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Early Life Inflammation Increases CA1 Pyramidal Neuron
Excitability in a Sex and Age Dependent Manner through a
Chloride Homeostasis Disruption

Carlos D. Gomez, Justin Read, Shaona Acharjee, and “Quentin J. Pittman
Hotchkiss Brain Institute, Department of Physiology and Pharmacology, Cumming School of Medicine, University of Calgary, Calgary, Alberta T2N 4N1,
Canada

Early life, systemic inflammation causes long-lasting changes in behavior. To unmask possible mechanisms associated with this phe-
nomenon, we asked whether the intrinsic membrane properties in hippocampal neurons were altered as a consequence of early life
inflammation. C57BL/6 mice were bred in-house and both male and female pups from multiple litters were injected with lipopolysaccha-
ride (LPS; 100 ug/kg, i.p.) or vehicle at postnatal day (P)14, and kept until adolescence (P35-P45) or adulthood (P60-P70), when brain
slices were prepared for whole-cell and perforated-patch recordings from CA1 hippocampal pyramidal neurons. In neurons of adult male
mice pretreated with LPS, the number of action potentials elicited by depolarizing current pulses was significantly increased compared
with control neurons, concomitant with increased input resistance, and a lower action potential threshold. Although these changes were
not associated with changes in relevant sodium channel expression or differences in capacitance or dendritic architecture, they were
linked to a mechanism involving intracellular chloride overload, revealed through a depolarized GABA reversal potential and increased
expression of the chloride transporter, NKCCI. In contrast, no significant changes were observed in neurons of adult female mice
pretreated with LPS, nor in adolescent mice of either sex. These data uncover a potential mechanism involving neonatal inflammation-
induced plasticity in chloride homeostasis, which may contribute to early life inflammation-induced behavioral alterations.
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Early life inflammation results in long-lasting changes in many aspects of adult physiology. In this paper we reveal that a brief
exposure to earlylife peripheral inflammation with LPS increases excitability in hippocampal neurons in a sex- and age-dependent
manner through a chloride homeostasis disruption. As this hyperexcitability was only seen in adult males, and not in adult females
or adolescent animals of either sex, it raises the possibility of a hormonal interaction with early life inflammation. Furthermore, as
neonatal inflammation is a normal feature of early life in most animals, as well as humans, these findings may be very important
for the development of animal models of disease that more appropriately resemble the human condition. j

ignificance Statement

Introduction

Brain maturation is a long process of developmental changes at
molecular, cellular, and network levels, which can be affected by
processes that are external to the brain. Overwhelming evidence
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indicates that early life inflammatory and stressful challenges may
predispose the brain to several neurological disorders that emerge
later in life. For instance, studies in humans have provided substan-
tial findings that an inflammatory response to bacterial or viral in-
fection, or to stressors in early life can lead to an increased risk of
subsequent neurodevelopmental dysfunction in children and adults
(Hagberg et al., 2012; Danese and Lewis, 2017).

Over the last decade, our research group has extensively char-
acterized the effects of systemic early life inflammation on rodent
physiology and behavior in later life. In particular, we have pre-
viously shown that a single episode of inflammation evoked by
lipopolysaccharide (LPS), a Gram-negative bacteria endotoxin,
duringa critical period of development, can alter many aspects of
adult physiology including neuroimmune function, behavioral
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responses, and endocrine function (Rana et al., 2012; Doenni et
al., 2016, 2017). These central alterations are associated with al-
tered vulnerability of the organism to subsequent pathological
challenges, including hypoxic ischemia (Spencer et al., 2006),
autoimmune disease (Ellestad et al., 2009), and seizure suscepti-
bility (Heida et al., 2005; Galic et al., 2008; Reid et al., 2012; Lewis
etal., 2018). Interestingly, many of the changes observed in adult
animals involve the hippocampus; these include changes in spa-
tial memory, and cognitive and learning deficits (Bilbo et al.,
2005, 2006; Harré et al., 2008; Wang et al., 2013; Dinel et al.,
2014). Additionally, at the molecular level, altered expression of
glutamatergic and GABAergic receptor subunits, and chloride
cotransporters have been reported in response to early life in-
flammation (Harré et al., 2008; Reid et al., 2013). However, to
date we are unaware of any studies that have addressed the effects
of neonatal inflammation on cellular and/or network activities.
This prompted us to hypothesize that early life inflammation may
also cause long-term alterations in the normal development of
neuronal electrical properties. Therefore, we induced early life
inflammation with LPS in postnatal day (P)14 mice and exam-
ined the intrinsic electrophysiological properties of CAl hip-
pocampal neurons in adolescence and adulthood. Considering
that there have been relatively few studies comparing sex differ-
ences with respect to effects of neonatal inflammation, male and
female offspring, both prepubertal, as adolescents, and after sex-
ual maturation were evaluated.

Materials and Methods

Neonatal inflammation. All the experiments were conducted in accor-
dance with the Canadian Council on Animal Care regulations and ap-
proval of the University of Calgary Animal Care committee. C57BL/6
mice (Charles River Laboratories) were maintained under standard spe-
cific pathogen-free conditions at 20-21°C, on a 12 h light/dark cycle
(light onset at 07:00 A.M.) with food and water available ad libitum.
Female mice were bred, then pregnant single females (N = 34) were
separated and monitored for the offspring’s birth day. On P14, offspring
of both sexes received pyrogen-free saline (vehicle; 1 ml/kg) or lipopoly-
saccharide (LPS, Escherichia coli, serotype 026:B6 100 ug/kg, i.p.). LPS is
amolecule derived from Gram-negative bacteria that has been shown to
induce a transient fever and a mild peripheral and central inflammatory
response in the host (Heida et al., 2004; Ellis et al., 2005; Galic et al.,
2009). Although it does not mimic all of the effects of a true infection
(Schwarz and Bilbo, 2011), it provides a defined stimulus and has been
used previously to induce an inflammatory state in nearly all of the ex-
periments that provide the basis for our electrophysiological study.
Nonetheless, when we refer to our animals as “neonatally inflamed” it
should be understood that this refers only to LPS-induced inflammation.
All experiments involved both female and male offspring to reveal any
sex-specific interaction and pups were taken from multiple litters over a
3 year period to mitigate possible differences in individual maternal care,
litter, and cohort effects. Males and females were chosen at the appropri-
ate ages in a sequential fashion from each litter. Groups were distributed
approximately equally for sex and treatment within each litter. Ears were
marked for later identification, and then pups were returned to their
dams, weaned at P21, and housed three to five per cage by sex and
random treatment. The offspring growth was not altered by neonatal
inflammation, with no significant effect on body mass (data not shown)
as previously described (Spencer et al., 2007).

In vitro hippocampal electrophysiology. To investigate intrinsic electro-
physiological properties in later life, adolescent (P35-P45) and adult
mice (P60—P70) of both sexes, treated with either LPS or vehicle (Veh)
on P14, were anesthetized with isoflurane and transcardially perfused
with ice-cold slicing solution containing the following (in mm): 87 NaCl,
2.5 KCl, 25 NaHCO;, 0.5 CaCl,, 7 MgCl,, 1.25 NaH,PO,, 25 p-glucose,
and 75 sucrose. Brains were quickly dissected and transverse slices (300
um) of the dorsal hippocampus were taken at a 45° angle from the
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coronal plane using a Vibratome VT1200S (Leica). In this study we used
only the dorsal hippocampus because of known differences in pyramidal
cell properties and function of the hippocampus along its dorsal and
ventral extent (Strange et al., 2014). Slices were immediately transferred
to a recovery solution containing warm (32°C) artificial CSF (aCSF)
composed of the following (in mm): 126 NaCl, 2.5 KCl, 26 NaHCO;, 2.5
CaCl,, 1.5 MgCl,, 1.25 NaH,PO,, and 10 p-glucose for 60 min, and then
maintained at room temperature for at least 30 min before recording.
Both slicing and aCSF solutions were continuously bubbled with a gas
mixture of 95% O, and 5% CO, to maintain a pH at 7.4.

