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Glucocorticoid Receptor Overexpression in the Dorsal
Hippocampus Attenuates Spatial Learning and Synaptic
Plasticity Deficits after Pediatric Traumatic Brain Injury
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George M. Smith? and Ramesh Raghupathi®**

Abstract

Traumatic brain injury (TBI) in children <4 years of age leads to long-term deficits in cognitive and learning
abilities that can persist or even worsen as these children age into adolescence. In this study, the role of
glucocorticoid receptor (GR) function in the dorsal hippocampus (DH) in hippocampal-dependent cognitive
function and synaptic plasticity were assessed following injury to the 11-day-old rat. Brain injury produced
significant impairments in spatial learning and memory in the Morris water maze in male and female rats at
1-month post-injury (adolescence), which was accompanied by impairments in induction and maintenance
of long-term potentiation (LTP) in the CA1 region of the DH. Brain injury resulted in a significant decrease in
the expression of the glucocorticoid-inducible gene, serum- and glucocorticoid-kinase 1 (sgk1), suggestive
of an impairment in GR transcriptional activity within the hippocampus. Lentiviral transfection of the human
GR (hGR) in the DH improved spatial learning and memory in the Morris water maze and attenuated LTP
deficits following TBI. GR overexpression in the DH was also associated with a significant increase in the
MRNA expression levels of sgk1, and the glutamate receptor subunits GIuA1 and GluA2 within the hippo-
campus. Overall, these findings support an important role for dorsal hippocampal GR function in learning
and memory deficits following pediatric TBI and suggest that these effects may be related to the regulation
of glutamate receptor subunit expression in the DH.
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Significance Statement

Traumatic brain injury (TBI) is the leading cause of
injury-induced mortality in children <4 years of age; sur-
vivors are faced with life-long cognitive impairments
that manifest in early adolescence. In this study, we
explored the role of glucocorticoid receptor (GR) dys-

function in the dorsal hippocampus (DH) on the effects
of pediatric TBI on hippocampal-dependent learning and
synaptic plasticity during adolescence. The results indi-
cate that viral transfection of the human GR in the DH
following pediatric TBI improves spatial learning and
facilitates long-term potentiation (L'TP), potentially through
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upregulating the expression of glutamate receptor sub-
units GluA1l and GluA2. These findings provide novel
support for the GR system as a target for improving long-
term cognitive outcomes in pediatric TBI patients.

Introduction

Children <4 years of age are at the highest risk for TBI,
with ~ 250,000 injuries in this age group reported each
year in the United States.'™ Impairments in learning
and memory abilities are among the most prevalent out-
comes after childhood TBI,** often leading to poor aca-
demic performance and requiring placement in special
education classrooms.® These impairments resulting from
TBI during early childhood can become more apparent
over time as children reach adolescence.®® Although
improvements in post-traumatic neurocritical supportive
care over the past two decades have significantly reduced
mortality, there remains a lack of therapeutic treatments
to limit these chronic deficits in survivors of childhood
TBL0-12

Stressful or traumatic events that occur during early
critical periods of development can lead to long-term
changes in the expression of GRs within limbic regions
including the hippocampus, amygdala, and hypothala-
mus."*™'° Few previous studies have investigated changes
in GR expression as an outcome of pediatric TBI,
although a significant decrease in GR expression in the
cortex was reported up to 72 h following focal cerebral
ischemia in neonate rats.'® We and others have reported
impairments in hippocampal-dependent spatial learning
and memory following pediatric TBL.'”"?! Although the
importance of GR-mediated actions of glucocorticoids
in learning and memory is well established, whether
impaired function of GRs may contribute to long-term
deficits in cognitive function following pediatric TBI
has yet to be explored.

GRs and mineralocorticoid receptors (MRs) are mem-
bers of the steroid hormone receptor family, and therefore
are ligand-inducible transcription factors.** During base-
line conditions of low circulating glucocorticoids, GRs
are predominantly found in the cytoplasm,” whereas
MRs are typically almost fully occupied by corticoste-
rone during baseline conditions and are thus found pre-
dominantly in the nucleus. As corticosterone levels rise,
the GR complex dissociates from the GR co-chaperone
FK506-binding protein 51 (FKBPS), allowing it to bind
corticosterone and recruit FK506-binding protein 52
(FKBP4), enabling it to translocate into the nucleus and
regulate the genome.?

The genomic actions of glucocorticoids within the
dorsal hippocampal formation strongly influence learning
and memory processes. GRs are abundantly expressed in
the hippocampus and are critical for mediating cellular
and transcriptional effects, which facilitate the consoli-
dation of information, particularly during the context of

a stressful learning paradigm such as the Morris water
maze (MWM).>*° The removal of endogenous gluco-
corticoids by adrenalectomy, genetic disruption of GR
function, and pharmacological inhibition of GRs all pro-
foundly impair the performance of animals in spatial
learning tasks.”>2® There is also evidence that GRs are
necessary for the expression of long-term potentiation
(LTP) in the hippocampus, an important cellular mech-
anism involved in learning. In contrast, glucocorticoids
were reported to enhance object recognition memory
only when the training conditions were modified to
increase emotional arousal, highlighting the selective
role of glucocorticoids in memory consolidation for emo-
tionally arousing and/or stressful experiences.’"'

The effects of GR on spatial learning and LTP may be
mediated through serum- and glucocorticoid-inducible
kinase 1 (sgkl), a primary glucocorticoid-induced gene 2
and downstream target of the mitogen-activated protein
kinase (MAPK)/extracellular signal-regulated kinases
(ERK) signaling pathway.”® Knockout of the sgkl gene
similarly impairs both spatial learning®* and LTP*
in mice. Glucocorticoids, acting through sgk-1, affect
learning ability and synaptic plasticity via regulating the
expression of glutamatergic a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA) and N-methyl-D-
aspartate (NMDA) receptors.’%k39 We hypothesized that
impairments in GR function may underlie deficits in both
hippocampal-dependent spatial learning/memory and syn-
aptic plasticity following pediatric TBI, and that overexpres-
sion of GRs in the DH would reverse these deficits through
upregulating the hippocampal expression of sgkl and regu-
lating glutamatergic AMPA and NMDA receptor subunit
expression

Methods

Experimental design

Animals in each litter were randomly assigned to receive
a closed head brain injury (n=78) or were treated as
sham-injured controls (n=74). Sham- and brain-injured
animals from a subset of litters were randomly assigned
to receive a microinjection into the DH containing a
GR-expressing lentivirus (n=48) or control lentivirus
(n=44). Animals were tested beginning at 1 month
after injury in the MWM (spatial learning/memory) and
spatial object recognition test (spatial memory). Behavio-
ral testing was performed in adolescent rats (38-50 days
old) because of our previous findings demonstrating
sustained cognitive deficits at 1 month following TBI in
neonate rats.'”** Moreover, cognitive and behavioral
symptoms following TBI in infants and toddlers can be-
come more noticeable as they age into adolescence,*'"*?
validating that this is a clinically relevant time point
for assessing post-traumatic cognitive impairments. At
the end of behavioral assessments, subgroups of ani-
mals were randomly assigned to generate tissue for
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histological analysis, long-term potentiation, quantitative
real-time polymerase chain reaction (qRT-PCR), or
Western blots.

