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Abstract 31 

Early life inflammatory-stress increases seizure susceptibility later in life. However, possible 32 

sex- and age-specific differences and the associated mechanisms are largely unknown. C57/BL6 33 

mice were bred in house, and female and male pups were injected with lipopolysaccharide (LPS, 34 

100 μg/kg i.p.) or vehicle control (saline solution) at postnatal day 14 (p14). Seizure threshold 35 

was assessed in response to pentylenetetrazol (1% solution, i.v.) in adolescence (~p40) and 36 

adulthood (~p60). We found that adult, but not adolescent mice treated with LPS displayed 37 

~34% lower seizure threshold compared with controls. Females and males showed similar 38 

increased seizure susceptibility, suggesting that altered brain excitability was age, but not sex-39 

dependent. Whole-cell recordings revealed no differences in excitatory synaptic activity onto 40 

CA1 pyramidal neurons from control or neonatally-inflamed adolescent mice of either sex. 41 

However, adult mice of both sexes previously exposed to LPS displayed spontaneous EPSC 42 

frequency approximately twice of that of controls, but amplitude was unchanged. Although these 43 

changes were not associated with alterations in dendritic spines or in the NMDA/AMPA receptor 44 

ratio, they were linked to an increased glutamate release probability from Schaffer collateral, but 45 

not temporoammonic pathway. This glutamate increase was associated with reduced activity of 46 

presynaptic GABAB receptors, and was independent of the endocannabinoid-mediated 47 

suppression of excitation. Our new findings demonstrate that early life inflammation leads to 48 

long-term increased hippocampal excitability in adult female and male mice associated with 49 

changes in glutamatergic synaptic transmission. These alterations may contribute to enhanced 50 

vulnerability of the brain to subsequent pathological challenges such as epileptic seizures. 51 

  52 
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Significance statement 53 

Adult physiology has been shown to be affected by early life inflammation. Our data reveal that 54 

early life inflammation increases excitatory synaptic transmission onto hippocampal CA1 55 

pyramidal neurons in an age-dependent manner through disrupted presynaptic GABAB receptor 56 

activity on Schaffer collaterals. This hyperexcitability was only seen in adult, and not in 57 

adolescent animals of either sex. The data suggest a maturation process, independent of sex, in 58 

the priming action of early life inflammation and highlight the importance of studying mature 59 

brains to reveal cellular changes associated with early life interventions.   60 
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Introduction 61 

Preclinical and clinical studies have indicated that exposure to stressful/inflammatory events 62 

during the early postnatal period can have an impact on brain physiology and behavior later in 63 

life (Hagberg et al., 2012; Danese and Lewis, 2017; Pittman et al., 2019). Along these lines, 64 

alterations in neuroimmune functions, behavioral responses, and endocrine changes have been 65 

previously described in adult life resulting from a single inflammatory event during a critical 66 

period of development caused by the endotoxin lipopolysaccharide (LPS) (Rana et al., 2012; 67 

Pittman et al., 2019). Furthermore, early life exposure to inflammatory stressors, such as LPS has 68 

been shown to prime the brain to subsequent pathological challenges during adulthood, including 69 

responses to physiological and behavioral stressors, and seizure susceptibility (Bilbo et al., 2005; 70 

Heida et al., 2005; Galic et al., 2008; Walker et al., 2009; Auvin et al., 2010; Reid et al., 2012; 71 

Lewis et al., 2018; Aboubakr et al., 2019; Semple et al., 2020). There is however, a limited 72 

understanding of the mechanisms underlying such vulnerability. Previous studies have given 73 

LPS at various times after birth; popular paradigms are administration of 2 doses within the first 74 

5 days of life (most likely equivalent to a 3
rd

 trimester human) and a single injection at postnatal 75 

day 14 (p14), thought to reflect brain development in an infant human of ~6 months of age 76 

(Romijn et al., 1991). Because of the rapid developmental changes seen in the rodent brain 77 

within the first 3 weeks of life (Dutta and Sengupta, 2016), we have focused our discussion on 78 

findings arising from single low dose (100 g/kg) of LPS at p14, a time near the end of the stress 79 

hyporesponsive period (Schmidt et al., 2003) and when neuronal chloride homeostasis is 80 

approximating that of the adult (Ben-Ari et al., 2012). 81 

Early studies have shown that systemic inflammation induced by p14 LPS in rats, although not 82 

associated with central nervous system damage (Lee et al., 2000; Heida et al., 2004; Heida et al., 83 
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2005), results in transient activation of microglia and generation of cytokines, similar to what is 84 

seen in adult animals (Galic et al., 2008; Dinel et al., 2014). Most studies of outcomes of early 85 

life exposure to inflammation have been limited to males, although experiments in which both 86 

sexes were compared have found some responses to be sex-dependent, whereas others are not. 87 

For example, there are interesting sex-dependent differences in some, but not all CNS 88 

neurochemical and morphological responses (Spencer et al., 2006; Kentner et al., 2010; Berkiks 89 

et al., 2019b). Depending upon the study, there are reported sex-dependent differences in 90 

depressive and anxiety-like behaviors (Doenni et al., 2017; Berkiks et al., 2019a), but not in adult 91 

social behavior after early life LPS in rats (Doenni et al., 2016). At the molecular level, we 92 

previously observed that early life inflammation induced aberrant intrinsic properties in CA1 93 

pyramidal neurons in only adult male mice (Gomez et al., 2019). Several reports indicate that 94 

early life inflammation increases brain excitability, reflected in part by reduced chemically or 95 

electrically induced seizure thresholds in male rats (Heida et al., 2005; Galic et al., 2008; Auvin 96 

et al., 2010; Dupuis et al., 2016), or by increased epileptiform-like activity after combined pre- 97 

and postnatal inflammatory stimuli in male mice (Missig et al., 2018). One study in the 98 

genetically altered BTBR mouse suggested that early life inflammation decreased seizure 99 

thresholds in both males and females (Lewis et al., 2018). However, sex dependency has not 100 

been explored in the C57BL/6 mouse, which is an important omission as we had previously 101 

observed specific changes in membrane properties in only adult males of this strain. These 102 

differences prompted us to ask if early LPS would alter seizure susceptibility in an age- or sex-103 

dependent manner in C57BL/6 mice, and whether any differences would be correlated with 104 

alterations in hippocampal synaptic transmission in order to find the underlying mechanisms. 105 

  106 
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Materials and methods 107 

Early Life Inflammation 108 

All protocols received approval of the University of Calgary Animal Care committee and 109 

experiments were conducted in accordance with the Canadian Council on Animal Care 110 

regulations. C57BL/6 mice (Charles River Laboratories) were maintained under standard 111 

specific pathogen-free conditions at 20-21C, on a 12 h light/dark cycle (light onset at 07:00 112 

A.M.) with food and water available ad libitum. The early life inflammation paradigm was 113 

performed as we previously described (Gomez et al., 2019). Briefly, females were bred, then 114 

separated and monitored for the day of birth of the offspring. On p14, male and female offspring 115 

in each litter were randomly chosen to receive either pyrogen-free saline (vehicle; 1 mL/kg) or 116 

lipopolysaccharide (LPS, Escherichia coli, serotype 026:B6 100 g/kg, i.p.), a molecule derived 117 

from gram negative bacteria that we have earlier shown to induce a transient fever and a mild 118 

peripheral and central inflammatory response in the host (Heida et al., 2004; Ellis et al., 2005; 119 

