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Abstract 65 

The immunopathological states of the brain induced by bacterial lipoproteins have been well-66 

characterized by employing biochemical and histological assays. However, these studies have 67 

limitations in determining functional states of damaged brains involving aberrant synaptic 68 

activity and network, which makes it difficult to diagnose brain disorders during bacterial 69 

infection. To address this, we investigated the effect of Pam3CSK4 (PAM), a synthetic bacterial 70 

lipopeptide, on synaptic dysfunction of female mice brains and cultured neurons in parallel. Our 71 

functional brain imaging using PET with [18F]-FDG and [18F]-FMZ revealed the brain 72 

dysfunction induced by PAM is closely aligned to disruption of neurotransmitter-related neuronal 73 

activity and functional correlation in the region of the limbic system rather than to decrease of 74 

metabolic activity of neurons in the injection area. This finding was verified by in vivo tissue 75 

experiments that analyzed synaptic and dendritic alterations in the regions where PET imaging 76 

showed abnormal neuronal activity and network. Recording of synaptic activity also revealed 77 

that PAM reorganized synaptic distribution and decreased synaptic plasticity in hippocampus. 78 

Further study using in vitro neuron cultures demonstrated that PAM decreased the number of 79 

presynapses and the frequency of mEPSC, which suggests PAM disrupts neuronal function by 80 

damaging presynapses exclusively. We also showed PAM caused aggregation of synapses around 81 

dendrites, which may have caused no significant change in expression level of synaptic proteins 82 

while synaptic number and function was impaired by PAM. New findings of this study could 83 

provide a useful guide for diagnosis and treatment of brain disorders specific to bacterial 84 

infection.  85 

 86 

 87 
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Abbreviations 88 

Pam3CSK4: tripalmitoylated Cys-Ser-(Lys)4; PET: positron emission tomography; FDG: 89 

fluorodeoxyglucose; FMZ: flumazenil  90 
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Significance Statement  91 

It is challenging to diagnose brain disorders caused by bacterial infection because neural damage 92 

induced by bacterial products involves non-specific neurological symptoms, which is rarely 93 

detected by laboratory tests with low spatiotemporal resolution. To better understand brain 94 

pathology, it is essential to detect functional abnormalities of brain over time. To this end, we 95 

investigated characteristic patterns of altered neuronal integrity and functional correlation 96 

between various regions in mice brains injected with bacterial lipopeptides by using PET with a 97 

goal to apply new findings to diagnosis of brain disorder specific to bacterial infection. In 98 

addition, we analyzed altered synaptic density and function using both in vivo and in vitro 99 

experimental models to understand how bacterial lipopeptides impair brain function and 100 

network.  101 

 102 

 103 

  104 
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Introduction 105 

Bacterial infection in the central nervous system (CNS) causes amyloid beta (Aβ) aggregation 106 

(Boelen et al., 2007), loss of synapses (Wippel et al., 2013), demyelination (Rambukkana et al., 107 

2002), and neuronal death (Saijo et al., 2009), which involves diverse clinical manifestation such 108 

as fever, seizure, and altered mental status (van de Beek et al., 2004; Hildenbrand et al., 2009). 109 

Even after removing the source of infection, patients suffer from sequelae and progression of 110 

neurodegenerative diseases (Compston and Coles, 2008; Dersch et al., 2015) because the 111 

bacterial surface components still remain in tissues when bacteria are degraded by antibiotic 112 

therapies (Evans and Pollack, 1993; Bockenstedt et al., 2012).  113 

The effect of bacterial surface components (e.g., lipoproteins, lipopolysaccharides) on the 114 

immunopathological states of the brain has been extensively studied by correlating inflammatory 115 

activities of microglia and astrocytes with neural tissue injuries(Nau and Bruck, 2002; Glass et 116 

al., 2010). Briefly, bacterial surface components trigger microglia to produce inflammatory 117 

mediators (e.g., cytokines, chemokines) via toll like receptor (TLR) family (Akira and Takeda, 118 

2004; O'Neill et al., 2013) and induce migration of immune cells across the blood-brain barrier 119 

(BBB) (Ek et al., 2001; Nau and Bruck, 2002), which eventually leads to neural injury including 120 

death of neurons and glial cells (i.e., astrocytes, oligodendrocytes) (Ramesh et al., 2003; 121 

