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Early-life exposure to caffeine affects the construction and activity of cortical networks in mice
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The consumption of psychoactive drugs during pregnancy can have deleterious effects on newborns. It remains unclear whether early-life exposure to caffeine, the most widely consumed psychoactive substance, alters brain development. We hypothesized that maternal caffeine ingestion during pregnancy and the early postnatal period in mice affects the construction and activity of cortical networks in offspring. To test this hypothesis, we first focused on primary visual cortex (V1) as a model six-layered neocortical region. In a study design mimicking the daily consumption of approximately three cups of coffee during pregnancy in humans, caffeine was added to the drinking water of female mice and their offspring were compared to control offspring. Caffeine altered the construction of GABAergic neuronal networks in V1, as reflected by a reduced number of somatostatincontaining GABA neurons at postnatal days 6-7, with the remaining ones showing poorly developed dendritic arbors. These findings were accompanied by increased synaptic activity in vitro and elevated network activity in vivo in V1. Similarly, in vivo hippocampal network activity was increased from the neonatal period until adulthood. Finally, caffeine-exposed offspring showed increased seizure susceptibility in a hyperthermia-induced seizure model. In summary, our results indicate detrimental effects of developmental caffeine exposure on mouse brain development.

Introduction

Caffeine is the most frequently consumed psychoactive substance among pregnant women [START_REF] Greenwood | Caffeine intake during pregnancy and adverse birth outcomes: a systematic review and dose-response meta-analysis[END_REF][START_REF] Mandel | Update on caffeine consumption, disposition and action[END_REF]. According to current guidelines, moderate maternal caffeine intake is considered harmless for the fetus and newborn (American [START_REF] Congress | Moderate caffeine consumption during pregnancy. Committee opinion No. 462[END_REF]European Food Safety Authority (EFSA), 2015).

However, one recent prospective study in mother-child pairs showed an association between caffeine exposure during pregnancy and impaired cognitive development [START_REF] Galéra | Prenatal caffeine exposure and child intelligence quotient at age 5.5 years: The eden mother-child cohort[END_REF].

Overall, results from human and animal studies present an inconsistent picture, and the longterm effects of early-life caffeine exposure are still controversial [START_REF] Bernard | Re: "Maternal caffeine intake during pregnancy and child cognition and behavior at 4 and 7 years of age[END_REF][START_REF] Greenwood | Caffeine intake during pregnancy and adverse birth outcomes: a systematic review and dose-response meta-analysis[END_REF][START_REF] Temple | Caffeine use in children: what we know, what we have left to learn, and why we should worry[END_REF].

In contrast, other psychoactive substances, e.g., alcohol, nicotine, cocaine, and medications such as valproic acid [START_REF] Crandall | Cocaine exposure decreases GABA neuron migration from the ganglionic eminence to the cerebral cortex in embryonic mice[END_REF][START_REF] Jentink | Valproic acid monotherapy in pregnancy and major congenital malformations[END_REF][START_REF] Marroun | Prenatal cannabis and tobacco exposure in relation to brain morphology: a prospective neuroimaging study in young children[END_REF][START_REF] Skorput | Persistent interneuronopathy in the prefrontal cortex of young adult offspring exposed to ethanol in utero[END_REF] undoubtedly interfere with crucial processes of brain development, including cell proliferation, neuronal migration [START_REF] Crandall | Cocaine exposure decreases GABA neuron migration from the ganglionic eminence to the cerebral cortex in embryonic mice[END_REF][START_REF] Miller | Effects of alcohol on the generation and migration of cerebral cortical neurons[END_REF], and postmigrational cortical organization and connectivity [START_REF] Guerrini | Malformations of cortical development: Clinical features and genetic causes[END_REF], leading to structural alterations in the offspring's cortical networks [START_REF] Thompson | Prenatal exposure to drugs: effects on brain development and implications for policy and education[END_REF].

Disturbances in developmental processes can result in cortical malformations, developmental delay, epilepsy, and/or autism [START_REF] Barkovich | A developmental and genetic classification for malformations of cortical development: Update 2012[END_REF][START_REF] Guerrini | Malformations of cortical development: Clinical features and genetic causes[END_REF]. Neuronal migration, in particular, can be affected by both genetic and exogenous factors, leading to a heterogeneous group of neurological disorders [START_REF] Ang | Prenatal exposure to ultrasound waves impacts neuronal migration in mice[END_REF][START_REF] Guerrini | Malformations of cortical development: Clinical features and genetic causes[END_REF][START_REF] Keays | Mutations in alpha-tubulin cause abnormal neuronal migration in mice and lissencephaly in humans[END_REF][START_REF] Kerjan | Genetic mechanisms underlying abnormal neuronal migration in classical lissencephaly[END_REF][START_REF] Marín | Interneuron dysfunction in psychiatric disorders[END_REF][START_REF] Sarkisian | MEKK4 signaling regulates filamin expression and neuronal migration[END_REF]. We and others previously showed that altered migration or maturation can selectively affect specific neuronal subpopulations [START_REF] Cobos | Mice lacking Dlx1 show subtype-specific loss of interneurons, reduced inhibition and epilepsy[END_REF][START_REF] Silva | Adenosine receptor antagonists including caffeine alter fetal brain development in mice[END_REF][START_REF] Skorput | Persistent interneuronopathy in the prefrontal cortex of young adult offspring exposed to ethanol in utero[END_REF]. In a recent study in mice, we demonstrated that caffeine exposure during pregnancy and the early postnatal phase delayed the migration and integration of cortical somatostatin (SOM)-containing GABA neurons, which was associated with altered hippocampus-dependent memory function in the offspring [START_REF] Silva | Adenosine receptor antagonists including caffeine alter fetal brain development in mice[END_REF]. As SOM-containing interneurons play an important role during brain development and cortical network formation [START_REF] Anastasiades | GABAergic interneurons form transient layer-specific circuits in early postnatal neocortex[END_REF][START_REF] Cobos | Mice lacking Dlx1 show subtype-specific loss of interneurons, reduced inhibition and epilepsy[END_REF][START_REF] Tuncdemir | Early somatostatin interneuron connectivity mediates the maturation of deep layer cortical circuits[END_REF], their altered integration into cortical circuits in caffeine-exposed mice may profoundly affect network function and early network oscillations (ENOs). ENOs [START_REF] Khazipov | Early patterns of electrical activity in the developing cerebral cortex of humans and rodents[END_REF] and their alterations were not only linked to long-term cognitive deficits or epilepsy in rodent models [START_REF] Domnick | Neonatal hypoxia-ischemia impairs juvenile recognition memory by disrupting the maturation of prefrontal-hippocampal networks[END_REF][START_REF] Marguet | Treatment during a vulnerable developmental period rescues a genetic epilepsy[END_REF], but may also serve as a biomarker for the early detection of altered brain development in humans [START_REF] Benders | Early brain activity relates to subsequent brain growth in premature infants[END_REF][START_REF] Iyer | Cortical burst dynamics predict clinical outcome early in extremely preterm infants[END_REF].

We hypothesized that the caffeine-induced impairment of SOM interneuron migration during brain development is not restricted to the hippocampus [START_REF] Silva | Adenosine receptor antagonists including caffeine alter fetal brain development in mice[END_REF], but may extend to the neocortex, which would indicate a global rather than a region-specific impact of developmental caffeine exposure. As altered SOM interneuron migration would likely affect cortical network excitability, we sought to quantify in vivo spontaneous ENOs in the primary visual cortex (V1) at postnatal days 6/7 [START_REF] Khazipov | Early patterns of electrical activity in the developing cerebral cortex of humans and rodents[END_REF] -i.e., prior to eye opening and maturation of photoreceptors -when activity-dependent, but sensoryindependent processes dominate V1 activity [START_REF] Katz | Synaptic activity and the construction of cortical circuits[END_REF][START_REF] Siegel | Peripheral and central inputs shape network dynamics in the developing visual cortex in vivo[END_REF][START_REF] Spitzer | Electrical activity in early neuronal development[END_REF]. For comparison, we quantified spontaneous in vivo network activity in the hippocampus, which displayed hyperexcitability in vitro after developmental caffeine exposure [START_REF] Silva | Adenosine receptor antagonists including caffeine alter fetal brain development in mice[END_REF]. Our study revealed a transient reduction in the number of SOM interneurons in V1 at P6 -likely reflecting the effect of caffeine on cortical GABA neuron migration -and their delayed insertion, as previously demonstrated in the hippocampus [START_REF] Silva | Adenosine receptor antagonists including caffeine alter fetal brain development in mice[END_REF]. In addition, the remaining SOM interneurons displayed immature morphological features. These findings were accompanied by increased in vitro synaptic and in vivo network activity and increased seizure susceptibility in an experimental febrile seizure model. In conclusion, our study demonstrates that early-life caffeine exposure affects cortical development in mice by inducing structural and functional aberrations.