Hippocampal slices were placed in a recording chamber and perfused
with aCSF (32°C) at a flow rate of ~1 ml/min. Pyramidal neurons were
then identified under differential contrast/infrared illumination by their
location in the cell body layer and by their pyramidal shape, and selected
based on their large apical dendrites and multiple basal dendrites. Any
cell exhibiting fast-spiking, prominent after hyperpolarization poten-
tials, and a train of nondecrement spikes without frequency adaptation
was considered an interneuron (Han, 1994; Zemankovics et al., 2010)
and was not studied further. Whole-cell recordings were made sequen-
tially starting lateral (near the CA2/CA1 border) and proceeding medi-
ally (toward, but not into the subiculum) at well separated locations. We
used borosilicate glass micropipettes (3—6 M(Q) filled with a recording
solution containing the following (in mm): 108 K-gluconate, 8 Na-
gluconate, 2 MgCl,, 8 KCl, 1 EGTA, 4 K,-ATP, 0.3 Na-GTP, and 10
HEPES, with pH adjusted to 7.2 with KOH and osmolarity to ~285
mOsm. Signals were amplified and filtered (low pass at 1 kHz) with a
MultiClamp 700B amplifier (Molecular Devices), and digitized at 10 kHz
using a Digidata 1322A (Molecular Devices). Cell capacitance and access
resistance (initial value <20 M()) were monitored during experiments,
and recordings were accepted for analysis if either variable did not change
by >20%. The amplifier was set to zero to null the liquid junction po-
tential between the pipette and the bath solution (Neher, 1992).

To obtain reliable recordings, patched cells were allowed to stabilize
for at least 5 min, and resting membrane potential (RMP) was then
recorded as the voltage with no injected current. Input resistance (R;,)
was determined as the slope of the linear portion of a voltage-current plot
constructed from the steady-state voltage response to step current injec-
tions from RMP ranging from — 100 up to 50 pA in 30 pA increments and
500 ms duration. To investigate neuronal excitability, firing frequency
was calculated in response to current steps (80—-320 pA/500 ms) starting
from RMP. Action potential (AP) threshold and rheobase were then
determined as the membrane potential and the minimum injected cur-
rent needed respectively, at the initiation of the first spike point with
dV/dt exceeding 10 mV/ms in responses to up to 8 linear ramps (50 pA
increments and 2 s). AP kinetic properties including amplitude, half-
width, 10-90% rise time, and 90—-10% decay time, were also measured
from the first spike elicited, and a linear interpolation between data
points was used to enhance the temporal resolution.

To estimate chloride concentration the GABA reversal potential
(Egaga) Was evaluated. Neurons were held at —70 mV and the mem-
brane potential was stepped to various test potentials. During each mem-
brane potential step, local electrical stimulation via a concentric bipolar
electrode (SNEX-100, Kopf Instruments) placed in stratum radiatum
~100 wm from the recorded neuron was used to activate IPSCs in the
presence of 20 um 6,7-dinitroquinoxaline-2,3-dione and 40 um DL-2-
amino-5-phosphonopentanoic acid. A linear regression of the IPSC am-
plitude versus membrane potential was calculated, and the intercept of
this line with the abscissa was taken as E; 5. The sodium-potassium-
chloride cotransporter 1 (NKCC1) blocker bumetanide (10 um) was
added into the bath as needed. In some experiments, gramicidin perfo-
rated patch recordings were performed to interfere as little as possible
with intracellular anion concentration (Kyrozis and Reichling, 1995).
Before each perforated patch experiment, gramicidin (ABCD, Sigma)
was dissolved in dimethyl sulfoxide (50 mg/ml) and added to the intra-
cellular solution to obtain a final concentration of 50 ug/ml. Electrodes
were always loaded with a small volume of gramicidin-free internal so-
lution then backfilled with the gramicidin solution to facilitate the seal
formation (seal resistance, >3 G()). Within ~20-40 min after gigaseal
formation, the access resistance dropped and stabilized at ~25-35 M().
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Data were collected via a MultiClamp 700B amplifier (Molecular De-
vices) and were stored on a computer using pClamp 9 software (Molec-
ular Devices). Analysis was performed off-line with Clamp-fit 9 program
(Molecular Devices).

All electrophysiological datasets comprised results from animals (re-
ported as N in results, with # = number of cells) obtained from a mini-
mum of three litters. In addition, data were collected over a period of over
3 years from multiple cohorts of animals.

Golgi staining. As our electrophysiological analyses indicated striking
differences between properties of adult male mice treated with LPS at
P14, it was important to determine whether the cells were morphologi-
cally similar in the LPS and control groups. Golgi silver impregnation was
done using a commercially available kit (FD Rapid GolgiStain Kit, FD
NeuroTechnologies) as we previously described (Acharjee et al., 2018).
Adult male mice treated with either LPS or vehicle at P14 were anesthe-
tized with sodium pentobarbital (80 mg/kg, i.p.) and the brains har-
vested. Coronal sections (100 wm) were cut on a vibratome (VT 10008,
Leica), mounted on gelatin-coated slides and developed following the
protocol in FD Rapid GolgiStain Kit. CA1 pyramidal neurons from the
dorsal hippocampus were imaged using reflective confocal microscopy
(DM5500 B, Leica) with a 488 nm laser and 40X objective (1.62 NA).
Three to six neurons were imaged from at least three slices per animal
(N = 3/group, each from a separate litter). Care was taken to ensure (1)
that imaged neurons did not extend processes to the very end part of the
sections to avoid dendritic stumps, and (2) that processes of the neurons
could be clearly identified. Further, neurons chosen were sufficiently
distant from their neighbors to minimize the overlap of dendritic trees.
Confocal image stacks were imported into Imaris TM software (Bitplane)
for analysis. The grayscale images were inverted, and histogram adjusted
to optimize visualization. Dendrites were reconstructed in a semiauto-
mated way using Filament Tracer in Imaris TM software. For each recon-
structed neuron, total dendritic length was calculated and Sholl analysis
was performed to quantify the number of dendritic intersections using
concentric spheres from the center of the soma with radii increasing in 10
pm increments. All analyses were completed blindly as to the experimen-
tal/control status of the animal

Hippocampal dissection for gPCR and Western blot. With the purpose of
identifying possible mechanisms for the intrinsic electrophysiological
property alterations, additional mice were injected using the same neo-
natal LPS-induced inflammation paradigm and the CAI hippocampus
was assessed using mRNA and protein expression-based molecular ap-
proaches. Under deep isoflurane anesthesia, adult female (N = 20 Veh;
20 LPS) and male (N = 16 Veh; 16 LPS) mice were decapitated, and
brains were quickly removed. For quantitative PCR (qQPCR) and Western
blot experiments, we used the dorsal hippocampal CAl area. Briefly,
brains were mounted on a Vibratome VT1200s (Leica Biosystems) in
ice-cold slicing solution, 500 wm sections were then taken, and the CA1
area was dissected over ice and under microscopic observation by hand
using a microsurgical blade. The tissue samples were snap frozen on dry
ice and stored at —80°C until later processing.

RNA isolation and gPCR. Samples were prepared and stored at —80°C
as described above. Tissue samples containing the dorsal CA1 area were
disrupted using QIAzol reagent (Qiagen) and homogenized using 5 mm
stainless steel beads in a TissueLyser LT (Qiagen) for 5 min at an oscilla-
tion frequency of 50 Hz. Cell homogenates were processed according to
the QIAzol protocol before mRNA was purified using the RNeasy Mini
Kit (Qiagen). cDNA was synthesized by the QuantiTect Reverse Tran-
scription Kit, and qPCR was then performed by the QuantiTect SYBR
Green PCR kit (Qiagen), using an Eppendorf ep gradient S Mastercycler.
Validated primers for the voltage-gated sodium channel (Na,), type 1.1
and 1.2 (SCN1a and SCN2) were designed by Qiagen. GAPDH (Qiagen)
was amplified from the same samples and used as a reference gene for
normalization. Cycling conditions included: initial heat activation at
95°C for 15 min, denaturation at 94°C for 15 s (40 rounds), annealing at
55°C for 30 s and extension at 72°C for 30 s. Melt curves were used to
confirm reaction specificity. Data analysis was accomplished using the
2 TAACt phethod (Livak and Schmittgen, 2001; Schmittgen and Livak,
2008).
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Protein extraction and immunoblotting. Hippocampal tissue was ho-
mogenized in RIPA buffer using a TissueLyser LT (Qiagen). Insoluble
fractions were separated from the homogenate by centrifugation and
resuspended in RIPA. Proteins were quantified using a BCA Assay before
SDS-PAGE separation of proteins using 10% TGX Stain-Free acrylamide
gels (Bio-Rad). Proteins and trihalo compounds were activated in-gel
using a ChemiDoc MP (Bio-Rad) before transfer onto to a 0.44 um
Immobilon-P PVDF membrane (MilliporeSigma). Membranes were
imaged after transfer to obtain the total protein profile using the
ChemiDoc MP then blocked for 1 hin 3% BSA. Membranes were then
incubated overnight with anti-Na 1.1 (K74/71, RRID:AB_2238842,
UC Davis/NIH NeuroMab Facility), anti-Na, 1.2 (K69/3, RRID:
AB_2184030, UC Davis/NIH NeuroMab Facility), anti-phospho-
NKCCI (Millipore, ABS1004), and anti-phosphoKCC2 (PhosphoSo-
lutions, RRID:AB_2492213) primary antibodies at 1:1000 in 3% BSA.
HRP labeled secondary antibodies, rabbit anti-mouse-HRP 1:10,000
(48-370-H, Antibodies Incorporated) and goat anti-rabbit-HRP
1:10,000 (48-156-H, Antibodies Incorporated), were added to the mem-
brane and incubated for 30 min before being imaged using the ECL
Substrate Kit (ThermoFisher Scientific, WP20005) on the ChemiDoc
MP. Proteins-of-interest were quantified by normalizing band densities
against the corresponding lane containing the total vehicle protein
profile from the same membrane using the Image Lab software 6.0 (Bio-
Rad). Each membrane analyzed proteins from one vehicle and one LPS-
treated mouse of each sex.