TBI

Surgical procedures were performed in accordance with
the rules and regulations of the Institutional Animal
Care and Use Committee at Drexel University and the
National Institutes of Health (NIH) guide for the care
and use of Laboratory animals (NIH Publications No.
8023, revised 1978). Raghupathi and Huh'’ originally
characterized the pediatric injury model used in this
study, which has been used in multiple subsequent stud-
ies.****44 Timed-pregnant (E20) dams were ordered from
Charles River Laboratories (Wilmington MA) and
housed under 12 h light:12 h dark conditions with access
to food and water ad libitum. On post-natal day 11 (the
neurological equivalent of a child <4 years of age,*”
male and female Sprague Dawley rat pups were anesthe-
tized using isoflurane (Patterson Veterinary, Greeley CO,
5% induction, 2-3% maintenance), and an incision of
2 cm was made to expose the skull. Animals were then
transferred to a plastic rodent restrainer (Braintree Scien-
tific, Braintree MA, USA) and moved onto the stage of
an electronic controlled cortical impact device (eCCI,
Custom Design and Fabrication, Richmond VA, USA).
The impactor tip (5 mm diameter) was positioned over
the left parietal cortex midway between the bregma and
lambda sutures and was driven into the intact skull at
a velocity of S5m/sec (3 mm distance from zero point,
100 ms dwell time). After receiving the impact, animals
were placed on their backs and the time to right them-
selves (righting reflex) and time to return to normal
breathing (apnea) were recorded. Animals were then re-
anaesthetized, and the presence of a skull fracture and
hematoma were recorded prior to the scalp being sutured
closed. The severity of the hematoma was determined
based on the degree and extent of discoloration at or
around the site of impact, and was characterized as mild,
moderate, or severe, as previously described.*® Sham-
injured animals were surgically prepared but were not
injured. Animals were allowed to recover in a separate
cage before being placed back with the dam. Surgical
procedures and recovery were performed on heating
pads at 37°C to maintain the body temperature.

Lentivirus injections

The lentivirus plasmid encoding the green fluorescent
protein (GFP)-glucocorticoid receptor was subcloned
into a modified pCSC-SP-PW-GFP (Addgene plasmid #
12337, a gift from Inder Verma).** The modified plas-
mid, pBOB-mcs, was created by removal of the GFP
by restriction digestion using Xbal/Pmel sites and sub-
cloning of a multiple cloning site 5° TCTAGAGGATC
CACCGGTGGCCGCCTGGGCCCGTTAACGTCTCG

AGTTTAAAC 3’ into the Xbal/Pmel sites. The GFP-
glucocorticoid receptor was then cut from pEGFP-GR
(Addgene plasmid # 47504, a gift from Alice Wong)
using the restriction sites Nhel/BamHI and subcloned
into the Xbal/BamHI sites of pBOB-mcs. Successful
clones were isolated and verified by DNA sequencing
(GENEWIZ, South Plainfield, NJ) and Western blot ana-
lyses. Viral stocks were generated by calcium-phosphate
transfection of 293T cells with plasmid encoding either
pBOB-EGFP-GR or pBOB-GFP plus Mbl, Rev and
vesicular stomatitis virus G (VSV G)-plasmid encoding
envelope glycoprotein. The supernatants were collected
72 h after transfection and concentrated by sucrose gradi-
ent ultracentrifugation. Purified virus was suspended in
Tris buffer containing rat albumin and mannitol, ali-
quoted, and stored at —80°C until further use. Lentiviral
titers were estimated using a commercially available p24
ELISA kit (HIV-1 p24 antigen ELISA, Aalto, Ireland).
The lentiviral titers for the GFP-GR lentivirus and GFP-
control lentiviruses were 1.81x107 viral particles/uL
and 3.19x 107 viral particles/uL, respectively. Both viru-
ses were prepared by the Dr. George Smith Lab (Temple
University, Philadelphia, PA). The GFP-GR lentivirus
or GFP-control lentivirus was unilaterally microinjected
into the left DH (1 uL delivered at 0.2 uL./min) on post-
natal day 18, 1 week following TBI or sham surgery, to
allow the animals time to recover. The coordinates used
for the injection were (in mm) -2.5 A/P, +2.75 M/L, and
-3.25 D/V.

MWM

Spatial learning was assessed in the MWM between 5 and
6 weeks post-injury as previously described.*® Testing
was conducted between 8:00 and 10:00 AM on each day.
The maze consisted of a 1-m diameter circular pool con-
taining 18°C water made opaque with white non-toxic
paint. The length of time taken (latency) and the distance
traveled to reach a submerged, hidden platform were
recorded. The platform was submerged 2 cm below the
surface of the water. Rats were initially placed in the cen-
ter of the pool and guided to fixed start points located
around the periphery of the pool. Visual cues were
placed around the pool to help animals locate the hid-
den platform. Each animal was exposed to four trials/
day over four consecutive training blocks (16 total trials).
If an animal did not reach the platform within 120 sec,
a latency of 120 sec was recorded for that trial. The aver-
age latency to reach the platform was averaged among
the four trials on each training day, and data are presented
as a function of training day to demonstrate the ‘‘learning
curve.”

At 24 h following the final training day, spatial mem-
ory was tested in two probe trials during which the plat-
form was removed from the maze. Animals went through
two probe trials that consisted of 120 sec each, with an
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inter-trial interval of ~ 15 min. Animals were placed in
the pool in the same manner as they were during training.
Probe trials were recorded with an overhead camera and
the time spent in various zones surrounding either the
platform location or the perimeter of the maze was com-
puted (AccuScan, San Diego Instruments, San Diego CA,
USA). The scores received in the two probe trials were
averaged for each animal and presented as time spent
in the platform or periphery zone.

Tissue preparation for extracellular recordings

LTP was measured in the DH after the conclusion of
behavioral testing (5-7 weeks post-injury; post-natal
day 48-60). Rats were anesthetized with an intraperito-
neal injection of Euthasol (100 mg/kg) and transcardially
perfused with 60 mL of carboxygenated (5% CO,, 95%
H,0) slicing artificial cerebrospinal fluid (ACSF) consist-
ing of the following (in mM): 126 NaCl, 10 glucose,
26 NaHCOs;, 2.5 KCl, 1.25 NaH2PO4, 5 MgCl,, and
1 CaCl,, pH of 7.4. Brains were then rapidly removed
and glued to the slicing stage of a vibrating microtome
(Leica Microsystems, Buffalo Grove, IL), and 400 uM
horizontal slices containing the DH were obtained
between 3 and 4.5 mm from the dorsal surface. Slices
were incubated at 37°C for 1h in oxygenated artificial
cerebrospinal fluid (aCSF) containing the following
(in mM): 126 NaCl, 10 glucose, 26 NaHCO;, 2.5 KCl,
1.25 NaH,PO,, 1 MgCl,, and 2 CaCl,, pH 7.4. Brain
slices were then kept at room temperature for at least
1 h prior to recording.

Field potential recording and LTP quantification

Brain slices were individually transferred to a recording
chamber and continually perfused with oxygenated
aCSF maintained at 34°C. The Schaffer Collateral path-
way was stimulated with a bipolar electrode and excita-
tory field post-synaptic potentials (fEPSPs) were recorded
in the stratum radiatum (SR) of area CA1l using boro-
silicate glass pipettes filled with aCSF (resistance 1-
2 MQ). Signals were acquired using an axon MultiClamp
700A amplifier and pClamp 9.2 data acquisition software
(Molecular Devices), digitized using a DigiData 1332A
digitizer (Molecular Devices) at 10 kHz, and low pass fil-
tered at 1kHz. Input/output (I/O) curves were conducted
using stimulation intensities from 10 to 80V (dura-
tion=0.2ms), and the stimulation level that produced
the half maximal response was used. Baseline field poten-
tials were recorded every 30sec for 20 min. If a stable
baseline was obtained, LTP was induced by theta-burst
stimulation, consisting of 5x100Hz bursts (5 pulses
per burst, 200 ms inter-burst interval) at the test pulse in-
tensity, which was repeated four times (10 sec interval in
between each series of bursts). Field potentials were sub-
sequently recorded every 30 sec for 60 min. The ampli-
tude of the field potentials was measured in Clampfit

10.5 (Molecular Devices, San Jose, CA), and reported
as the percent change from baseline measurements (aver-
age of the last 10 responses prior to Theta Burst Stimula-
tion [TBS]). Potentiation was assessed from fEPSPs
evoked 10 and 60 min after high frequency stimulation
(HFS) (average of 10 responses taken at each time point).