Materials and methods

Animals

Mice were housed in standard mouse cages under conventional laboratory conditions (12 h/12 h dark-light cycle, constant temperature, constant humidity, and food and water ad libitum). Animal care and experimental procedures were conducted in accordance with institutional guidelines and with the European Communities Council Directive 86/609/EEC, and were approved by the Aix-Marseille University Chancellor's Animal Research Committee, Marseille (France), by the Ministry for Health and Consumer Protection, Hamburg (Germany), as well as by the North Rhine Westphalia State Agency for Nature, Environment and Consumer Protection, Recklinghausen, Germany.

For all neuroanatomical, in vitro electrophysiological, and febrile seizure experiments, we used GIN mice (FVB-Tg(GadGFP)45704Swn/J, Jackson Laboratories) in which a subpopulation of SOM-containing GABA neurons expresses green fluorescent protein (GFP) [START_REF] Oliva | Novel hippocampal interneuronal subtypes identified using transgenic mice that express green fluorescent protein in GABAergic interneurons[END_REF][START_REF] Quilichini | Hub GABA neurons mediate gamma-frequency oscillations at ictal-like event onset in the immature hippocampus[END_REF]. For all in vivo electrophysiological experiments, we used C57BL/6J mice (Charles River).

Caffeine treatment

This study was designed to mimic the situation in pregnant women consuming caffeine before and during their entire pregnancy until full-term birth, both in terms of time span of caffeine exposure and caffeine concentration (Figure 1). In the caffeine (= treatment) group, female mice received caffeine via their drinking water. Caffeine treatment was started two weeks before mating -reflecting the situation in women who usually do not start consuming caffeine with the onset of pregnancy but did consume caffeine beforehand -and was continued up until postnatal day 15. This end point of the treatment period was chosen based on the assumption that, from a developmental point of view, term birth in humans (= end of gestational week 40) is approximately comparable to postnatal days 12/13 in rodents [START_REF] Finlay | Translating developmental time across species[END_REF][START_REF] Romijn | At what age is the developing cortex of the rat comparable to that of the full term newborn baby?[END_REF]. Therefore, caffeine exposure during the entire pregnancy up until postnatal day 15 in mice would approximately reflect pregnancy until term birth in humans.

Caffeine powder was dissolved in tap water at a concentration of 0.3 g/l and given as drinking water to the dam. This concentration was chosen based on previous findings that exposure to 0.3g/l caffeine via drinking water results in a plasma caffeine concentration in rat dams that is similar to that found in the blood of humans drinking three to four cups of coffee per day [START_REF] Adén | Maternal caffeine intake has minor effects on adenosine receptor ontogeny in the rat brain[END_REF] and in a plasma concentration of caffeine in rat pups at P7 similar to that found in the umbilical cord of human neonates whose mothers consume moderate amounts of coffee (up to three cups per day) [START_REF] Björklund | Perinatal caffeine, acting on maternal adenosine A1 receptors, causes long-lasting behavioral changes in mouse offspring[END_REF]. In our previous study, we confirmed that this caffeine concentration in mice results in a serum concentration comparable to the one previously reported in rats [START_REF] Silva | Adenosine receptor antagonists including caffeine alter fetal brain development in mice[END_REF]. Also, we showed that this treatment regimen only affects maternal water intake on the first day of treatment, but not in the following time span [START_REF] Silva | Adenosine receptor antagonists including caffeine alter fetal brain development in mice[END_REF], suggesting that two weeks of treatment prior to mating should be enough to reach stable caffeine concentrations in the dam at the onset of pregnancy.

From postnatal day 15 on, dams and offspring received pure drinking water. The water (= control) group was never exposed to caffeine and received pure drinking water at all times.

Experiments were conducted at two stages of brain development, i.e., in the immature stage (=P6 to P10, see according experiments for details) and in the mature stage (= at three months of age). For anatomical and in vitro electrophysiological studies (Figures 23456), two groups of male offspring, i.e. the water versus the caffeine group, were compared to each other. For the in vivo electrophysiological studies of neonatal mice (Figures 7 and8), we added a third group of animals, i.e. the acutely caffeine-exposed animals (acute caffeine, versus chronic caffeine). This was done in order to distinguish chronic from acute caffeine effects and to thereby allow conclusions to be drawn regarding chronic versus acute exposure to caffeine on neuronal network activity. Indeed, because chronic caffeine treatment was ongoing at P6/7 (until postnatal day 15), all observed alterations of the in vivo network activity observed could have been caused by acute instead of chronic caffeine exposure, because the animals had been caffeine-exposed within 1-2 hours prior to the in vivo depth recording through ingestion of breast milk. In the acute caffeine group, pups were never caffeine exposed through breast milk/maternal caffeine intake, but only acutely caffeine exposed by a single intraperitoneal injection of caffeine at a dose of 15 mg/kg body weight. The injection was performed one hour before starting the recording of the in vivo neuronal network activity to allow caffeine to enter the brain [START_REF] Mccall | Blood-brain barrier transport of caffeine: dose-related restriction of adenine transport[END_REF]. We chose this particular caffeine concentration based on a daily caffeine exposure of approximately 40 mg/kg body weight via drinking water in the chronic caffeine group. For the study of in vivo neuronal network activity in adult mice (Figure 9), only two groups of animals were compared to each other, the water versus the caffeine group. A third group (= acute caffeine exposure) was not required because at this time point (= three months of age) both groups had not been caffeine exposed for more than two months, which means that no acute caffeine effect could have acted as confounder for the analysis of chronic caffeine effects. This also means that all differences observed between the adult control and the adult chronic caffeine group are exclusively based on early-life caffeine exposure.

Tissue preparation and immunohistochemistry

Male caffeine-exposed (n=9) and control (n=9) GIN mice were anesthetized on cold ice (postnatal day 6, P6, n=12) or with chloral hydrate (adults, n=6) and intracardially perfused with a fixative solution of 4% paraformaldehyde and 0.1% glutaraldehyde (P6), or 4% paraformaldehyde (adults) in 0.12 M sodium phosphate buffer (PB, pH 7.4). Following perfusion, the brains were removed from the skull and post-fixed for one hour in the same fixative at room temperature (RT). After several rinses in PB, brains were cryoprotected in a 30% sucrose solution overnight at 4°C and quickly frozen on dry ice. Free-floating coronal sections (40 µm thick) were cut on a cryostat. Adjacent sections were processed for immunohistochemical labeling, as previously described in detail [START_REF] Dinocourt | Loss of interneurons innervating pyramidal cell dendrites and axon initial segments in the CA1 region of the hippocampus following pilocarpine-induced seizures[END_REF], using the following primary antibodies: rabbit polyclonal antiserum directed against GFP (1:2000, A11122, Invitrogen), rabbit polyclonal antiserum directed against somatostatin (1:8000, T-4103, Peninsula Laboratories), a mouse monoclonal antibody directed against NeuN (1:5000, MAB 377, Millipore), and a mouse monoclonal antibody directed against parvalbumin (1:4000, Swant) diluted in KPBS 0.02% with 0.3% Triton. Sections were then processed with biotinylated goat anti-rabbit or horse anti-mouse IgG (1:200, Vector Laboratories, Burlingame, CA, USA), an avidin-biotin-peroxidase complex solution prepared according to the manufacturer's recommendations (Vectastain ABC kit, Vector Laboratories) and 3,3′-diaminobenzidine-HCl diluted in distilled H2O (DAB Sigma fast tablets; Sigma). A MOM (Mouse On Mouse) detection kit (Vector Laboratories) was used according to the manufacturer's recommendation for sections processed with the mouse parvalbumin antibody.

All sections were mounted on superfrost slides, dehydrated, and coverslipped with Permount.

Quantitative analysis

The total number of neurons labeled for GFP, somatostatin (SOM), NeuN or parvalbumin (PARV) was estimated in the V1 region of the right hemisphere in caffeine-exposed (P6, n=3; adult, n=6) and control (P6, n=3; adult, n=3) mice. These analyses were performed using a computer-assisted system connected to a Nikon 90i microscope and the Neurolucida software (MicroBrightField). A total of eight sections (200 µm and 400 µm apart from each other for pups and adults respectively) going through the entire rostrocaudal extent of V1 were analyzed for each animal. In each section, V1 cortical layers (L I, L II/III, L IV, L V and L VI) were delineated and all neurons labeled for GFP, SOM, NeuN, or PARV were plotted within each layer. The total number of immunolabeled neurons per layer was estimated for each animal using the following equation: Ntot = ΣQ• 1/ssf • 1/asf • t/h, where the section sampling fraction (ssf) was 1/5 in P6 pups and 1/10 in adults, the area sampling fraction (asf) was 1, the tissue sampling fraction (t/h, the height of the mounted section thickness divided by the dissector height) was 1, and Q the number of labeled cells counted per layer in each section [START_REF] West | Unbiased stereological estimation of the total number of neurons in the subdivisions of the rat hippocampus using the optical fractionator[END_REF]. The volume of each region of interest was estimated for each animal by the Neurolucida Explorer software (MicroBrightField). The average total number of labeled neurons/layer ± SEM was calculated for each group of control and caffeineexposed offspring.