Data analysis. All statistical analyses were done using GraphPad Prism
v8. Data were verified for normal distribution with D’Agostino and Pear-
son test. Intrinsic membrane and synaptic properties, Golgi staining,
qPCR and Western blot were analyzed using three-way or two-way
ANOVA with Tukey post hoc test, X~ test, or unpaired Student’s t test as
appropriate. Results are reported as mean = SEM. Statistical significance
was set a p < 0.05 based on the number of cells for electrophysiological
data and on the animal number for molecular biology data. Mean data
from each animal are also depicted in graphs for information.

Results

Neonatal inflammation with LPS altered intrinsic
electrophysiological properties of CA1 pyramidal neurons in
adult but not adolescent mice

We first addressed the effect of neonatal inflammation with LPS
(i.p.) at P14 on firing frequency in the CA1 pyramidal neurons of
adolescent (P35-P45) and adult (P60—P70) C57BL/6 mice. Fig-
ure 1A shows voltage responses and APs in response to the indi-
cated step current injections for representative control (Veh,
black traces) and neonatally inflamed (LPS, red traces) CA1 py-
ramidal neurons from adolescent and adult mice. When firing
rate was plotted against injected current steps and analyzed using
three-way ANOVA test, we found significant differences among
groups (Table 1). We observed an age-dependent (F, ;5 =
7.662, p = 0.0066) and sex-dependent (F, 5 = 5.518, p =
0.0205) effect of the early life LPS treatment on firing rate in CA1
pyramidal neurons. Multiple comparisons by Tukey post hoc
analyses revealed that the statistically significant effect was attrib-
uted to a higher firing rate in CA1 pyramidal neurons of adult
male mice exposed to LPS treatment compared with controls (for
all significant values p < 0.05; Fig. 1B,; Table 1-1, available at
https://doi.org/10.1523/JNEUROSCI.2973-18.2019.t1-1). On
the other hand, early life inflammation had no significant effects
on firing rate of CAl pyramidal neurons in adult female, or in
adolescent female and male mice compared with controls (Fig. 1;
Table 1), indicating an increased LPS-induced excitability only in
adult male mice.

It has been reported that hippocampal pyramidal cells consist
of at least two populations, bursting cells and non-bursters (Jar-
sky etal., 2008; Graves et al., 2012). We considered the possibility
that neonatal inflammation somehow altered the relative propor-
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Neonatal inflammation alters the firing frequency of hippocampal neurons from adult male mice. A, Voltage response traces from CA1 pyramidal neurons from (A,) adolescent and (4,)

adult mice treated with Veh (dark line) or LPS (red line) at postnatal day 14, elicited by 500 ms duration current injections ranging from 80 to 320 pA in 30 pA increments. Calibration: 30 mV/170 pA,
200 ms. B, Summary data show no differences in the number of APs for Veh and LPS-treated adolescent female and male mice (n = 28 -32 cells, 5— 6 mice/group). B,, Firing frequency of CA1
pyramidal neurons from LPS-treated adult male mice was significantly higher than Veh control group (n = 29-31 cells, 5- 8 mice/group). Number of APs for adult female groups was unchanged
(n = 28-32 cells, 6 -7 mice/group). Error bars indicate SEM. *p << 0.05, **p << 0.01, ***p << 0.001.

Table 1. Three-way ANOVA for comparison of age, sex, and treatment among groups on firing rate

Group Variable p Treatment p Interaction p
Age
Female, 9 Firing rate Fi11e = 5900 0.017 Fi1e = 002043 0.8866 Famg = 1468 0.2282
Male, & Fa17) = 9.205 0.003 Faz = 1191 0.0008 Fanz) = 7662 0.0066
Sex
Adolescent, ] Firing rate Fanzy = 11.50 0.0009 Fangy = 01715 0.6796 Fa117) = 0.9688 0.327
Adult, Fang = 3992 0.0606 Fae = 13.08 0.0004 Fane = 5518 0.0205
Q Vehicle Q LPS & Vehidle 3 LPS
Adolescent n:32,N:6 n:28,N:5 n:32,N:5 n:29,N:5
Adult n:32,N:6 n:28,N:7 n:29,N:8 n:31,N:5

Treatment indicates Veh/LPS. Female & male, @;n, number of cells; N, number of mice.

Post hoc analysis is provided in extended data Table 1-1, available at https://doi.org/10.1523/JNEUR0SCI.2973-18.2019.t1-1.

tions of these two cell types in adult males only. We found how-
ever, that the majority of our recorded cell population was
comprised of non-bursters, and this proportion did not change
in any of the groups as a function of either sex or neonatal inflam-
mation (Fig. 2; Table 2).

The initial membrane potential may influence neuronal firing
rate to current injection, however, statistical analysis shows no
significant effect of age, sex or treatment on RMP among groups
as displayed in Table 3 (adolescent: female vehicle —66.8 = 0.54
mV, female LPS —67.1 = 0.64 mV, male vehicle —65.7 = 0.70
mV, male LPS —66.6 = 0.55 mV; adult: female vehicle —67.9 =
0.53 mV, male LPS —68.0 = 0.73 mV, male vehicle —66.6 * 0.69,
male LPS —67.6 = 0.56 mV).

Given that resting membrane potential was unaltered, other
factors that could contribute to the firing frequency alteration are
the R;, and the threshold voltage for AP generation. Therefore,
the effect of neonatal inflammation on these intrinsic membrane
properties in the hippocampal neurons was also investigated. Fig-
ure 3 shows current—voltage curves (Fig. 3B) constructed by mea-
suring the voltage response of CA1 pyramidal neurons elicited by
step current injections from RMP (Fig. 3A). When comparing
effects of age and early life LPS treatment on R; , significant dif-
ferences were observed (Table 3). We found an age-dependent
effect of the LPS treatment on R;, in CA1 pyramidal neurons of
male mice, as the interaction between both variables was highly
significant (F(; ;,7) = 11.11, p = 0.0012). Multiple comparisons
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spiking (top) or bursting (bottom). Bursting neurons display a burst of two or more APs with an instantaneous frequency >100 Hz, whereas regular spiking neurons display single spikes. However,
when the current injection is increased, bursting neurons typically fire additional bursts before switching to single APs at the end of the step, and regular neurons fire single spikes with decreased
interspike intervals. Insets, Magnified view of high-frequency bursts. Calibration: 20 mV/250 pA, 200 ms; inset, 20 mV/10 ms. B, Pie charts show percentages of all regular and bursting CA1 pyramidal
cells recorded, and no changes in any of the groups as a function of either sex or neonatal inflammation were found.

Table 2. y? test for comparison of the proportions between regular and bursting
cells among groups

Group Variable X (df) z P
Adolescent @ Vehvs LPS 0.00924 (1) 0.096 0.923

3 Vehvs LPS 0.00501 (1) 0.071 0.944
Adult Q Vehvs LPS 0.00924 (1) 0.096 0.923

3 Vehvs LPS 0.00230 (1) 0.048 0.962

Q Vehicle Q LPS & Vehicle 3 LPS
Adolescent n:32,N:6 n:28,N:5 n:32,N:5 n29,N:5
Adult n:32,N:6 n:28,N:7 n:29,N:8 n:31,N:5

n, Number of cells; N, number of mice.

