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Abstract

Traumatic brain injury (TBI) in children younger than 4 years old results in cognitive and
psychosocial deficits in adolescence and adulthood. At 4 weeks following closed head injury on
postnatal day 11, male and female rats exhibited impairment in novel object recognition memory
(NOR) along with an increase in open arm time in the elevated plus maze (EPM), suggestive of
risk-taking behaviors. This was accompanied by an increase in intrinsic excitability and frequency
of spontaneous excitatory post-synaptic currents (EPSCs), and a decrease in the frequency of
spontaneous inhibitory post-synaptic currents in layer 2/3 neurons within the medial prefrontal
cortex (PFC), a region that is implicated in both object recognition and risk-taking behaviors.
Treatment with progesterone for the first week after brain injury improved NOR memory at the 4-
week time point in both sham and brain-injured rats and additionally attenuated the injury-induced
increase in the excitability of neurons and the frequency of spontaneous EPSCs. The effect of
progesterone on cellular excitability changes after injury may be related to its ability to decrease
the mRNA expression of the B3 subunit of the voltage-gated sodium channel and increase the
expression of the neuronal excitatory amino acid transporter 3 in the medial PFC in sham- and
brain-injured animals and also increase glutamic acid decarboxylase mMRNA expression in sham-
but not brain-injured animals. Progesterone treatment did not affect injury-induced changes in the
EPM test. These results demonstrate that administration of progesterone immediately after TBI in
11-day-old rats reduces cognitive deficits in adolescence, which may be mediated by
progesterone-mediated regulation of excitatory signaling mechanisms within the medial PFC.
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Introduction

Traumatic brain injury (TBI) is a leading cause of morbidity and mortality in the pediatric
population, with the highest incidence of hospital room visits occurring in children younger
than 4 years old (Araki et al 2017, Coronado et al 2011, Emami et al 2017, Faul & Coronado
2015). Survivors of childhood TBI often deal with long-term cognitive and psychosocial
deficits. Clinical data demonstrate that brain injury sustained during the pre-school years
(between 1 and 5 years old) results in long-term impairments in intellectual and academic
performance, executive functioning, and psychosocial problems (Catroppa et al 2008,
Ewing-Cobbs et al 2006, Treble-Barna et al 2017). Evidence suggests that these
neurobehavioral deficits can persist and even worsen over time (Catroppa et al 2008,
Catroppa et al 2012, Treble-Barna et al 2017), particularly when brain trauma is sustained at
a younger age (Keenan et al 2018, Treble-Barna et al 2017). Collectively, these data
demonstrate that survivors of pediatric TBI are afflicted with a “chronic” disease state in
cognitive and emational function. Although mortality within the first few days has decreased
over the past two decades, due to improvements in post-traumatic neurocritical supportive
care, there has been a lack of pathology-based therapies to limit these deficits in survivors of
childhood TBI (Huh & Raghupathi 2019, Kochanek et al 2019, Thurman 2016).

We and others have demonstrated both acute and long-term spatial learning and memory
deficits — examples of hippocampal-directed behaviors — following contusive or diffuse
pediatric TBI in rodents of varying ages (Adelson et al 2000, Huh & Raghupathi 2007, Prins
& Hovda 1998, Raghupathi & Huh 2007). Recent studies have also documented
impairments in non-hippocampal-dependent behaviors. Thus, contusive TBI in 5-7 day-old
rabbits led to deficits in novel object recognition (NOR) memory (Zhang et al 2015),
whereas contusive TBI in 7-day-old rats resulted in increased anxiety in the elevated plus
maze (EPM) test (Baykara et al 2013). One mechanism underlying these latter behaviors
may relate to changes in the activity of surviving cortical neurons following TBI.
Neocortical lesions in 3-week old rats resulted in an increase in the frequency of
spontaneous excitatory post synaptic currents (EPSCs) and a decrease in the frequency of
spontaneous inhibitory post synaptic currents (IPSCs) at 2—6 weeks post injury (Li & Prince
2002). Contusive TBI in 17-day-old rats resulted in decreased local field potential amplitude
and stimulus evoked neuronal activity in the cortex contralateral to the injury site (Li et al
2014), and increased spontaneous synaptic bursting activity in the peri-injury zone 2 weeks
after injury (Nichols et al 2015).

Progesterone has demonstrated efficacy as a neuroprotectant in adult rodent TBI models
(Allitt et al 2017, Gilmer et al 2008, Goss et al 2003, Li et al 2012, O’Connor et al 2007,
Robertson et al 2006, Roof et al 1994, Roof et al 1992, Si et al 2013, Stein 2008, Wright et
al 2001, Yao et al 2005, Zhang et al 2017), although two large, phase 3 clinical trials of
progesterone treatment of adult TBI were terminated early for futility (Stein 2015).
However, the benefits of progesterone have been documented in animal models of pediatric
TBI. Administering progesterone immediately following contusive head trauma in 28-day-
old male and female rats attenuated motor function and spatial learning deficits and reduced
lesion size (Geddes et al 2016, Geddes et al 2014). Progesterone administration immediately
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following contusive head trauma in 7-day-old rats reversed TBI-induced spatial learning
deficits, reduced apoptosis, and increased neuronal density within the prefrontal cortex,
amygdala, and hippocampus (Baykara et al 2013, Uysal et al 2013). Interestingly,
progesterone improved mitochondrial respiratory control ratio following contusive trauma in
17 to 21-day old male but not female rats but reduced cortical tissue loss only in female rats
(Robertson & Saraswati 2015). In addition to its neuroprotective properties, progesterone
can regulate excitatory and inhibitory neurotransmission (Robertson et al 2015, Wei & Xiao
2013). Thus, we hypothesized that treatment with progesterone in the first week after
pediatric TBI would reduce deficits in cognitive function and psychological behaviors and
the associated alterations in the balance of cortical excitatory and inhibitory signaling
following brain injury.