Histological confirmation

of lentivirus expression

A subset of animals was transcardially perfused at 4 weeks
following injury using 0.9% saline containing heparin
(1000 units/L,, Sagent Pharmaceuticals, Schaumburg,
IL, USA) followed by 10% formalin (Fisher Scientific,
Pittsburgh, PA). Brains were post-fixed in formalin for
24 h before being transferred to a cryoprotective solution
containing 30% sucrose. Brains were frozen between -40
and -50°C and 40 uM coronal sections were obtained
between 2mm and 8 mm posterior to bregma using a
freezing sliding microtome. Sections were incubated in
anti-GFP (1:500; Invitrogen, Waltham, MA, USA) at
4°C for 1624 h, and were incubated in an anti-rabbit sec-
ondary antibody conjugated to Alexa Fluor 488 (1:500,
ThermoFisher Scientific, Waltham, MA, USA) for 2h
at room temperature. Sections were then mounted on
gelatin-coated glass slides and cover-slipped using Vec-
tashield (Vector Laboratories, Burlingame, CA, USA)
mounting medium. GFP expression was visualized in
three non-adjacent dorsal hippocampal sections per ani-
mal using a fluorescent microscope.

qRT-PCR

A subset of animals was used to harvest tissue from the
hippocampus for qRT-PCR analysis immediately follow-
ing the Ist day of training in the MWM. The DH was
micro-dissected from coronal sections taken between
2mm and 4 mm posterior to bregma and stored in RNA-
Later (Sigma-Aldrich, St. Louis MO, USA) until pro-
cessed. The ventral hippocampus (VH) was taken between
5 mm and 7 mm posterior to bregma. As described previ-
ously,** the RNA from the tissue was extracted using a
RNeasy Mini Kit (Qiagen Inc.) along with DNase 1 (Qia-
gen Inc.). RNA yields were measured with a NanoDrop
Lite spectrophotometer (Thermo Electron North America
LLC, Madison WI, USA) and resulted in A,50/Asgq ratios
of 2.0-2.1, indicating high purity. RNA was converted to
cDNA using SuperScript® VILO™ Master Mix (Invitro-
gen, Grand Island, NY, USA) in a SimpliAmp™ Thermal
Cycler (Applied Biosystems, Waltham, MA, USA). Trip-
licate samples of cDNA, SYBR Green PCR reagent
(Applied Biosystems, Grand Island, NY, USA), and tar-
get primer or cyclophilin primer were run on a 96-Well
MicroAmp® Fast Optical Reaction Plates (Applied Bio-
systems). The protocol was set to be 2min at 50°C,
10min at 95°C, 40 cycles of 15sec at 95°C, and 1 min
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at 60°C. Primers were designed using the NCBI primer
design tool (http://www.ncbi.nlm.nih.gov/tools/primer-
blast/) and purchased from ThermoFisher Scientific. The
primers were validated by testing primer dilutions against
a series of cDNA dilutions and determining the efficiency
of the standard curve [107(-1/slope)], as well as running
a melting curve analysis to confirm primer specificity.
The concentration and sequences of the primers used are
listed in Table 1.

Corticosterone analysis

Trunk blood was collected from animals immediately
after the fourth trial on the 1st day of MWM training.
Blood samples were centrifuged at 4°C for 10min at
2000g, after which the blood serum was collected into
a separate tube for analysis. Corticosterone was measured
by liquid chromatography-high resolution mass spectrom-
etry modified from a previously reporter steroid assay.’’
Briefly, 5-20 ul. of sample was spiked with 50 ulL of
100 pg/ uLL d3-corticosterone in methanol. Samples were
extracted by liquid-liquid extraction by addition of 250 uL
of water, 150 uLL of saturated sodium chloride in water,
10 uLL of HCI, and 1.3 mL of methyl-tertbutyl-ether and
vortexed for 10 min. Phases were separated with 5 min
of centrifugation at 2000g, the lower layer was frozen
at -80°C and the supernatant transferred to a new tube
and then evaporated to dryness under nitrogen gas. Extracts
were derivatized using Girard P reagent by adding 200 uL.
of 10% (v/v) acetic acid in water, 20 uL. of Girard P
reagent at 1 mg/mL in water, vortex mixing for 10 sec,
incubation for 10 min at 60°C, evaporation to dryness
under nitrogen gas, and resuspension in 100 uL of 80:20
(v/v) methanol:water. Ten microliters of each sample
were analyzed on an Ultimate 3000 HPLC coupled to a
Q Exactive Plus mass spectrometer. The double charged
doubly derivatized form of corticosterone was predom-
inantly observed and was used for peak integration.
Calibration curves were prepared in an identical man-

ner to the samples, spanning 3.9-62.5pg/ul. and 15—
5000 pg/uL to provide linear ranges for interpolation of
sample concentration.

Western blot analysis
Brain tissue was homogenized in lysis buffer A (10mM
Hepes, 1.5mM MgCl12, 10mM KCl, 0.5mM DTT, 0.05%
NP40, 0.05M sodium vanadate) adding one tablet of Com-
plete Protease Inhibitor (ThermoScientific, Pierce Protease
Inhibitor Mini Tablets, A32953) per 10 mL lysis buffer A.
The homogenate was then centrifuged at 3000g for 10 min
at 4°C. After centrifugation, the supernatant was collected
and kept as the cytoplasmic fraction (CF). The resulting
pellet was re-suspended with equal volume of lysis buffer
B (5mM Hepes, 1.5 mM MgCl2, 0.2mM EDTA, 0.5mM
DTT, 26% glycerol, 300mM NaCl) and sat on ice for
30min. After centrifugation (20,000g, 20 min, 4°C) the
supernatant was collected and kept as the nuclear fraction
(NF). Protein concentration was measured by Bio-Rad
DC protein assay using TCAN Plate Reader, after which
the supernatant of both the NFs and CFs were denatured
in 80% sample buffer (125mM Tris, 4% sodium dodecyl
sulfate [SDS], 0.005% bromophenol blue, 20% glycerol),
20% p-mercaptoethanol (BME) and boiled for 5min.
Samples were separated by SDS electrophoresis (Mini-
PROTEAN 11 Cell chamber, Bio-Rad Laboratories,
USA) in 4-20% polyacrylamide gel (GenScript Sure-
PAGE, Bis-Tris, 10x8cm). Electrophoresis was per-
formed in a Tris-MOPS-SDS (50mM Tris Base, 50mM
MOPS, 0.1% SDS, 1 mM EDTA, pH 8.5) electrophoretic
running buffer (GenScript, Cat.No.:M00138) at a voltage
of 100 V. After electrophoresis, the proteins were trans-
ferred to a 0.2 um polyvinylidene difluoride (PVDF)
membrane (BioRad Trans-Blot Turbo Transfer Pack,
Cat#1704156) using Bio-Rad Trans-Blot Turbo Transfer-
ring System at a current of 1.3 A, 25V, for 7 min.
Membranes were incubated overnight at 4°C on a
rotary platform with the following antibodies: HMGCR

Table 1. Primers Used for Analysis of mRNA Expression in the Dorsal Hippocampus of Sham- and Brain-Injured Rats

Accession Concentration
Gene number (nM) Forward Reverse
Cyc NM_017101.1 200 GTGTTCTTCGACATCACGGCT CTGTCTTTGGAACTTTGTCTGCA
GR (rat) NM_053859.2 200 AACATGTTAGGTGGGCGTCA AGTTTCTGAAGCCTGGTATCGC
MR (rat) (rat) NM_053427.1 200 AGAAAGGTGCTCACGACGTT GCCAGTCACACCATTGGAGA
Sgkl NM_001193568.1 50 TCAGGAGCCCGAACTTATGAA GGACCCAGGTTGATTTGTTGA
GR (human) (human) NM_000176.3 50 GGACCACCTCCCAAACTCTG GCTGTCCTTCCACTGCTCTT
GluAl NM_031608.1 200 GAAATGTGCAGTTCAACGAGAAAG TTTCGGATTCCATCATGTTTCAT
GluA2 NM_017261.2 200 CTACCAATGGGACAAGTTCG CAGGATTACACGCCGTT
GluN1 NM_001270602.1 100 CACCAGACTAAAGATAGTGACAATCCA CCTCTTTGCATGTCCCATCA
GIuN2A NM_012573.4 100 AGGACAGCAAGAGGAGCAAG ACCTCAAGGATGACCGAAGA
GIuN2B NM_012574.1 200 TGAGTGAGGGAAGAGAGAGAGG ATGGAAACAGGAATGGTGGA

All sequences are listed as 5-3".

