivalent to chance (50%), consistent with a trauma-induced loss
of memory of the familiar object. In contrast, brain-injured mice
that received 1, 3, or 10 ug/day achieved recognition scores sig-
nificantly above chance at 3 and/or 7 days post-injury, suggesting
that IGF-1 infusion improved memory retention (Fig. 1C). To-
gether, these behavioral and histological data suggest that doses
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FIG. 1. Dose-dependent effects of insulin-like growth factor (IGF-1) delivered by central infusion on hippocampal neurogenesis and
memory retention after controlled cortical impact (CCI). (A) Representative images of doublecortin (DCX; green) immunoreactivity in
the ipsilateral hippocampus of vehicle (Veh) and IGF-1-infused CCl-injured mice at 7 days post-injury. CCI + Veh mice exhibited a
robust loss of DCX immunoreactivity in the dentate gyrus granular layer. DCX immunoreactivity appeared to increase in a dose-
dependent manner in CCI + IGF-1 mice. Granular layer (GL) and hilus (H). Scale bar represents 50 um. (B) In the hippocampus
ipsilateral to impact, immature neuron density increased as a function of IGF-1 infusate concentration, peaking at 3 ug/day of IGF-1,
which produced a significantly higher density of DCX" cells compared to vehicle infusion (*p <0.05). Immature neuron density in the
hippocampus contralateral to impact was not significantly changed. (C) Recognition indices (% time exploring novel object) at 3 and
7 days post-CCI. Brain-injured mice receiving vehicle or 0.3 ug/day of IGF-1 performed at chance levels, whereas CCI mice receiving
1, 3, or 10 ug/day of IGF-1 performed above chance at either 3 days, 7 days, or both time points (‘p <0.05 compared to 50%). Data are
presented as mean+SEM (n=4 vehicle-treated CCI-injured and n=5/dose IGF-1-treated CCl-injured mice). SEM, standard error of
the mean. Color image is available online at www.liebertpub.com/neu

within the range of 1-10 ug/day may be efficacious. Therefore,
a dose of 10 ug/day of IGF-1 was selected for subsequent studies.

Insulin-like growth factor-1 signaling is enhanced
in the brain after intracerebroventricular administration

Study 2 was designed to confirm the neurogenic effect of 10 ug/day
of hIGF-1 in a larger cohort, expand and replicate the neurobehavioral

evaluation, and measure central nervous system (CNS) levels of IGF-
1 and potential downstream signaling molecules. A 7-day ICV infu-
sion of 10 pg/day of hIGF-1 into the contralateral ventricle beginning
at 15 min post-injury resulted in measurable hIGF-1 in the ipsilateral
(impacted) hemisphere, with equivalent abundance in the cortex and
hippocampus, suggesting widespread delivery. The hippocampus
contralateral to the impact injury (same hemisphere as the cannula)
exhibited significantly higher concentrations of hIGF-1 compared to
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the ipsilateral cortex or hippocampus (region effect, F;,,=6.151;
p<0.01; Tukey’s post-hoc, p <0.05; Fig. 2A). Hippocampal levels of
pAkt measured by western blot varied significantly across groups
(ANOVA, F;,3=9.695; p<0.0005; Fig. 2B,C). In vehicle-treated
mice, pAkt levels at 7 days after brain injury were approximately 70%
those after sham injury, but this injury effect was not statistically
significant. Infusion of IGF-1 significantly enhanced phosphorylation
of Akt in the ipsilateral hippocampus of brain-injured mice (Tukey’s
post-hoc test, p<0.0005 compared to vehicle; Fig. 2C). Together,
these data demonstrate that ICV infusion of IGF-1 produced a mea-
surable and widespread increase of IGF-1 in the brain, and increased
the activation of a prosurvival pathway in the injured hippocampus.
IGF-1 is cleared from cerebrospinal fluid (CSF) and enters the
systemic circulation.®® Thus, we also quantified systemic concen-
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FIG. 2. Central infusion of 10 ug/day human insulin-like growth
factor-1 (hIGF-1) over 7 days elevates brain levels of hIGF-1 and
enhances Akt activation in the hippocampus after controlled
cortical impact (CCI). (A) hIGF-1 was detected in the ipsilateral
(ipsi) cortex (CTX), and ipsilateral and contralateral (contra)
hippocampus (HP) in sham and CCI mice at 7 days post-injury
(*p<0.05, contra HP compared to ipsi CTX or HP). (B) Re-
presentative western blot images of phosphorylated Akt (pAkt)
and actin, as a control protein, for vehicle (Veh) and IGF-1-
treated sham and CCI mice at 7 days post-injury. (C) Infusion of
IGF-1 in CCl-injured mice resulted in a significant increase in Akt
phosphorylation within the hippocampus at 7 days post-injury,
compared to vehicle infusion (*p <0.005). Optical density (OD)
for each pAkt band was normalized to its respective control
protein actin band OD; the mean of the triplicate samples for each
mouse was normalized to the mean OD value of the vehicle-
treated sham group. The results are presented as mean+SEM
(n=5 sham-injured/treatment and n=9 CCl-injured/treatment).
Akt, protein kinase B; SEM, standard error of the mean.
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trations of IGF-1. hIGF-1 was not detected in serum of vehicle-
treated mice. CCI + IGF-1 mice exhibited somewhat lower serum
hIGF-1 concentrations (41.8 £ 5.0 ng/mL) compared to sham + IGF-1
mice (58.21+10.8 ng/mL), but the difference was not significant.
Because of findings from our previous work showing acute hypo-
glycemia at 1 day post-injury with systemic infusion of high con-
centrations of IGF-1,>" blood glucose levels were measured at 90 min
and 1 and 7 days post-CClI to monitor for hypoglycemia after central
infusion. Blood glucose concentrations were not different among
treatment groups (Table 1). Anesthesia and surgical procedures in-
duced a significant elevation in blood glucose concentrations at
90min post-injury, independent of injury and treatment condition
(p<0.05 compared to all other time points), but blood glucose re-
turned to baseline at 1 and 7 days post-injury (Table 1).