For morphometric analyses of dendritic trees and number of varicosities, a 3D reconstruction of GFP-labeled neurons was performed (five neurons per animal, a total of 15 neurons per group) using the Neurolucida software. Neurons were analyzed using the Neurolucida Explorer software quantifying features of the dendritic trees for each neuron, such as the number of dendrites, the total dendritic length, the average terminal distance, average terminal branch order, and the number of dendritic varicosities. Further, Sholl radius analysis of dendritic trees and varicosities was performed. The mean number of each parameter ± SEM was calculated for each group. The Friedman test, followed by Dunn's multiple comparison test, was used for statistical analyses of neuron numbers and morphometric parameters between groups.

Electrophysiology in cortical slices

For spontaneous excitatory and inhibitory postsynaptic currents: n= 20 cells, 14 slices, from 9 control pups, and n= 20 cells, 15 slices, from 9 caffeine-exposed pups (at P6/7). For miniature excitatory and inhibitory postsynaptic currents: n= 8 cells, 8 slices, from 5 control pups, and n= 7 cells, 7 slices, from 5 caffeine-exposed pups (at P6/7). Transverse cortical slices (400 μm) were prepared from male GIN mice with a vibroslicer Leica VT 1200S in a cold (lower than 4 ºC) cutting solution containing 140.0 mM potassium gluconate, 10.0 mM HEPES, 15.0 mM sodium gluconate, 0.2 mM EGTA, 4.0 mM NaCl, pH 7.2. After recovery for at least one hour in aCSF containing 126.0 mM NaCl, 25.0 mM NaHCO3, 10.0 mM D-glucose, 3.5 mM KCl, 2.0 mM CaCl2, 1.3 mM MgCl2.6H2O, and 1.2 mM NaH2PO4 equilibrated with 5% CO2 in 95% O2 at room temperature, slices were transferred to a chamber containing the same aCSF and kept at a temperature between 33 ºC and 35 ºC. Cells were recorded under visual control (Nikon FN1 microscope -Scientifica Patch Star manipulators) with an Axopatch700B amplifier and Digidata 1322 interface (Axon Instruments). Currents were recorded using an internal pipette solution of 120.0 mM Cs gluconate, 20.0 mM CsCl, 1.1 mM EGTA, 0.1 mM CaCl2.2H2O, 10.0 mM HEPES, 2.0 mM Mg-ATP, 0.4 mM Na-GTP, 2 mM MgCl2.6H2O, CsOH.H2O to adjust pH (pH 7.3, 280 mOsM). IPSCs were recorded at a holding potential of +10mV, the reversal potential for glutamatergic events; EPSCs were recorded at -60 mV, the reversal potential for GABAergic events [START_REF] Cossart | Dendritic but not somatic GABAergic inhibition is decreased in experimental epilepsy[END_REF]. In a subset of neurons, we also measured miniature excitatory postsynaptic currents (mEPSCs) and miniature inhibitory postsynaptic currents (mIPSCs) in acute slices from caffeine-exposed and control P6 pups after the addition of TTX (1 µM). Average series resistance (RS) in neurons from P6 control and treated pups were 27.7 ± 1.9 MΩ and 23.3 ± 1.5 MΩ, respectively (P= 0.1633). When the RS changed during the recording by more than 20%, the recording was terminated. All recorded cells were filled with biocytin for post-hoc morphological identification, which was performed according to a previously described protocol [START_REF] Esclapez | Newly formed excitatory pathways provide a substrate for hyperexcitability in experimental temporal lobe epilepsy[END_REF].

We used Clampfit 10.2 and Minianalysis software (Synaptosoft) to analyze synaptic events.

We fixed a set of parameters for automatic detection (threshold, area, time to peak, decay). Then all detected events were verified individually. We built cumulative distributions of frequency and amplitude for control and caffeine exposed groups using the same number of events (40) per cell per condition. The population distribution is also displayed as a box plot where Whiskers are conventionally extended to the most extreme data point that is no more than 1.5 × IQR from the edge of the box (Tukey style), combined with the sample mean (+).

We used the two-sample Kolmogorov-Smirnov test for statistical analyses of cumulative probabilities between groups. The statistical analysis was done using a very small binning (30 msec for the interevent interval and 1 pA for the amplitude). The distribution curves are displayed with a different binning for visualization. We used the Wilcoxon-Mann-Whitney test for comparison between ratios. For Kolmogorov-Smirnov tests we set a stringent significance level of P<0.001 using OriginLab 7.5 (OriginLab Corporation One Roundhouse Plaza Northampton, MA 01060 USA). Note that for Fig. 6H, the distributions are not different for P<0.001, but are for P<0.01. *P<0.05, **P<0.01, ***P<0.001.

In vivo depth recordings of neonatal mice (at P6/7)

In vivo depth recordings with linear 16-site silicon probes were performed for three different groups of animals, i.e. the water (= control) group, the chronically caffeine-exposed mice (= chronic caffeine), and the acutely caffeine-exposed mice (= acute caffeine) (see section Treatment for details). For implantation of the silicon probes, mice were anesthetized with isoflurane (1.5-2% in 100% oxygen). Once mice were sufficiently anesthetized and did not show any withdrawal reflexes upon toe or tail pinch, the surgical procedure started. A midline skin incision was made on the top of the skull. The edges of the wound were then treated with the local anesthetic bupivacaine (Bucain-Actavis 0.25%). The periosteum of the skull was denatured by treatment with 10% H2O2, which was left on the skull for up to three seconds.

The denatured surface was then cleaned with NaCl 0.9% and dried afterwards. A silver wire served as a common ground and reference electrode. To this end, a hole was drilled into the skull above the cerebellum, where the wire was inserted and then fixed by dental cement.

Mice were put on a stereotaxic table on which they remained head-fixed for the duration of the recording while kept at a constant temperature of 33-33.5°C (= physiological body temperature at this age), using a homeothermic heating pad (Stoelting). Two holes were drilled through the skull, one of which was located above the primary visual cortex (V1), the other one above the hippocampus. The corresponding stereotaxic coordinates were 2.42 mm posterior to Bregma and 1.8 mm left to the midline (for V1) and 1.1 mm posterior to Bregma and 1.7 mm left to the midline (for hippocampus).

Linear 16-site silicon probes with a distance of 50 µm between each recording site (A1x16-3mm-50-703; NeuroNexus Technologies) were inserted into V1 with a lateral tilt of 10° and into the dorsal hippocampus along the cornu ammonis (CA)1-dentate gyrus (DG) axis, respectively. The silicon probes were connected to 1x preamplifiers (Neuralynx) mounted to the stereotaxic instrument (Stoelting). Data were digitally filtered (0.5-9000 Hz bandpass) and digitized as 16-bit integers with a sampling rate of 32 kHz using a Digital Lynx 4SX acquisition system (Neuralynx Inc.). Animal movements were detected by a piezoelectric sensor placed under the animal's thorax, and were recorded in parallel with the same sampling rate. Data acquisition was started about 15-30 min after probe insertion when recording conditions were stable. Probe positions were marked by silicon probes covered by the fluorescent dye DiI and verified in NeuroTrace fluorescent Nissl-stained (Invitrogen) coronal slices, which were used in combination with the local field potential (LFP) depth profile for layer identification [START_REF] Buzsáki | Hippocampal network patterns of activity in the mouse[END_REF].

In vivo hippocampal recordings in adult mice (three months of age)

Adult mice were initially anesthetized with 1.1 -1.4 mg/g bodyweight urethane (Sigma, 10% w/v, in NaCl 0.9%). As it takes approximately 30 min. after injection for urethane to guarantee sufficient anesthesia, mice were additionally anaesthetized with the inhalative anesthetic isoflurane for the first 30 min. of the procedure (1.0 -1.5% in 100% oxygen).