revealed that the interaction was attributed to a ~34% increase in
R, from CA1 pyramidal neurons of adult (vehicle 103.5 * 3.46 vs
LPS138.7 = 5.42 M(), p < 0.0001; Fig. 3B,; Table 3-1, available at
https://doi.org/10.1523/JNEUROSCI.2973-18.2019.t3-1), but

not adolescent male mice (vehicle 100.8 = 4.37 vs LPS 105.9 =
4.41 MQ, p = 0.8579; Fig. 3B;; Table 3-1, available at https://
doi.org/10.1523/JNEUROSCI.2973-18.2019.t3-1), exposed to
early life inflammation compared with controls. Also, no signif-
icant effects of the early life LPS inflammation on R;, in CAl
pyramidal neurons of adolescent (vehicle 108.5 = 4.38 vs LPS
110.6 = 5.56 M{)) and adult (vehicle 104.0 = 3.65vs LPS 102.2 =
4.10 MQ) female mice were found (F; 1, = 0.01, p = 0.917;
Table 3). Consistently, a sex-dependent effect of the early LPS
treatment was observed in adult mice (F, 5 = 18.82, p <
0.0001; Table 3), where comparisons confirmed the significant
increase in Ry, only in male mice (p < 0.0001; Table 3-1, available
at https://doi.org/10.1523/]NEUROSCI.2973-18.2019.t3-1). To
better address whether the differences in R;, seen in male mice
could depend on the size of the neurons, we compared the effects
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Table 3. Two-way ANOVA for comparison of age, sex, and treatment among groups on RMP, R, ., and capacitance

Group Variable p Treatment p Interaction p
Age
Female, 9 RMP Famng = 1.04 0.309 Fang = 0.29 0.593 Famg = 0.005 0.944
R Fa e = 3.08 0.082 Fa1e = 0.08 0.770 Fame = 0.01 0917
(apacitance Faie = 2.96 0.088 Fa116) = 0.00002 0.996 Fane = 259 0.110
Male, & RMP Fay = 0.78 0.379 Fa = 0.83 0.363 Faz) = 0.001 0.982
R Fanz = 1529 0.0002 Faz =19.79 <<0.0001 Fanpy =111 0.001
(apacitance Fann =173 0.190 Faz) = 2.65 0.107 Fanzy = 0.091 0.764
Sex
Adolescent, ‘}f RMP Fang = 294 0.089 Faz = 048 0.491 Fanz = 005 0.830
R Fap =255 0.113 Fapy =019 0.660 Fay =038 0.536
(apacitance Fap = 116 0.283 Fay = 229 0.133 Fang = 0.03 0.859
Adult, @ RMP Fane = 320 0.076 Fane = 0.57 0.451 Fame = 0.026 0.873
R Fa11e) = 17.86 <<0.0001 Fane = 1535 0.0002 Fa1e) = 18.82 <<0.0001
(apacitance Fang =377 0.054 Fing = 0.015 0.902 Fang = 2.95 0.089
Q Vehicle Q LPS 3 Vehicle 3 LPS
Adolescent n:32,N:6 n:28,N:5 n:32,N:5 n:29,N:5
Adult n:32,N:6 n:28,N:7 n:29,N: 8 n:31,N:5

Treatment indicates Veh/LPS. Female & male, §;n, number of cells; N, number of mice.
Post hoc analysis is provided in extended data Table 3-1, available at https://doi.org/10.1523/INEUR0SCI.2973-18.2019.t3-1.
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Figure 3. Neonatal inflammation increases the input resistance of hippocampal neurons from adult male mice. A, Sample traces of voltage responses to hyperpolarizing and
depolarizing current steps from — 100 to 50 pA in 30 pA increments (500 ms duration) of CA1 pyramidal neurons from (4,) adolescent and (A,) adult mice treated with Veh (dark line)
or LPS (red line) at P14. Calibration: 10 mV/120 pA, 100 ms. B, Current—voltage (/-V) plots for (B,) adolescent and (B,) adult mice showing mean = SEM voltage responses to current
injections as depicted in A. Significant differences between /-V curves were only observed for Veh and LPS-treated adult male mice (B,, right; p << 0.0001, n = 29-31 cells, 5-8
mice/group). B;, B,, Insets, Plots depicting R, of individual CA1 pyramidal neurons (\/) and average values per mouse (females, ? ; males, &) from respective groups calculated from
the slope of the current voltage plots. ****p <C0.0001.

of age, sex, and early life LPS treatment on specific capacitance for ~ F(, ;,7) = 0.03, p = 0.859) and adult mice (female vehicle 122.2 =
each cell (Table 3). We found that the capacitances were similar ~ 6.34 pF, female LPS 133 *+ 8.16 pF; male vehicle 121.3 = 5.9 pF,
in control and neonatally inflamed CA1 pyramidal neurons from  male LPS 109.7 = 6.1 pF, F(; ,5, = 2.95, p = 0.089). This was
adolescent (female vehicle 121.4 * 6.62 pF, female LPS 110.6 =  further corroborated by Golgi staining. We performed a detailed
5.57 pF; male vehicle 127.2 * 6.67 pF, male LPS 118.6 = 6.52 pF,  analysis of the dendritic architecture, and assessed the length of
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the apical dendrites. Sholl analysis of CA1 A
pyramidal neurons from adult male mice
exposed to LPS at P14, shows no signifi-
cant differences in dendritic intersections
with all Sholl spheres analyzed (multiple
Student’s t test, for all values p > 0.05; Fig.
4B), or in total dendritic length compared
with controls (vehicle 1896 £ 150 wm vs
LPS 2055 * 177 pum, unpaired Student’s ¢
test, t,3) = 0.681, p = 0.50; Fig. 4C; Table
4). Thus, a possible contribution of the
dendritic tree size or extent was unlikely
to have contributed to the R, differences.

A second factor that could influence c
the firing frequency is the threshold for
AP generation. Figure 5A—D shows repre-
sentative voltage responses to ramp cur-
rent injections from RMP for control and
neonatally inflamed CA1 pyramidal neu-
rons of adolescent and adult mice. Inter-
estingly, statistical analyses uncovered an
age-dependent (F, 9, 16.5, p <
0.0001) and sex-dependent (F(, o) =
22.26, p < 0.0001) effect of the LPS treat-
ment on AP threshold in CA1 pyramidal
neurons (Table 5). This was attributed
solely to a more hyperpolarized AP
threshold in adult male mice exposed to
early life inflammation compared with
controls (vehicle —41.33 = 0.6 vs LPS
—46.49 + 0.5 mV, p < 0.0001; Fig. 5D;
Table 5-1, available at https://doi.org/
10.1523/JNEUROSCI.2973-18.2019.
t5-1). On the other hand, neonatal in-
flammation had no effect on the AP
threshold in adult female (vehicle —41.96 *= 0.48 vs LPS
—42.22 = 0.47, p = 0.985; Fig. 5C), or adolescent female (vehicle
—42.9 * 0.5 vs LPS —42.4 = 0.7 mV, p = 0.944; Fig. 5A) and
male mice (vehicle —40.5 = 0.6 vs LPS —41.2 £ 0.6 mV, p =
0.937; Fig. 5B). Moreover, the hyperpolarized AP threshold in
CA1 pyramidal neurons from adult male offspring exposed to
LPS, was paralleled by a ~25% reduction in rheobase (vehicle
162.2 =9.7vs LPS 122.4 = 7.4 pA, p = 0.0055; Fig. 5D; Table 5-1,
available at https://doi.org/10.1523/JNEUROSCI.2973-18.2019.t5-1).
Together, these data suggest that the R;, and AP threshold changes
seen in CA1 pyramidal neurons of male adult offspring exposed
to LPS as neonates are possible explanations for the increased firing
rate seen in response to depolarizing current.

Because changes in AP threshold may reflect alterations in
sodium channels, and different sodium currents may affect other
AP properties (Platkiewicz and Brette, 2010), we examined AP
waveform. Comparison among groups displayed a significant
age-dependent (F, ;o) = 7.834, p = 0.0061) and sex-dependent
(F(1,110) = 9262, p = 0.0029) effect of early life LPS inflammation
on AP amplitude only in adult male mice (Table 6). Figure 6
shows that in offspring exposed to LPS, AP amplitude was signifi-
cantly larger by ~4% in adult male mice (vehicle 87.5 = 0.41 vs LPS
90.6 * 0.53 mV, Tukey post hoc analysis, p = 0.0011; Table 6-1,
available at https://doi.org/10.1523/JNEUROSCI.2973-18.2019.
t6-1); however, this is most likely a reflection of the hyperpo-
larized AP threshold, as there was no change in the maximum
depolarization attained by the spike. Unlike amplitude, AP
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General morphology of CA1 pyramidal neurons in adult male mice is unaltered by neonatal LPS. 4, Three-dimensional
reconstruction of a representative pyramidal neuron showing the dendritic architecture. Calibration, 30 wm. B, Scatter graph
shows the total dendritic length of individual cells and average per mouse (n = 12—13 cells, 3 mice/group). €, Sholl analysis of
apical dendrites of CA1 pyramidal neurons depict the number of intersections for each concentric circle, starting from the point in
the center of the cell body, and analyzed per 10 m concentric circle. Error bars indicate SEM.