Insulin-like growth factor-1 improves neurobehavioral
performance after controlled cortical impact

To evaluate cognitive performance in this larger cohort, we
again utilized the NOR task at 3 and 7 days post-injury. An AN-
OVA detected significant differences among the groups at 3 days
post-injury (ANOVA, F349=3.245; p<0.05; Fig. 3A). Although
the mean recognition indices of injured mice were somewhat lower
than their respective sham cohorts, no post-hoc comparisons were
significant. Further, all groups at both 3 and 7 days performed at a
level above chance (50%), suggesting that overall the injury effect
was milder than in study 1. Nonetheless, at 7 days post-injury,
vehicle-treated, brain-injured mice exhibited significantly lower
recognition indices than sham mice receiving vehicle (ANOVA,
F3.45=12.84; p<0.0001; post-hoc, p<0.05; Fig. 3B). Infusion of
IGF-1 resulted in significantly higher recognition indices in brain-
injured mice (p<0.05 compared to vehicle-treated, CCI mice;
Fig. 3B), such that NOR performance was statistically equivalent to
that of shams receiving IGF-1. Recognition indices of the two sham
groups were not different at either time point.

Assessment of motor performance revealed that brain injury im-
paired motor function acutely post-injury, with substantial recovery
of function by 7 days (ANOVA group effect, F5 5, =28.9; p<0.0001;
time effect, F404=74.9; p<0.0001; interaction, Fiz204=74;
p<0.0001; Fig. 3C). CCI mice receiving vehicle showed a significant
reduction in motor function at 1, 2, 3, and 5 days post-injury, com-
pared to sham-injured mice (p<0.001). Conversely, CCI mice
treated with IGF-1 exhibited motor function impairment at only 1, 2,
and 3 days post-injury (p <0.001 compared to sham + IGF-1 mice).
IGF-1 infusion significantly improved motor function of brain-
injured mice at 3 and 5 days post-injury ( p < 0.05 compared to CCI +
Veh). Central infusion of IGF-1 reduced cognitive impairment and
accelerated motor recovery post-CCI.