Galic et al., 2009). For all subsequent experiments, both female and male offspring were 120 

included to reveal any sex-specific interaction and pups were taken from multiple litters to 121 

mitigate possible differences in individual maternal care, litter and cohort effects. After the early 122 

life treatment, offspring were marked on their ears for later identification, then were returned to 123 

their dams, weaned at p21, and housed three to five per cage, assigned by sex and randomly by 124 

treatment.  125 

 126 

Pentylenetetrazol seizure susceptibility assessment 127 
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We explored the effect of early life inflammation on seizure susceptibility in adolescent (~p40) 128 

and adult (~p60) mice neonatally exposed to either LPS or vehicle on p14. With this purpose, the 129 

seizure threshold was determined as previously described (Riazi et al., 2004; Lewis et al., 2018). 130 

Intravenous infusion of the pro-convulsive agent pentylenetetrazol (PTZ, 1% solution; Sigma-131 

Aldrich) was given to the unrestrained mice through the tail-vein at a rate of 1 mL/min using an 132 

infusion pump. The infusion was terminated when a generalized tonic-clonic seizure was 133 

observed. The PTZ amount (mg/kg) necessary to induce a generalized seizure was then 134 

calculated, and used as a measure of seizure susceptibility. 135 

 136 

In vitro hippocampal electrophysiology 137 

To assess whether synaptic properties are altered in later life, adolescent (p35-45) and adult 138 

(p60-70) mice of both sexes, treated with either LPS or vehicle on p14 (hereafter labeled as LPS 139 

or Veh), were anesthetized with isoflurane and perfused via the heart with cold slicing solution 140 

containing (in mM): 87 NaCl, 2.5 KCl, 25 NaHCO3, 0.5 CaCl2, 7 MgCl2, 1.25 NaH2PO4, 25 D-141 

glucose, and 75 sucrose. Both slicing and aCSF solutions (described below) were continuously 142 

bubbled with a gas mixture of 95% O2 and 5% CO2 to maintain a pH at 7.4. Brains were 143 

extracted and transverse slices (300 m) of the dorsal hippocampus were taken at a 45 degree 144 

angle from the coronal plane using a Vibratome VT1200S (Leica), as we earlier described 145 

(Gomez et al., 2019). We focused on the dorsal hippocampus in this study because of known 146 

differences in pyramidal cell properties and function of the hippocampus along its dorsal and 147 

ventral extent (Strange et al., 2014). Slices were immediately transferred to a submerged 148 

chamber containing warm (32C) artificial cerebrospinal fluid (aCSF) composed of (in mM): 149 
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126 NaCl, 2.5 KCl, 26 NaHCO3, 2.5 CaCl2, 1.5 MgCl2, 1.25 NaH2PO4 and 10 D-glucose, kept 150 

for 60 min, and then maintained at room temperature for 30 mins before recording.  151 

To enable recordings, hippocampal slices were perfused with aCSF (32°C) at a flow rate of 1-2 152 

ml/min and CA1 pyramidal neurons were identified under differential contrast/infrared 153 

illumination by their location in the cell body layer and by their pyramidal shape. Whole cell 154 

patch clamp recordings were obtained from CA1 neurons using borosilicate glass micropipettes 155 

(3-5 MΩ) filled with a recording solution containing (in mM): 108 d-gluconic acid, 108 cesium 156 

hydroxide, 5 tetraethylammonium-Cl, 2.8 NaCl, 20 HEPES, 0.4 EGTA, 4 MgATP, 0.3 NaGTP, 157 

10 phosphocreatine Na2, and 1 QX-314, with pH adjusted to 7.2 with 1 CsOH solution and 158 

osmolarity adjusted to ~305 mOsmol. Liquid junction potentails were nullified and cell 159 

capacitance and access resistance (initial value <20 M) were monitored, with recordings 160 

accepted only if either variable did not change by more than 20%.   161 

For synaptic experiments, CA1 neurons were voltage clamped at -70 mV and were allowed to 162 

stabilize for at least 5 min. Spontaneous excitatory postsynaptic currents (sEPSCs) were isolated 163 

by blocking GABAA channel-mediated synaptic transmission with picrotoxin (100 µΜ). Evoked 164 

synaptic currents were elicited by paired stimulation every 10 s with an interstimulus interval of 165 

50 ms using concentric bipolar tungsten electrodes (SNEX-100, Kopf) at ~50% of maximal 166 

stimulation intensity that did not elicit further increases in evoked EPSC (eEPSC) amplitude. 167 

One electrode was placed in stratum radiatum to stimulate the Schaffer collaterals (SC) and other 168 

was placed in stratum lacunosum moleculare to stimulate the temporoammonic pathway (TA). 169 

eEPSC amplitudes were calculated from the baseline to the peak of each evoked response, and 170 

the paired pulse ratio (PPR) was calculated using the amplitude ratio of the evoked pair (peak 171 
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2/peak 1). In order to measure the AMPAR-mediated EPSC, peak responses at −70 mV were 172 

measured, and for NMDAR-mediated EPSC responses, peak responses 50 ms following 173 

stimulation at +40 mV holding potential were measured. To induce depolarization-induced 174 

suppression of excitation (DSE), CA1 neurons were given a depolarizing voltage command to 0 175 

mV for 5 and 10 sec. Data were normalized and expressed as a percentage of the baseline values 176 

(-1 to 0 min before the initial DSE step) in each cell. Peaks DSE values were obtained by 177 

averaging evoked amplitudes every 15 sec. To avoid epileptiform activity in CA1, a cut was 178 

made at the border of CA1 and CA3. The GABAB receptor agonist baclofen (5 μM) was added 179 

into the bath as needed. Signals were amplified and filtered (low pass at 1 kHz) with a 180 

Multiclamp 700B amplifier (Molecular Devices, LLC, USA), and digitized at 10 kHz using a 181 

Digidata 1322A (Molecular Devices). Analysis was carried out off-line with Clamp-fit 9.2 182 

program (Molecular Devices) and MiniAnalysis (Synaptosoft). Cumulative probability and 183 

average values for sEPSC frequency and amplitude from all cells recorded were obtained using 184 

MiniAnalysis. All electrophysiological data sets comprised results from animals reported as ‘N’ 185 

and number of cells as ‘n’, obtained from a minimum of 3 litters. In addition, data were collected 186 

over a period of over 3 years from multiple cohorts of animals. 187 

 188 

Golgi Staining 189 

It was important to determine if dendritic spine count in the CA1 neurons were similar in control 190 

and LPS groups, considering that our electrophysiological analyses indicated striking differences 191 

between properties of adult mice treated with LPS at p14. Therefore, Golgi silver impregnation 192 

was done using a commercially available kit (FD Rapid GolgiStain Kit, FD NeuroTechnologies) 193 



 

11 

 

as we previously described (Acharjee et al., 2018; Gomez et al., 2019). Experimental animals 194 

were anesthetized with sodium pentobarbital (80 mg/kg, i.p.) and the brains were harvested. 195 