Traumatic Brain Injury

Surgical procedures were done in accordance with the rules and regulations of the
Institutional Animal Care and Use Committee at Drexel University and the National
Institutes of Health guide for the care and use of Laboratory animals (NIH Publications No.
8023, revised 1978). The injury model used in this study was originally characterized by
Raghupathi and Huh (2007) and subsequently utilized in multiple studies (Hanlon et al
2017, Hanlon et al 2019). Timed-pregnant dams were ordered from Charles River
Laboratories (Wilmington MA) and housed in the vivarium under 12h light:12h dark
conditions with access to food and water ad /ibitum. On postnatal day 11 (the neurological
equivalent of a child below the age of 4, Porterfield 1994, Rice & Barone 2000, Yager &
Thornhill 1997), male and female Sprague-Dawley rat pups were anesthetized using
isoflurane (Patterson Veterinary, Greeley CO, 5% induction, 2-3% maintenance), and a 2 cm
incision was made to expose the skull. The anesthesia was stopped, and animals were placed
in a plastic rodent restrainer (Braintree Scientific, Braintree MA) and transferred to the stage
of an electronic controlled cortical impact device (eCClI, Custom Design and Fabrication,
Richmond VA). 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 5 m/s (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 themselves (righting
reflex) and time to return to normal breathing (apnea) were recorded. Animals were then re-
anaesthetized, and the scalp was sutured closed. Sham-injured animals were surgically
prepared but did not receive the impact. 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, as previously described
(Raghupathi & Huh 2007).

Experimental Design

Animals in each litter were randomly assigned to receive a closed head injury (N=69) or
were treated as sham-injured controls (N=52). Progesterone (Sigma, Cat# 1000917813) was
dissolved in sesame oil (Cat# 156621, MP Biomedicals, Solon, OH) the day before surgery.
Sham- and brain-injured animals from each litter were randomly assigned to receive either
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progesterone (16 mg/kg, N=57) or sesame oil (N=64). Progesterone or sesame oil was
intraperitoneally injected immediately following the impact or the equivalent time after
removal from anesthesia for the sham-injured animals. Subsequent injections via the
subcutaneous route were given at 6 hours and every 24 hours for 6 additional days for a total
of 8 injections/animal. The dose of progesterone used in the current studies was reported to
be optimal for reversing cognitive deficits following TBI in both adolescent (Geddes et al
2014) and adult (Goss et al 2003) rats, relative to lower (4 mg/kg) or higher (32 mg/kg)
doses. Progesterone was administered during the first week following injury, the standard
treatment paradigm that has been utilized in both adult (Goss et al 2003, Roof et al 1994,
Roof et al 1992) and pediatric (Geddes et al 2016, Geddes et al 2014) preclinical TBI
studies. Animals were tested in the 4" week after injury in novel object recognition
(cognitive function, 25-26 days post-injury = postnatal days 36—37), novelty-induced
locomotor activity (27 days post-injury = postnatal day 38) and the elevated plus maze
(anxiety-like behavior, 28 days post-injury = postnatal day 39). Behavioral testing was
performed in adolescent-aged rats (36—39-days-old) because cognitive and behavioral
symptoms become more apparent as brain-injured infants and toddlers age into adolescence
(Choe et al 2016, Ryan et al 2015). Following behavioral assessments, subgroups of animals
were randomly assigned to generate tissue for histological analysis, quantitative real-time
polymerase chain reaction (QRT-PCR), or whole cell patch clamp electrophysiology at 4
weeks after injury (29 days post-injury = postnatal day 40, Table 1).

Novel Object Recognition

Animals were assessed for cognitive deficits using the NOR memory test performed under
normal light conditions. On the day prior to testing, rats were placed in a 61 cm x 41 cm
plastic box and habituated for 10 minutes. On the testing day, two identical objects (glass
bottles) were placed in opposite corners of the box and the rats were given 5 minutes to
explore the objects. After one hour, one of the objects was replaced with a new object of
similar dimensions (metal cylinder) and rats were returned to the box and allowed to explore
the objects for 5 minutes. Both of the trials were video-recorded, and the number of seconds
spent sniffing each of the objects was timed. Rats that showed a preference for one of the
objects during the first trial were excluded from further analysis, as were rats that failed to
explore both of the objects for a minimum of 10 seconds during either trial. The
discrimination index was calculated as:

(time exploring novel object—time exploring familiar object )
(time exploring novel object+time exploring familiar object )

Locomotor Activity

At the conclusion of NOR testing, rats were assessed for novelty-induced locomotor activity
in a 30-minute open field test which was performed in a dark, sound-attenuated chamber.
Rats were placed in the center of a 22.1”x22.1”x15.83” SmartFrame Open Field System
(Kinder Scientific, Poway CA). The distance traveled, as recorded by the number of beam
breaks, was measured by MotorMonitor software (Kinder Scientific). Total distance traveled
was averaged in 5-minute bins for each group.
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Elevated Plus Maze

Animals were assessed for anxiety-like behavior using the EPM. Rats were placed in the
center of an EPM and allowed to freely explore the maze for 5 minutes. EPM testing was
performed under dim red light and recorded with an overhead camera. Data were collected
using EthoVision XT12 software (Noldus Information Technology Inc., Leesburg, VA). The
primary outcome measures were entries into and time spent in the open arms of the maze.
Animals were scored as being in an open arm only when both forepaws passed into the open
arm.