Acute-onset insulin-like growth factor-1 infusion
increases immature neuron density
after controlled cortical impact

Compared to sham-injured mice, mice receiving CCI followed by
vehicle treatment exhibited a marked loss of DCX immunolabeling
in the dentate gyrus ipsilateral to the impact (Fig. 4A). In contrast,
DCX labeling was better preserved in IGF-1-treated CCI mice.
Quantification of DCX" cell numbers revealed significant differences
in the density of immature neurons across experimental groups
(ANOVA, F3,,=8.04; p<0.001). In vehicle-treated mice, CCI
produced a significant reduction in DCX" immature neuron density
at 7 days post-injury (post-hoc, p <0.005 compared to sham inju-
ry; Fig. 4B). IGF-1 infusion after CCI brain injury resulted in
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TABLE 1. BLOOD GLUCOSE LEVELS AFTER CENTRAL INFUSION

Blood glucose measurements after central infusion (mg/dL)

Baseline 90 min 1 day 7 days
Sham + Veh 176 +7 233+ 11* 18348 200+ 11
Sham + IGF-1 165+6  210£10* 171+£11 163£7
CCI + Veh 1879 229+ 9% 203£17 192%16
CCI + IGF-1 179+9 231£12*% 17019 189+11

Blood glucose was measured before sham or controlled cortical impact
(CCI) injury, and at several time points post-injury in nonfasted mice.
Blood glucose levels were significantly higher at 90 min after surgical
procedures compared to all other time points, independent of treatment and
injury status (*p<0.05). Data are presented as mean+SEM (n=9 sham-
injured/treatment and n=19 CCl-injured/treatment).

Veh, vehicle; IGF-1, insulin-like growth factor-1; SEM, standard error
of the mean.

significantly higher DCX" cell densities compared to vehicle infusion
(p<0.005). Notably, the density of immature neurons in CCI + IGF-
1 mice was equivalent to that in sham-injured mice (vehicle or IGF-1
infused), indicating that IGF-1 treatment effectively increased the
immature neuron population to baseline levels at 7 days post-injury.

Histological examination of brain tissue from sham mice re-
vealed evidence of cortical swelling near the craniotomy site after
7 days of ICV infusion, despite the absence of swelling or dural
damage at the completion of surgery (Fig. 5A,B). CCI injury pro-
duced cortical cell loss and cavitation, subcortical white matter
loss, and granular cell layer thinning in the hippocampus typical of
moderate CCI (Fig. 5C). Qualitative assessment revealed that the
majority of injured mice infused with IGF-1 exhibited gross pa-
thology similar to vehicle-treated CCl-injured mice (Fig. 5C,D).
However, a small subset of mice (3 of 10) showed swelling in
subcortical regions and hippocampal distortion post-CCI (Fig. SE).
In animals exhibiting cortical brain swelling, midline tissue shift
was noted, although overt ventricle enlargement was not appreci-
ated in either hemisphere. Based on these qualitative observations,
we sought to determine whether ICV infusion prolonged post-
traumatic edema. Analysis of regional water content in the cortex
and hippocampus revealed no statistically significant changes in
water content among the experimental groups (Fig. 5F). Water
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content percentages observed in these regions (77-80%) were
comparable to those reported after sham injury.* % A modest in-
crease in mean water content in the ipsilateral hippocampus of
brain-injured mice infused with 10 pg/day of IGF-1 appeared to be
driven by a subset of mice (2 of 6) that exhibited a higher than
normal water content (81-82%). Differences in age or body weight
were not found to correlate with the incidence of brain swelling
(data not shown).

Delayed administration of insulin-like growth factor-1
increases immature neuron density

Considering the initiation of treatment in clinical trials typically
occurs between 3 and 8 h after a TBL,®’ a delayed IGF-1 infusion
paradigm is highly clinically relevant. In study 3, we used a strategy
to delay IGF-1 treatment by approximately 6 h by implantation of a
nonprimed minipump. Immature neurons were quantified, con-
firming a reduction in DCX™ cell density in the ipsilateral dentate
gyrus granular layer of vehicle-treated injured mice (Fig. 6A).
Delayed onset, continuous infusion of hIGF-1 in CCl-injured mice
significantly enhanced immature neuron density at 7 days post-
injury compared to vehicle infusion (p<0.05; Fig. 6B). Interest-
ingly, compared to the acute infusion paradigm used in studies 1
and 2, delayed infusion of IGF-1 produced as great, if not greater,
enhancement of immature neuron recovery. Delayed infusion of
10 pg/day yielded a 75% increase in immature neuron density over
vehicle treatment whereas acute infusion of 10 ug/day of IGF-1
increased DCX" cell density 58% over vehicle treatment in study 1
(Fig. 1B) and 55% over vehicle treatment in study 2 (Fig. 4B).