Animals were placed in a stereotaxic apparatus in which they remained head-fixed during the recording (Stoelting). Body temperature was maintained stable at 36-36.5°C (= physiological body temperature at this age) during the operation and recording using a homeothermic heating pad (Stoelting). A midline skin incision was made on the top of the skull. For a common ground and reference electrode, a hole was drilled above the cerebellum and a stainless steel screw connected to the ground wire was inserted (lambda -1.5 mm, 1.0 mm lateral). For the hippocampal silicon probe a 0.8 mm wide burr hole was placed at 2.0 mm posterior to bregma and 1.6 mm left to the midline. The surgical procedure lasted 25-30 min., and isoflurane anesthesia was stopped once the surgery was finished. A linear 16-site silicon probe with a distance of 100 µm between the recording sites (A1x16-5mm-100-177;

NeuroNexus Technologies) was inserted vertically into the dorsal hippocampus (2.1 mm depth) along the CA1-DG-axis. Data acquisition and storage for offline processing was done as above.

Data analysis and visualization for neonatal mice

All in vivo data were analyzed and visualized in MATLAB (Mathworks) or NeuroScope [START_REF] Hazan | Klusters, NeuroScope, NDManager: A free software suite for neurophysiological data processing and visualization[END_REF]. LFPs were downsampled to 1.25 kHz from raw traces; current source densities (CSDs) were built from the 2 nd spatial derivative of 1-200 Hz filtered LFPs.

Multitaper spectrograms were computed using the Chronux toolbox (http://chronux.org/); for visualization wavelets were also used.

In neonates, sharp waves (SW) were considered to be the point of maximum negativity in deep hippocampus after automatically detecting high variance across CSD traces; SW amplitudes were quantified by max. peak to min. trough in the LFP. Hippocampal beta oscillations (HBOs) with maximum CSD amplitudes in apical dendritic layers of CA1 and spindle bursts in the primary visual cortex were manually detected by an experimenter who was blinded to the experimental group, and verified by independent observers.

Data analysis and visualization for adult mice

All in vivo data were analyzed and visualized in MATLAB (Mathworks) or NeuroScope [START_REF] Hazan | Klusters, NeuroScope, NDManager: A free software suite for neurophysiological data processing and visualization[END_REF]. LFPs were downsampled to 1.25 kHz from raw traces. Multitaper spectrograms were computed using Chronux (nFFT 4096 points, sliding window 2048 points). Paradoxical/REM-like epochs were manually selected and defined by the presence of theta (4-8 Hz) and gamma (20-50 Hz) oscillations. Theta and gamma power were calculated for the selected REM-like epochs by integrating the area of the power spectrum below the theta and gamma ranges. For theta phase modulation of gamma amplitude, theta phase was first calculated by the angle of the Hilbert transform on the theta band-filtered signal (Butterworth; third order, 4-8 Hz), whereas instantaneous gamma amplitude was calculated by the absolute of the Hilbert transform on the gamma band-filtered signal (Butterworth; sixth order, 20-50 Hz). Theta phase was binned in 20-degree blocks. The mean instantaneous gamma amplitude within each theta phase block was calculated. Theta phase modulation of gamma amplitude was then calculated using an adaptation of the Kullback-Leibler divergence [START_REF] Tort | Theta-gamma coupling increases during the learning of item-context associations[END_REF].

For automatic ripple detection, the channel with the largest ripple amplitude was bandpass filtered (Butterworth; 14th order, 100-250 Hz). Ripples were defined as periods in which the instantaneous amplitude exceeded four times the SD above the mean during slow-wave sleep (SWS)-like brain states. The left and right borders of detected ripple events were defined as the time points at which the instantaneous amplitude dropped below 1.75 SDs above the mean. Events shorter than 25 ms were excluded. For each individual ripple, we calculated its amplitude and estimated its frequency. Ripple amplitude was obtained by measuring the average peak-to-peak amplitude on individual ripples on the bandpass-filtered signal. Ripple frequency was obtained by calculating the mean inverse distance between subsequent troughs.

To obtain the ripple amplitude and frequency per animal, a mean was calculated for all detected ripples throughout a recording. Ripple occurrence was defined as the number of ripples per second of SWS-like brain states. Stratum pyramidale (str. Pyr) was defined as the layer with the largest ripples, stratum radiatum (str. Rad) as the layer with the largest cooccurring sharp waves, and stratum lacunosum-moleculare (str. LM) as the layer with the largest return currents during ripples.

2.10 Experimental febrile seizure protocol (at P10) Number of animals per group: n=14 control vs. n=14 caffeine-exposed pups. In order to better understand the impact of febrile seizures (FS) on the developing brain, animal models were developed in which hyperthermic seizures (HS) were induced [START_REF] Baram | Febrile seizures: An appropriate-aged model suitable for long-term studies[END_REF][START_REF] Dubé | Cognitive dysfunction after experimental febrile seizures[END_REF][START_REF] Patterson | Origins of temporal lobe epilepsy: febrile seizures and febrile status epilepticus[END_REF]. Experimental HS were evoked in control and chronically caffeine-exposed mouse pups at P10. Baseline core (rectal) temperature was measured using a hypodermic needle probe (MLT1404) connected to a temperature indicator (DP41-TC). To prevent variability of baseline core temperature, pups were prevented from climbing on top of each other. Two pups of each group were placed in a 3-liter jar (hyperthermia chamber) fitted with a cloth pad taped to its bottom to absorb excreta and to prevent exposure to heated glass.

After measuring onset core temperatures, a regulated stream of moderately heated air was blown obliquely through the hole in the lid using a commercial adjustable hair dryer (Prostyler 1600W, 097RIR, Conair, set at medium). The goal was to increase core and brain temperatures [START_REF] Dubé | Serial MRI after experimental febrile seizures: Altered T2 signal without neuronal death[END_REF][START_REF] Dubé | Cognitive dysfunction after experimental febrile seizures[END_REF]) by ~2° C/minute (42 ± 2°C) until seizure onset, when seizure temperature threshold is recorded. Seizures can be easily detected because they are characterized by behavioral arrest and facial automatisms [START_REF] Baram | Febrile seizures: An appropriate-aged model suitable for long-term studies[END_REF]. Such recurrent seizures are observed for 25 -30 min., approximately 95% of animals survive. Once seizures commence, hyperthermia is continued, and the temperature is measured every 2 minutes. If core temperature is >41.5° C, pups are removed to a cool metal surface for 2 minutes to prevent excessive heating. The cycle of (1) exposure to heat for 2 minutes, (2) measurement of body temperature, and (3) continuation of exposure to heat or cooling down is maintained for a total of 30 minutes. To analyze HS susceptibility in mice, only behavioral analysis was performed. The intensity of seizures was evaluated by the total score of seizures (TSS) as follows: TSS = SBS + 1/LTCS * 100 + NTCS + DTCS where SBS stands for sum of behavioral stages observed (from 0 = normal behavior to 4 = tonic-clonic seizure), LTCS is latency for tonic-clonic seizure (min.), NTCS refers to the number of tonic-clonic seizures, and DTCS indicates duration of tonic-clonic seizures (min.). For example, if a mouse exhibited behaviors of all four stages, its SBS was 1 + 2 + 3 + 4 = 10; if LTCS was 20, NTCS was 7, and DTCS was 3, its TSS was calculated as follows: TSS = 10 + 1 / 20 * 100 + 7 + 3 = 25 [START_REF] Gholipoor | Effect of hyperthermia on histamine blood level and convulsive behavior in infant rats[END_REF].

Results

3.1 Caffeine exposure during the fetal and early postnatal period delays insertion and maturation of SOM/GABA neurons within V1 At P6, all caffeine-exposed pups displayed fewer GABAergic, somatostatin-positive GFPlabeled neurons in the developing V1 cortex as compared to control pups (Fig. 2A,B).