Cyc, cyclophilin-A; GR, glucocorticoid receptor; MR, mineralocorticoid receptor; Sgkl; serum-and-glucocorticoid inducible kinase 1; GluAl, gluta-
mate ionotropic receptor z-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) type subunit 1; GluA2, glutamate ionotropic receptor AMPA
type subunit 2; GluN1, glutamate ionotropic receptor NMDA type subunit 1; GluN2A, glutamate ionotropic receptor N-methyl-p-aspartate (NMDA) type

subunit 2A; GluN2B, glutamate ionotropic receptor NMDA type subunit 2B.
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(rabbit monoclonal, dilution 1:1000, ab183127; Abcam,
Cambridge MA, USA) and secondary (goat anti-rabbit
IgG antibody, dilution 1:30,000 Licor IRDye 800CW).
The membrane containing CF samples were then incu-
bated, as detailed, with anti-actin, clone C4 (mouse
monoclonal, dilution 1:5000 Chemicon MAB1501R)
and secondary (goat anti-mouse IgG antibody, dilution
1:30,000, Licor IRDye 680CW). The membrane contain-
ing NF samples were then incubated, as detailed, with
Lamin A/C (mouse monoclonal, dilution 1:1000 Active
Motif AB_2793218) and secondary (goat anti-mouse
immunoglobulin [Ig]G antibody, dilution 1:30,000, Licor
IRDye 680CW). Fluorescent detection was visualized
using the Li-Cor system. The staining intensity of the
bands corresponding to the analyzed proteins was assessed
by using Image Studio 5.2.5 (Li-Cor).

Statistical analysis

All data are presented as meantstandard error of the
mean (SEM). All statistical tests were performed using
Statistica 7 (StatSoft, Tulsa, OK, USA). All data sets
were confirmed to contain a normal distribution and
homogenous variances, as indicated by a Shapiro—-Wilk
and Levene’s test, respectively. An independent samples
t test was used for comparisons between two means.
For comparisons between more than two means, an analy-
sis of variance (ANOVA) was used. For comparisons be-
tween more than two means across multiple time points
or conditions, a repeated measures ANOVA (RMANOVA)
was used (e.g., I/O responses in the CA1 hippocampus).

Table 2. Acute Neurological Status of Rats in the Study

Correlation analysis was used to quantify the strength
of the relationship between two independent variables
(e.g., hippocampal sgkl mRNA vs. latency to platform).
Post-hoc tests, when necessary, were conducted using the
Neuman—Keuls correction. In all cases, a p value <0.05
was considered significant.

Results

Acute response to injury

Closed-head injury in 11-day-old rats resulted in a skull
fracture and hematoma. All animals were included in
the study and evaluated in the various outcomes regard-
less of hematoma severity.

In animals from cohort 1 (no virus), there was an
increase in the righting reflex latency in animals that
received a brain injury compared with those that received
a sham injury (status; F; 63;=152, p<0.0001, ANOVA,
Table 2), which did not differ between males and females
(sex; Fl163;=0.98, p=0.32, ANOVA). Brain injury
also resulted in brief period of apnea, which did not differ
between male and female animals (T3;;=1.2, p=0.23,
t test). The number of animals that were classified as
having either a mild, moderate, or severe hematoma
was not significantly different between male and female
animals; }(2(1, #=31y=0.07, p=0.5, i test.

In animals that were injected with either GFP-control
lentivirus (control) or GFP-GR-lentivirus (LV-GR) and
tested in the MWM at 4 weeks post-injury (cohort 2),
there was an increase in righting reflex latency in animals
that received a brain injury compared with those that

Hematoma
Group n (Male, Female) Righting reflex (sec) Apnea (sec) Mild Moderate Severe
Group 1 (No Virus-MWM)
Sham 29 (14, 15) 57.6+£3.9 - - - -
Injured 31 (16, 15) 189.4+10.1* 16.11£0.8 11 20 0
Group 2 (LV-GR-MWM)
Sham+Control 16 (7, 9) 52.9+54 - - - -
Sham+GR 17 (8, 9) 509134 - - - -
Injured+Control 16 (8, 8) 221.9+9.8* 20.5£0.9 3 11 2
Injured+GR 19 (10, 9) 217.5+£14.3% 21.8%£1.3 4 13 2
Group 3 (1 Day MWM)
Sham+Control 84,4 50.9+£6.7 - - - -
Sham+GR 10 (6, 4) 58.9+7.8 - - - -
Injured+Control 84,4 206.1+29.5% 18.4+2.1 1 6 1
Injured+GR 10 (5, 5) 2459+16.1 184+1.1 3 5

Three separate cohorts of 11-day-old male and female rat pups were randomly assigned to either sham- or brain-injured groups. Sham- and brain-injured
rats in the first cohort which did not receive virus injections were used for behavioral testing and were subsequently used for long-term potentiation
recordings in hippocampal slices. The second and third animal cohorts were randomly assigned to receive an injection of lentivirus (LV) containing glu-
cocorticoid receptor (GR) or control lentivirus. Subsets of the animals tested in the behavioral assays were randomly assigned to be used for histology or
long-term potentiation recordings in hippocampal slices. Animals tested in the Morris water maze (MWM) for 1 day were subsequently used for and
mRNA or protein measurements using quantitative real-time polymerase chain reaction (QRT-PCR) and Western blot, respectively. Latency to regain right-
ing reflex and times of apnea were recorded as described in the Methods.

*p <0.05 compared with sham-injured rats.
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received a sham injury (status; Fyso;=333.8, p<0.0001,
ANOVA, Table 2), which did not differ between males
and females (sex; £ s9;=3.2, ANOVA, p=0.07), or be-
tween animals designated to receive an injection of con-
trol virus or LV-GR (virus; F[;59;=0.02, p=0.89,
ANOVA). The apnea time did not differ between male
and female animals (sex; F|331;=0.69, p=0.41,
ANOVA), or between animals designated to receive
an injection of either control virus or LV-GR (virus;
Fp1311=0.56, p=0.46, ANOVA). Moreover, the number
of animals that were classified as having either a mild,
moderate, or severe hematoma was not significantly dif-
ferent between animals designated to receive an injec-
tion of either control virus or LV-GR (Xz[z, #=351=0.05,
p=0.97, »* test), confirming the randomization of ani-
mals to virus groups.

A third cohort of animals was used for the molecu-
lar characterization of corticosterone, GR/MR, skgl,
and glutamate receptor expression following 1 day of
MWM training. There was an increase in righting reflex
latency in animals that received a brain injury compared
with those that received a sham injury (status; Fj;, 2g=
118.9, p<0.0001, Table 2, ANOVA), which did not
differ between males and females (sex; F;.5=0.06,
p=0.8, ANOVA), or between animals designated to
receive an injection of control virus or LV-GR (virus;
F1281=2.1, p=0.16, ANOVA). The apnea time did not
differ between male and female animals (sex; Fyy 3=
0.1, p=0.76, ANOVA), or between animals designated
to receive an injection of either control virus or LV-GR
(virus; F,13=0.006, p=0.93, ANOVA). Moreover,
the number of animals that were classified as having
either a mild, moderate, or severe hematoma was not
significantly different between animals designated to
receive an injection of either control virus or LV-GR
(Xz[z’ n=18)= 1.2, p:()54, Xz test).