Discussion

Systemic administration of IGF-1 and conditional over-
expression of IGF-1 have been shown to improve neurobehavioral
function in rodents subjected to experimental TBI,*? but the
efficacy of centrally infused IGF-1 after TBI has not been evalu-
ated. In the current study, we demonstrate, for the first time, that
central administration of IGF-1 improves cognitive and motor
function and enhances hippocampal immature neuron density in
mice after experimental TBI.
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FIG. 3. Central infusion of 10 ug/day of insulin-like growth factor-1 (IGF-1) attenuates cognitive and motor impairment after
controlled cortical impact (CCI). (A) At 3 days post-injury, novel object recognition (NOR) task performance varied across groups
(ANOVA, p<0.05), but memory retention of injured cohorts was not significantly less than sham cohorts in post-hoc testing. (B) At
7 days post-injury, CCI + Veh mice exhibited a significant reduction in the recognition index compared to either sham group
(*p<0.005). In contrast, memory function of CCI + IGF-1 mice was significantly improved when compared to CCI + Veh mice
(*p <0.05) and was not statistically different from that of sham groups. (C) CCI + Veh mice exhibited significant impairment in motor
function at 1, 2, 3, and 5 days post-injury as assessed by a modified neurological severity score (NSS) (*p <0.001, compared to sham +
Veh mice). CCI + IGF-1 mice also exhibited a significant motor impairment at 1, 2, and 3 days post-injury when compared to sham +
IGF-1 (*p<0.001). However, CCI + IGF-1 mice showed improved motor function at 3 and 5 days post-injury compared to CCI + Veh
mice (*p <0.01). Data are presented as mean = SEM (n=9 sham-injured/treatment and n =19 CCl-injured/treatment). ANOVA, analysis

of variance; SEM, standard error of the mean; Veh, vehicle.
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FIG. 4. Central infusion of 10 ug/day of insulin-like growth factor-1 (IGF-1) increases immature neuron density in the injured
hippocampus after controlled cortical impact (CCI). (A) Representative images of doublecortin (DCX; green) immunoreactivity in the
ipsilateral hippocampus of vehicle (Veh) and IGF-1-infused sham- and CCl-injured mice at 7 days post-injury. Scale bar represents
50 um. Granular layer (GL) and Hilus (H). (B) Brain injury resulted in a significant decrease in DCX" cell density in vehicle-treated
mice (*p <0.005, compared to sham + Veh), but not in CCI mice infused with IGF-1. DCX" cell density was significantly greater in
IGF-1-treated brain-injured mice than in vehicle-treated counterparts at 7 days after CCI injury (*p <0.005, compared to CCI + Veh
mice). Immature neuron counts obtained from the ipsilateral granular layer were normalized to the volume of the ipsilateral granular
layer to calculate cellular density (1000/mm?). Data are expressed as mean +SEM (n=4 sham-injured/treatment, n=10 CCI + Veh, and
n=9 CCI + IGF-1). SEM, standard error of the mean. Color image is available online at www.liebertpub.com/neu

Radiolabeled IGF-1 injected ICV into adult rats can be de-
tected throughout the brain parenchyma, including the cortex,
white matter tracts, and the hippocampus within 30 min,%%-7°
highlighting that ICV administration is applicable for broad
delivery of IGF-1 throughout the brain after experimental TBI.
We confirmed that continuous ICV infusion resulted in mea-
surable levels of exogenous IGF-1 in the cortex and bilaterally
in the hippocampus at 7 days post-injury. A 7-day infusion
duration was chosen in order to achieve sustained levels of IGF-
1 during the period of peak cellular proliferation in the hippo-
campus post-TBI.?"?>* It is not known whether a shorter duration
of IGF-1 infusion would be sufficient to produce comparable
effects or whether a longer duration would result in greater
benefit or diminished efficacy. Further optimization of IGF-1
treatment duration in TBI models is needed. In a developmental
hippocampal organotypic slice culture model of epileptogen-

esis, acute (3-day) IGF-1 treatment was neuroprotective, but
long-term (14-day) treatment contributed to aberrant electro-
physiological function.”!