Table 4. Unpaired Student’s t test for comparison the total dendritic length among
vehide and LPS groups of adult male mice

Group Variable t df p
Adult & Veh &LPS 0.68 23 0.5025
Vehn:12,N:3 LPSn:13,N:3

n, Number of cells, N; number of mice.

kinetics including half-width, 10-90% rise time, and 90—-10%
decay time, were not modified by neonatal inflammation
across all conditions, suggesting similar regenerative sodium
and potassium conductances.

Neonatal inflammation did not change Na,

channel expression

As changes in AP properties may result from changes in the ex-
pression level of Na, channels (Platkiewicz and Brette, 2010), we
analyzed the mRNA and protein expression pattern of the Na 1.1
and 1.2, which have been shown to be important in setting the
AP threshold. gPCR data however, revealed that mRNA ex-
pression of both genes analyzed was similar in the hippocam-
pus of adult, neonatally inflamed and control mice as
displayed in Table 7 (SCN1c, females: vehicle 1.04 = 0.09, LPS
1.08 * 0.17; males: vehicle 1.08 = 0.19, LPS 0.80 = 0.12, F, ,g,
= 1.032, p = 0.319; SCN2, females: vehicle 1.09 = 0.13, LPS
1.09 * 0.17; males: vehicle 1.02 = 0.09, LPS 0.85 = 0.03; F(, »g,
= 0.338, p = 0.565; Figure 7A). Consistent with this, immuno-
blotting also revealed no significant differences in hippocampal
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Neonatal inflammation alters the firing threshold of hippocampal neurons from adult male but not female mice. A-D, Representative traces of voltage responses to the indicated ramp

currentinjections (2 s duration) of CA1 pyramidal neurons of adolescent and adult mice treated with Veh (dark line) or LPS (red line) at P14. Calibration: 20 mV/200 pA, 500 ms. Scatter graphs on left
show AP thresholds (APTs) of individual cells and average values per mouse (n = 2631 cells, 5- 8 mice/group). The fractional distribution of cells firing first AP relative to rheobase (depicted as
vertical bars and smoothed line on right) are overlaid by their respective cumulative probabilities. Insets, Rheobase plotted for individual cells and average values per mouse (n = 26 —31 cells, 5- 8
mice/group). **p << 0.01, ****p < 0.0001.

Table 5. Two-way ANOVA for comparison of age, sex, and treatment among groups on action potential threshold and rheobase

Group Variable p Treatment p Interaction p
Age
Female, ¢ Threshold Faa10) = 0.90 0.344 Fa 1) = 0.023 0.880 Fa 0 = 0.413 0.522
Rheobase Fa.110) = 0.097 0.756 Fa110) = 0.034 0.855 Fa10) = 0.137 0.712
Male, & Threshold Fa109 = 25.27 <0.0001 Fi109 = 23.81 <0.0001 Fa109 = 16.5 <0.0001
Rheobase Fa109 = 7.189 0.009 Fi109 = 4159 0.044 Fa109 = 5.152 0.025
Sex
Adolescent, é Threshold Fanoe) = 7.227 0.008 F100) = 0.002 0.965 Fa,109 = 0.579 0.448
Rheobase Fa109 = 1.882 0.173 Fi109 = 0.128 0.721 Fir.109) = 0.021 0.885
Adult, g Threshold Fao) = 124 0.001 Fao =21.23 <0.0001 Fao) = 22.26 <<0.0001
Rheobase Fa.110) = 0.988 0.322 Fa110) = 6.302 0.014 Fa o) = 5315 0.023
Q Vehicle Q LPS & Vehicle 3 LPS
Adolescent n:30,N:6 n:26,N:5 n:30,N:5 n:27, N:5
Adult n:31,N:6 n:27,N:7 n:27,N:8 n:29, N:5

Treatment indicates Veh/LPS. Female & male, @;n, number of cells; N, number of mice.
Post hoc analysis is provided in extended data Table 5-1, available at https://doi.org/10.1523/JNEUR0SCI.2973-18.2019.t5-1.

Na, 1.1 and 1.2 protein expression between adult inflamed and con-
trol mice (values normalized to vehicle controls; Na, 1.1, females:
0.93 £ 0.04, unpaired Student’s ¢ test, t = —1.79, p = 0.12; males:
0.99 £0.065,t = —0.165, p = 0.87; Na, 1.2, females: 1.12 = 0.07, t =

1.68, p = 0.14; males: 1.07 £ 0.06, t = 1.30, p = 0.242; Fig. 7B; Table
7). Thus, the absence of changes in AP dynamics, along with no evident
changes in Na, 1.1 or Na, 1.2 expression suggests that other mechanisms
may account for the differences in excitability that we observed.


https://doi.org/10.1523/JNEUROSCI.2973-18.2019.t5-1

7252 - ). Neurosci., September 11,2019 - 39(37):7244-7259

Table 6. Two-way ANOVA for comparison of age, sex, and treatment among groups on AP kinetics

Gomez et al.  Early Life LPS Increases Adult CAT Excitability

Group Variable p Treatment p Interaction p
Age
Female, @ Amplitude Fag = 1728 0.1914 Fan10) = 1.981 0.1621 Fa110) = 0.761 0.3849
Half-width Famo) = 7.634 0.0067 Famg = 2738 0.1009 Fa 110 = 3.369 0.0692
Rise time Fa 110 = 1441 0.0002 Fa 10 = 3.036 0.0842 Fa110) = 6.892 0.0099
Decay time Fag = 1873 0.1739 Fa110) = 1.703 0.1946 Fao) = 2294 0.1327
Male, & Amplitude Fa109) = 1.183 0.2792 Fr,109) = 6.706 0.0109 Fi109 = 7.834 0.0061
Half-width Fi109) = 31 <<0.0001 Fa.109) = 0.079 0.7787 Fa100) = 2.093 0.1509
Rise time Fi100) = 36.97 <<0.0001 Ft,109 = 0.108 0.7426 Fi109) = 2353 0.1280
Decay time Fa,1009 = 31.02 <<0.0001 Fir,109 = 0.268 0.6060 Fa109 = 2544 0.1136
Sex
Adolescent, 85 Amplitude Fa.109) = 0.023 0.8804 Fan009) = 1475 0.2272 Fa109 = 1.044 0.3091
Half-width Fa100) = 2.67 0.1052 Fr109 = 4153 0.0440 F109) = 0252 0.6165
Rise time Fi109) = 1.09 0.2987 Fr.100) = 6.663 0.0112 Fa109) = 0.907 0.3428
Decay time Fa109) = 7.207 0.0084 Fa1009 = 4.36 0.0391 Fa.109 = 0.004 0.9510
Adult, 99 Amplitude Fa 1) = 5:638 0.0193 Fa110) = 6.056 0.0154 Fa 110y = 9.262 0.0029
Half-width Faiie = 5238 0.0240 Fa g = 1.052 0.3074 Fa110) = 0.631 0.4288
Rise time Fa1) = 3396 0.0681 Faim0) = 1.845 0.1772 Fa.110) = 0.068 0.7952
Decay time Fame = 518 0.0248 Fa 110 = 0.707 0.4022 Fa ) = 0379 0.5394
Q Vehicle Q LPS 3 Vehicle 3 LPS
Adolescent n:30,N:6 n:26,N:5 n:30,N:5 n:27,N:5
Adult n:31,N:6 n:27,N:7 n:27,N:8 n:29,N:5
Treatment indicates Veh/LPS. Female & male, @;n, number of cells; N, number of mice.
Post hoc analysis is provided in extended data Table 6-1, available at https://doi.org/10.1523/JINEUR0SCI.2973-18.2019.6-1.
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Figure 6. Neonatal inflammation does not affect AP kinetics of CAT hippocampal neurons from adolescent or adult mice. A, AP waveforms for CA1 pyramidal neurons from (A,) adolescent and
(A,) adult mice, are depicted as average voltage response of the first AP elicited by ramp current injections from the total traces per each group (Veh, dark line; LPS, red line). Calibration, 2 ms. B;,
B,, Summary scatter graphs plotting individual cells and average values per mouse (n = 26 —31 cells, 5—- 8 mice/group) for AP amplitude, half-width, 10-90% rise time, and 90 —10% decay time.
Only AP amplitude for adult male LPS pretreated mice was changed. **p << 0.01.
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Table 7. Statistical comparisons of sex and treatment among groups on Na, channel expression

J. Neurosci., September 11,2019 - 39(37):7244-7259 « 7253

Two-way ANOVA

Group Variable Sex p Treatment p Interaction p
Adult, g ST Fii,28 = 0.559 0.461 Fir,28) = 0.564 0.459 Fia = 1.032 0.319
SN2 Frzg = 1.085 0307 Fizg = 0330 0.570 Frzg = 0338 0.565
Unpaired Student's t test ? 3
Group Variable t p t p
Adult, @ Na, 1.1 —=1.79 0.12 —0.165 0.87
Na, 1.2 1.68 0.14 130 0.242
Group Variable Q Vehicle Q LPS & Vehicle 3 LPS
gPCR SCN N:10 N:10 N:6 N:6
Western Na, N:4 N:4 N:4 N:4
Treatment indicates Veh/LPS. Female & male, é;FemaIe, ?, Male, &; N, number of mice.
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Figure7. Neonatalinflammation did not modify the mRNA and protein expression of voltage gated sodium channel subunitsin the hippocampus of adult mice. 4, Summary scatter graph of mean
(horizontal line) and individual animal (6 —10 mice/group) relative expression of SCN7cand SCN2 (normalized to vehicle, 2 ~“~")in adult male and female mice treated with LPS or vehicle on P14.
B, Top, Immunoblots of Na, 1.1and 1.2 (~240kDa) from hippocampal membranes in control and neonatally inflamed adult mice. Quantification of Na, 1.1 and 1.2 band-density measurements were
normalized to the corresponding vehicle whole-lane total protein of the same membrane (lower gel, Total protein) using Image Lab 6.0 software. No significant change in Na, 1.1 and 1.2 protein
levels was detected as a result of the LPS treatment (N = 4 mice/group; each symbol represents 1 animal and the horizontal lines are the mean).