Cunningham et al., 2005; Parthasarathy et al., 2013). However, these evidences are not sufficient 122 

enough to define brain disorders specific to bacterial infection and often correlated with vague 123 

neurological symptoms (e.g., fatigue, headache, insomnia), which prevents early diagnosis and 124 

treatment of fatal infection in the brain such as meningoencephalitis (Oschmann et al., 1998; 125 

Feder et al., 2007; Dersch et al., 2015). The poor correlation of bacterial infection-specific brain 126 

disorders with laboratory evidences and clinical manifestations could be caused by the paucity of 127 
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information that substantiates dysfunctional states of the brain during bacterial infection (Reuber 128 

et al., 2005; Czerniawski and Guzowski, 2014). To address this, it is essential to probe neuron-129 

specific functional abnormalities such as synaptic damage and neural network disruption in 130 

response to bacterial products. Towards this goal, we determined whether Pam3CSK4 (PAM), a 131 

synthetic bacterial lipopeptide, altered synaptic density and network in the brain using both in 132 

vivo and in vitro models.  133 

PAM has been widely used to study the virulent effect of bacterial lipoproteins in bacterial 134 

infectious diseases (e.g., Lyme disease, Syphilis) because it mimics N-termini of lipoproteins 135 

from spirochetal bacteria (e.g., Borrelia burgdorferi, Treponema pallidum) (Lien et al., 1999), 136 

which activates inflammatory pathways of microglia and glial cells via TLR2 (Aliprantis et al., 137 

1999; Nau and Bruck, 2002). To examine the effect of PAM on neuronal activity and network, 138 

we employed [18F]fluorodeoxyglucose (FDG) and [18F] flumazenil (FMZ) positron emission 139 

tomography (PET) imaging techniques. FDG PET shows glucose metabolism of neurons by 140 

measuring the level of [18F] FDG uptake and FMZ PET shows concentrations of GABAergic 141 

receptors on neurons by measuring binding potentials (BPND) of [18F] FMZ to GABA-142 

benzodiazepine receptors (BZD-Rs) (Ryvlin et al., 1998). FDG PET reveals general activity of 143 

brain functions in the widespread region while FMZ PET provides more neuron-specific 144 

information such as neurotransmitter-related neuronal activity and correlation between focal 145 

regions in the brain (Hammers et al., 2003; Vivash et al., 2013; Kujala et al., 2015). Thus, 146 

measuring [18F] FMZ (BPND) is often used to determine neuronal integrity, which indicates the 147 

density of neurons showing active neurotransmitter binding in the brain (Shiga et al., 2006; 148 

Ivenshitz and Segal, 2010). This approach is reliable in determining neuron-specific activity 149 
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during infection because FMZ binding is not affected by acute inflammation even when GABAa 150 

receptors are expressed on activated microglia (Parente et al., 2017). 151 

To further investigate the results from PET imaging at tissue and cellular level, we also examined 152 

the effect of PAM on alteration of synapses and dendrites in both brain slices and cultured 153 

neurons. Using the results from in vivo and in vitro assays, we will discuss the characteristic 154 

dysfunctions of neurons and brains induced by bacterial lipopeptides.  155 

 156 

Materials and Methods 157 

All experiments using animals were conducted according to the Administrative Panel on 158 

Laboratory Animal Care (APLAC) guidelines at Stanford University and to the permission of 159 

International Animal Care and Use Committee (IACUC) at Seoul National University Bundang 160 

Hospital. 161 

Stereotactic injection of bacterial lipopeptides  162 

Female mice (6 week-old C57BL/6) were weighed and anesthetized with IP injection of 163 

ketamine (100 - 200 μg/g)/xylazine (10 - 20 μg/g). Only female mice were used for this study 164 

because lipoproteins from spirochetal bacteria were known to induce greater severity in male 165 

mice (Brown et al., 1999; Bockenstedt et al., 2012). The anesthetized mouse was placed on a 166 

heating pad and the eyes were kept moistened with ointment. The fur on the skull was shaved 167 

and the skin was cleaned with 70% ethanol. Then the mouse was placed in the stereotaxic 168 

apparatus (KOPF). To fix the head position of mouse in the apparatus, both ear canals were 169 

aligned onto the ear bars and the incisors of the mouse were inserted into the incisor adapter. The 170 

target (CA1 in the left hemisphere, coordinates of ML: -1.25, AP: -1.95, DV: -1.21 from the 171 

bregma) on the skull was drilled until the bone was thin enough for the penetration of 172 
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micropipette. The tip of the micropipette was located on the target and lowered until it touches 173 

the exposed dura mater. The slow and steady pressure was applied to the syringe (Hamilton 174 