Whole cell patch-clamp recording

Rats were anesthetized with an intraperitoneal injection of Euthasol (100 mg/kg) and
transcardially perfused with 60 mL of carboxygenated (5% CO,, 95% H-0) slicing artificial
cerebrospinal fluid (ACSF) consisting of the following (in mM): 234 sucrose, 11 glucose, 24
NaHCOs, 2.5 KCl, 1.25 NaH2PO4, 10 MgSOy,, and 0.5 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 300 pM coronal slices containing the medial PFC
were obtained. Slices were incubated at 37°C for 1 hour in oxygenated artificial
cerebrospinal fluid (ACSF) containing the following (in mM): 126 NaCl, 10 glucose, 26
NaHCOs3, 2.5 KCI, 1.25 NaH,POy4, 1 MgSQOy, and 2 CaClsy, pH 7.4. Brain slices were then
kept at room temperature until use.

Brain slices were individually transferred to a recording chamber and continually superfused
with oxygenated ACSF maintained at 34°C. Using an Olympus BX51WI microscope and
Samsung SCB-2001 camera, individual pyramidal neurons were identified with infrared
differential interference contrast imaging. Recordings from pyramidal neurons were made
using borosilicate glass patch pipettes (resistance 5-8 MQ), which were filled with an
intracellular solution containing the following (in mM): 128 K gluconate, 10 HEPES, 0.05
CaCly, 0.3 GTP, 5 ATP, 1 glucose, 4 NaCl, pH 7.4 as previously reported (Prouty et al 2017,
Smith et al 2015). Whole-cell recordings were obtained using an axon MultiClamp 700A
amplifier, DigiData 1332A digitizer, and ClampEx 9.2 software (Molecular Devices, San
Jose, CA). A series of depolarizing current steps (—100 to 220 pA) were applied to the cell to
evaluate membrane properties. Only neurons with an action potential (AP) overshoot greater
than 0 mV were included in further analysis. Neurons were then held in voltage clamp mode
at =70 mV to record spontaneous excitatory post synaptic currents (EPSCs) for 5 minutes,
and at 0 mV to record spontaneous inhibitory post synaptic currents (IPSCs). Previous
studies have isolated excitatory and inhibitory currents by recording postsynaptic currents at
=70 mV and 0 mV, respectively (Cantu et al 2015, Prouty et al 2017). The driving force for
cations is much greater than that for chloride ions at =70 mV (which is the reversal potential
for currents mediated by both ionotropic glutamate receptors). In contrast, the driving force
for chloride ions is much greater than that for cations at 0 mV (which is the reversal
potential for gamma amino butyric acid isoform A - GABA, - receptor-mediated currents).
In prior studies, EPSCs and IPSCs were recorded in the presence of GABA and glutamate
receptor antagonists, respectively (Prouty et al 2017, Smith et al 2015), precluding the need
for pharmacologic confirmation of similar currents in the present study. Recorded data were
analyzed using ClampFit 10.5 (Molecular Devices, San Jose, CA). Input resistance, resting
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membrane potential, rheobase and AP threshold were assessed in current clamp traces. In
voltage clamp traces, spontaneous EPCSs and IPSCs were analyzed using an automated
template-matching protocol. Mean spontaneous current frequency was calculated for each
cell across the full duration of the recording.

Quantitative real-time polymerase chain reaction

The medial prefrontal cortex was micro-dissected from coronal sections taken between 2 and
3 mm anterior to bregma and stored in RNA-Later (Sigma-Aldrich, St. Louis, Montana)
until processed. As described previously (Pandey et al 2019), the mRNA was purified using
a Qiagen RNeasy kit (Qiagen, Valencia, CA), and cDNA was synthesized using RNA-to-
cDNA Master Mix (Life Technologies, Grand Island, NY). The concentration of total RNA
was quantified by measuring the absorbance at 260 nm. A SYBR Green PCR core reagents
kit (Life Technologies, Grand Island, NY) was used for gRT-PCR. PCR analyses were
performed in MicroAmp Optic 96-well reaction plates (Life Technologies, Grand Island,
NY) and run on a StepOnePlus Real-Time PCR System (Applied Biosystems). The PCR
cycle was carried out at 50°C for 2 min, 95°C for 10 min, and 40 cycles of 15 seconds at
95°C followed by 1 min at 60°C. The levels of target gene expression were quantified
relative to the expression of cyclophilin-A using the relative quantification method (AACT).
Expression of mRNA in sham-injured animals that received sesame oil was used as the basis
for comparison of mMRNA expression in all other groups. 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
[10~(=1/slope)], as well as running a melting curve analysis to confirm primer specificity.
The sequences and concentrations of the primers are listed in Table 1.