Coronal sections (100 μm) were cut on a vibratome (VT 1000S, Leica), mounted on gelatin 196 

coated slides and developed following the protocol in the FD Rapid GolgiStain Kit. CA1 197 

pyramidal neurons from the dorsal hippocampus were imaged using reflective confocal 198 

microscopy (DM5500 B, Leica) with a 488 nm laser and 40× objective (1.62 NA). Five neurons 199 

were imaged per animal (N = 3-4/group, each from a separate litter). Care was taken to ensure 200 

that imaged neurons did not extend processes to the very end part of the sections to avoid 201 

dendritic stumps, and that processes of the neurons could be clearly identified. Moreover, 202 

neurons chosen were sufficiently distant from their neighbors to minimize the overlap of 203 

dendritic trees. Confocal image stacks were imported into ImageJ for analysis. Dendritic spines 204 

were counted from the 3D stacked images using the Cell counter plugin. For analysis, five CA1 205 

pyramidal neurons were chosen from each animal and the spines were counted from two 206 

dendritic processes from stratum lacunosum moleculare and two from stratum radiatum of each 207 

neuron. Within each dendritic process, spines were counted for a length of 20-60 m from the 208 

distal tip, depending on the length of the process. Spine density was calculated by dividing the 209 

number of spines by the length of the part of the dendrite from which the spines were counted. 210 

Spines with well-defined heads and bifurcated spines were identified visually and were 211 

quantified. All analyses were completed blindly as to the experimental/control status of the 212 

animal. 213 

 214 

Data analysis 215 
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All statistical analyses were done using GraphPad Prism version 8.0. Seizure threshold, synaptic 216 

properties and Golgi staining data were verified for normal distribution, then analyzed using one- 217 

or two-way ANOVA with Tukey post hoc test, unpaired or paired Student's t test, effect size by 218 

Cohen’s d and Pearson correlation coefficients as needed. Results are reported as 219 

mean ± standard error of the mean (SEM). Statistical significance was set a p < 0.05 based on the 220 

animal number for seizure threshold data and on the number of cells for electrophysiological 221 

data.  222 

  223 
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Results  224 

Early life inflammation increases seizure susceptibility in adult mice 225 

To evaluate whether a systemic inflammatory event induced by LPS on p14 influences seizure 226 

susceptibility in female and male mice differentially in later life, LPS pretreated and control 227 

adolescent and adult mice of both sexes were injected intravenously with the pro-convulsive 228 

agent, PTZ, and seizure threshold was then measured (Figure 1A). All experimental mice 229 

developed a generalized tonic–clonic seizure. When comparing effects of early life LPS 230 

treatment on seizure threshold, significant differences were observed in all female (Veh, 92.8 ± 231 

4.5 mg/kg PTZ, N = 23; LPS, 77.7 ± 5.6 mg/kg PTZ, N = 21; unpaired Student's t test, t(42) = 2.1, 232 

p = 0.04; Cohen’s d = 0.63, Figure 1B) and male mice (Veh, 79.8 ± 4.3 mg/kg PTZ, N = 20; 233 

LPS, 66.4 ± 4.5 mg/kg PTZ, N = 18; t(36) = 2.1, p = 0.04; Cohen’s d = 0.69, Figure 1D).  234 

Multiple comparisons among groups revealed that the differences were attributed to a ~36% 235 

lower seizure threshold in adult (Veh, 96.9 ± 5.7 mg/kg PTZ, N = 13; LPS, 61.1 ± 4.1 mg/kg 236 

PTZ, N = 11; two-way ANOVA, F(1,40) = 12.8, Tukey post hoc analysis, p = 0.0006, Figure 1C), 237 

but not adolescent female mice (Veh, 87.5 ± 7.2 mg/kg PTZ, N = 10; LPS, 96.1 ± 7.4 mg/kg 238 

PTZ, N = 10; p = 0.78, Figure 1C) exposed to early life inflammation compared to controls. 239 

Likewise, adult (Veh, 78.8 ± 5.5 mg/kg PTZ, N = 11; LPS, 53.1 ± 3.9 mg/kg PTZ, N = 9; two-240 

way ANOVA, F(1,34) = 4.6,Tukey post hoc analysis, p = 0.01, Figure 1E), but not adolescent male 241 

mice (Veh, 80.8 ± 7.2 mg/kg PTZ, N = 9; LPS, 79.6 ± 5.4 mg/kg PTZ, N = 9; p = 0.99, Figure 242 

1E) showed similar increases in seizure susceptibility, suggesting age- but not sex- dependent 243 

reduced seizure threshold in these mice. 244 

 245 
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Altered synaptic transmission in adult CA1 pyramidal neurons exposed to early life 246 

inflammation 247 

Increased seizure susceptibility could be the result of alterations in intrinsic membrane properties 248 

of cells or of altered synaptic transmission (Barker-Haliski and White, 2015). As we previously 249 

showed that adult males, but not females displayed altered membrane properties as a result of 250 

early life inflammation (Gomez et al., 2019), it is unlikely that these changes explain the 251 

increased seizure susceptibility seen here in both female and male mice. Therefore, we 252 

hypothesize that exposure to early life inflammation leads to changes in synaptic transmission 253 

efficacy at glutamatergic synapses onto hippocampal CA1 pyramidal neurons.  254 

With this purpose, whole-cell recordings were obtained and spontaneous EPSCs were examined. 255 

Figure 2A shows spontaneous EPSCs for representative control (Veh, dark traces) and early 256 

LPS-inflamed (LPS, green traces) CA1 pyramidal neurons from both adolescent and adult 257 

female mice. When spontaneous EPSC amplitude was analyzed using two-way ANOVA, no 258 

significant differences were found (F(1, 103) = 0.18, p = 0.67) in early LPS-inflamed CA1 259 

pyramidal neurons of adolescent (Veh, 16.5 ± 0.8 pA, n = 28, N = 5; LPS, 17.1 ± 0.8 pA, n = 26, 260 

N = 6; Figure 2B) and adult female mice (Veh, 17.5 ± 0.8 pA, n = 25, N = 7; LPS, 17.9 ± 0.4 pA, 261 

n = 28, N = 7; Figure 2B) compared to controls. Interestingly, we observed an age (F(1,103) = 4.75, 262 

p = 0.03) dependent effect of the early life LPS treatment on spontaneous EPSC frequency in 263 

CA1 pyramidal neurons. Multiple comparisons by Tukey post hoc analyses revealed that 264 

inflamed neurons displayed higher spontaneous EPSC frequency, but not amplitude, compared to 265 

controls only in adult (Veh, 1.8 ± 0.3 Hz, n = 25, N = 7; LPS, 3.4 ± 0.4 Hz, n = 28, N = 7; p = 266 
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0.0005, Figure 2B), with no significant changes in adolescent female mice (Veh, 1.4 ± 0.2 Hz, n 267 

= 28, N = 5; LPS, 1.8 ± 0.2 Hz, n = 26, N = 6; p = 0.72, Figure 2B). 268 

We also asked whether early life inflammation affects the synaptic transmission in male mice. 269 

Figure 2C shows spontaneous EPSCs for representative control (Veh, dark traces) and inflamed 270 