Company) to inject 1 μL of molecules. Injection molecules included vehicle (endotoxin-free 175 

water), Pam3CSK4 (InvivoGen) (150 ng/ml), Pam3CSK4 (500 ng/ml), and iturin A (Sigma) (1000 176 

ng/ml) for PET imaging, immunohistochemistry, electrophysiology, TUNEL assay, and western 177 

blot. After injection, the mouse was kept in a warm place until it fully recovered from anesthesia.  178 

Image acquisition of [18F] FDG and [18F] FMZ PET/CT 179 

To acquire [18F]-FDG PET/CT image, each mouse (n = 7 in each group) of four groups 180 

stereotactically injected with vehicle, PAM 150, PAM 500 and Itu 1000 was fasted at least 6 h. 181 

[18F] FDG (500±23 uCi) was intravenously administered through tail vein. After administration 182 

of [18F] FDG, mouse was placed in the dimmed lighted cage for 60 min. Each mouse was 183 

maintained under anesthesia with isoflurane (2.5% flow rate) for the duration of the scan. 184 

Animals were positioned prone in the standard mouse bed. Limbs were positioned lateral to the 185 

body to acquire uniform CT images. Whole brain CT images were acquired with a Micro-186 

PET/CT scanner (nanoPET/CT, Bioscan Inc., Washington DC, USA). For CT image acquisition, 187 

the X-ray source was set to 200 μA and 45 kVp with 0.5 mm. The CT images were reconstructed 188 

using cone-beam reconstruction with a Shepp filter with the cutoff at the Nyquist frequency and 189 

a binning factor of 4, resulting in an image matrix of 480 × 480 × 632 and a voxel size of 125 190 

μm. To acquire [18F] FMZ PET, mouse of each group was positioned in the bed and image was 191 

acquired in dynamic mode after injection of [18F] FMZ (514±23 uCi) through tail vein during 90 192 

minutes. To avoid the interference of previous [18F] that approximately has a 2 hr half life, [18F] 193 

FDG PET/CT scans and [18F] FMZ PET/CT scans were performed with 12 hr intervals for each 194 

group (i.e., vehicle, PAM150, PAM500, and Itu1000) to acquire images within the same day 195 
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window. Mice that had been scanned at day 1 after injection were used again for FDG and FMZ 196 

scans at day 7 after injection. 197 

Analysis of [18F] FDG and [18F] FMZ PET/CT  198 

The FDG brain image of each mouse was spatially normalized to FDG PET template image of 199 

mouse brain using PMOD (PMOD Technologies), version 3.7. After registration to template 200 

image, 3-dimensional brain mask image was applied to images and all values outside the brain 201 

were set zero. For the FMZ brain image analysis, we used simplified reference tissue model 202 

(SRTM) to make parametric image of binding potential (BPND) and the pons was used as 203 

reference tissue (Gunn et al., 1997). Each parametric image was spatially normalized to MRI 204 

template image of mouse brain. Images were analyzed by using SnPM (Wellcome Trust Centre 205 

for Neuroimaging). Registered images were analyzed based on t-test. Comparison between test 206 

and vehicle groups was performed after non-parametric permutation. Uncorrected p< 0.005 was 207 

used as statistical threshold (Choi et al., 2014).   208 

Functional correlation and brain network construction   209 

To make brain networks, we used 53 nodes that were represented by the 53 VOIs (Dorr et al., 210 

2007). We extracted intensity-normalized FDG uptake and BPND of FMZ in the VOIs of each 211 

mouse. With FDG uptake and BPND of FMZ, correlation coefficients were obtained. Pearson's 212 

correlation coefficients (r) between each pair of the VOIs were calculated in an inter-subject 213 

manner and correlation matrix (53 × 53) was obtained from each group (Choi et al., 2014).  214 

To evaluate statistical differences of interregional correlation between the groups, we performed 215 

permutation test on all possible connections between nodes. Interregional correlation matrix of 216 

vehicle, PAM, and Itu groups were transformed to Z scores using Fisher transformation. 217 