Histological Analysis

Rats were transcardially perfused at 4 weeks following injury using 0.9% saline containing
heparin (1000 units/L, Sagent Pharmaceuticals, Schaumburg, IL) followed by 10% formalin
(Fisher Scientific, Pittsburgh, PA). Brains were post-fixed in formalin for 24 hours before
being transferred to a cryoprotective solution containing 30% sucrose. Brains were frozen
between —40 and —50°C and 40 pM coronal sections were obtained between 3 mm and 2
mm anterior to bregma using a freezing sliding microtome. Sections were incubated in anti-
NeuN (1:1000, Sigma-Aldrich, St. Louis, MO) at 4°C for 16-24 hours. Sections were then
incubated in a biotinylated donkey anti-mouse secondary antibody (1:500, Jackson
ImmunoResearch, West Grove, PA) for 2 hours at room temperature. Sections were then
mounted on gelatin-coated glass slides and cover-slipped using Permount mounting medium.
Additional separate sets of adjacent sections were mounted on gelatin-coated slides and
stained for Nissl (2% Cresyl violet) as previously described (Huh et al 2008).

Statistical Analysis

All data are presented as mean + SEM. All statistical tests were performed using Statistica 7
(StatSoft, Tulsa, Oklahoma). All analyses were evaluated using a three-way analysis of
variance (ANOVA) for sex, injury status, and treatment. When necessary, post-hoc analyses
were conducted using the Neuman-Keuls test. Discrimination ratio and GADg7 mRNA
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expression in brain-injured animals were correlated using linear regression. In all cases, a p-
value of less than 0.05 was considered as significant.

Acute response to injury

Brain injury in 11-day-old rats resulted in a skull fracture and hematoma (data not shown).
Brain-injured animals exhibited an increase in the time to right themselves immediately
following the impact (Table 2; Injury; F(1113y=102.9, p<0.001), which was similar in both
male and female rats (Sex; F(1,113)=1.04, p=0.3). Brain injury resulted in a brief period of
apnea which was similar in both male and female rats (Sex; F(1 65)=0.52, p=0.47). Body
weights of animals on the day of injury was similar between sham and injured rats (Injury;
F@,113)=1.1, p=0.29, Table 3). Randomization to treatment was confirmed based on a lack of
differences in either righting reflex or apnea times between vehicle and progesterone-treated
groups (Table 2). Progesterone treatment did not affect weight gain relative to animals given
vehicle during the week that it was administered or at 4 weeks post injury (Table 3).

Novel Object Recognition Memory and Locomotor Activity

Anxiety-like

Brain injury significantly impaired recognition memory in brain-injured rats compared to
sham-injured rats (Injury: F(; g5=11.4, p=0.001, Figure 1A). Progesterone significantly
improved recognition memory regardless of injury status (Treatment: Fy g5)=5.9, p=0.017,
Figure 1A). There was no effect of sex on the discrimination index in the NOR test
(F(1,85)=0.5, p=0.5). Brain injury did not affect novelty-induced locomotor activity, as there
were no group differences in the total distance traveled during the 30-minute duration in an
open field test (F(1 42)=0.23, p=0.6, Figure 1B). The total times spent sniffing the objects
during both the familiarization trial (F(; gs)=5.98, p=0.02, Table 4) and the discrimination
trial (F(1,85)=5.84, p=0.02, Table 4) were slightly but significantly decreased in brain-injured
rats compared to sham-injured rats. However, the percent of time spent with each object did
not differ between sham- and brain-injured animals during the familiarization trial
(F(1,85)=0.17, p=0.68, Table 4) indicating that the animals did not exhibit a preference for
one of the objects during the familiarization trial. In contrast, brain-injured animals exhibited
a decreased preference for the novel object (F(y gs)=11.4, p=0.001, Table 4) and
progesterone-injected animals significantly preferred the novel object (F(1 g5)=5.9, p=0.017,
Table 4).

behavior

Brain injury resulted in an increase in exploration of the open arms in the EPM. Figure 2A
represents a typical heatmap demonstrating that brain-injured rats spent a greater amount of
time in the open arms compared with sham-injured rats. Quantification of the number of
entries into the open arm indicated that brain injury significantly increased open arm entries
relative to sham-injured rats (Injury: F(y gg)=4.5, p=0.037, Figure 2B). Brain-injured rats
also spent significantly more time in the open arm compared to sham-injured rats (Injury:
F(1,68)=4.2, p=0.04, Figure 2C). Progesterone treatment did not affect either open arm
entries (Figure 2B, Treatment: F(; 6g)=0.2, p=0.7) or open arm time (Figure 2C, Treatment:
F(1,68=0.3, p=0.6). Sex did not affect either open arm entries (F(1 68)=0.8, p=0.4) or open
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arm time (F(1,68)=1.5, p=0.2). Although brain injury did not affect total distance traveled
during the 5-minute EPM trial (F(1 68)=0.4, p=0.5, data not shown), there was a significant
effect of sex (F(1,68)=6.1, p=0.016), with female rats moving more than male rats (data not
shown).

Histologic analysis

Compared to sham-injury (Figures 3A, 3B), brain injury did not result in any overt lesion or
hemorrhage within the prelimbic region of the prefrontal cortex (Figures 3C, 3D) at 4 weeks
after injury. Furthermore, brain injury did not result in an overt loss of cells within this
region (Figure 3G) compared to sham injury (Figure 3E). Treatment with progesterone had
no effect on cellular staining and morphology in either sham (Figure 3F) or brain-injured
animals (Figure 3H). The extent of NeuN immunoreactivity was similar in brain-injured
(Figure 3K) and sham-injured animals (Figure 31) and was not affected by treatment with
progesterone (Figures 3J, 3L). Assessment of the Nissl-stained sections directly below the
impact site of both vehicle- and progesterone-treated brain-injured rats revealed atrophied
cortex, hippocampus, and white matter tracts as previously reported (Raghupathi & Huh
2007), indicative of the moderate nature of the injury severity (data not shown).