Although it is well established that IGF-1 in the systemic cir-
culation can pass into the brain through receptor-mediated endo-
cytosis,’? the converse is also true: Centrally infused IGF-1 can be
cleared from CSF and enter the systemic circulation, likely through
the lymphatic system and cranial and/or spinal nerve roots.®* IGF-1
infused into the lateral ventricle was detected at concentrations of
approximately 40-60ng/mL in the systemic circulation at the
cessation of infusion. Central infusion was selected to minimize
systemic hypoglycemia, as a result of binding of IGF-1 with the
insulin receptor at high systemic concentrations, considering that
this was previously observed at 24 h after moderate TBI in rats
administered IGF-1 subcutaneously.>’ Even though central infu-
sion resulted in elevated serum IGF-1, it did not produce systemic
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FIG. 5. Gross histopathology and regional water content at 7 days after controlled cortical impact (CCI). (A-E) Representative images
of cresyl violet staining of the cortex (CTX) and hippocampus (HP) ipsilateral (ipsi) to impact at 7 days post-injury from vehicle (Veh)
and IGF-1-treated mice subjected to sham or CCI injury. Sham-injured mice infused with either (A) vehicle or (B) IGF-1 exhibited
brain swelling at the craniotomy site, which was not present at the time of surgery. (C) Injured mice treated with vehicle exhibited
cortical cavitation and hippocampal cell loss consistent with CCI. (D) The majority of IGF-1-infused brain-injured mice (7 of 10)
exhibited characteristic histopathology with minimal or no brain swelling. (E) However, a subset of IGF-1-infused CCl-injured mice (3
of 10) showed distortion of the hippocampus at 7 days post-injury, raising concerns that central infusion of IGF-1 could exacerbate
cerebral edema (n=4 sham-injured/treatment and n=10 CCl-injured/treatment). Scale bar represents 500 um. (F) Water content was
quantified in mice subjected to CCI injury without cannulation or infusion (CCI), CCI injury with central infusion of vehicle (Veh CCI),
or CCI injury with central infusion of 10 ug/day of IGF-1 (IGF-1 CCI; n=6/group). Comparison by one-way ANOVA revealed infusion
of IGF-1 did not result in significant regional cerebral edema; however, a small subset of mice (2 of 6) had markedly increased water
content in the ipsilateral (ipsi) hippocampus. Contralateral (contra). Individual data points are superposed with bars representing
mean+ SEM. ANOVA, analysis of variance; SEM, standard error of the mean.

hypoglycemia. This finding highlights that central infusion of IGF-  therapeutic administration in moderately to severely injured TBI
1 eliminated a potential side effect of systemic administration of  patients in whom an intracranial pressure monitor and shunt has
IGF-1 after experimental TBI. been implanted. Our findings highlight that ICV infusion of 10 ug/

It is important to note that ICV cannulation possesses inherent  day of IGF-1 resulted in improved neurobehavioral function, sim-
risks, but this route of delivery may provide an advantage for ilar to our previous findings of improved motor and cognitive



1476

CARLSON AND SAATMAN

B 601

S
o
1

N
o
1

DCX Cell Density
(1000 cells/mm?®)

10ug IGF-1

Vehicle

IGF-1

FIG. 6. Delayed infusion of 10 pug/day of insulin-like growth factor-1 (IGF-1) increased hippocampal immature neuron density 1 week
after controlled cortical impact (CCI). (A) Compared to CCI + Veh mice, CCI + IGF-1 mice showed increased doublecortin (DCX;
green) immunoreactivity. Scale bar represents 100 um. (B) Infusion of IGF-1 post-CClI resulted in significantly increased immature neuron
density at 7 days post-injury, compared to vehicle treatment (*p <0.05). Data are presented as mean +SEM (n=3 CCI + Veh and n=5 CCI
+ IGF-1). SEM, standard error of the mean. Color image is available online at www.liebertpub.com/neu

function after systemic administration of a much higher dose of
4 mg/kg/day.”" In the current study, central infusion of IGF-1 re-
sulted in measurable levels of hIGF-1 in both the brain and in
serum. In the systemic circulation, IGF-1 can be found free or
bound to one of multiple binding proteins, shown to modulate the
actions and presentation of IGF-1 to the IGF-1 receptor.”® Sub-
cutaneous injections of escalating doses of 0.1-30.0 mg/kg of IGF-
1 results in increasing circulating levels of total and free IGF-1 at
30 min post-injection.”* Previous studies evaluating systemic ad-
ministration of IGF-1 post-TBI did not evaluate serum or brain
levels of IGE-1,"""%7° preventing direct comparison of local levels
of IGF-1 in the damaged brain for central versus systemic dosing.
The current work is the first study to evaluate both systemic and
brain levels of exogenous IGF-1 administered post-TBI. We show
that central infusion results in increased brain IGF-1 levels, with
detectable IGF-1 in systemic circulation; however, we did not as-
sess whether this is free or bound IGF-1. Future work is warranted
to understand the interplay between pools of IGF-1 in the brain and
systemic circulation, and whether the method of administration can
influence the ratio of free and bound IGF-1 in circulation.