Chloride overload influence on AP threshold and R, of
CA1l neurons
We further tested for a possible mechanism that would explain
lower AP threshold and higher Ry, following early life inflamma-
tion. It has been known for several years that chloride gradients
modify the properties of the axon initial segment where APs are
generated (Khirug et al., 2008). Recent observations demonstrate
that AP threshold and R;, can be substantially modified by
changes in transmembrane chloride gradients in hippocampal
pyramidal neurons (Rinke et al., 2010; Sorensen et al., 2018). The
gradient for this ion is determined, in part, by chloride influx
through NKCCI and efflux through K*-Cl~ cotransporter 2
(KCC2; Farrantand Kaila, 2007), and a shift in the expression and
activity of these transporters alters chloride homeostasis. Inter-
estingly, a recent study, performed only in male rats, from our
laboratory demonstrated that early life inflammation causes an
increase in NKCCI expression in the hippocampus (Reid et al.,
2013). This enabled us to hypothesize that the alterations in AP
threshold and in R;, induced in adults by neonatal inflammation
may be due to changes in chloride homeostasis.

The GABA reversal potential (Eg,p,), is dependent largely
upon chloride ion concentration. Thus, to directly test for

changes in chloride homeostasis following neonatal inflamma-
tion, we measured E;,p, in slices obtained from adult mice
treated with LPS at P14. We examined the effect of postsynaptic
membrane voltage on evoked inhibitory postsynaptic GABA cur-
rents in CA1 pyramidal neurons (Fig. 8A). Statistical analysis
showed a sex-dependent effect of the early life LPS treatment on
Ecapa (F(163) = 14.69, p = 0.0003; Table 8). This significant
effect was attributed to adult male mice, where whole-cell record-
ings showed that neonatal inflammation caused a significant de-
polarizing shift in Eg 5, (vehicle —57.71 * 0.94 vs LPS —49.13 =
1.33 mV, p < 0.0001; Fig. 8A,; Table 8-1, available at https://
doi.org/10.1523/JNEUROSCIL.2973-18.2019.t8-1). However, no
effect of neonatal inflammation was seen in adult females (vehicle
—57.30 £ 1.06 vs LPS —59.09 = 0.79 mV, p = 0.999; Fig. 8A,).
Our observations indicate that neonatal inflammation causes a
depolarizing shift in E;,, in adult males, suggesting a high in-
tracellular chloride concentration; thus, this finding parallels the
observations of altered excitability, R;,, and AP threshold only in
neonatally inflamed adult male mice.

Changes in Cl~ homeostasis can be the result of either
changes in the transporter expression and/or activity of NKCC1
and KCC2. To explore differences in the functional expression of
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Figure8. Whole-cell and gramicidin perforated-patch recordings show that E¢g, is depolarized in hippocampal CAT pyramidal neurons of neonatally inflamed male mice. 4,, Left, Top diagram
illustrating chloride homeostasis in a vehicle-treated adult pyramidal cell; low relative activity of NKCCT and high activity of KCC2 maintains low intracellular chloride (blue fill). Bottom diagram
illustrates chloride homeostasis in an adult neonatally inflamed pyramidal cell with a more active (larger blue barrel) NKCCT and normal activity KCC2 (red barrel) maintaining a higher intracellular
chloride level (bluefill). Right, whole-cell, representative evoked IPSC recordings of CA1 pyramidal neurons from adult male control (dark lines) and neonatally inflamed (red lines) mice. Calibration:
100 pA, 20 ms. Whole-cell, Current—voltage (/-V) curve of evoked IPSCs recorded at different holding potentials from —80 to —30 mV in 10 mV increments of 15-19 hippocampal neurons from
control (black) or inflamed (red) mice. Inset, Plot shows individual cell E¢ g, values and average values per mouse obtained from all /~V curves indicating a depolarizing shift in inflamed male, but
not female mice (n = 15-19 cells, 4 mice/group). A,, Top, Immunoblots of p-NKCCT (~140 kDa) and p-KCC2 (~140 and ~270 kDa) from CA1 hippocampal tissue in control and neonatally
inflamed adult mice. Quantification of p-NKCC1 and p-KCC2 band density measurements were normalized to the corresponding vehicle whole-lane total protein of the same membrane (lower gel,
Total protein) using Image Lab 6.0 software. Significant increase in p-NKCC1 protein level was found only in adult male mice previously exposed to LPS at P14 (N = 6 mice/group; each symbol
represents one animal and the horizontal lines are the mean). Whole-cell (B,) and gramicidin (B,) recordings show that acutely applied bumetanide (10 wm) is without effect on Eg g, in
vehicle-treated animals (control, black; bumetanide, gray). Insets, Representative IPSCrecordings and E, 4 of individual cells and average values per mouse in the two groups. Interestingly, acutely
applied bumetanide (10 pum; LPS, red; bumetanide, pink) reversed the neonatal inflammation-induced depolarizing shiftin E;g,; insets show representative IPSCs and individual Eg g, of individual
cells and average values per mouse in the two groups (n = 12-20 cells, 4 mice/group). Error bars indicate SEM. *p << 0.05, ***p = 0.0001, ****p << 0.0001.

chloride cotransporters that could account for the differences in
Egapa> We analyzed phosphorylated protein levels of NKCC1 and
KCC2 in membrane extracts from dissected dorsal CA1 hip-
pocampal tissue. Immunoblots from both control and neonatally
inflamed adult mice, showed two prominent bands for NKCCI at
~140 kDa, consistent with the previously reported presence of
multiple sites where phosphate binds to the NKCCI protein

(Darman and Forbush, 2002); and two bands for KCC2 at ~140
kDa and ~270 kDa, which correspond to a monomeric and di-
meric form (Blaesse et al., 2006; Hewitt et al., 2009). Densitomet-
ric analysis revealed that in offspring exposed to LPS, NKCC1
protein expression was significantly higher in CA1 hippocampal
tissue from adult male mice (values normalized to vehicle con-
trols; NKCCI 1.519 * 0.08, unpaired Student’s t test, t = 2.87,
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Table 8. Statistical comparisons of sex and treatment among groups on E,5, , and NKCC1 and KCC2 expression levels

Two-way ANOVA

Group Variable Sex p Treatment p Interaction p
Adult

g Ecag Foes = 1199 0.001 Fo = 1617 0.0002 Fogy = 14.69 0.0003

Treatment Drug

3?2 Egaen Fiae = 9839 0.003 Fiae = 8768 0.0048 Foag = 1235 0.001

33 Ecasa a7 = 49.14 <0.0001 Fir.72) = 20.06 <0.0001 Foz = 4193 0.0443
Unpaired Student’s ¢ test Q 3
Group Variable t p t p

Adult, © NKKCT 171 0.15 287 003

KcQ2 0.70 0.52 1.03 033

Group Q Vehicle Q LPS 3 Vehidle d LPS

Whole-cell Ecapa n:16,N:4 n:15,N:4 m17,N:-4 19, N:-4

Whole-cell 2 m12,N:4 13, N:4

Perforated > n:18,N: 4 n:20,N: 4

Western NKCC/KCC N:6 N:6 N:6 N:6

Treatment indicates Veh/LPS. Drug, Bumetanide (—/+); female & male, é;female, Q,male, & ; n, number of cells; NV, number of mice.
Post hoc analysis is provided in extended data Table 8-1, available at https://doi.org/10.1523/JNEUR0SCI.2973-18.2019.t8-1.

p = 0.03; Fig. 8A4,; Table 8), with no changes in KCC2 expression
levels (KCC2 1.231 £ 0.22, t = 1.03, p = 0.33; Fig. 8A,; Table 8).
Also, no effect of neonatal inflammation on NKCC1 and KCC2
protein expression was seen in adult female mice (NKCC1 0.91 =
0.05,t=1.71,p = 0.15,KCC2 1.04 * 0.09, t = 0.70, p = 0.52; Fig.
8A,; Table 8). Together, these results strongly imply increased
active transport via NKCC1 in CA1 pyramidal neurons of adult
male mice exposed to LPS at P14, which would result in high
intracellular chloride concentration that in turn could contribute
to aberrant excitability in these pyramidal neurons. For the fol-
lowing experiments, only males were used because females did
not display altered chloride homeostasis and intrinsic electro-
physiological properties.