Whole-cell patch clamp electrophysiology

Intrinsic excitability of layer 2/3 neurons: Brain injury did not affect membrane
voltage (F(1,117)=1.35, p=0.25, Figure 4A), AP threshold (F(1,115=0.75, p=0.39, Figure 4B)
or rheobase (F(1,114)=0.47, p=0.49, Figure 4C). However, progesterone treatment
significantly increased the AP threshold (F(1,115=5.4, p=0.02, Figure 4B) and the rheobase
(F(1,114)=6.95, p=0.01, Figure 4C) in both sham and brain-injured animals. Brain injury
resulted in a significant increase in input resistance (F(1 116)=4.4, p=0.037, Figure 4D) which
was not affected by progesterone treatment. Neurons in brain-injured animals responded
with significantly greater action potentials in response to varying the levels of current
injection relative to neurons from sham-injured animals (F(y 59)=5.3, p=0.024, Figure 4E).
The sex of the animal did not affect most of the intrinsic cellular properties that were
measured, with the exception of membrane voltage, which was lower in male rats
irrespective of injury or treatment with progesterone (F1,117)=8.6, p=0.004).

Synaptic inputs to layer 2/3 neurons: Figures 5A and 5B illustrate representative
traces of spontaneous excitatory post-synaptic currents (EPSCs) and spontaneous inhibitory
post-synaptic currents (IPSCs), respectively. Although brain injury did not affect the
frequency of EPSCs (F(1,94)=3.6, p=0.06), there was an effect of treatment wherein
progesterone decreased the average EPSC frequency (F(1,94)=13.9, p=0.0003, Figure 5C).
Based on the significant interaction between injury status and treatment (F(1,94)=13.4,
p=0.0004), post-hoc analyses revealed that neurons from brain-injured animals administered
with sesame oil exhibited significantly higher EPSC frequencies than those from sham-
injured animals (Figure 5C, p=0.0003). Importantly, treatment of brain-injured rats with
progesterone attenuated this increase in frequency (Figure 5C, p=0.0004). Brain injury
significantly decreased the amplitude of EPSCs (F(1,94)=10.8, p=0.001, Figure 5D), which
was not affected by progesterone (Injury X Treatment, F1 94y=3.4, p=0.07). Brain injury also
resulted in a significant decrease in the frequency of IPSCs (F(1 73)=8.5, p=0.005, Figure
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5E), which was unaffected by progesterone treatment (Injury X Treatment; F 73)=0.1,
p=0.75). The amplitude of IPSCs was reduced in neurons from brain-injured animals
(F(1,72=4.1, p=0.047, Figure 5F), which was similarly not affected by progesterone
treatment (F(1,72)=0.23, p=0.63). Whereas sex was not a determinant for most parameters
measured, the amplitude of the IPSCs was higher in female rats (irrespective of injury and
treatment status) compared to their male counterparts (F(1,72)=4.6, p=0.036).

Intrinsic excitability of layer 5 neurons: There was no effect of brain injury on
membrane voltage (F(1,100)=0.8, p=0.37, Figure 6A), AP threshold (F(1,100)=0.1, p=0.79,
Figure 6B), rheobase (F(1,99)=0.3, p=0.56, Figure 6C) or firing frequency (F s56)=1.3,
p=0.26, Figure 6E). Brain injury resulted in an increase in the input resistance of layer 5
neurons (F(1 99y=4.3, p=0.04, Figure 6D), which was unaffected by progesterone treatment
(F(1,99)=0.1, p=0.73). Progesterone treatment did however lead to significantly fewer action
potentials in response to current injection (F(1 56)=6.8, p=0.01, Figure 6E).

Synaptic inputs to layer 5 neurons: Figures 7A and 7B illustrate representative traces
of spontaneous EPSCs and IPSCs, respectively. There was no effect of brain injury on the
EPSC frequency (F(1,91)=0.03, p=0.86, Figure 7C) or amplitude (F(y,92)=2.1, p=0.15, Figure
7D). Brain injury resulted in a significant decrease in the frequency of spontaneous IPSCs
compared to sham-injured rats (F(1,7g)=6.0, p=0.017), which was not affected by
progesterone treatment (F(1 78)=0.12, p=0.73, Figure 7E). The amplitude of the IPSCs was
not significantly affected either by brain injury (F(; 79)=0.51, p=0.48) or by progesterone
treatment (F(1,79)=0.09, p=0.75, Figure 7F).

Expression of mRNA for GADg7, EAAT-3, and NaVp3

Neither brain injury (F(1 20)=2.6, p=0.12, Figure 8A) nor progesterone administration
(F(1,20=1.5, p=0.23, Figure 8A) affected the expression of mRNA for GADg7 in the medial
PFC. However, there was a significant interaction effect between injury status and treatment
(F(1,20=5.9, p=0.02), and post-hoc tests revealed that GADgz MRNA was significantly
elevated in sham-injured rats given progesterone compared with their sesame oil-
administered counterparts (p=0.037, Figure 8A). In contrast, progesterone treatment did not
affect GADg7; mMRNA expression in brain-injured rats (p=0.91). In both sham- and brain-
injured rats, progesterone treatment resulted in a significant increase in mRNA for the
neuronal excitatory amino acid transporter (EAAT3, F(1 16)=4.4, p=0.05, Figure 8B), as well
as a significant decrease in mRNA for the voltage-gated sodium channel B3 subunit (NaV3,
F(1,16)=5.8, p=0.03, Figure 8C), compared with animals given sesame oil. A significant
regression co-efficient was observed between the discrimination index in the NOR test and
GADg7 mRNA expression in the medial PFC (F(1 21)=5.1, RZ = 0.195, p=0.03, Figure 8D).
There was no effect of brain injury or progesterone treatment on mRNA for the ionotropic
glutamate receptor subunits GIuR1 or GluN1, the a1 subunit of the GABAA receptor, or the
vesicular glutamate transporters vGlutl and vGlut2 (data not shown). No significant
correlation was observed between EAAT3 or NaVB3 mRNA and discrimination index (data
not shown).
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Discussion