Quantitative analysis demonstrated a decrease (59%, P= 0.0497) in the total number of GFPlabeled neurons within the entire V1 cortex in all caffeine-exposed as compared to control offspring (Fig. 2C), whereas no change in cortical volume was observed (1.5x10 09 ± 8.3x10 07 µm 3 in caffeine-exposed vs. 1.9x10 09 ± 3.2x10 08 µm 3 in control pups, P= 0.99). This decrease in the number of GFP-labeled neurons was mainly observed in the superficial layers II/III (60%, P= 0.0415, Fig. 2C) and in the deeper layer V (59%, P= 0.0343, Fig. 2C). A similar decrease in the entire population of SOM-containing neurons was evident in all caffeine-exposed as compared to control pups (Fig. 2G,H). Quantitative analysis revealed a significant reduction in the total number of SOM-labeled neurons (Fig. 2I) within the entire V1 cortex (68%, P= 0.0481), including layer II/III (76%, P= 0.0358), layer V (65%, P= 0.0108), and layer VI (74%, P= 0.0013). In contrast, the laminar distribution (Fig. 2 D,E,J,K) and estimated total numbers of GFP-(Fig. 2F) and SOM-(Fig. 2 L) labeled neurons were similar in three-month-old adult caffeine-exposed and control offspring (P= 0.99). Therefore, this transient reduction in the number of GFP-and SOM-labeled neurons observed in V1 at P6 is likely to reflect the effect of caffeine on cortical GABA neuron migration and insertion previously demonstrated in the hippocampus [START_REF] Silva | Adenosine receptor antagonists including caffeine alter fetal brain development in mice[END_REF]. Furthermore, in caffeineexposed pups, most of these GFP-labeled neurons displayed immature morphological features, including poorly developed dendritic processes as compared to GFP-labeled neurons in control pups (Fig. 3A,B). These qualitative observations were confirmed by morphometric analysis of GFP-labeled neurons (n=15 neurons from 3 animals for each group; Table 1; Fig. 3C-F). Whereas the total number of dendrites was similar in caffeine-exposed and control pups -suggesting that similar neuronal subtypes were analyzed in both groups -the total dendritic length, average terminal branch distance, and average terminal branch order were significantly lower in GFP-labeled neurons in caffeine-exposed than in control pups (P= 0.0003, P= 0.0005, P= 0.000-respectively) (Table 1). To further analyze the level of complexity of the dendritic trees as a function of the distance to the soma, we performed a 3D-Sholl analysis (Fig. 3 C-F). The total dendritic length (Fig. 3D), the number of dendritic branch intersections (Fig. 3E), and the cumulative dendritic branch order (Fig. 3F) of GFPlabeled neurons in spheres of increasing radius (Fig. 3C) were reduced in caffeine-exposed as compared to control pups. These reductions in size and complexity of dendritic trees in caffeine-exposed pups showed a clear, yet not significant trend very close to the soma center, and were significantly different between the two groups beyond radii of 90 µm (P= 0.0058) (Fig. 3D), 70 µm (P= 0.0110) (Fig. 3E), and 90 µm (P= 0.0011) (Fig. 3F).

In addition, the dendritic processes of GFP-labeled neurons in caffeine-exposed pups displayed many structural irregularities known as varicosities, which were almost never seen in dendritic processes of GFP-labeled control neurons (Fig. 3G,H). In spite of shorter and less ramified dendrites, GFP-labeled neurons in caffeine-exposed pups displayed a total number of dendritic varicosities that was 12 times higher than that observed in control pups (P= 0.0003) (Fig. 3I). These varicosities were particularly numerous along the medial region of the dendrites (P= 0.0064) (Fig. 3J), and were likely to correspond to future dendritic branch bifurcations observed in developing neurons [START_REF] Dailey | The dynamics of dendritic structure in developing hippocampal slices[END_REF].

None of these alterations observed in caffeine-exposed pups at P6 were present in adult offspring. GFP-(P= 0.99) (Fig. 2D,E) and SOM-(P=0.99) (Fig. 2J,K) labeled neurons displayed a similar extent of dendritic trees in both adult caffeine-exposed and control mice, and varicosities along those dendrites were absent in both groups (data not shown). In addition to the similar distribution and number of GFP-(Fig. 2F) or SOM-(Fig. 2L) labeled neurons between adult caffeine-exposed and control offspring, no differences were observed in the distribution or total number of the other main subpopulation of GABAergic neurons, i.e. the parvalbumin (PARV)-containing neurons (P= 0.99) (Fig 4A-C), or the entire population of neurons immunolabeled for NeuN (P= 0.99) (Fig. 4D-F), between both groups.

Taken together, these results suggest that early-life exposure to caffeine delays GABA neuron insertion in the primary visual cortex (V1) but, in contrast to our previous findings in the hippocampus [START_REF] Silva | Adenosine receptor antagonists including caffeine alter fetal brain development in mice[END_REF], does not lead to neuronal loss in V1 in adult animals.

Because delayed insertion of GABA neurons may affect neuronal network activity, we sought to investigate whether these alterations were associated with changes in synaptic activity in vitro.

3.2 Early-life exposure to caffeine induces increased synaptic activity in V1 in vitro at postnatal day 6

The barrage of synaptic inputs received by neurons can characterize the functional state of neuronal networks. To quantify the excitatory and inhibitory inputs received by primary visual cortex (V1) layer V pyramidal cells (Fig. 5A,B), we measured the frequency and amplitude of both spontaneous excitatory postsynaptic currents (sEPSCs) (Fig. 5C-F) and spontaneous inhibitory postsynaptic currents (sIPSCs) (Fig. 5G-J) in acute slices from caffeine-exposed and control P6 pups. In V1 layer V pyramidal neurons of caffeine-exposed pups (20 cells, 15 slices, from 9 pups), we found an increase in sEPSCs frequency by 97.9% (P= 5.9202 e -42 ) (Fig. 5E) and an increase in sIPSCs frequency by 92.9% (P= 8.8461 e -19 ) (Fig. 5I) as compared to controls (20 cells, 15 slices, from 9 pups). In addition, the amplitudes of sEPSCs and sIPSCs in V1 layer V pyramidal neurons of caffeine-exposed pups were increased by 45.1% (P= 6.4786 e -7 ) (Fig. 5F) and 18.2% (P= 4.938 e -5 ) (Fig. 5J), respectively.

In a subset of neurons, we also measured miniature excitatory postsynaptic currents (mEPSCs) (Fig. A-D) and miniature inhibitory postsynaptic currents (mIPSCs) (Fig. 6E-H) in acute slices from caffeine-exposed and control P6 pups after the addition of TTX (1 µM). In V1 layer V pyramidal neurons of caffeine-exposed pups (7 cells, 7 slices, from 5 pups), we found an increase in mEPSCs frequency by 145.8% (P= 3.0963 e -104 ) (Fig. 6C) and an increase in mIPSCs frequency by 40.1% (P= 2.6391 e -15 ) (Fig. 6G) as compared to controls (8 cells, 8 slices, from 5 pups). The amplitudes of mEPSCs and mIPSCs were also increased by 60.7% (P= 2.1207 e -5 ) (Fig. 6D) and 42.5% (P= 0.0044) (Fig. 6H), respectively. Spontaneous synaptic currents are a combination of action potential-dependent and independent (i.e., miniature) events. In order to determine the contribution of miniature events to the overall synaptic drive, we calculated the ratio of miniature to spontaneous activity within the same cells (7 cells, 7 slices, from 5 pups). The ratio of the frequency of mEPSCs to sEPSCs was significantly increased by 90% (P= 0.0054) in caffeine-treated pups (Fig. 6I). A similar trend showing a 33% increase was observed for the mIPSCs/sIPSCs ratio, which was not significant (P= 0.0875) (Fig. 6J). The overall synaptic drive received by a neuron is a combination of glutamatergic (EPSCs) and GABAergic (IPSCs) events. In order to assess their respective contributions, we calculated the frequency ratio of glutamatergic/GABAergic events. While the glutamatergic drive accounts for 50-60% of the overall spontaneous and miniature synaptic drive in control pups, the sEPSCs/sIPSCs and mEPSCs/mIPSCs ratios were increased by 52% (P= 0.0287) (Fig. 6K) and 171% (P= 0.0014) (Fig. 6L) in caffeine-exposed pups, respectively. These results show that delayed maturation of SOM/GABA neurons induced by caffeine exposure was paralleled by changes in both spontaneous and miniature synaptic activity, with a significant increase in excitatory activity in the developing cortex of offspring. As in vitro experiments in acute brain slices may only incompletely reflect the in vivo situation, we conducted in vivo depth recordings to determine whether caffeine exposure altered in vivo neonatal network activity in V1.

3.3 Developmental caffeine exposure leads to neuronal hyperactivity in V1 in vivo at postnatal days 6/7 fixed P6/7 pups (see Materials and Methods for details, number of animals per group: control n = 6, chronic caffeine n= 11, acute caffeine n= 7). During the recording sessions, the mice were predominantly in a state of quiet immobility or sleep as indicated by the absence of movement activity simultaneously recorded via a piezoelectric sensor under the animals' thorax. In V1 of control mice, the predominant spontaneous activity pattern consisted of socalled spindle burst oscillations in superficial cortical layers. These oscillations had frequencies in the beta range (8-25 Hz) (Fig. 7A-C) as previously described in rodent pups [START_REF] Hanganu | Retinal waves trigger spindle bursts in the neonatal rat visual cortex[END_REF][START_REF] Marguet | Treatment during a vulnerable developmental period rescues a genetic epilepsy[END_REF] and infants [START_REF] Milh | Rapid cortical oscillations and early motor activity in premature human neonate[END_REF]. They occurred about every one to three minutes on the average and lasted between 5 s and 20 s (Fig. 7A,D,E). We then compared control mice to chronically caffeine-exposed mice and to acutely caffeine-exposed mice (for detailed explanation, see Materials and Methods; Treatment).