To determine whether the high NKCC1 expression level is
responsible for the neonatal inflammation-induced shift in
Easa, we examined the effects of bumetanide (10 um), a phar-
macological inhibitor of NKCC1, on slices obtained from neona-
tally inflamed animals. In these conditions, bumetanide reversed
the shiftin Eg 5, (LPS —47.3 * 1.69; plus bumetanide —56.08 =
1.16 mV, p = 0.0001; Fig. 8B;; Table 8-1, available at https://
doi.org/10.1523/JNEUROSCI.2973-18.2019.t8-1); in contrast,
bumetanide caused no changes in E; 5, in hippocampal neurons
in the control group. A depolarizing shift in E;, 5, was also ob-
served in CA1 pyramidal neurons of adult male mice neonatally
exposed to LPS when gramicidin perforated patch recordings
were performed (vehicle —68.8 = 0.8 vs LPS —60.9 = 0.9 mV,
p < 0.0001; Fig. 8B,). Furthermore, bumetanide again reversed
the shift in Ei, 5, in these conditions (LPS —60.9 = 0.9 mV; plus
bumetanide —66.6 * 0.8 mV, p < 0.0001; Fig. 8B,). These data
demonstrate that NKCC1 blockade, by reducing the intracellular
chloride concentration only in neonatally inflamed, adult male
CA1 pyramidal cells, re-establishes an intracellular chloride con-
centration approximating that seen in control adult males.

Finally, to investigate whether the lower AP threshold and
higher R;, following neonatal inflammation are linked to a chlo-
ride overload, we examined the effects of bumetanide on intrinsic
electrophysiological membrane alterations induced by neonatal
inflammation (Fig. 9; Table 9). NKCC1 blockade with bumet-
anide had no effect on AP threshold (p = 0.5944; Fig. 9A; Table
9-1, available at https://doi.org/10.1523/JNEUROSCI.2973-
18.2019.t9-1), R;, (p = 0.999; Fig. 9B), or excitability (for all
values p > 0.05; Fig. 9C) in animals that were treated with vehicle

as neonates. However, we found that by acutely blocking NKCC1
in neonatally inflamed adult male CA1 pyramidal neurons, the
atypical hyperpolarized AP threshold induced by neonatal in-
flammation was brought back close to control values (LPS
—47.21 * 0.62; plus bumetanide —44.46 * 0.88 mV, p = 0.0003;
Fig. 9A; Table 9-1, available at https://doi.org/10.1523/
JNEUROSCI.2973-18.2019.t9-1). Furthermore, the increase in
R;, evoked in hippocampal neurons by neonatal inflammation
was also lowered close to control levels by NKCC1 blockade (LPS
144.4 = 5.7 plus bumetanide 127.6 * 5.3 MQ, p = 0.011; Fig.
9B), as was also seen for the firing rate (for all significant values
p < 0.05; Fig. 9C). These data suggest that the mechanisms un-
derlying the alterations in AP threshold, R;, and excitability of
adult CA1 pyramidal neurons caused by neonatal inflammation
may involve an intracellular chloride overload.

Discussion

This study provides new evidence that early life inflammation
with LPS alters the intrinsic electrophysiological properties in
CA1 pyramidal neurons, in a manner that varied by age and sex.
These changes included increases in R;, and a more hyperpolar-
ized AP threshold, alterations that may underlie increased excit-
ability seen in response to depolarizing current. There was also a
depolarizing shift in E; 45, that was reversed by acute application
of the NKCC1 blocker, bumetanide. Interestingly, the intrinsic
changesin R; , AP threshold and excitability seen in neurons after
early life inflammation were also reversed by acute application of
bumetanide. A second remarkable finding here is that all of these
changes were only seen in adult males, and not in adult females or
adolescent animals of either sex. Together, these observations
demonstrate that a single, transient episode of neonatal inflam-
mation caused CA1 pyramidal neurons of adult male mice to be
intrinsically more excitable than controls. This could be a con-
tributing factor to altered network excitability during develop-
ment and raises the possibility that such changes may underlie
some of the many changes in behavior seen in adult animals after
early life inflammation.

The increased excitability seen in response to depolarizing
current pulses could result from either the increased R;,, (~34%),
or the shift of AP threshold to more hyperpolarized potentials
(~5mV). Although we do not know at this time what accounts
for the alteration in R;, the fact that resting membrane potential

n
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Figure9.

Inhibition of chloride overload with acutely applied bumetanide resets the AP threshold and R, ,, and reverses the hyperexcitability in adult neonatally inflamed CA1 pyramidal cells. A,

Representative traces of voltage responses to the indicated ramp current injections before (top traces) and after (bottom traces) bath application of bumetanide (10 wum) from CA1 pyramidal neurons
of adult male mice treated with Veh (black/gray) or LPS (red/pink) at P14. Calibration: 20 mV/200 pA, 500 ms. Bottom summary scatter graphs of individual cells and average per mouse show that
bumetanide restored the atypical hyperpolarized AP threshold induced by neonatal inflammation without any change in controls. B, Bumetanide also reversed the neonatal inflammation-induced
increased in R,, (colors as in A). Top, Representative voltage responses to current injections. Calibration: 10 mV/100 pA, 100 ms. Lower individual cellular R, and average per mouse before and after
bumetanide in Veh and LPS pretreated groups. €, Bumetanide reduced firing frequency (top, representative traces; calibration: 20 mV/170 pA, 200 ms; bottom, plots of firing frequency in response
to current injections; colors asin A), in neonatally inflamed (LPS) cells, without any significant effect in hippocampal neurons in control group. n = 15-17 cells, 5 mice/group for each dataset. *p <<

0.05, ***p < 0.001, ****p < 0.0001.

Table 9. Statistical comparisons of treatment among groups on intrinsic membrane properties

Group Variable Treatment p Drug p Interaction p
Two-way ANOVA
Adult, & AP Threshold Fago =441 <0.0001 Fago) = 15.36 0.0002 Fa60) = 4.364 0.0410
R, Fae0) = 48.55 <0.0001 Fa 60 = 4782 0.0327 Fa.60) = 4769 0.0329
Three-way ANOVA
Adult, & Firing rate F1.30) = 5.088 0.0315 Fa30) = 46.44 <0.0001 Fa30 = 20.61 <<0.0001

Treatment indicates vehicle (n:15, N:5)/LPS (n:17, N:5). Drug, Bumetanide (—/); male, &; n, number of cells; N, number of mice
Post hoc analysis is provided in extended data Table 9-1, available at https://doi.org/10.1523/JNEUR0SCI.2973-18.2019.19-1.

was unaltered argues against a change in a potassium-mediated
leak current. A possibility is the hyperpolarization-activated cur-
rent, which is a voltage-dependent and cAMP-mediated cationic
inward current known to regulate R;,, (Shah, 2014), and which is
normally somewhat active also at resting potential. Likewise the
M-current also contributes to resting membrane conductance
and acts to clamp the membrane potential at rest (Harnett et al.,
2015). Interestingly, both channels are known to be affected by
inflammation (Djouhri et al., 2015; Tzour et al., 2017). Also, the
voltage- and chloride-sensitive channels (CIC-2), which are ex-
pressed in CA1 pyramidal neurons, have been implicated in reg-
ulating the R;, and AP threshold (Rinke et al., 2010). Obviously,
the potential roles of alteration in membrane ion channels in
neonatally inflamed animals will be fruitful areas for future
investigation.