(LPS, blue traces) CA1 pyramidal neurons from both adolescent and adult male mice. Statistical 271 

analysis revealed that similarly to females, no significant differences in spontaneous EPSC 272 

amplitude were found (two-way ANOVA, F(1, 101) = 0.02, p = 0.88) in inflamed CA1 pyramidal 273 

neurons of adolescent (Veh, 18.0 ± 0.9 pA, n = 26, N = 8; LPS, 18.9 ± 0.9 pA, n = 25, N = 6; 274 

Figure 2D) and adult male mice (Veh, 17.4 ± 0.8 pA, n = 28, N = 5; LPS, 18.4 ± 0.8 pA, n = 26, 275 

N = 7; Figure 2D). When comparing effects of age and early life inflammation on spontaneous 276 

EPSC frequency however, significant differences were observed (F(1, 101) = 6.7, p = 0.01). As 277 

seen in Figure 2D left, inflamed CA1 pyramidal neurons of adult males showed higher 278 

spontaneous EPSC frequency (Veh, 1.6 ± 0.2 Hz, n = 28, N = 5; LPS, 2.9 ± 0.3 Hz, n = 26, N = 279 

7; p = 0.0007), with no changes in adolescent male mice (Veh, 1.4 ± 0.2 Hz, n = 26, N = 8; LPS 280 

1.5 ± 0.2 Hz, n = 25, N = 6; p = 0.99) compared to controls. These findings suggest an aberrant 281 

glutamatergic synaptic transmission only in adult mice exposed to early life inflammation. 282 

 283 

Early life inflammation selectively increased the probability of glutamate release with no 284 

changes in the number of synapses 285 

Factors that could influence the spontaneous EPSC frequency include the number of synapses 286 

and the glutamate release probability  (Kerchner and Nicoll, 2008; Acharjee et al., 2018). First, 287 

we asked whether the higher synaptic frequency found in early LPS-inflamed CA1 pyramidal 288 
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neurons of adult mice was a result of changes in the number of synapses. Hippocampal CA1 289 

pyramidal neurons receive cortical afferents directly via the temporoammonic path (TA) and 290 

indirectly via the Schaffer collateral (SC) to their dendrites located in the stratum lacunosum 291 

moleculare and stratum radiatum, respectively (Aksoy-Aksel and Manahan-Vaughan, 2013). 292 

Using Golgi staining, we thus investigated if the number of CA1 pyramidal neuron spines 293 

located in these two principal regions was affected by early life inflammation. This method 294 

allows a complete staining of the whole neuron, including soma and dendritic trees, hence 295 

enabling a detailed analysis of the morphological features of individual neurons. When spine 296 

density was analyzed using two-way ANOVA, no significant differences were found in CA1 297 

pyramidal neurons of adult female (SC, Veh, 0.95 ± 0.05 spines/m, n = 14, N = 3; LPS, 1.03 ± 298 

0.04, n = 14, N = 3;  TA, Veh, 0.81 ± 0.05, n = 13, N = 3; LPS, 0.93 ± 0.05, n = 14, N = 3; F(1, 51) 299 

= 0.13, p = 0.72, Figure 3A) and male mice (SC, Veh, 0.84 ± 0.05 spines/m, n = 18, N = 4; 300 

LPS, 0.86 ± 0.04, n = 19, N = 4;  TA, Veh, 0.68 ± 0.05, n = 18, N = 4; LPS, 0.76 ± 0.06, n = 19, 301 

N = 4; F(1, 70) = 0.33, p = 0.56, Figure 3B) exposed to early life inflammation (green/blue 302 

symbols) compared to their respective controls (white symbols). Additionally, considering that 303 

changes in spines with well-defined heads or bifurcated are associated to spine maturation and 304 

synaptic activity, a more in-depth spine morphology analyses was performed. We found 305 

however, that early life inflammation had no significant effect in either the number of bifurcated 306 

spines (female, F(1, 51) = 0.04, p = 0.85; male, F(1, 70) = 0.05, p = 0.82, Figure 3A), or spines with 307 

mature heads (female, F(1, 51) = 0.19, p = 0.66; male, F(1, 70) = 0.23, p = 0.63, Figure 3B) of CA1 308 

pyramidal neurons from both sexes compared to controls. Therefore, the absence of changes in 309 

spines density, along with no evident changes in the number of bifurcated spines or spines with 310 
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well-defined heads suggests that other mechanisms may account for the differences in 311 

spontaneous EPSC frequency that we observed. 312 

A second factor that could influence the spontaneous EPSC frequency is the glutamate release 313 

probability, so next we asked whether the higher synaptic frequency found in CA1 pyramidal 314 

neurons of adult mice exposed to early life inflammation was a result of altered presynaptic 315 

release. With this purpose, we measured the paired-pulse ratio (PPR), a form of short-term 316 

plasticity that is a determinant of presynaptic probability of release (Zucker and Regehr, 2002), 317 

by stimulating the SC and the TA, two principal pathways that connect with CA1 pyramidal 318 

neurons. Figure 4 shows representative traces of evoked EPSC responses to electrical stimulation 319 

of presynaptic SC (A, B) and TA (C, D) fibers for control (Veh, dark traces) and inflamed (LPS, 320 

green/blue traces) CA1 pyramidal neurons from adult female and male mice. When comparing 321 

the effects of early life LPS treatment on PPR, statistical analysis using two-way ANOVA test 322 

displayed significant differences among groups in female (F(1, 74) = 4.7, p = 0.03) and male mice 323 

(F(1, 88) = 4.5, p = 0.03). Multiple comparison by Tukey post hoc analyses revealed that in 324 

offspring exposed to early life LPS inflammation, when SC was stimulated, the PPR was 325 

significantly reduced in CA1 pyramidal neurons of adult female (Veh, 1.76 ± 0.05, n = 18, N = 7; 326 

LPS, 1.53 ± 0.04, n = 22, N = 7; p = 0.006, Figure 4A) and male mice (Veh, 1.68 ± 0.03, n = 24, 327 

N = 8; LPS, 1.48 ± 0.04, n = 25, N = 7; p = 0.004, Figure 4B) compared to controls. On the other 328 

hand, when TA was stimulated, the PPR was similar in control and early LPS-inflamed CA1 329 

pyramidal neurons of both adult female (Veh, 1.69 ± 0.05, n = 19, N = 6;  LPS, 1.67 ± 0.04, n = 330 

19, N = 6; p = 0.98, Figure 4C) and male mice (Veh, 1.74 ± 0.05, n = 22, N = 5; LPS, 1.72 ± 331 

0.04, n = 21, N = 5; p = 0.97, Figure 4D). These data suggested increased glutamate release from 332 
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SC, but not TA  fibers. Given that we only observed changes in PPR when SC was stimulated, 333 

we focused on that pathway for all further experiments. 334 

Considering that alterations in spontaneous EPSC frequency could reflect changes in silent 335 

synapses (Kerchner and Nicoll, 2008; Acharjee et al., 2018), we examined the AMPA-NMDA 336 

ratio, which is a standard approach used to directly estimate changes in the number of 337 

silent/unsilent synapses. Statistical analysis showed no significant differences (two-way 338 