Central infusion of IGF-1 produced beneficial effects on neu-
robehavioral function post-TBI. IGF-1 significantly accelerated
recovery of motor function at 3 and 5 days post-injury compared
to vehicle treatment. Central infusion of IGF-1 also reduced im-
pairment of memory retention associated with CCI as evaluated

with an NOR test. The NOR task relies on a rodent’s innate be-
havior to explore novel objects as a way to assay the duration or
strength of memory for a familiar, or previously explored, ob-
ject.”® A decrease in the relative exploration of a novel object
compared to a familiar object reflects a decline in residual
memory of the familiar object.”’~’? Brain injury caused a decline
in memory function and, in both the initial dose study and in the
subsequent study with 10 ug/day of recombinant hIGF-1 infusion,
memory retention was improved in IGF-1-treated, brain-injured
mice compared to CCI mice receiving vehicle. These data cor-
roborate previous findings that conditional, astrocyte-specific
overexpression of IGF-1 attenuated motor and cognitive deficits
in an NOR task at 7 days post-CCI.>® Subsequent to mild weight
drop injury, systemic injections of 4 ug/kg of IGF-1 at 24 and 48 h
post-injury improved performance in a Y-maze assessment of
cognitive function at 7 days post-injury.>> Continuous systemic
infusion of 4 mg/kg/day of IGF-1 improved spatial learning and
memory and motor function at 2 weeks post-injury in rats subjected
to moderate TBI.>' Collectively, previous reports and our current
findings highlight that administration of IGF-1 promotes recovery of
motor and cognitive function in rats and mice in multiple models and
across the severity spectrum of TBIL It is not yet known whether
improved recovery of the immature neuron population contributes to
behavioral recovery and what other cellular mechanisms may un-
derlie these functional effects.
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The IGF-1 receptor is expressed by immature and mature neu-
rons and by astrocytes, and in the vasculature, choroid plexus, and
hippocampus throughout adulthood.®** Binding of IGF-1 to its
cognate receptor elicits activation of Akt and the subsequent inhi-
bition of proapoptotic factors, including caspase-9, Bad, and
NF-xB.** Enhanced Akt activation is associated with increased
neuronal survival after CNS injury; conversely, low levels of Akt
activation have been linked to increased cellular susceptibility to
damage and death.®>8¢ CCI results in an acute and transitory rise in
endogenous levels of IGF-1 in the brain®” and a transient increase in
hippocampal Akt phosphorylation for hours after experimental
TBI, with a return to baseline levels by 24 h post-injury.’>%"38 In a
conditional astrocytic-specific IGF-1-overexpressing mouse model,
elevated IGF-1 increased Akt phosphorylation in the hippocampus at
24 and 72h post-CCL>° suggesting that supplementation of IGF-1
may extend the duration of increased IGF-1 signaling cascades post-
TBI. IGF-1-treated mice in this study exhibited a significant increase
in Akt phosphorylation in the hippocampus after 7 days of IGF-1
infusion, suggesting that IGF-1 infusion effectively prolonged Akt
activity post-TBI. IGF-1 is a multifaceted growth factor and may
elicit multiple actions in the brain. IGF-1 may alter endoplasmic
reticulum stress by increasing CHOP expression,”” and may increase
IGF-1 receptor and ERK phosphorylation.”> We have previously
shown that IGF-1 overexpression promotes survival of neurons in the
hippocampus.> In the current study, we highlight that central infu-
sion of IGF-1 enhances hippocampal immature neuron density, but it
is plausible that IGF-1 activates or enhances multiple mechanisms
in the week post-TBI that may contribute to improved functional
recovery. Future investigation into the potency of IGF-1 to exert
long-lasting protective and reparative effects after the cessation of
treatment will be an important step in understanding and optimizing
effective therapeutic treatment paradigms for IGF-1 in the context
of TBIL.