Analysis of spontaneous V1 LFP activity after acute caffeine injection revealed neither

qualitative nor quantitative changes in properties such as occurrence rate, event length (Fig. 7D,E), or peak spectral frequency (control: 14.7 ± 1.8 Hz; acute caffeine: 10.4 ± 1.8 Hz, P = 0.25). In contrast, in chronically caffeine-exposed pups, the rate of spindle bursts and their fraction of total recording time were increased by more than 100% (Fig. 7D, F; P= 0.022 and P= 0.0273, respectively). Chronic caffeine exposure did not alter LFP depth profiles, spectral peak frequencies (11.6 ± 0.8 Hz, P = 0.21 vs. control), or event durations (Fig. 7E). In summary, this is the first evidence that caffeine exposure through the dam alters in vivo network activity in the immature V1 cortex.

Given that caffeine exposure affects in vitro synaptic activity in the hippocampus and hippocampus-dependent spatial memory [START_REF] Silva | Adenosine receptor antagonists including caffeine alter fetal brain development in mice[END_REF], we then sought to investigate whether we could also identify changes in in vivo hippocampal network activity in immature or adult animals.

Developmental caffeine exposure leads to neuronal hyperactivity in hippocampus in vivo at postnatal days 6/7

Multi-channel silicon probe depth recordings along the hippocampal CA1-dentate gyrus axis were obtained from awake, head-fixed P6/7 pups (number of animals per group: control n = 8, chronic caffeine n= 12, acute caffeine n= 4). We found two prominent activity patterns: sharp waves (SWs) with a phase reversal in the CA1 pyramidal layer and short-lasting hippocampal beta oscillations (HBOs) in a frequency range comparable to that in V1 (10-30 Hz) and maximum current source density (CSD) amplitudes in apical dendritic layers of CA1 (Fig. 8A) [START_REF] Marguet | Treatment during a vulnerable developmental period rescues a genetic epilepsy[END_REF]. Both event types sometimes occurred together with or following spontaneous limb twitches. CSD analysis revealed current sinks at about 100-250 µm below the pyramidal layer for both SWs and HBOs, suggesting a common origin from either CA3 pyramidal cell population activity via their Schaffer collateral projections or entorhinal cortex layer III neurons via the temporoammonic pathway to CA1 (Fig. 8A,B). In caffeine-exposed pups, we found activity patterns similar to those seen in controls (Fig. 8B). Independent of treatment, HBOs were broadly distributed between 10 and 30 Hz and typically had no consistent peak frequency. Given this variability, no correlation was detected between treatment and peak frequency. Following acute or chronic caffeine exposure, sharp wave rates and amplitudes did not differ significantly from those in controls (Fig. 8C). In contrast, HBOs were significantly increased only in the chronically caffeine-exposed group: the occurrence of HBOs, their mean lengths and, as a result, the total fraction of time during which the network displayed HBOs were increased in chronically caffeine-exposed pups compared to control animals (Fig. 8D; P= 0.0252, P= 0.0041, and P= 0.0078, respectively).

Taken together, our quantitative analysis of in vivo neonatal network activity revealed pronounced hyperactivity in both V1 cortex and hippocampus, which, of note, only occurred after chronic, but not after acute caffeine exposure (Fig. 7D andF, 8D). Next, we examined whether the alterations in neonatal hippocampal in vivo network activity persisted until adulthood, which would indicate that the caffeine-induced changes in ENO properties represent early biomarkers of long-term network disturbances.

3.5 Developmental caffeine exposure leads to in vivo network hyperactivity in adult hippocampus Depth recordings of CA1 hippocampal network activity in urethane-anesthetized adult mice revealed slow wave sleep (SWS)-like states (Fig. 9A) and rapid eye movement (REM)-like states (Fig. 9B) spontaneously alternating during recordings (Fig. 9C). Analysis of highfrequency ripple oscillations in the CA1 pyramidal cell layer showed significantly higher peak-to-peak amplitudes in caffeine-treated mice as compared to controls (Fig. 9D, left; P = 0.0352). The increased ripple amplitudes were accompanied by a trend towards larger sharp wave amplitudes in CA1 stratum radiatum (Fig. 9D, right; P = 0.0828), possibly due to increased excitatory input from CA3 into CA1 via Schaffer collaterals. Oscillatory activity during REM-like states showed no change in theta or gamma power in either stratum pyramidale (Fig. 9E, left and middle), stratum radiatum, or lacunosum moleculare (Suppl. Fig. 1B). However, theta-gamma cross-frequency coupling in stratum pyramidale of caffeineexposed mice was altered as indicated by a significant increase in the modulation index (Fig. 9E, right; P = 0.0317), which is likely to reflect the alterations in excitation/inhibition balance observed at the cellular level in hippocampal CA1 pyramidal cells of caffeine-exposed offspring [START_REF] Silva | Adenosine receptor antagonists including caffeine alter fetal brain development in mice[END_REF]. There was no significant difference in the modulation index in stratum radiatum or stratum lacunosum moleculare (Suppl. Fig. 1B). As theta/gamma crossfrequency coupling in the CA1 pyramidal layer is strongly dependent on rhythmic inhibition of pyramidal cells by PARV-expressing basket cells [START_REF] Wulff | Hippocampal theta rhythm and its coupling with gamma oscillations require fast inhibition onto parvalbumin-positive interneurons[END_REF], the altered modulation index suggests that chronic developmental caffeine exposure persistently altered the hippocampal microcircuitry including perisomatic inhibition.

Since a vast number of children is exposed to caffeine and febrile seizures are the most common type of seizures in infancy [START_REF] Patel | Febrile seizures[END_REF], the pathophysiology of which is still poorly understood, we next investigated whether the observed changes in in vivo network activity after developmental caffeine exposure increased the susceptibility to febrile seizures in the hyperthermia febrile seizure mouse model.

Caffeine exposure increases the susceptibility of mouse pups in a febrile seizure model

Combined evidence from in vitro and in vivo electrophysiological analyses suggested a marked increase in neuronal activity and, as a consequence, potentially also in seizure susceptibility in caffeine-exposed offspring. Since immature neuronal networks are seizure prone [START_REF] Holmes | The long-term effects of neonatal seizures[END_REF] and defects in GABA neuron migration [START_REF] Cobos | Mice lacking Dlx1 show subtype-specific loss of interneurons, reduced inhibition and epilepsy[END_REF], or in GABAergic signaling during development, facilitate the emergence of an epileptic phenotype [START_REF] Briggs | Altered GABA signaling in early life epilepsies[END_REF], we investigated the seizure susceptibility of chronically caffeine-exposed neonates in an established febrile seizure model [START_REF] Baram | Febrile seizures: An appropriate-aged model suitable for long-term studies[END_REF].

Seizure susceptibility was assessed behaviorally, as electrophysiological recordings in freely moving pups represent a technical challenge. Baseline body temperature was not different between groups (control pups: 33.38 ± 0.28°C vs. caffeine-exposed pups: 32.93 ± 0.42°C; P= 0.99). Hyperthermia-induced seizures were more pronounced (behavioral arrest, facial automatisms, tonic-clonic seizures, and death) (P= 0.0008) in caffeine-exposed offspring (total score = 15.55±1.38) as compared to control offspring (total score = 8.007±0.08) at P10 (n = 14 per group). Likewise, the threshold temperature for seizure induction was reduced (35.30±0.81°C vs. 39.02±0.21°C) (P= 0.0069), and the mean seizure duration was increased (27.71±0.35 min. vs. 25.60±0.35 min.) (P=0.0004) in caffeine-treated offspring. These results indicate that the structural and functional alterations in mouse hippocampal and cortical networks induced by early-life exposure to caffeine were associated with increased susceptibility in the hyperthermia febrile seizure model.