ANOVA, F(1, 58) = 0.44, p = 0.51) in the AMPA-NMDA ratio in CA1 pyramidal neurons of adult 339 

female (Veh, 5.55 ± 0.76, n = 13, N = 7; LPS, 6.46 ± 1.06, n = 15, N = 7, Figure 5A) and male 340 

mice (Veh, 5.81 ± 0.75, n = 19, N = 8; LPS, 8.0 ± 1.19, n = 15, N = 7, Figure 5B) exposed to 341 

early life inflammation (green/blue symbols) compared to controls (white symbols). Together, all 342 

these data strongly imply a selective increase of glutamate release from SC fibers with no 343 

changes in numbers of functional synapses. 344 

 345 

Preserved endocannabinoid system in adult CA1 pyramidal neurons exposed to early life 346 

inflammation 347 

The endocannabinoid (eCB) system is a well-established modulator of presynaptic glutamate 348 

release in nearly all areas of the brain, including the hippocampus (Kreitzer and Regehr, 2001; 349 

Maejima et al., 2001). Interestingly, in the amygdala, this system was shown to be affected by 350 

early life inflammation (Zavitsanou et al., 2013; Doenni et al., 2016). We explored here, the 351 

possibility that the eCB pathways somehow could also be altered in adult hippocampus after 352 

early-life inflammation, thus causing aberrant presynaptic glutamate release. Depolarization-353 

induced suppression of excitation (DSE) is an eCB-mediated short-term synaptic plasticity and a 354 
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feature that can be used to monitor eCB pathway activities. To achieve a rapid and transient 355 

inhibition (<1 min) through retrograde transmission of eCBs, i.e. DSE, in CA1 pyramidal 356 

neurons, long depolarization times (7-10 sec) are required (Ohno-Shosaku et al., 2002).  357 

As shown in Figure 6, we compared DSE of eEPSCs recorded from control (Veh, black traces) 358 

and inflamed (LPS, green/blue traces) CA1 pyramidal neurons from adult female (A) and male 359 

mice (B). Postsynaptic depolarization (-70 mV to 0 mV for 5 s) resulted in an immediate slight, 360 

but insignificant depression of eEPSCs in CA1 pyramidal neurons of female (DSE: Veh, 5.25 ± 361 

2.29 % from baseline, one-way ANOVA, F(5, 135) = 2.09, p = 0.07, n = 27, N = 6) and male mice 362 

(DSE: Veh, 6.27 ± 2.45 % from baseline, F(5, 84) = 2.13, p = 0.07, n = 13, N = 5), which recovered 363 

within ~30 seconds (98.98 ± 3.104 % and 96.74 ± 3.08 %, respectively). A second postsynaptic 364 

depolarization of a longer duration (-70 mV to 0 mV for 10 s) induced clear DSE in both female 365 

(20.64 ± 2.24 % from baseline, one way ANOVA, F(5,135) = 34.71, Tukey post hoc analysis, p < 366 

0.0001, Figure 6A & C upper) and male mice (17.79 ± 2.15% from baseline, one way ANOVA, 367 

F(5,84) = 35.18, Tukey post hoc analysis, p < 0.0001, Figure 6B & C lower), which recovered 368 

within ~1 minute (99.25 ± 2.66 % and 99.18 ± 2.47 %, respectively). Post hoc analysis revealed 369 

similar DSE in inflamed CA1 pyramidal neurons from female (p = 0.96, Figure 6C upper) and 370 

male mice (p = 0.99, Figure 6C lower) compared to control. We also verified that the DSE was 371 

eCB-mediated, as it was blocked in the presence of AM251(CB1 receptor antagonist, Figure 6A 372 

& B). Thus, a possible involvement of eCB receptor changes on glutamatergic terminals was 373 

unlikely to have contributed to the increased presynaptic glutamatergic transmission observed 374 

after early life LPS. 375 

 376 
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Reduced presynaptic GABAB receptor activity induced by early life inflammation 377 

We further explored a potential mechanism that would explain higher glutamate release and 378 

altered excitability in CA1 pyramidal neurons following early life inflammation. Thus, we 379 

considered a role for GABAB (γ-aminobutyric acid type B) receptors, which are known to 380 

negatively regulate release probability via a presynaptic localization on glutamatergic 381 

hippocampal boutons (Colmers and Pittman, 1989; Kulik et al., 2006; Guetg et al., 2009). 382 

Interestingly, previous studies reported that mRNA expression, immunoreactivity, and 383 

presynaptic and postsynaptic responses of GABAB receptors are decreased in hippocampus and 384 

cortex of epileptic patients (Princivalle et al., 2002; Teichgraber et al., 2009). To the best of our 385 

knowledge, the impact of the early life inflammation on GABAB mediated responses has not 386 

been documented. On these bases, we next investigated whether these receptors are differentially 387 

activated in control and inflamed CA1 pyramidal neurons of adult female and male mice early 388 

exposed to LPS.  389 

Figure 7A summarizes the hypothesis we tested, i.e. that early life LPS reduces GABAB receptor 390 

activity on Shaffer collateral glutamatergic terminals. Figure 7B shows representative traces of 391 

evoked EPSC responses to electrical stimulation of presynaptic SC fibers for control (Veh, black 392 

traces) and inflamed (LPS, green/blue traces) CA1 pyramidal neurons from adult female (left) 393 

and male mice (right) before and after application of baclofen (5 μM), a GABAB receptor 394 

agonist. In both Veh and LPS pretreated females and males, application of baclofen caused an 395 

increased PPR (Figure 7C & D), consistent with its presynaptic inhibitory action. However, its 396 

effectiveness was different as a function of early life treatment. When comparing the effects of 397 

baclofen treatment on presynaptic glutamate release, statistical analysis revealed a significantly 398 
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increased PPR in CA1 pyramidal neurons of female (Veh, 21.24 ± 2.9 % increase over baseline, 399 

paired Student's t test, t(9) = 6.97, p < 0.0001, n = 10, N = 4; LPS, 6.29 ± 1.8 % increase over 400 

baseline, t(10) = 3.27, p = 0.008, n = 11, N = 5, Figure 7C) and male mice (Veh, 25.55 ± 4.55 % 401 

over baseline, t(9) = 5.65, p = 0.0003, n = 10, N = 4; LPS, 8.41 ± 2.08 % over baseline, t(9) = 3.90, 402 

p = 0.003, n = 10, N = 5, Figure 7D). Notably, in offspring exposed to early life LPS 403 

inflammation, the baclofen-mediated increased PPR was less pronounced in both sexes (females, 404 

unpaired Student's t test, t(19) = 4.3, p = 0.0004; males, t(18) = 3.42, p = 0.003, Figure 7C & D, 405 

right) compared to control. Further, the percentage of the baclofen-induced decrease in eEPSC 406 

amplitude and the baclofen-induced increase in PPR in control and inflamed CA1 pyramidal 407 

neurons of female (Veh, r = 0.776, p = 0.008; LPS, r = 0.653, p = 0.029, Figure 7E) and male 408 

mice (Veh, r = 0.779, p = 0.008; LPS, r = 0.641, p = 0.045, Figure 7F) were found to be 409 

significantly and positively correlated.  410 

GABAB receptor activity has been observed to modulate EPSC frequency, but not amplitude at 411 

hippocampal glutamatergic synapses (Scanziani et al., 1992). Next, we explored whether 412 

spontaneous EPSC amplitude and frequency were also differentially affected by baclofen 413 

treatment in control and inflamed CA1 pyramidal neurons from adult animals. With this aim, 414 

spontaneous EPSCs were examined before and after application of the GABAB agonist. Figure 8 415 

shows spontaneous EPSCs for representative control (Veh, black traces) and early LPS-inflamed 416 