The present study demonstrates that a single closed-head injury of moderate severity in the
11-day-old rat resulted in object recognition memory deficits and an increase in exploratory
behavior in the elevated plus maze in the 4™ week after injury at an age equivalent to
adolescence. These behavioral effects occurred in the absence of overt neurodegenerative
changes in the medial PFC although atrophy of the cortex and underlying white matter
immediately below the site of the impact has been previously reported (Raghupathi & Huh
2007). Closed head injury in the 11-day-old rat resulted in an increase in the frequency of
spontaneous EPSCs and a concomitant decrease in spontaneous IPSCs in layer 2/3
pyramidal neurons within the medial PFC, suggesting that the behavioral deficits may be a
consequence of functional changes in these neurons. Daily administration of progesterone
for the first week following brain injury improved NOR memory, decreased injury-induced
neuronal excitability and frequency of EPSCs in medial PFC neurons, decreased gene
expression of the B3 subunit of the voltage-gated sodium channel (NaVp3), and increased
gene expression of the excitatory amino acid transporter 3 (EAAT3) in the PFC.

Both closed head injury in neonate rabbits (Zhang et al 2015) and lesions to the medial PFC
of adult rats resulted in impairments in recognition memory (Hannesson et al 2004a,
Hannesson et al 2004b). Previous studies have linked progesterone to performance in the
NOR task, wherein adult female rats in the proestrus phase (when progesterone levels are
elevated) exhibit better object recognition compared to their counterparts in other phases of
the estrous cycle (Frye et al 2007, Walf et al 2006). Similarly, progesterone administered at
the time of training enhanced performance in object recognition tasks in adult
ovariectomized rodents (Frye et al 2009, Frye & Walf 2008). Impairment in NOR memory
has been linked to activation of excitatory dopaminergic D1 receptors in the PFC (Pezze et
al 2015, Watson et al 2012), which in turn enhances EPSC amplitude in layer 2/3 pyramidal
neurons (Gonzalez-1slas & Hablitz 2003), suggesting that enhancing excitatory transmission
within the PFC observed in the present study may provide a cellular basis for the impairment
in short term NOR memory. The beneficial effects of progesterone on NOR memory may
therefore be a result of attenuating the hyperexcitability of medial PFC neurons. Treatment
with progesterone led to a significant decrease in the level of gene expression of the B3
subunit of the sodium channel, suggesting that progesterone may alter cellular
hyperexcitability by regulating the gating and kinetics of voltage-gated sodium channels
(Cheng et al 2008, Knock et al 2001, Morales-Lazaro et al 2019, Stell et al 2003,
Brackenbury & Isom 2011).

The observation that brain injury in the 11-day-old rat resulted in an increase in the intrinsic
excitability of layer 2/3 neurons of the medial PFC, which was accompanied by an increase
in spontaneous EPSCs and decrease in spontaneous IPSCs, support previous studies
demonstrating changes in excitability and synaptic input to neurons in the upper cortical
layers of brain-injured adult animals (Alwis et al 2016, Carron et al 2016, Smith et al 2015).
Changes in glutamatergic neurotransmission have also been implicated as a mechanism for
hyperexcitability following adult TBI (Guerriero et al 2015). However, progesterone did not
affect the expression of the vesicular glutamate transporters or ionotropic glutamate receptor
subunits GIuR1 and GIluN1 in the present study, suggesting that it may not influence the
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release of glutamate or the activation of glutamate receptors within the PFC. Progesterone
has also been reported to upregulate glutamate transporter expression (Liu et al 2012), and to
suppress glutamatergic neuronal responses (Smith et al 1987a, Smith et al 1987b).
Interestingly, progesterone treatment increased the mRNA expression of the neuronally
expressed excitatory amino acid transporter 3 (EAAT3) within the medial PFC in both sham
and brain-injured animals, suggesting that progesterone may reduce the frequency of EPSCs
in brain-injured rats by increasing the reuptake of extracellular glutamate (Bjorn-Yoshimoto
& Underhill 2016, O’Donovan et al 2017).