Pediatric TBI impairs spatial learning

during adolescence

We have previously reported that TBI in 11-day-old rats
impairs spatial learning in the MWM at 4 weeks post-
injury."” In the current study, we sought to determine
whether spatial learning deficits persist at a later time
point, and to examine whether these deficits may differ
between male and female animals. Therefore, we eval-
vated spatial learning and memory in the MWM at
6 weeks following TBI or sham injury in male and female
rats (Fig 1A). The latency to locate the platform during
training in the MWM was significantly increased in
brain-injured animals compared with their sham-injured
counterparts (Fig 1B); status; Fp4s5;=15.7, p=0.0002,
RMANOVA. The distance traveled to reach the platform
across training days was also higher in brain-injured
animals (Fig 1C); status; Fj;35=11.1, p=0.002, RMA-
NOVA. The swim speed during the four training blocks

did not differ between sham and injured animals (data
not shown). During the probe trials, brain-injured animals
spent significantly more time in the peripheral zone
(status; Fpj45;=5, p=0.03, ANOVA) and less time in the
platform zone (status; Fi;45=7.3, p=0.009, ANOVA)
compared with sham-injured animals (Fig 1E). TBI did
not affect the total distance traveled during the probe trial
(Fig 1D); status; F[; 451=1.8, p=0.18, ANOVA. Although
the effect of injury on the performance of animals during
the training or probe trials did not differ between male
and female rats, females exhibited a significant increase
in latency to reach the platform during training (sex;
Fi1451=4, p=0.05, ANOVA) and in the time spent in the
peripheral zone during the probe trial (sex; Fj;451=4.9,
p=0.03, ANOVA) compared with males, regardless of in-
jury status. Overall, these data confirm that pediatric TBI
results in deficits in spatial learning and spatial memory
that were sustained up to 6 weeks post-injury in male and
female rats.

Pediatric TBI impairs LTP in the DH

To investigate the cellular mechanisms underlying spatial
learning deficits, we measured LTP in the hippocampal
CAl region. There was no effect of injury on fEPSP
amplitude in response to varying stimulus intensities
(Fig. 2B), suggesting that TBI did not impair basal synap-
tic transmission. The fEPSP amplitude (normalized to
baseline) following HFS of the Schaffer Collaterals was
significantly lower in hippocampal slices from brain-
injured animals than in hippocampal slices from sham
animals (Fig. 2C, D); status; Fy16=11.8, p=0.003,
RMANOVA. When we compared the average fEPSP
amplitude at 10 min or 60 min following HFS to evaluate
LTP induction and maintenance, respectively, we deter-
mined that amplitudes were significantly lower in injured
slices at both time points than in sham slices (Fig. 2E);
status; F|;34;=20, p<0.001, ANOVA. Together, these
data demonstrate that pediatric TBI results in sustained
deficits in LTP expression in the dorsal hippocampus.

Sgk1 mRNA expression in the DH is decreased

after pediatric TBI

The presence of a learning/memory deficit in the MWM,
a stressful learning paradigm, but not in object location
memory (Supplementary Methods and Results; Supple-
mentary Fig. S1), prompted us to consider whether the
spatial learning impairment may be related to an altered
stress response in brain-injured animals, which might
impede the consolidation of information during stressful
learning. Thus, we measured the effect of bath applica-
tion of moderate/high concentrations of corticosterone
on hippocampal LTP, with the expectation that the
effects of corticosterone on LTP would be blocked in
brain-injured hippocampal slices. Interestingly, we found
that corticosterone bath application in brain-injured
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hippocampal slices was in fact able to facilitate LTP induc-
tion but failed to restore maintenance (Supplementary
Methods and Results; Supplementary Fig. S2), which
was suggestive of an impairment in GR activity.* Because
both GRs and the GR target gene sgkl have been impli-
cated in LTP maintenance,35’39 we sought to determine
whether altered expression of GR or sgkl in the DH
may influence deficits in spatial learning following pedi-
atric TBIL.

To address this question, we harvested tissue from the
DH immediately following 1 day of MWM training for
gRT-PCR analysis of GR, MR, and sgkl mRNA. The

objective of this experiment was to characterize the
effects of TBI on molecular changes induced by stressful
learning. We selected this time point of 1 day based on
prior evidence that the MWM induces a stress response
that is gradually attenuated with repeated exposures.”*
Additionally, the expression of specific genes that are
induced by stress such as pERK1/2, which is also regu-
lated by the GR target gene sgk1,52’5 3 peaks in the CAl
region of the hippocampus after the 1st day of training
and then gradually declines.’* Because we were primarily
interested in identifying stress-dependent changes in sig-
naling pathways important for learning acquisition during
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MWM training, we determined that we were most likely
to capture relevant changes in the expression of GR-
dependent genes (e.g., sgkl) during these early training
days.

We first measured serum corticosterone levels to
determine whether the hypothalamic—pituitary—adrenal
(HPA)-axis stress response to training may differ between
sham and brain-injured animals. The baseline corticoste-
rone concentration in animals that did not undergo MWM
training was 17.1£6.5 pg/uL in sham animals and 16.5+
7.9pg/uL in brain-injured animals (data not shown).
In animals that had undergone 1 day of training, we
observed much higher corticosterone concentrations in
the 200-300 pg/uLL range (Fig. 3A), which did not dif-
fer between sham and brain-injured animals (status;
Fi10=19, p=0.2, ANOVA), confirming that training
induced a stress response that was similar in sham and
brain-injured animals.

Our gqRT-PCR results indicated that there was no dif-
ference in the expression of hippocampal GR mRNA be-
tween sham and injured animals (status; Fpj ;0;=0.06,
p=0.8, ANOVA, Fig 3B). Similarly, the mRNA levels
of the MR in the hippocampus did not differ between
sham and injured animals (Fig 3C). However, there was
a significant decrease in hippocampal sgkl mRNA in
brain-injured animals compared with sham animals (sta-
tus; F1; 8y=5.4,p=0.04, ANOVA, Fig. 3D). A correlation
analysis was calculated to determine the strength of the
association between latency to the platform during

>
FIG. 3. Decreased hippocampal sgk1 mRNA

expression is associated with spatial learning
impairments in brain-injured animals. In a subset of
animals (n=8 sham and 7 brain-injured animals), the
mRNA expression of glucocorticoid-associated genes
was measured in the dorsal hippocampus immediately
following day 1 of water maze training. (A) Serum
corticosterone levels (displayed as pg/ulL) in sham and
brain-injured animals. (B,C) The mRNA expression levels
(displayed as percent of sham expression) of
glucocorticoid receptors (GR) (B) and mineralocorticoid
receptors (MR) (C) in the dorsal hippocampus.

(D) Serum- and glucocorticoid-kinase 1 (Sgk1) mRNA
expression (displayed as percent of sham expression) in
the dorsal hippocampus. (E,F) Scatter plots
demonstrating the relationship between Sgk1 mRNA
expression level in the dorsal hippocampus with latency
to reach the platform across the four trials during the
1st day of water maze training (E), and latency to reach
the platform during the fourth trial of water maze
training (F). Bars represent group averages and error
bars represent standard error of the mean. *p <0.05.

water maze training and sgkl mRNA expression in the
DH. The correlation coefficient was significant for both
latency (R°=0.36, p=0.03, Fig. 3F) and distance to the
platform (R°=0.38, p=0.026, data not shown) during
the fourth learning trial, but not for the latency to reach
the platform averaged across four trials (R*=0.1,
p=0.26, Fig. 3E). These results indicate that pediatric
TBI does not result in altered expression of hippocampal
GR or MR mRNA but does lead to a decrease in the
expression of the GR target gene (sgkl). Overall, these
data suggest an impairment in GR transcriptional activity
in brain-injured animals that is associated with impair-
ment in learning acquisition in the MWM.

Confirmation of lentivirus expression in the DH
In the next set of experiments, we sought to determine
whether viral transfection of functional GRs in the DH,
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as a mechanism to replace dysfunctional GRs, would at-
tenuate deficits in spatial learning and hippocampal LTP
in brain-injured animals. Therefore, we used a lentivirus
containing GFP to transfect human GR (hGR) in the DH.
Robust GFP immunoreactivity was observed predomi-
nantly in the CA1 and dentate gyrus regions of the DH
at 3 weeks following injection (Fig. 4B and D) but not
in the VH (Fig 4C and E). Moreover, qRT-PCR results

determined that the expression of hGR was significantly
elevated in the DH of LV-GR animals compared with
control virus animals (virus; Fj25=14.4, p=0.04,
ANOVA, Fig. 4F). The expression of hGR was not
altered in the VH (virus; F;211=2.8, p=0.4, ANOVA,
Fig. 4G). These data confirm that LV-GR injections resul-
ted in an increase in GR expression that was restricted
to the DH.
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GR overexpression in the DH improves spatial
learning and memory in the MWM

We then evaluated spatial learning and memory in the
MWM in LV-GR and control animals during adoles-
cence (4 weeks post-injury) (Fig. 5A). There was a signifi-
cant main effect of both status (status; Fp;s;;=31.4,
p<0.001, RMANOVA) and the type of virus (virus;
Fris1=4.2, p=0.04, RMANOVA) on the latency to
reach the platform during water maze training (Fig. 5B).
Overall, brain-injured animals exhibited a longer latency
to locate the platform compared with their sham-injured
counterparts, and LV-GR animals exhibited a significantly
shorter latency to reach the platform compared with con-
trol animals (Fig. 5B). There was also a significant interac-

tion between the type of virus and training day on the
latency to reach the platform during training (virus X days;
Fp3.1531=3.3, p=0.02, RMANOVA). A post-hoc analysis
indicated that the latency to reach the platform was signif-
icantly shorter in LV-GR animals on day 2 of training than
in control animals (p=0.007) (Fig. 5B). The distance to
reach the platform during training remained significantly
higher in brain-injured animals than in sham animals (sta-
tus; Fiy.41;=4.3, p=0.04, RMANOVA) and was not af-
fected by the type of virus (virus; Fpj41;=1.7, p=0.2,
RMANOVA) (Fig. 5C). GR overexpression did not affect
swim speed during the training blocks (Fig. 5SD).