We believe it unlikely that early life inflammation with LPS
results in either a seizure-induced or a toxic effect to cause cell
death of specific cell populations in adult male mice. There has
never been any evidence that acute LPS alone causes a seizure in
P14 rodents unless they are seizure-prone, although there is am-
ple evidence that neuroinflammation contributes to seizures in
an epilepsy prone animal (Vezzani et al., 2013). Even if LPS did
cause a seizure, it has long been known that, with the possible

exception of lithium-pilocarpine-induced status epilepticus
(Torolira et al., 2016), even tonic-clonic seizures of 1-2 h dura-
tion in young animals (e.g., <18 d) causes no histopathological
damage, unlike what is seen in animals older than P30 (Ben-Ari et
al., 1984; Nitecka et al., 1984; Sperber et al., 1991). With respect to
LPS alone (i.e., no seizure) causing injury, neither in adult
(Mouihate and Pittman, 1998) nor in neonatal rodents (Lee et al.,
2000; Heida et al., 2004, 2005) has any evidence been found for
neuronal damage in CA1 (or elsewhere) after acute doses of LPS
in the amounts we use. This is corroborated by our analysis that
revealed a similar distribution of bursting versus nonbursting
CA1 pyramidal cell types in the LPS and vehicle pretreated adult
males, the identical cell capacitances and our Golgi analysis that
indicated similar dendritic trees in the two populations.

The hyperpolarizing shift in AP threshold associated with a
25% decrease of rheobase suggests a change in the properties of
the underlying voltage-dependent sodium, potassium, or cal-
cium ion channels (Platkiewicz and Brette, 2010). The inherent
space clamp problems associated with recording from pyramidal
cells with their large dendrites precludes voltage-clamp experi-
ments to identify activation or inactivation thresholds. However,
it is noteworthy, and unexpected, that when we examined in
current-clamp aspects like rise time, AP width, and height, the
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only change was in amplitude and this most likely arises from
the hyperpolarized initiation of the AP. Taking into account that
the major sodium channel subtype expressed in the hippocampus
is Na,1.2 (Westenbroek et al., 1989), and that Na,1.1 has been
shown to play a critical role in hyperexcitability conditions (Es-
cayg and Goldin, 2010), the expression of their mRNA transcript
and protein was measured. However, in keeping with the identi-
cal AP waveform, our data from qPCR and Western blot did not
reveal any significant differences in voltage-gated sodium chan-
nel expression. An important caveat here is that our approach in
which we measured mRNA expression as well as protein levels in
CA1 hippocampus, does not rule out possible change in intracel-
lular versus membrane distribution, or redistribution to different
parts of the somatodendritic membrane (Trimmer and Rhodes,
2004), nor would it have the necessary fidelity to identify signif-
icant changes only in the pyramidal cell in ruling out their
contribution to modifying the AP threshold in inflamed CA1
pyramidal neurons.

AP threshold and R;, have recently been shown to be substan-
tially modified by changes in transmembrane chloride gradients
in hippocampal pyramidal neurons (Rinke et al., 2010; Serensen
et al., 2018), changes that may underlie some of the increased
excitability associated with raised intracellular chloride (Alfonsa
et al., 2015). Neuronal chloride homeostasis is maintained pri-
marily by chloride influx through NKCC1 and efflux through
KCC2 (Kaila et al., 2014). Under physiological conditions in
adult brain, intracellular chloride is kept at a low concentration,
normally driving its flow into the neurons (Misgeld et al., 1986;
Farrant and Kaila, 2007; Blaesse et al., 2009). High intracellular
chloride levels however, are found in immature neurons (Ben-
Ari et al., 1989, 1997; Owens et al., 1996; Sulis Sato et al., 2017)
and in epileptic brain (Okabe et al., 2002; Ben-Ari, 2006; Bar-
mashenko et al., 2011; Raimondo et al., 2015), where chloride
flows in the opposite direction and depolarizes neurons. Here, we
provide strong evidence indicating that early life inflammation
induced by LPS at P14 increases intracellular chloride concentra-
tion in CA1 pyramidal neurons from adult male, but not female
mice; this is revealed as a depolarizing shift in the Eg 5, suggest-
ing that these changes may contribute to the hyperexcitability
found within these neurons. Previous findings from our research
group reported that early life inflammation induced increased
NKCC1 expression in the hippocampus of male adult rats (Reid
etal., 2013). Here we report additional data indicating that adult
male, but not female mice exposed to neonatal inflammation,
displayed higher NKCC1 protein expression in CA1 hippocam-
pal tissue compared with controls. Hence, the (presumably) high
intracellular chloride levels found here may be caused by a change
in NKCCI expression in CAl neurons toward levels found in
immature neurons. Supporting this hypothesis, we also found
that inhibiting chloride influx through NKCC1 with the selective
inhibitor, bumetanide, reversed the shift in E;p,. Of course, as
intracellular chloride levels are regulated by the relative activity of
both NKCC1 and KCC2, we cannot differentiate whether the
bumetanide, through inhibition of NKCCl, is effective in restor-
ing the depolarized reversal potential to control levels by inhib-
iting excessive NKCCI activity, or is merely reducing its (normal)
activity to enable a compromised KCC2 to function more effec-
tively. Our biochemical and molecular data would suggest the
former explanation. It is interesting that levels of NKCCI nor-
mally begin to decline between postnatal weeks 1 and 2 (Ben-Ari
etal., 2012), around the time when neonatal LPS is administered.
This timing may suggest that inflammation somehow prolongs
its expression/activity into adulthood, similar to how neonatal
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seizures induced a progressive NKCC1-dependent intracellular
chloride accumulation in the hippocampus that is prolonged into
adulthood (Dzhala et al., 2010). On the other hand, it has been
shown that the expression level of KCC2 in male rodents at P14 is
lower compared with females (Galanopoulou et al., 2003;
Murguia-Castillo et al., 2013), therefore we cannot overlook the
possibility that a sex-specific KCC2 expression at the time of LPS
exposure may also contribute to male vulnerability when LPS is
injected. Whichever transporter is involved, our results further
corroborate previous findings showing alteration of GABA func-
tion, and in particular a positive shift in E;,5, associated with
increased intrinsic excitability in hippocampal neurons in several
pathological conditions (Barmashenko et al., 2011; Deidda et al.,
2015; MacKenzie and Maguire, 2015; Ben-Ari, 2017), where ei-
ther under expression/activity of KCC2 or over expression/activ-
ity of NKCC1 has been shown to play an essential role.

One of the most exciting findings is that the mechanism be-
hind the increased R;,, and the hyperpolarized AP threshold in-
duced by early life inflammation is probably linked to a high
intracellular chloride concentration. This is supported by our
results showing a reversal of the R;, changes, and the atypical
hyperpolarized AP threshold and altered rheobase by bumet-
anide, ultimately controlling the aberrant excitation in inflamed
CA1 neurons. A caveat here is that there may be off-target effects
of bumetanide of which we are unaware. However, a mechanism
that involves a chloride overload in hippocampal pyramidal neu-
rons induced by optogenetic activation has also been shown to
significantly lower AP threshold and led to enhanced excitatory
activity in these neurons (Sgrensen et al., 2018). Further, CIC-2
channels have been proposed to help regulate intracellular chlo-
ride concentration. The direction of chloride flow through CIC-2
channels has been debated because of the rectification properties
of the channel, but because chloride flux is dictated by the elec-
trochemical chloride gradient, CIC-2 channels normally let chlo-
ride flow into the neuron (Ratté and Prescott, 2011). Only in
conditions where the electrochemical gradient for chloride is re-
versed, CIC-2 serves to extrude chloride (Staley, 1994; Rinke et
al., 2010). Indeed, a role of CIC-2 in regulating neuronal excit-
ability through changes in AP threshold and R;, was found (Staley
et al., 1996; Rinke et al., 2010). Interestingly, it has been shown
that CIC-2 activates at membrane potential more negative that
the Egapa (Madison et al., 1986; Staley et al., 1996). As Eg g4 Was
substantially depolarized in the neonatally inflamed CA1 pyrami-
dal cells from adult male mice, it is unlikely that CIC-2 is less
active in these neurons. Thus, reduced CIC-2 is unlikely to be
responsible for the increased input resistance we see. Additional
studies however, are required to further elucidate the exact mech-
anisms by which high intracellular chloride affects AP threshold,
R;, and firing rate.

Finally, we report sex-specific differences in response to neo-
natal inflammation in adult mice that only appear post puberty.
Although beyond the scope of the current paper, future studies
must be directed to determine the mechanism(s) for this.
Whether estrogens suppress the early life effects of LPS, or
whether androgens are permissive, is not currently known and
will entail extensive experimentation involving manipulation of
sex hormones. However, it would appear that the resistance to
early life LPS induced changes in the three groups that lack tes-
tosterone (prepubertal males and females and postpubertal
females) suggests a permissive action of the male hormones. An-
other possibility is that the differential steroidogenesis seen in
male and female neonatal brain (Konkle and McCarthy, 2011), or
the different developmental trajectory of the male and female
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brain in early life (Schwarz et al., 2012) may come into play are
only some of the interesting questions raised by this study.
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