Following TBI in adult animals, imbalance of the cortical E/I balance leading to a shift
towards excitation has been extensively documented (Bonislawski et al 2007, Brizuela et al
2017, Cantu et al 2015, Carron et al 2016, Ding et al 2011, Guerriero et al 2015, Witgen et al
2005, Witkowski et al 2019) and this has been linked to decreases in the number of
inhibitory interneurons (Brizuela et al 2017, Cantu et al 2015) and reductions in inhibitory
neurotransmission (Bonislawski et al 2007, Cantu et al 2015, Carron et al 2016, Witgen et al
2005). The lack of an effect of progesterone on inhibitory neurotransmission following
pediatric brain trauma was surprising considering the preponderance of evidence
documenting the potentiation of GABAergic signaling in adult animals by progesterone
(Brinton et al 2008, Majewska & Vaupel 1991). This may be because the effects of
progesterone were evaluated immediately after drug administration whereas in the present
study the effects on inhibitory neurotransmission were evaluated 4 weeks following the
conclusion of treatment. Although progesterone treatment did not affect inhibitory
neurotransmission, it did lead to an increase in GADg7 mRNA in sham animals given
progesterone relative to those given sesame oil, but not in brain-injured rats given
progesterone, suggesting that brain injury may impair progesterone-mediated regulation of
GAD expression. Closed head injury did not affect the excitability of layer 5 neurons within
the medial PFC which is similar to that observed within the peri-injury cortex following
contusive TBI in the 17-day-old rat (Nichols et al 2015). The lack of an effect in layer 5
neurons may reflect the difference in vulnerability of these pyramidal tract neurons
compared to the intratelencephalic neurons (Smith et al 2015), although the molecular
mechanisms underlying the differential vulnerability between layer 2/3 and layer 5 neurons
remain to be explored.

The observation of increased open arm time in the EPM following closed head injury in the
11-day-old rat may be related to the increased excitability of neurons within the medial PFC.
Chemogenetic activation of excitatory neurons in, or direct electrical stimulation of, the
medial PFC of adult rodents increased open arm time in the EPM (Pati et al 2018, Reznikov
et al 2018, Salvi et al 2019). Although progesterone reduced the injury-induced excitability
of the PFC neurons, it did not alter the behavior in the EPM. In part, these disparate effects
may be related to the known effects of progesterone on important developmental processes
such as cell differentiation, myelination, and circuit formation that occur during the first few
weeks after birth (Gonzalez-Orozco & Camacho-Arroyo 2019). The present observations are
also in contrast to reports that progesterone decreased anxiety-like behavior following a
contusion injury in 7-day-old rats (Baykara et al 2013) and in adult mice (Frye et al 2004),
suggesting that age and injury type may influence the efficacy of progesterone.
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In the present study we observed minimal sex differences in the effects of progesterone
treatment, which is in line with an absence of reported sex differences in the neuroprotective
effects of progesterone on cognitive and motor function following pediatric TBI in previous
studies (Geddes et al 2016, Geddes et al 2014, Uysal et al 2013). However, other studies
have reported sex differences in the beneficial effects of progesterone on mitochondrial
function (Robertson & Saraswati 2015) and microglial activation (Peterson et al 2015)
following pediatric brain injury, suggesting that the sex-dependent effects of progesterone
may depend on the outcome being evaluated following pediatric brain injury. Taken together,
these studies demonstrate that a single, moderate closed head injury in 11-day-old rats
results in cognitive deficits which are accompanied by alterations in neuronal functionality
within the medial PFC, and suggest that progesterone may reverse post-traumatic cognitive
deficits by affecting TBI-induced changes in excitatory signaling mechanisms.
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Figure 1. Progesterone (Prog) improves novel object recognition.
Panel A illustrates the average discrimination index during the novel object discrimination

trial. Panel B depicts the average distance traveled during a 30-minute open-field test. Data
are presented as means and error bars represent standard error of the mean. *, p<0.05
compared to sham-injured animals; #, p<0.05 compared to animals that received sesame oil
(vehicle, \Veh).
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Figure 2. Pediatric TBI increases exploratory behavior in the EPM.
Panel A illustrates a representative heat map from a sham- and a brain-injured rat, depicting

the amount of time the animals spent within four arms of the EPM. Graphs depict the
average number of entries (B) and the time spent in the open arms (C). Data are presented as
means and error bars represent standard error of the mean. Veh, sesame oil; Prog,
progesterone. *, p<0.05 compared to sham-injured animals.
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Figure 3. Pediatric TBI doesnot result in an overt lesion or loss of NeuN immunor eactivity

within the mPFC.

Representative images illustrating Nissl staining in coronal sections containing the mPFC
(A-H) and NeuN immunoreactivity (I-L) from sham- (A,B,E,F,1,J) and brain-injured rats
(C,D,G,H,K,L) that received sesame oil (Veh; A,C,E,G,1,K) or progesterone (Prog;
B,D,FH,J,L), at 4 weeks after sham- or brain-injury. Boxed area in panel A represents the
prelimbic region of medial PFC depicted at higher magnification in panels E-L. Scale bar in

panel D =200 um for panels A-D and in panel L = 50 um for panels E-L.
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Figure 4: Pediatric TBI increasesintrinsic excitability in Layer 2/3 pyramidal neuronsin the
medial PFC.

A: Membrane voltage; B: Action potential threshold; C: Rheobase; D: Input resistance; E:
Neuron firing rate in response to varying levels of current injection. Bar graphs represent
mean and error bars represent standard error of the mean from 26 cells for sham + sesame
oil (\eh), 34 cells for sham + progesterone (Prog), 37 cells for injured + vehicle and 28 cells
for injured + progesterone animals. *, p<0.05 compared to sham-injured animals; #, p<0.05
compared to sham- and brain-injured animals injected with sesame oil.

Exp Neurol. Author manuscript; available in PMC 2021 July 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lengel et al. Page 21

Spontaneous EPSCs Spontaneous IPSCs
A B

Sham+Veh W WMMM‘JMM
Sham+Prog WW" wmm
IniurectUeh wpmT TSRO iyt

R AR A g

Injured+Prog _I'S, _|
500ms 500ms
5 D 257 X

vd op

%
o E 3 _%_1_ F ooy ——
E 3 — 40
Bl Vehicle 5 41 T 21 Bl Vehicle = z 357
= g P L 2 £ 30-
BN Prog 3] o 15 rog > S o)
Q o Qo o
s $ - < 3
] = o = 204
3 2 £ 104 3 =
@ é @ 14 154
w 14 54 ' 104
54
0- 04 0- 04 .
Sham  Injured Sham  Injured Sham  Injured Sham  Injured

Figure5: Pediatric TBI increases excitatory drivein Layer 2/3 pyramidal neuronsin the medial
PFC.