During the probe trials, there was a main effect of
injury status on time spent in the platform zone (status;
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(B) the latency (displayed in sec) to locate the platform, (C) the distance (displayed in cm) traveled to reach
the platform, (D) the swim speed (displayed as cm/sec) during training days, (E) the total time (displayed in
sec) spent in the platform zone, (F) the total time spent in the peripheral zone, (G) the total distance
traveled during the probe trial. Bar graphs represent group averages and error bars represent standard
error of the mean. *p <0.05, #p <0.05 relative to control.
N




GR OVEREXPRESSION IN THE DH IN PEDIATRIC TBI

9291

Fr1561=8.1, p=0.006, ANOVA) and peripheral zone
(status; Fpsep=4.4, p=0.04, ANOVA). There were
also significant interaction effects between injury status
and type of virus on time spent in the platform (status X
virus; Fpsey=4.4, p=0.04, ANOVA) and peripheral
zones (status X virus; Fj; s;=4.1, p=0.04, ANOVA) of
the pool. Post-hoc analyses revealed that compared with
sham control animals, brain-injured control animals spent
significantly less time in the platform zone (p=0.005,
Fig. 5E) and more time in the peripheral zone (p=0.02,
Fig. 5F). However, brain-injured animals did not differ
from the sham control (p=0.2) or sham GR (p=0.6)
groups in time spent in the platform zone (Fig. SE).
Brain-injured GR animals similarly did not differ from
the sham control (p=0.7) or sham GR (p=0.9) groups
in time spent in the peripheral zone (Fig. 5F). GR overex-
pression did not affect the total distance traveled during
the probe trial (Fig. 5G); virus; F|j46;=0.002, p=0.9,
ANOVA. Together, these data demonstrate that GR
transfection in the DH improved both spatial learning
and spatial memory in the MWM following TBI. In con-
trast, we did not find a significant effect of GR overex-
pression on object location memory in male or female
animals (Supplementary Methods and Results, Supple-
mentary Fig. S3).

GR overexpression attenuates LTP deficits

in the DH after pediatric TBI

We then measured LTP in the hippocampus of LV-GR
and control animals to determine whether improved
learning acquisition was mediated by enhanced hippo-
campal synaptic plasticity. GR overexpression did not
affect the amplitude of evoked fEPSPs in response to var-
ious levels of stimulation (virus; F|; 291=0.33, p=0.56,
RMANOVA, Fig. 6A). GR overexpression significantly
increased LTP expression in the brain-injured hippo-
campus relative to control brain-injured levels (virus;
Fp113=10.43, p=0.006, RMANOVA, Fig. 6C). Analy-
sis of the average fEPSP amplitude at 10 min following
HFS revealed a significant interaction between status
and virus (status X virus; Fp; 22=5.3, p=0.03, ANOVA,
Fig. 6D). Post-hoc tests indicated that the fEPSP ampli-
tude was significantly decreased in control brain-
injured slices compared with both control sham-injured
slices (p=0.002) and LV-GR brain-injured slices
(p=0.01). GR overexpression did not significantly affect
LTP expression in the sham-injured hippocampus rela-
tive to control sham-injured levels (virus; F|j ¢;=0.13,
p=0.72, RMANOVA, Fig. 6B). However, analysis of
the average fEPSP amplitude at 60 min post-stimulation
revealed a significant effect of virus (virus; Fy 22,=4.7,
p=0.04, ANOVA, Fig. 6E), with an increase in fEPSP
amplitude in LV-GR animals compared with control an-
imals. Overall, these data indicate that GR overexpres-
sion in the DH attenuates deficits in the induction of

LTP in the hippocampus following brain injury, and
leads to an overall enhancement of LTP maintenance in
the hippocampus.

GR overexpression enhances GR function

and regulates glutamatergic AMPA receptor
(AMPAR) mRNA expression in the DH

We next wanted to characterize molecular changes that
may underlie the improvement in learning acquisition
that we observed in LV-GR animals. It was apparent
that performance of LV-GR mice was significantly better
than that of control mice by the 2nd training day, after
animals had only undergone 1 day of training (Fig. 5B).
Therefore, we sought to determine which molecular mech-
anisms may be involved in this effect during these early
training days. Corticosterone and/or stress have been
shown to regulate the expression and synaptic trafficking
of AMPAR subunits,*®*%>> which play a prominent role
in mediating changes in synaptic strength that accom-
pany memory consolidation. A previous study found
that mice trained in more stressful conditions in the
MWM exhibit an increase in the synaptic expression of
the AMPAR subunit GluA2 in the hippocampus relative
to mice trained under less stressful conditions after just
1 day of training.>® Therefore, we collected hippocam-
pal tissue from LV-GR and control animals after 1 day
of training in the MWM for molecular analyses of GR,
sgkl, and glutamate receptor subunit expression.

We first determined whether GR overexpression may
have influenced corticosterone levels. Although brain
injury did not affect corticosterone levels (status; Fj 241=
0.17, p=0.68, ANOVA, Fig. 7B), corticosterone levels
were significantly lower in LV-GR animals than in
control animals (virus; Fj241=6.8, p=0.01, ANOVA,
Fig. 7B). To confirm that GR-overexpression enhanced
GR transcriptional activity, we measured sgkl mRNA
using qRT-PCR. There was a significant increase in
sgkl mRNA in LV-GR animals relative to control ani-
mals in the DH (virus; Fj 23;=18.8, p=0.02, ANOVA,
Fig. 7C), but no difference in sgkl mRNA expression
in the VH (virus; Fp221=4.8, p=0.3, ANOVA, data
not shown). These data confirmed that LV-GR animals
exhibited an increase in GR activity, as evidenced by
higher expression of sgkl mRNA. LV-GR animals also
exhibited lower corticosterone levels, likely because
of enhanced GR-mediated negative feedback. When we
examined the relationship between sgkl mRNA in the
DH and performance in the MWM in control or LV-
GR animals, we again found that the correlation coeffi-
cient was significant for both latency (R°=0.21, p=0.02,
Fig. 7H) and distance to the platform (R°=0.22, p=0.02,
data not shown) during the fourth learning trial, but not
for the latency to reach the platform averaged across
four trials (R2=O.Ol, p=0.65, Fig 7G). Thus, our data
suggests that the increase in sgkl mRNA expression in
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FIG. 6. Viral transfection of human glucocorticoid receptor (hGR) attenuates long-term potentiation (LTP)
deficits in the dorsal hippocampus following pediatric traumatic brain injury (TBI). LTP was measured in the
CA1 region of the dorsal hippocampus in control or GR-overexpressing sham- and brain-injured animals.