(LPS, green/blue traces) CA1 pyramidal neurons from both adult female (A) and male (B) mice. 417 

When comparing the effects of baclofen treatment on spontaneous EPSC amplitude, as expected, 418 

there were no significant effects in CA1 pyramidal neurons of females (Veh, -2.44 ± 2.06 % of 419 

baseline, paired Student's t test, t(9) = 1.45, p = 0.18; LPS, -3.48 ± 1.74 % of baseline, t(10) = 2.11, 420 

p = 0.06, Figure 8C) and males (Veh, -4.09 ± 2.97 % of baseline, t(9) = 1.42, p = 0.18; LPS, -4.40 421 
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± 3.05 % of baseline, t(9) = 1.50, p = 0.16, Figure 8D). Furthermore, statistical analysis showed a 422 

significant decrease due to baclofen in EPSC frequency onto CA1 pyramidal neurons of female 423 

(Veh, -55.19 ± 9.8 % from baseline, paired Student's t test, t(9) = 4.9, p = 0.0008; LPS, -11.69 ± 424 

3.11 % from baseline, t(10) = 3.25, p = 0.008, Figure 8E) and male mice (Veh, -45.88 ± 8.23 % 425 

from baseline, t(9) = 5.02, p = 0.0007; LPS, -8.87 ± 2.54 % from baseline, t(9) = 3.80, p = 0.004, 426 

Figure 8F). However, in offspring exposed to early life LPS inflammation, the baclofen-427 

mediated decreased EPSC frequency was much less pronounced in both sexes (females, unpaired 428 

Student's t test, t(19) = 4.38, p = 0.0003; males, t(18) = 4.30, p = 0.0004, Figure 8E & F, right) 429 

compared to control. GABAB receptors are also located on postsynaptic pyramidal cells, where 430 

they are coupled by a different mechanism to potassium conductances (Colmers and Pittman, 431 

1989). Nevertheless, statistical analysis shows no significant effect on RMP among groups in 432 

female (Veh, −65.2 ± 1.18 mV plus baclofen −64.7 ± 1.15 mV, paired Student's t test, t(9) = 0.97, 433 

p = 0.35, n = 10, N = 4; LPS, −64.5 ± 1.07 mV plus baclofen −64.1 ± 1.25 mV, t(10) = 0.42, p = 434 

0.68, n = 11, N = 5) and male mice (Veh, −65.0 ± 1.64 mV plus baclofen −64.5 ± 1.02 mV, t(9) = 435 

0.40, p = 0.70, n = 10, N = 4; LPS, −64.7 ± 0.97 mV plus baclofen −63.8 ± 1.05 mV, t(9) = 1.21, 436 

p = 0.26, n = 10, N = 5). Together these data suggest that the mechanisms underlying the 437 

alterations in presynaptic glutamate release and seizure susceptibility may involve a reduced 438 

activity of presynaptic GABAB receptors on the glutamatergic terminals in the hippocampus. 439 

  440 
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Discussion 441 

Our study provides novel evidence that early life inflammation evoked by LPS during a critical 442 

period of development, by itself, causes an age- but not sex- dependent increased seizure 443 

susceptibility to the pro-convulsant agent PTZ in vivo, associated with altered hippocampal 444 

synaptic transmission in vitro. These synaptic changes included increases in spontaneous EPSC 445 

frequency in CA1 pyramidal neurons, a selective increase of glutamate release from the Schafer 446 

collateral, but not temporal-ammonic fibers and a decreased activity of presynaptic GABAB 447 

receptors, alterations that may underlie increased seizure susceptibility seen in response to PTZ 448 

injections. Another remarkable finding here is that all these changes were only observed in adult, 449 

and not in adolescent animals of either sex. Together, these observations demonstrate that a 450 

systemic early life episode of inflammation caused CA1 pyramidal neurons of adult female and 451 

male mice to be synaptically more excitable than controls. This could be a contributing factor to 452 

altered network excitability during development and raises the possibility that such changes may 453 

underlie the seizure susceptibility, as well as some of the behavioral changes seen in adult 454 

animals after early life inflammation. 455 

The blood-brain barrier (BBB) normally protects the central nervous system against many 456 

systemic neurotoxic substances. It is well known that inflammation causes breakdown of the 457 

BBB through upregulation of inflammatory molecules (Varatharaj and Galea, 2017), and it has 458 

been described as a pathogenic hallmark of epileptic foci in animal models of acquired epilepsies 459 

(Ravizza et al., 2008; Vezzani et al., 2015). At this time, we do not know if the increase in 460 

seizure susceptibility observed is associated with a change in PTZ permeability into the brain 461 

mediated by alterations in BBB integrity. In neonate mice however, the BBB was shown to be 462 
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resistant to disruption even with a dose of LPS three times higher (300 g/kg i.p.) than the one 463 

used here. Furthermore, rupture of the hippocampal BBB was only seen with a high dose of LPS 464 

(3 mg/kg i.p.) (Banks et al., 2015). Therefore, it is unlikely that our dose of 100 µg/kg i.p. of LPS 465 

used to induce early life inflammation results in BBB disruption. Furthermore, the fact that 466 

increased excitability was also seen in vitro is consistent with a direct neuronal effect of PTZ, 467 

independent of possible BBB changes. Future experiments might also address whether the 468 

altered seizure susceptibility seen in the adult females occurs for other convulsants, as has been 469 

reported in males. 470 

Previous studies have described short-term alterations in the hippocampal expression levels of 471 

the inflammatory cytokines, IL-1 and TNF-, and microglial activation induced by systemic 472 

inflammation with LPS at P14 (Galic et al., 2008; Dinel et al., 2014). Furthermore, we were able 473 

to show that brain TNF- was causal for the increased seizure susceptibility (Galic et al., 2008). 474 

It is possible that TNF- is also responsible for the synaptic changes we have seen in this study, 475 

although we cannot discount the possilbity that the many other CNS changes, including the 476 

elevated Interleukin-1 we previously reported (Galic et al., 2008), could also be implicated.  477 

Peripheral LPS injection has been reported to acutely alter over 2400 genes in microglia alone 478 

(Sousa et al., 2018); furthermore, pro-inflammatory cytokines have been reported to acutely 479 

affect many different conductances and receptors (Lynch, 2002). It is beyond the scope of the 480 

current paper to identify the precipitating factors in the neonate that account for the current 481 

electrophysiological alterations observed. Brain inflammation is well known to increase brain 482 

excitability (Vezzani et al., 2013). However, most evidence suggests that the inflammatory 483 

response arising from the early life LPS does not persist into adulthood. Thus, it is unlikely that 484 
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the effects we see in the current study arise from ongoing inflammatory activity. More likely, 485 