Representative traces of spontaneous excitatory post-synaptic currents (EPSCs, A) and
spontaneous inhibitory post-synaptic currents (IPSCs, B). C: EPSC frequency; D: EPSC
amplitude; E: IPSC frequency; F: IPSC amplitude. Bar graphs represent mean and error bars
represent standard error of the mean. *, p<0.05 compared to sham-injured animals; $,
p<0.05 compared to brain-injured animals injected with sesame oil.
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Figure 6: Pediatric TBI does not affect theintrinsic excitability of Layer 5 pyramidal neuronsin
the medial PFC.

A: Membrane voltage; B: Action potential threshold; C: Rheobase; D: Input resistance; E:
Neuron firing rate in response to varying levels of current injection. Bar graphs represent
mean and error bars represent standard error of the mean from 24 cells for sham + sesame
oil (\eh), 22 cells for sham + progesterone (Prog), 39 cells for injured + vehicle and 23 cells
for injured + progesterone animals. *, p<0.05 compared to sham-injured animals; #, p<0.05
compared to sham- and brain-injured animals injected with sesame oil.
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Figure 7. Pediatric TBI decreasesinhibitory drivein layer 5 pyramidal neuronsin the medial

PFC.

Representative traces of spontaneous excitatory post-synaptic currents (EPSCs, A) and
spontaneous inhibitory post-synaptic currents (IPSCs, B). C: EPSC frequency; D: EPSC
amplitude; E: IPSC frequency; F: IPSC amplitude. Bar graphs represent mean and error bars
represent standard error of the mean. *, p<0.05 compared to sham-injured animals.
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Figure 8. Progesterone regulates the expression of glutamatergic and GABAergic markersin the
medial PFC.

Gene expression of GADg7 (A), excitatory amino acid transporter 3 (EAAT3, B), and the B
subunit of the voltage-gated sodium channel (NaVp3, C) within the medial PFC. Data are
presented relative to values for sham-injured animals injected with sesame oil (\eh). Scatter
plots represent each individual data point and error bars represent standard errors of the
mean. D: Correlation between discrimination index in the novel object recognition test and
GADg7; mRNA expression for sham- and brain-injured animals that were injected with either
sesame oil (Veh) or progesterone (Prog). *, p<0.05 compared to sham-injured animals
injected with sesame oil. #, p<0.05 compared to sham- and brain-injured animals injected
with sesame oil.
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Table 2.
Acute neurologic status of ratsin the study.

Eleven-day-old male and female rat pups were randomly assigned to either sham- or brain-injured groups.
Sham- and brain-injured rats were randomly assigned to receive daily injections of sesame oil (vehicle) or
progesterone (PROG). Subsets of the animals tested in the behavioral assays were randomly assigned to be
euthanized for mMRNA measurements, histology and whole-cell patch clamp electrophysiology. Latency to
regain righting reflex and times of apnea were recorded as described in the Methods.

Outcome Group N (male, female) Rightingreflex  Apnea
O] ©

Sham + vehicle 29 (13, 16) 70+8 NA

Sham + PROG 23 (10, 13) 63+8 NA
Behavior Injured + vehicle 35 (17, 18) 185+14%  16%2
Injured + PROG 34 (16, 18) 205+15%  21%3

Sham + vehicle 9 (3,6) 7317 NA

Sham + PROG 5(2,3) 46 £ 12 NA
GRT-PCR Injured + vehicle 12(5,7) 144 +15% 14+1
Injured + PROG 12(5,7) 182+26% 163

Sham + vehicle 8(4,4) 95+19 NA

Sham + PROG 6(2,4) 73+19 NA
Histology Injured + vehicle 6(3,3) ooas50*  17%2
Injured + PROG 10 (5, 5) 237435%  29%4

Sham + vehicle 12 (6, 6) 51+12 NA

Sham + PROG 12 (6, 6) 66 + 11 NA
Whole cell patch clamp Injured + vehicle 17(9,8) 201 +21% 18+3
Injured + PROG 12 (6, 6) 202 +12% 18+2

*
’p<0.05 compared to sham-injured rats.
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Times spent by sham- and brain-injured rats with objects during familiarization and discrimination trials in the
novel object recognition test.

Familiarization trial

Discrimination trial

Total time | Object 1 | Object 2 | Total time | Novel object | Familiar object
Status | Treatment 9 %) | ) 9 (%) (%)
Sham Sesame oil 46.8+3.4 51.542.0 | 48.5+2.0 | 34.8+35 68.9+1.7 31.1+1.7
Sham Progesterone | 44.9+2.7 48.8+2.0 | 51.2+2.0 | 38.9+2.4 73_512_2# 26.5:2.2#
Injured | Sesame oil 39.442.1 * | 50.5£1.7 | 49.5£1.7 29.142.0 * | 61718 38.3+x1.8
Injured | Progesterone | 37149 4% | 50417 [ 496217 | 305421 | 6754017 3054217

*
’p<0.05 compared to sham-injured animals;

p<0.05 compared to rats injected with sesame oil.
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