(A) The amplitude of baseline input/output responses in the CA1 hippocampus in response to varying
stimulus intensity. (B) The effect of hippocampal hGR transfection on excitatory field post-synaptic potentials
(fEPSP) amplitude (normalized to baseline values during the 20-min baseline recording and following theta-
burst stimulation in sham-injured hippocampal slices (n=4 control slices, 7 GR slices). (C) The effect of
hippocampal hGR transfection on fEPSP amplitude (normalized to baseline values) during the 20-min baseline
recording and following theta-burst stimulation in brain-injured hippocampal slices (n=7 control slices, 8 GR
slices). (D) The average fEPSP amplitude at 10 min following theta-burst stimulation in hippocampal slices
from control and lentivirus (LV)-GR sham and brain-injured animals. (E) The average fEPSP amplitude at

60 min following theta-burst stimulation in hippocampal slices from control and LV-GR sham and brain-
injured animals. Bars represent group averages and error bars represent standard error of the mean. *p <0.05;
**p<0.01.
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FIG. 7. Glucocorticoid receptors (GRs) regulate glutamate receptor subunit mRNA expression in the dorsal
hippocampus. The effects of viral transfection of human GR (hGR) on corticosterone, serum- and
glucocorticoid-kinase 1 (Sgk1), and glutamate receptor subunit mRNA expression levels were measured in
the dorsal hippocampus immediately following the 1st day of water maze training in sham and brain-
injured lentivirus (LV)-GR and control animals (n=5-8/group). (A) Experimental timeline; (B) corticosterone
levels (displayed as pg/uL); (C) Sgk1 mRNA expression (displayed as percent of sham control expression);
(D-F) the mRNA expression levels (displayed as percent of sham control expression) of GluA1 (D), GIluA2
(E), and GIuN1 (F); (G) the relationship between sgk1 mRNA and latency to reach the platform averaged
among four trials, (H) the relationship between sgk1 mRNA and latency to reach the platform during the
fourth trial; (I-K) the relationship between latency to reach the platform during the fourth trial and
(expressed as percent of sham control expression) GIuAT mRNA (I), GIuA2 mRNA (J), and GIuNT mRNA
(K). Error bars represent standard error of the mean. *p < 0.05.
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LV-GR animals is associated with improved learning
acquisition during MWM training.

Our analysis of glutamate receptor subunit expression
revealed that there was a significant effect of injury sta-
tus on the mRNA levels of GluAl (status; Fyj 201=34.4,
p<0.0001, ANOVA), GluA2 (status; Fj;2;=6.8, p=
0.01, ANOVA), and GluN1 (status; F};20;=11, p=0.003,
ANOVA), with lower mRNA levels observed in injured
animals relative to sham animals after the 1st day of
water maze training (Fig. 7D-F). There was also a de-
crease in GluN2A mRNA following brain injury that
approached significance (status; Fij .6 =3.4, p=0.056,
ANOVA, data not shown). There was no effect of injury

on the expression of GluN2B mRNA (status; Fjj 6=
0.02, p=0.87, ANOVA, data not shown). GR overex-
pression resulted in a significant increase in the expres-
sion of GluAl mRNA (virus; Fp22=9.2, p=0.006,
Fig. 7D) and GluA2 mRNA (virus; Fj;211=5.3, p=0.03,
Fig. 7E) in the DH, and a slight increase in the expression
of GluN1 mRNA that did not reach significance (virus;
Fi1227=3.6, p=0.07, Fig. 7F). GR overexpression did
not affect GluN2A mRNA (virus; F|j 26;=0.15, p=0.8,
ANOVA, data not shown), or GluN2B mRNA (virus;
Fi126=0.57, p=0.4, ANOVA, data not shown). Addi-
tionally, a correlation analysis was calculated to deter-
mine the strength of the association between latency to
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the platform during water maze training and GluAl,
GluA2, and GIuN1 subunit mRNA expression in the
DH. The correlation coefficient was significant for
GluAl (R’=0.36, p=0.002, Fig. 7I), GluA2 (R*=0.31,
p=0.007, Fig. 7)), and GluNI (R*=0.2, p=0.035,
Fig. 7K). Overall, LV-GR animals exhibited shorter
latencies to reach the platform and higher GluAl and
GluA2 mRNA expression than their control counterparts.
These results indicate that post-training expression of
several glutamate receptor subunits is decreased in the
DH of brain-injured animals, and that GR overexpression
in the DH resulted in an increase in the mRNA levels of
specific glutamate AMPAR subunits following water
maze training.

GR overexpression facilitates GR nuclear
translocation in the DH after brain injury

The data from this study establish a sustained cognitive
deficit following TBI that is associated with reduced tran-
scriptional activity of GRs in the hippocampus and that is
attenuated by overexpression of GR in the DH. Although
we did not observe a difference in GR mRNA expression
following injury, we sought to determine whether TBI
may affect GR protein levels or nuclear translocation,
which could explain the impairment in GR function.
Therefore, we measured the expression of GR protein
in the nuclear and CF following water maze training in
sham and brain-injured animals using Western blot.
The bands corresponding to GR in the CF are illustrated
in Figure 8A, and bands corresponding to GR in the NF
are illustrated in Figure 8B. There was a significant inter-
action effect on GR expression in the CF (status X virus;
F1241=9, p=0.006, ANOVA, Fig. 8C). Post-hoc tests
indicated that GR expression was significantly higher in
DH samples from injured control animals than in those
from sham-injured control animals (p<0.05), or from
their brain-injured GR counterparts ( p < 0.05). Moreover,
there was a main effect of virus type on GR expression in
the NF (virus; Fp; 22;=4.6, p=0.04, ANOVA Fig. 8D),
with higher GR protein levels in DH samples from
sham and brain-injured GR groups than in those from
sham and brain-injured control groups. Finally, we sought
to determine whether GR overexpression may affect the
NF to CF ratio of GR expression. There was a significant
interaction effect on the GR NF/CF ratio (status X virus;
Fr1211=8.9, p=0.007, ANOVA, Fig. 8E). Post-hoc
tests indicated that the ratio of GR protein in the NF rel-
ative to the CF was significantly decreased in brain-
injured control animals compared with both sham-injured
control animals (p<0.05) and brain-injured GR ani-
mals (p<0.05). Overall, these findings suggest that GR
overexpression in the DH resulted in an increase in GR
nuclear translocation following water maze training, par-
ticularly in brain-injured animals.

Discussion

The purpose of this study was to investigate the role
of the GR activity in the hippocampus in cognitive and
behavioral outcomes following brain trauma in the imma-
ture rat. Through the utilization of a viral approach to
manipulate GR expression in the hippocampus, these
experiments emphasize the significant role that stress
response systems play in the chronic outcomes of pediat-
ric brain trauma. Our findings indicate that moderate TBI
in neonate rats results in deficits in spatial learning and
hippocampal LTP, which are associated with impaired
function of GRs in the DH during adolescence, as evi-
denced by a reduction in the expression of the GR target
gene sgkl in the DH following water maze training. The
lentiviral overexpression of hGRs in the DH attenuated
deficits in spatial learning and memory, and hippocam-
pal LTP induction and maintenance. Moreover, GR over-
expression also led to an increase in the expression of
GluAl and GluA2 mRNA in the DH following water
maze training, suggesting that these beneficial effects of
GR overexpression may be mediated in part by the regu-
lation of glutamate receptor subunit expression.

Early life trauma is known to increase vulnerability to
cognitive, social, and behavioral impairments later in life,
although specific mechanisms underlying this associa-
tion are not fully understood. Interestingly, these results
suggest that the sequelae of brain injury may differ from
other forms of early life stress (e.g., neglect, abuse).
Whereas early life adversity results in exaggerated re-
sponses to stress, both clinical data®® and data from these
experiments suggest that early life TBI may dampen
stress responsivity, suggestive of differences between
the two models. Moreover, although both models share
some overlap in behavioral outcomes, there may be im-
portant differences in underlying mechanisms, suggesting
that the same treatment may not be similarly effective for
both types of early life trauma.

Pediatric TBI resulted in chronic impairments in the in-
duction and expression of LTP in the DH, without affecting
CA1 I/O responses to Schaffer collateral stimulation. These
findings differ from previous evidence of reductions in the
amplitude of evoked responses in the CAl hippocampus
following lateral fluid percussion (LFP) injury in adult an-
imals.””>® However, a previous study reported that baseline
I/O responses in the CA1 region of the hippocampus were
not altered after a mild weight drop injury, a model of
closed head injury, in juvenile animals,> suggesting that
the effects of TBI on baseline I/O function in pediatric an-
imals may differ from that in adult animals.