Discussion

Our study demonstrates that developmental caffeine exposure in mice can have long-term consequences for the construction and activity of their cortical neuronal networks. First, we show that caffeine exposure during pregnancy and the early postnatal period led to a reduced number of SOM interneurons in V1 at P6, which, in addition, displayed immature morphological features (Figures 2 and3). This is most likely the consequence of a delayed migration of these interneurons into V1 caused by the antagonistic effect of caffeine on adenosine type 2A receptors, as we previously showed for SOM interneurons migrating into the hippocampus [START_REF] Silva | Adenosine receptor antagonists including caffeine alter fetal brain development in mice[END_REF]. However, we cannot rule out contributions of other targets of caffeine such as, for example, adenosine type A1 receptors [START_REF] Björklund | Perinatal caffeine, acting on maternal adenosine A1 receptors, causes long-lasting behavioral changes in mouse offspring[END_REF][START_REF] Dzhala | Epileptogenic action of caffeine during anoxia in the neonatal rat hippocampus[END_REF][START_REF] Porciúncula | The Janus face of caffeine[END_REF]. Our results show some similarities with respect to previous findings on the influence of ethanol exposure during pregnancy on brain development [START_REF] Cuzon | Ethanol consumption during early pregnancy alters the disposition of tangentially migrating GABAergic interneurons in the fetal cortex[END_REF][START_REF] Skorput | Persistent interneuronopathy in the prefrontal cortex of young adult offspring exposed to ethanol in utero[END_REF]. However, while ethanol increased the tangential migration of MGE-derived GABA interneurons [START_REF] Cuzon | Ethanol consumption during early pregnancy alters the disposition of tangentially migrating GABAergic interneurons in the fetal cortex[END_REF], we previously observed that early-life caffeine exposure slows down their migration [START_REF] Silva | Adenosine receptor antagonists including caffeine alter fetal brain development in mice[END_REF]. Of note, the loss of neurons that we observed in the adult hippocampus after early-life caffeine exposure [START_REF] Silva | Adenosine receptor antagonists including caffeine alter fetal brain development in mice[END_REF] was not seen in V1 (Figure 4). This difference might be attributable to varying levels of vulnerability of neurons in the hippocampus compared to other brain regions [START_REF] Houser | Do structural changes in GABA neurons give rise to the epileptic state?[END_REF].

The delayed integration of SOM/GABA interneurons into the developing cortex at P6 was paralleled by altered in vitro and in vivo V1 neuronal activity in caffeine-exposed mice (Figures 567), indicating that our previous findings [START_REF] Silva | Adenosine receptor antagonists including caffeine alter fetal brain development in mice[END_REF] are also relevant for brain regions other than the hippocampus. Further, using in vivo depth recordings, we show that the physiological patterns of neonatal hippocampal network activity were comparable, but occurred more frequently in chronically caffeine-exposed pups (Figures 8). As adults, these mice displayed the characteristic hippocampal network patterns in the CA1 region, such as sharp wave/ripple or theta/gamma oscillations [START_REF] Buzsáki | Hippocampal network patterns of activity in the mouse[END_REF], indicating intact overall hippocampal connectivity. However, quantitative changes in sharp-wave amplitudes and theta/gamma cross-frequency coupling indicate changes in the hippocampal microcircuitry that persisted into adulthood (Figure 9) and may include alterations in perisomatic inhibition [START_REF] Wulff | Hippocampal theta rhythm and its coupling with gamma oscillations require fast inhibition onto parvalbumin-positive interneurons[END_REF].

The maturation of GABA interneurons and the concomitant increase in intracortical inhibition were shown to trigger the onset [START_REF] Fagiolini | Inhibitory threshold for critical-period activation in primary visual cortex[END_REF] and closure [START_REF] Hanover | Brain-derived neurotrophic factor overexpression induces precocious critical period in mouse visual cortex[END_REF] of a critical plasticity period [START_REF] Chen | Highly specific structural plasticity of inhibitory circuits in the adult neocortex[END_REF][START_REF] Isaacson | How inhibition shapes cortical activity[END_REF].

The inhibitory tone established at the end of developmental critical periods constrains further plasticity in the adult brain [START_REF] Hensch | Local GABA circuit control of experience-dependent plasticity in developing visual cortex[END_REF][START_REF] Levelt | Critical-period plasticity in the visual cortex[END_REF]. Disruption of GABAergic circuits during early development can result in persistent neuronal network alterations [START_REF] Skorput | Persistent interneuronopathy in the prefrontal cortex of young adult offspring exposed to ethanol in utero[END_REF], as compensatory or maladaptive mechanisms may be triggered. In line with these observations, we found an increase in both sIPSCs and sEPSCs in vitro, an indication of neuronal hyperactivity, which is most likely attributable to the delayed insertion of SOM/GABA neurons. The increased spontaneous activity could be due to increased firing of glutamatergic and GABAergic neurons. However, the strong increase in miniature activity indicates structural changes, which could be due to an increase in the number of synaptic terminals, a change in innervation type, and/or alterations in the release probability of presynaptic terminals. Interestingly, the contribution of the miniature tone increased more than that of action potential-dependent events, with a strong bias in favor of glutamatergic currents, suggesting a state of hyperexcitability. The increase in the amplitude of excitatory synaptic currents, which could be due to an increased number of post-synaptic receptors, also contributes to the development of hyperexcitability. In agreement with in vitro results, we found that the in vivo network activity was increased in two separate brain regions.

We selected primary visual cortex (V1) as a region of interest because its activity at this early postnatal age (P6/7) is primarily determined by intrinsic, spontaneous network properties [START_REF] Espinosa | Development and plasticity of the primary visual cortex[END_REF]. After eye opening, i.e. at approximately P12 to P14 [START_REF] Espinosa | Development and plasticity of the primary visual cortex[END_REF][START_REF] Rochefort | Sparsification of neuronal activity in the visual cortex at eye-opening[END_REF], the electrical activity in V1 is determined by sensory input/visual experience [START_REF] Katz | Synaptic activity and the construction of cortical circuits[END_REF], which was not the focus of our study. Therefore, our electrophysiological characterization of V1 was restricted to the early postnatal period. In the neonatal V1, spindle bursts, the predominant type of physiological network oscillation at this age [START_REF] Yang | Three patterns of oscillatory activity[END_REF], occurred more frequently in the chronic caffeine group as compared to controls.

In the hippocampus, beta oscillations (HBOs) recorded at the level of CA1 pyramidal cell apical dendrites were increased in terms of mean length and occurrence rate (Figure 8). Of note, these differences were not induced by acute caffeine injection, suggesting that a continuous exposure to caffeine during brain development is needed to induce these alterations in network function. Together, our in vitro and in vivo data indicate that chronic caffeine exposure during early brain development of mice leads to increased activity in cortical and hippocampal networks in the neonatal period, which most likely contributes to the elevated susceptibility to hyperthermia-induced seizures found in caffeine-exposed pups.

Note that seizure susceptibility was assessed behaviorally, which is not optimal to measure seizure threshold as compared to electrophysiological recordings. It was shown that interference with network maturation, in particular with GABA neurons during development, can cause long-term sequelae potentially leading to neurological disorders such as epilepsy, autism spectrum disorders, or attention-deficit hyperactivity disorder [START_REF] Gant | Decreased number of interneurons and increased seizures in neuropilin 2 deficient mice: Implications for autism and epilepsy[END_REF][START_REF] Rossignol | Genetics and function of neocortical GABAergic interneurons in neurodevelopmental disorders[END_REF]. In such a context, developmental caffeine exposure might act as an earlylife stress factor. Overall, there is evidence that adenosine A2A receptor antagonism, e.g. via caffeine exposure [START_REF] Silva | Adenosine receptor antagonists including caffeine alter fetal brain development in mice[END_REF] or gene knockout (Ådén et al., 2003), might have detrimental effects, while it might be beneficial later in life [START_REF] Dall'igna | Caffeine and adenosine A2a receptor antagonists prevent beta-amyloid (25-35)-induced cognitive deficits in mice[END_REF][START_REF] Ferreira | Adenosine A2A receptors modulate α -synuclein aggregation and toxicity[END_REF][START_REF] Gui | Adenosine A2A receptor deficiency reduces striatal glutamate outflow and attenuates brain injury induced by transient focal cerebral ischemia in mice[END_REF][START_REF] Kaster | Caffeine acts through neuronal adenosine A2A receptors to prevent mood and memory dysfunction triggered by chronic stress[END_REF].