LPS effects induced transiently in the neonate (Galic et al., 2008; Dinel et al., 2014) may 486 

somehow become permanently entrenched when they occur in an early developmental stage.  487 

Spontaneous EPSC frequency can be modulated through changes in the presynaptic function, 488 

comprising alterations in the number of synapses and/or in transmitter release (Kerchner and 489 

Nicoll, 2008; Acharjee et al., 2018). In line with this, there are dynamic changes in dendritic 490 

spine density induced by systemic inflammation (Bitzer-Quintero and Gonzalez-Burgos, 2012). 491 

For example, a gradual increase over 4-8 weeks of spine density was observed in cortex of mice 492 

exposed to LPS (Kondo et al., 2011). We did not observe any significant change between control 493 

and inflamed mice in spine density, number of bifurcated spines or spines with well-defined 494 

heads located in the stratum lacunosum moleculare and stratum radiatum. Similar findings were 495 

obtained from p14 LPS treated mice in another study, but the sex of the animals was not given 496 

(Shen et al., 2016). Thus, it is likely that other mechanisms may explain the observed effects of 497 

early life LPS on excitatory transmission in CA1 pyramidal cells. Our sEPSC data, and similar 498 

data from recordings of  miniature EPSCs (Shen et al., 2016) revealing alterations in frequency, 499 

suggest a change in spontaneous glutamate relase from excitatory terminals after early life LPS. 500 

Our evoked current data are even more definitive in this regard, showing a reduced PPR 501 

indicative of increased transmitter release in LPS pretreated males and females. What was even 502 

more remarkable was that this was restricted to SR afferents and was not seen in SLM afferents. 503 

We are uncertain why there is this differential effect, but it should be noted that significant 504 

functional differences have been seen in response to stress and drug treatments in these two 505 

synaptic pathways (Kallarackal et al., 2013). 506 
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Endocannabinoids (eCB) are one of the main systems controlling both excitatory and inhibitory 507 

neurotransmission, through activation of presynaptic cannabinoid type 1 receptors (CB1Rs) 508 

(Kreitzer and Regehr, 2001; Ohno-Shosaku et al., 2001; Wilson and Nicoll, 2001). These 509 

receptors are highly expressed in the hippocampus (Matsuda et al., 1993; Tsou et al., 1998). 510 

CB1R activation by its endogenous ligands, anandamide (Devane et al., 1992) and 2-511 

arachidonylglycerol (Mechoulam et al., 1995; Sugiura et al., 1995), leads to several effects, 512 

including a decreased probability of glutamate release (Di Marzo et al., 1998). Previous studies 513 

show that prenatal or postnatal LPS treatment caused alterations in CB1 receptor binding and/or 514 

expression, in endocannabinoid levels and in endocannabinoid-related plasticity of inhibitory 515 

synapses later in life (Zavitsanou et al., 2013; Doenni et al., 2016; Guo et al., 2018). 516 

Furthermore, a transient hyperthermic seizure in neonatal rats was shown to increase brain 517 

excitability (Dube et al., 2000) and alter short term plasticity of IPSCs in adulthood in a 518 

cannabinoid sensitive fashion (Chen et al., 2003; Feng et al., 2016). Nevertheless, our results 519 

revealed that early life inflammation did not alter the endocannabinoid-related short-term 520 

plasticity of excitatory synapses in adult hippocampus. Thus, these findings suggest that early 521 

life inflammation may not have long-lasting impact on components of the eCB system 522 

controlling excitatory glutamate release in the SR-CA1 synapse of the hippocampus. This of 523 

course does not rule out possible alterations in the eCB system at other synapses both in the 524 

hippocampus and elsewhere in the brain.  525 

It has been shown that presynaptic GABAB receptors are activated under basal synaptic activity 526 

and impact the probability of excitatory neurotransmitter release (Laviv et al., 2010). Activity 527 

changes in these receptors could influence neuronal excitability. For instance, GABAB receptor 528 

knock-out mice exhibit spontaneous seizures and developed a generalized epilepsy (Prosser et 529 
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al., 2001; Schuler et al., 2001). In addition, GABAB receptor antagonists were shown to induce 530 

hippocampal seizure activity (Vergnes et al., 1997; Leung et al., 2005; Leung et al., 2019). 531 

Interestingly, a recent study shows that an early life insult induced by kainic acid has a long-532 

lasting effect in decreasing GABAB receptor-mediated presynaptic inhibition of glutamatergic 533 

terminals in the hippocampus (Leung, 2019). In line with this, we found that early life LPS 534 

inflammation causes a reduced GABAB receptor activity in adult CA1 pyramidal neurons, thus 535 

increasing presynaptic glutamate release which may ultimately lead to increased seizure 536 

vulnerability. However, future studies should focus on further clarifying the exact mechanisms 537 

by which early life inflammation/stress insults affect GABAB activation and downstream 538 

pathways.  539 

In conclusion, this study demonstrates that early life inflammation leads to a selective increase of 540 

glutamate release from SC fibers and altered activity of GABAB receptors, resulting in 541 

augmented excitatory synaptic transmission in CA1 pyramidal cells from both female and male 542 

mice in adult life. Given that previously we have also seen changes in intrinsic membrane 543 

properties in male animals, one might predict that males wold be particularly susceptible to early 544 

life inflammation. Additionally, our results imply that changes in the hippocampal glutamatergic 545 

synaptic activity may play a crucial role in determining the increased seizure susceptibility that 546 

emerges in adulthood after early life inflammatory challenges. 547 

548 
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Figure legends 765 

Figure 1. Early life inflammation reduced seizure threshold to the pro-convulsive agent 766 

PTZ in adult, but not adolescent female and male mice. A) Schematic showing experimental 767 

inflammatory paradigm, mice of both sexes were injected with lipopolysaccharide (LPS) or 768 

vehicle (Veh) at postnatal day 14 (p14), then returned to the homecage. Adolescent (~p40) and 769 

adult (~p60) mice received intravenous infusion of pentylenetetrazole (PTZ), which was 770 

terminated when a tonic–clonic seizure appeared. Cumulative probability of seizure threshold 771 

(ST) frequency in all female (B) and male (D) mice indicates a left ward shift (reduction) in dose 772 

of PTZ required to elicit a seizure. Insets: plots depicting amount of PTZ per kg of bodyweight 773 

necessary to induce a tonic–clonic seizure in all female (♀) and male (♂) mice. Summary data 774 

on the right show increased seizure vulnerability (i.e. reduced PTZ dose) was in LPS-treated 775 

adult female (C) and male mice (E) compared to controls. No significant differences were 776 

observed in seizure threshold in adolescent mice exposed in early life to Veh or LPS. Each 777 

symbol represents one animal and the horizontal lines are the mean (♀ N = 44, ♂ N = 38). p < 778 

0.05*, p < 0.001***. 779 

 780 

Figure 2. Early life inflammation increased sEPSC frequency in adult, but not adolescent 781 

mice. Representative traces of spontaneous synaptic activity of CA1 pyramidal cells from female 782 