Our findings that bath application of both moderate
and high concentrations of corticosterone during HFS
increase the magnitude of LTP induction following pedi-
atric TBI corroborate previous evidence that corticoste-
rone facilitates hippocampal LTP when it is temporally
associated with the timing of HFS.® In contrast to this
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FIG. 8. Glucocorticoid receptor (GR) overexpression in the dorsal hippocampus facilitates GR nuclear
translocation in brain-injured animals. The effect of viral transfection of human GR (hGR) on GR protein
levels in the dorsal hippocampus was measured using Western blot in dorsal hippocampal samples harvested
immediately following the 1st day of water maze training. Representative blots demonstrating GR and actin
bands in the cytoplasmic fraction (n=6-8/group) are shown in A; representative blots demonstrating GR and
lamin bands in the nuclear fraction (n=6-8/group) are shown in B. (C) The signal of the GR band (normalized
to actin signal and displayed as percent of sham control expression) in the cytoplasmic fraction. (D) The
signal of the GR band (normalized to lamin signal and displayed as percent of sham control expression) in
the nuclear fraction. (E) The ratio of normalized GR signal in the nuclear fraction relative to the cytoplasmic
fraction (displayed as percent of sham control expression). Error bars represent standard error of the mean.
*p <0.05. NF, nuclear fraction; CF, cytoplasmic fraction. Color image is available online.
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study, we did not observe an effect of corticosterone on
LTP in sham hippocampal slices. This discrepancy may
be the result of differences in the LTP protocols imple-
mented, as the prior study used a stimulus frequency of
10Hz to induce LTP whereas in the current study we
used 100Hz stimulation. Therefore, it is possible that
the LTP protocol we used resulted in a saturation that oc-
cluded any further plasticity. Importantly, neither of the
two concentration of corticosterone was effective in in-

creasing the expression of LTP at 1 h following stimula-
tion in brain-injured hippocampal slices. Previous studies
have demonstrated impairments in the expression but not
the induction of LTP following downregulation of GRs*’
and sgk1,* and pharmacological inhibition of GRs was
shown to selectively attenuate the long-term but not the
immediate effects of corticosterone on the surface ex-
pression of the AMPAR GluA2 subunit in response to a
chemical LTP stimulus.*® In contrast, inhibition of MRs
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resulted in an attenuation of the effects of corticosterone
GluA2 trafficking immediately following a chemical
LTP stimulus but did not alter the long-term effects of
corticosterone on surface AMPAR subunit expression.>”
Together, these data suggest that the facilitation of LTP
induction by corticosterone in brain-injured hippocampal
slices may have been mediated by hippocampal MRs,
which are left intact following TBI, whereas the inability
of corticosterone to facilitate the expression of LTP may
be a consequence of impairments in GR function.

A novel finding of this study is that overexpression of
hGR in the DH led to an overall improvement in spatial
learning and memory. Although the effects of GR overex-
pression in the hippocampus on cognitive function have
not previously been studied, GR overexpression in the
forebrain resulted in mild cognitive dysfunction in
mice,®' suggesting that forebrain and hippocampal GRs
exert distinct effects on learning processes. Although a
number of previous studies have established that a loss
of GR function significantly impairs spatial learning, >
this is the first study to our knowledge to provide evidence
for impairment in hippocampal GR function as a mecha-
nism underlying deficits in cognitive function following
pediatric TBI, and for targeting GRs in the hippocampus
as an effective strategy to attenuate learning deficits in
brain-injured animals. Moreover, our findings suggest
that long-term deficits in spatial learning following pediat-
ric TBI may be a consequence of an impaired cellular
stress response, which will have important clinical impli-
cations for the development of targeted therapies to treat
learning and memory deficits in pediatric TBI patients.

Notably, our results indicate that GR overexpression in
the DH not only attenuated deficits in the expression of
LTP, but also facilitated LTP induction in brain-injured hip-
pocampal slices. These results were somewhat surprising
because mice lacking either a functional GR* or sgkl®
gene exhibit deficits in the expression but not induction of
LTP. Our results therefore suggest that although GRs are
not necessary for LTP induction, GR overexpression is suf-
ficient to facilitate LTP induction following pediatric TBI.
These effects are likely related to the ability of GR overex-
pression to increase the expression of the AMPAR GluAl
and GluA2 subunits in the DH, thus possibly enhancing
the excitatory effects of glutamate and, in turn, the amount
of CA?" influx in response to stimulation as well the traf-
ficking of AMPARs to the cell surface. The findings from
this study support previous evidence that acute stress en-
hances hippocampal LTP and increases AMPAR GluAl/
GluA2 phosphorylation and surface expression in a mouse
model of Alzheimer’s disease, and that these effects are me-
diated through GRs.*® Further, these results are in line with
evidence that the GluA1l AMPAR subunit is required for
hippocampal LTP but does not significantly regulate basal
synaptic transmission.®? Overall, these findings support an
important role in the GR-mediated actions of glucocorti-

coids in hippocampal synaptic plasticity and impairments
in plasticity that arise following TBI, which are potentially
mediated through their actions on glutamate receptor sub-
unit expression. Future studies will be necessary to deter-
mine the precise mechanisms by which GR activation
regulates these processes.

Interestingly, although male and female rats were sim-
ilarly impaired in spatial learning and hippocampal LTP,
only female animals exhibited an impairment in spatial
object location memory. Further, GR overexpression in
the DH did not have a significant effect on the discrimi-
nation ratio in this task, which is in line with previous
evidence that glucocorticoids do not influence memory
in object recognition tasks under baseline conditions.?*-'
Further, these data suggest that the impairment in object
location memory in female rats following TBI is likely
independent from deficits in GR function and may in-
stead be mediated by a different cognitive mechanism.
Therefore, the mechanisms underlying these sex-specific
impairments in object location memory following pediat-
ric TBI will be an important topic of future investigation.

The early post-natal period in rats is significantly
shaped by developmental processes that are underway
during the first few post-natal weeks, with full adult mat-
uration occurring at approximately post-natal day 60.%
Namely, the glucocorticoid system, and GRs in particu-
lar, undergo a rapid increase in expression during the
first post-natal weeks, reaching adult levels by 1 post-
natal month.®*®* It is important to note that glucocorti-
coids are also important for normal brain development.®®
Pre-natal exposure to glucocorticoid treatments has been
associated with decreased cortical thickness, altered neu-
ronal proliferation, and disrupted myelination of white
matter tracts,“’68 all of which are processes that are sim-
ilarly disrupted by pediatric TBI. Although beyond the
scope of this project, it is possible that GR overexpression
following pediatric TBI may have affected some these
other developmental processes.

A limitation of the current study is the evaluation of
GR levels at only one delayed post-injury time point.
Both clinical and pre-clinical literature have pointed to
a significant need to understand mechanisms underlying
pediatric TBI-induced functional changes that often do
not become apparent until adolescence/adulthood, and to
develop treatment strategies to mitigate these symptoms
as they arise.'? Although we determined that reduced
GR-mediated transcription was associated with learning
impairments at the adolescent time point, we cannot
rule out the possibility that abnormal GR function during
critical developmental periods may affect various pro-
cesses such as learning and synaptic plasticity and may
have contributed to these sustained impairments. There-
fore, assessment of GR levels at different time points,
including more acutely post-injury, will be an important
avenue of future pediatric TBI research.
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Overall, these findings demonstrate a novel role for
impairments in hippocampal GR function in spatial learn-
ing and LTP deficits following pediatric TBI. To the best
of our knowledge, this is the first study to demonstrate
that overexpression of GRs in the DH improves spatial
learning, memory, and synaptic plasticity in the hippo-
campus following TBI in pediatric animals. Moreover,
we have identified the regulation of the GR target gene
sgkl and glutamate receptor subunits GluA1l and GluA2
in the DH as a mechanism underlying these effects of
GR overexpression on hippocampal-dependent learning.
Our findings provide support for the GR system as a
potential therapeutic target for mitigating learning and
memory impairments following pediatric TBIL.
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