Because cortical brain swelling and hippocampal distortion in
brain-injured mice were more pronounced in a subset of IGF-1 in-
fused mice, we investigated whether IGF-1 might potentiate or
prolong regional cerebral edema. Quantification of water content
revealed no overt increase in edema with ICV infusion, although a
small number of IGF-1-infused animals did exhibit elevated water
content. Parameters of body weight, age, and blood glucose did not
predict the sporadic occurrence of infusion-related swelling. CSF
turnover occurs approximately every 6 h with a total volume of ap-
proximately 40 L of fluid present in the adult mouse brain.***° In
the current study, an osmotic minipump with a 0.5-uL/h flow rate
results in the infusion of 3 uL in a 6-h period. It is not known whether
ICV infusion altered post-traumatic intracranial pressure. The can-
nula base utilized in the present study prevented the implantation of
an intracranial pressure—monitoring device into the lateral ventricle,
but our findings highlight that future studies should examine the
effect of continuous ICV infusion on CSF fluid dynamics in rodent
models of TBI. In clinical trials, systemic coadministration of IGF-1
and growth hormone for a period of 14 days to moderate to severely
brain-injured patients did not alter fluid retention or increase intra-
cranial pressure,”’ suggesting that systemic infusion of IGF-1 does
not disrupt CSF balance in the context of human contusion TBI.

Immature neurons are particularly vulnerable to CCI, as dem-
onstrated by a marked reduction in their numbers within days post-
injury.?%2%9223 We observed a similar reduction in DCX" cells in
the granular layer of the injured dentate gyrus at 7 days post-CCI, a
time point when immature neurons loss is being partially offset by
neuronal differentiation of newly proliferated cells in the sub-
granular zone.?'** In the current study, central infusion of IGF-1
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post-CCI increased hippocampal immature neuron density at
7 days post-injury. This response showed a dose-dependent trend
over the range of 0.3-10.0 ug/day of hIGF-1.

Increases in immature neuron density at 7 days post-TBI may
reflect improved survival of existing immature neurons or enhanced
generation of new immature neurons. IGF-1 is a potent neurotrophic
factor that promotes cell survival of cultured neurons and reduces cell
loss after acute CNS injury,**>** but can also increase cellular
proliferation and promote neuronal differentiation.**>* We previ-
ously showed that astrocyte-specific overexpression of IGF-1 did not
protect against acute immature neuron loss at 3 days, but enhanced
the generation of new neurons in the injured brain, resulting in in-
creased immature neuron density by 10 days.> IGF-1 enhances the
generation of newborn neurons in the hippocampus by enhancing
neuronal differentiation of newly proliferated cells in the unin-
jured®**? and traumatically injured brain. In the current study, IGF-
1 infusion resulted in an increased immature neuron density in brain-
injured, but not sham-injured, mice. Whereas immature hippocampal
neurons express IGF-1 receptor82 and IGF-1 stimulates neurogenesis
under physiological conditions such as exercise,*** our data suggest
that IGF-1 is far more potent in increasing neurogenesis in the
damaged hippocampus. Because CCI elicits a larger increase in
proliferation in the damaged (ipsilateral) hippocampus than the
contralateral hippocampus,>'** IGF-1 may act to increase the pro-
portion of newly born cells that commit to a neuronal fate, thereby
selectively increasing immature neuron numbers in the injured hip-
pocampus. Future studies will need to determine whether central
infusion of IGF-1 promotes long-term survival, maturation, and
functional incorporation of the newly generated immature neurons
into the hippocampus post-CCIL.

In the clinical setting, the average administration window of
therapeutic agents in clinical trials is 3-8 h post-TBI for a variety of
reasons, including transportation, stabilization, and enrollment of
the patient into the trial.%” Using a delayed administration para-
digm, we demonstrate that infusion of IGF-1 initiated 6 h post-CCI
was effective at increasing immature neuron density. These data
provide critical support for the clinical utility of IGF-1 to promote
posttraumatic hippocampal plasticity. The duration of the thera-
peutic window for IGF-1 enhancement of neurogenesis post-TBI
has not yet been established. Given that post-traumatic proliferation
is elevated for several days post-TBI,>"**** IGF-1 may possess an
extended window for stimulating differentiation of new neurons.

Conclusions

In summary, we demonstrate that prolonged ICV infusion of IGF-
1 increased levels of pAkt in the hippocampus and improved hip-
pocampal immature neuron density after brain injury. The neuro-
genic effect of centrally delivered IGF-1 was dose dependent and was
retained with a clinically relevant 6-h delayed infusion onset. IGF-1
infusion also significantly attenuated motor and cognitive dysfunc-
tion after CCI in mice. This study adds to pre-clinical literature
supporting beneficial effects of IGF-1 in treating TBI, but highlights
the need for careful consideration of the administration paradigm.
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