In humans, the effect of developmental caffeine exposure is not yet clear. Caffeine metabolism is slower in pregnant women and fetuses compared to other individuals due to reduced CYP1A2 activity, the enzyme that accounts for 95% of caffeine metabolism [START_REF] Doepker | Caffeine: Friend or Foe?[END_REF]. This can lead to caffeine accumulation in the fetus/neonate, which might render them particularly susceptible to caffeine exposure. While several clinical studies indicate that early-life caffeine exposure is not harmful to the neonate [START_REF] Marcus | Long-term effects of caffeine therapy for apnea of prematurity on sleep at school age[END_REF][START_REF] Schmidt | Survival without disability to age 5 years after neonatal caffeine therapy for apnea of prematurity[END_REF], many others suggest detrimental effects, e.g. an increased risk of fetal growth restriction in humans [START_REF] Bakker | Maternal caffeine intake from coffee and tea, fetal growth, and the risks of adverse birth outcomes: the Generation R Study[END_REF][START_REF] Care | Maternal caffeine intake during pregnancy and risk of fetal growth restriction: a large prospective observational study[END_REF][START_REF] Sengpiel | Maternal caffeine intake during pregnancy is associated with birth weight but not with gestational length: results from a large prospective observational cohort study[END_REF], which is in line with our previous observations in mouse neonates exposed to caffeine [START_REF] Silva | Adenosine receptor antagonists including caffeine alter fetal brain development in mice[END_REF]. Reduced birth weight was also observed when maternal caffeine intake was limited to a dose that is considered to be unproblematic according to the current guidelines in the U.S. and Europe (American Congress of Obstetricians and Gynecologists, 2010; European Food Safety Authority (EFSA), 2015; [START_REF] Sengpiel | Maternal caffeine intake during pregnancy is associated with birth weight but not with gestational length: results from a large prospective observational cohort study[END_REF]. These findings are particularly important given that, independent of the underlying etiology, reduced birth weight is associated with an increased risk of febrile seizures [START_REF] Visser | Fetal growth retardation and risk of febrile seizures[END_REF], epilepsy [START_REF] Sun | Gestational age, birth weight, intrauterine growth, and the risk of epilepsy[END_REF], and other neurodevelopmental pathologies [START_REF] Van Wassenaer | Neurodevelopmental consequences of being born SGA[END_REF].

Whether or not caffeine exposure during early life is responsible for disturbances in brain homeostasis in humans is still under debate [START_REF] Porciúncula | The Janus face of caffeine[END_REF]. Our data in mice show that chronic developmental caffeine exposure has a lasting effect on cortical neuronal networks. Although we cannot fully exclude that maternal behavior may be altered by caffeine treatment, thereby contributing to secondary changes in their offspring, our previous study showed that caffeine-induced cognitive deficits were mimicked by exposure to a specific adenosine-A2A-receptor antagonist [START_REF] Silva | Adenosine receptor antagonists including caffeine alter fetal brain development in mice[END_REF]. This suggests a direct effect of caffeine on brain development in mice offspring via adenosine-A2A-receptor antagonism.

Of particular note, our study was not aimed at addressing current guidelines for caffeine exposure during early life in humans, because extrapolation of findings from mice to humans is only possible to a very limited extent. Rather, our results underscore the need for systematically studying the long-term effects of developmental caffeine exposure.

CONCLUSION

In summary, our findings show that in mice exposed to caffeine early in life the construction and activity of cortical neuronal networks was impacted by the delay in SOM/GABA neuron insertion in the primary visual cortex (V1), which was associated with altered spontaneous synaptic activity of V1 layer V pyramidal cells in vitro and increased neuronal in vivo network activity in V1, as well as with quantitatively increased neonatal and adult in vivo hippocampal network activity. manuscript. C.B. designed and planned the project, supervised the in vitro electrophysiological and febrile seizure experiments, and contributed to the writing of the manuscript. D.I. designed and planned the project, supervised the in vivo electrophysiological recordings and data analyses, and contributed to the writing of the manuscript.

differentially synchronize developing neocortical networks in vivo. J. Neurosci. 29, 9011-25. doi:10.1523/JNEUROSCI.5646-08.2009 of GIN mice. Note that, in these mice, a subpopulation of SOM-containing GABA neurons expresses green fluorescent protein (GFP) [START_REF] Oliva | Novel hippocampal interneuronal subtypes identified using transgenic mice that express green fluorescent protein in GABAergic interneurons[END_REF][START_REF] Quilichini | Hub GABA neurons mediate gamma-frequency oscillations at ictal-like event onset in the immature hippocampus[END_REF]. and P = 0.4897, respectively; water, n = 6 mice; caffeine, n = 9 mice). Cross-frequency coupling, i.e. the influence of theta phase on gamma amplitude, which is given by the modulation index (MI), was stronger in caffeine-exposed mice (P = 0.0317; same n as above).
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All statistical tests are two-tailed unpaired t-tests.

Table 1

Dendritic morphometric analysis of GFP-labeled neurons in control (water) vs. caffeineexposed mice at P6. GFP-containing neurons displayed similar numbers of dendrites in caffeine-exposed and in control pups. However, the dendritic length (P= 0.0003), average terminal distance (P= 0.0005), and average terminal branch order of these dendrites (P= freq [Hz] 

Fig. 1 .

 1 Fig. 1. Experimental design of the study. Caffeine was added to the drinking water of

Fig. 2 .

 2 Fig. 2. Reduced number of GFP-and SOM-containing GABA neurons in primary visual

  Caffeine-exposed offspring at P6 (B, H) displayed fewer GFP-and SOM-labeled neurons in all layers of the developing V1 cortex as compared to controls (A, G). In contrast, GFP-(D,E) and SOM-(J,K) labeled neurons in control and caffeine-exposed adult offspring display no differences in laminar distribution or extent of their dendritic processes. (C) Quantification of the number of GFP-containing neurons revealed a 59% (P= 0.0497) decrease in caffeineexposed as compared to control offspring in V1; a layer-specific analysis revealed an overall decrease in all cortical layers of caffeine-exposed pups, which was significant in layers II/III (LII/III) (60% P= 0.0415) and layer V (LV) (59% P= 0.0343), but not for layer I (P= 0.0741), layer IV (P= 2.441) or layer VI (P= 0.7998) (I) Quantification of the number of SOMcontaining GABA neurons revealed a 68% (P= 0.0481) decrease in caffeine-exposed as compared to control offspring in V1; a layer-specific analysis revealed an overall decrease in all cortical layers of caffeine-exposed pups, which was significant in layer II/III (LII/III) (76% P< 0.0358), layer V (LV) (65% P= 0.0108), and layer VI (LVI) (74% P= 0.0013), but not for layer I (P= 0.99) or layer IV (P= 0.1151). (F,L) Quantification of the number of GFP-(F) (V1 P= 0.9999, layer I P= 0.9999, layer II/III P= 0.9999, layer IV P= 0.99, layer V P= 0.9999, layer VI P= 0.9999) and SOM-(L) (V1 P= 0.99, layer I P= 0.99, layer II/III P= 0.9999, layer IV P= 0.9999, layer V P= 0.9568, layer VI P= 0.9999) containing neurons in control and caffeine-exposed adult offspring revealed no differences between the two groups. Bar graphs represent mean ± standard error; n=8 slices per animal, n=3 animals for each group, *P<0.05, **P<0.01 Friedman test (P= 0.0009) followed by Dunn's multiple comparison test (see P value above). Scale bars, 300 µm for all images.

Fig. 3 .

 3 Fig. 3. Reduction in the overall dendritic complexity of GFP-labeled neurons in caffeine-

Fig. 4 .

 4 Fig. 4. Unchanged distribution and number of NeuN-and PARV-containing neurons in V1 of

Fig. 5 .

 5 Fig. 5. Chronic caffeine exposure increases spontaneous glutamatergic and GABAergic in

Fig. 6 .

 6 Fig. 6. Chronic caffeine exposure increases miniature glutamatergic and GABAergic in vitro

Fig. 7 .

 7 Fig. 7. Spontaneous V1 in vivo network activity is increased in chronically, but not in acutely

Fig. 9 .

 9 Fig. 9. Chronic developmental caffeine exposure alters adult hippocampal network

  0.0006) were significantly smaller in caffeine-exposed compared to control pups (P=0.99 for other values). n= 15 GFP-labeled neurons from 3 animals per group. ***P<0.001 Friedman test (P= 0.0009) followed by Dunn's multiple comparison test (see P values above). Supplementary Fig. 1. Quantitative analysis of CA1 network patterns in adult mice under urethane anesthesia. (A), Ripple event properties during SWS-like epochs were similar in peak frequency, length, or occurrence (control= 9, caffeine= 10, P= 0.2892, 0.2205 and 0.1711, respectively). (B), Power of theta or gamma oscillations during REM-like epochs in CA1 apical dendritic layers were comparable (str. Rad, control= 6, caffeine= 10, P= 0.9100 and 0.1691; str. LM, control= 5, caffeine= 9, P= 0.8982 and 0.2811). The modulation index (MI) quantifying the extent of cross-frequency coupling, i.e., the modulation of gamma amplitude by theta phase, was unchanged in str. Rad and str. LM (str. Rad, control= 6, caffeine= 10, P= 0.0665; str. LM, control= 5, caffeine= 9, P= 0.2013). All statistical tests are two-tailed unpaired t-tests.
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