(A) and male mice (C) previously injected with Veh (dark traces) or LPS (green/blue traces) at 783 

p14. Calibration: 20 pA, 1 sec, top trace for each color; 0.1 sec, bottom trace. Cumulative 784 

probability distribution of spontaneous excitatory postsynaptic current (sEPSC) frequency (left) 785 

and amplitude (right) of pyramidal neurons from female (B) and male mice (D). Insets show 786 
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frequency and amplitude plotted for individual cells. Summary data display no significant 787 

differences in sEPSC amplitude and frequency in adolescent mice early exposed to Veh (white 788 

symbols) or LPS (green/blue symbols) at p14. Nevertheless, augmented sEPSC frequency, but 789 

not amplitude was found in LPS-treated adult female and male mice compared to controls. 790 

Horizontal lines are the mean (n = 25-28 cells, 5-8 mice/group). SO: stratum oriens, SP: stratum 791 

radiatum, SLM: stratum lacunosum moleculare, PTX: picrotoxin. p < 0.05*, p < 0.001***. 792 

 793 

Figure 3. Dendritic spine density of CA1 pyramidal neurons from adult mice is unaltered 794 

by early life inflammation. A & B) Scatter graphs show no significant differences in spine 795 

density, number of bifurcated spines and number of spines with well-defined heads of CA1 796 

pyramidal cells from adult female (green symbols) and male (blue) mice early exposed to LPS 797 

compared to controls (white symbols). Each symbol represents one cell and the horizontal lines 798 

are the mean (n = 13-19 cells, 3-4 mice/group).  799 

 800 

Figure 4. Early life inflammation selectively increased the probability of glutamate release 801 

in adult mice. Representative scaled traces of paired pulse recording of CA1 pyramidal cells 802 

evoked by stimulation of afferent fibers in the Schaffer collateral (A & B) or temporoammonic 803 

(C & D) pathway (as indicated on schematic on left) from adult female (A & C) and male (B & 804 

D) mice early exposed to Veh (dark traces) or LPS (green/blue traces) at p14. Calibration: 100 805 

pA, 50 msec. Scatter graphs on right show paired pulse ratio (PPR) of individual cells. Summary 806 

data display decreased PPR in CA1 pyramidal cells from both female (green symbols) and male 807 

(blue symbols) mice exposed to early inflammation compared to controls (white symbols) when 808 
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the Schaffer collateral (A & B) was stimulated. However, when the temporoammonic path was 809 

stimulated (C & D), no significant differences in PPR were observed. Horizontal lines are the 810 

mean (n = 18-25 cells, 5-8 mice/group). SO: stratum oriens, SR: stratum radiatum, SLM: stratum 811 

lacunosum moleculare, PTX: picrotoxin. p < 0.01**. 812 

 813 

Figure 5. AMPA/NMDA ratio was not affected by early inflammation induced by LPS. 814 

Sample scaled traces of AMPA currents recorded at -70 mV and NMDA currents at +40 mV of 815 

CA1 pyramidal cells evoked by stimulation of afferent fibers in the Schaffer collateral pathway 816 

(as indicated on schematic on left) from adult female (A) and male (B) mice early exposed to 817 

Veh (dark traces) or LPS (green/blue traces) at p14. Calibration: 100 pA, 50 msec. Scatter graphs 818 

on right show AMPA/NMDA ratio of individual cells. Summary data display no significant 819 

differences in AMPA/NMDA ratio in pyramidal neurons from both female (green symbols) and 820 

male (blue symbols) mice early exposed to inflammation compared to controls (white symbols). 821 

Horizontal lines are the mean (n = 13-19 cells, 7-8 mice/group). SO: stratum oriens, SR: stratum 822 

radiatum, SLM: stratum lacunosum moleculare, PTX: picrotoxin. 823 

 824 

Figure 6. Early life inflammation did not modify the depolarization induced suppression of 825 

excitation (DSE) in adult CA1 pyramidal neurons. Representative traces of eEPSC recording 826 

(baseline: 1, immediately after 10 sec postsynaptic depolarization: 2, and 1 min later: 3, 827 

corresponding to the indicated shaded region below) of CA1 pyramidal cells evoked by 828 

stimulation in the Shaffer collaterals from adult female (A) and male (B) mice exposed in early-829 

life to Veh (dark traces) or LPS (green/blue traces) at p14. Far right superimposed traces show 830 
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responses in the presence and absence of the CB1 receptor antagonist AM251. Calibration: 200 831 

pA, 100 msec. Bottom, time course of eEPSC amplitude following postsynaptic depolarization to 832 

0 mV for 5 s or 10 sec for Veh or LPS pretreated groups as well as after AM251 (2 ) was 833 

added to block DSE (grey symbols). C) Summary data corresponding to shaded region in A and 834 

B showing that depression of eEPSC induced by 10 sec depolarization is not significantly 835 

different between control and LPS pretreated CA1 pyramidal neurons from adult female (p = 836 

0.96, upper) and male mice (p = 0.99, lower). n = 13-27 cells, 5-6 mice/group. p < 0.0001****. 837 

 838 

Figure 7. Early life inflammation diminished presynaptic GABAB receptor activity in adult 839 

mice. A) Top diagram showing synaptic cleft in presence of the GABAB receptor agonist, 840 

baclofen in a vehicle-treated adult pyramidal cell; normal GABAB receptor activity maintains 841 

low presynaptic glutamate release and low postsynaptic spontaneous EPSC frequency (f). 842 

Bottom diagram illustrates that baclofen acting on GABAB receptors is less effective (dotted 843 

line) to decrease presynaptic glutamate release and postsynaptic spontaneous EPSC f in adult 844 

neonatally inflamed pyramidal cells. B) Representative scaled traces of paired pulse recording (-845 

/+ baclofen) of CA1 pyramidal cells evoked by stimulation of afferent fibers in the Schaffer 846 

collateral pathway from adult female (left) and male (right) mice exposed in early life to Veh 847 

(dark traces) or LPS (green/blue traces). Calibration: 200 pA, 20 msec. Scatter graphs on left 848 

show paired pulse ratio (PPR) of individual cells (-/+ baclofen) and violin graphs on right show 849 

comparison of percentage of change among groups in females (C) and males (D). Pearson 850 

correlation coefficients between the baclofen induced-decrease in eEPSC amplitude and baclofen 851 
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induced-increase in PPR from control and inflamed CA1 pyramidal neurons of female (E) and 852 

male mice (F).  n = 10-11 cells, 4-5 mice/group. p < 0.01**, p < 0.001***, p < 0.0001****. 853 

 854 

Figure 8. Early life inflammation augmented spontaneous synaptic currents by decreasing 855 

presynaptic GABAB receptor activity in adult mice. Representative traces of spontaneous 856 

EPSCs (-/+ baclofen) of CA1 pyramidal neurons from adult female (A) and male (B) mice 857 

previously injected with Veh (dark traces) or LPS (green/blue traces) at p14 (top trace and after 858 

addition of Baclofen). Calibration: 20 pA, 200 msec. Scatter graphs on left show amplitude and 859 

frequency for individual cells (-/+ baclofen) and violin graphs on right show comparison of 860 

percentage of change among groups in females (C & E) and males (D & F). n = 10-11 cells, 4-5 861 

mice/group. p < 0.01**, p < 0.001***. 862 
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