Randomly reassigned labels were permuted 5,000 times for each of 53 VOIs and interregional 218 
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correlation matrices were calculated, followed by Fisher transformation. We obtained Type I 219 

error by the comparison between the observed Z score for each connection and Z score from 220 

permuted data. To determine statistically different connections between vehicle and test groups, 221 

a threshold was set as p<0.005.  222 

Immunohistochemistry (IHC)  223 

Mice were anesthetized and perfused with PBS until tissues were cleared of blood at Day 1 and 224 

Day 7 after injection (n = 4 per each group). Then, mice were perfused with 10 ml 4% PFA in 225 

PBS. The fixed brains were immersed in 30 % sucrose in PBS for 48 h at 4°C. The brains were 226 

embedded in Tissue-Tek Optimal Cutting Temperature (Sakura) and then coronal-sectioned at 35 227 

μm thickness on a cryostat (Leica CM 1950). The collected mice brain sections showing 228 

hippocampal regions were free-floated in PBS and incubated in the blocking solution containing 229 

5 % normal donkey serum (Jackson ImmunoResearch Laboratories) and 0.3 % Triton X-100 230 

(Sigma Aldrich) in PBS. Sections were then incubated with primary antibodies diluted in 231 

blocking solution overnight at 4°C. The dilution ratio of primary antibodies was as follows: 232 

rabbit polyclonal anti-Homer1 (Synaptic Systems, 1:300), guinea pig polyclonal anti-VGluT1 233 

(Synaptic Systems, 1:500); and chicken polyclonal anti-MAP2 (Abcam, 1:1000). After sections 234 

were washed with PBS (10 min X 2) and blocking solution (20 min X 1), DyLight405 anti-235 

guinea pic (Jackson ImmunoResearch Laboratories), Alexa Fluor 488 anti-chicken (Jackson 236 

ImmunoResearch Laboratories), and Alexa Fluor 594 anti-rabbit (Jackson ImmunoResearch 237 

Laboratories) were added to samples at a dilution of 1:800 for secondary antibody incubation at 238 

room temperature for 1 h. The immunostained slides were mounted with ProLong Gold antifade 239 

reagent (Life Technologies) and cured for 24 h. Fluorescent images of immunostained sections 240 

were acquired at 5X, 40X, and 63X magnifications with a Zeiss LSM 880 confocal microscope.  241 
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Neuron cultures  242 

For primary rat hippocampal neuron cultures (n = 3 or 4 per each group), hippocampal tissues 243 

were dissected from Sprague Dawley (E18) (Charles Rivers). Dissected tissues were chemically 244 

dissociated in papain (Worthington) dissolved in hibernate medium (without calcium) 245 

(BrainBits) for 30 min at 37°C (Kim et al., 2013). The chemically dissociated tissues were 246 

triturated using fire-polished Pasteur pipette up to 30 - 40 times. The mechanically dissociated 247 

tissues were centrifuged at 1200 - 1500 rpm for 1 min. The pelleted cells were reconstituted with 248 

serum-free neurobasal medium (Invitrogen) containing B27 supplement (Invitrogen) and 249 

GlutaMAX (Invitrogen). 8 X 104 cells were seeded on 12 mm PDL-coated coverslips (Neuvitro) 250 

for immunocytochemistry, and 1 X 106 cells were seeded in the well of 6-well plate for western 251 

blot. To suppress the growth of glial cells, 10 uM of arabinoside was added to the serum free 252 

medium for the first 10 days and neurons were cultured for 17 - 19 days until treated with PAM 253 

(50, 150, 500, 2500 ng/ml) and Itu (100, 1000 ng/ml) for 18 h. Treated neurons were fixed by 4% 254 

PFA for 30 min for immunocytochemistry. 255 

Immunocytochemistry (ICC)  256 

The fixed cells were washed with PBS and then permeabilized in 0.25% Triton-X-100 for 2 min. 257 

Permeabilized cells were blocked with 5% normal donkey serum at room temperature for 30 258 

min, and then incubated with primary antibodies diluted in blocking solution overnight at 4°C. 259 

The dilution ratio of primary antibodies was as follows: rabbit polyclonal anti-Homer1 (Synaptic 260 

Systems, 1:500), guinea pig polyclonal anti-VGluT1 (Synaptic Systems, 1:5000); and chicken 261 

polyclonal anti-MAP2 (Abcam, 1:10000). Incubated samples were washed with 1xPBS (5 min X 262 

2) and blocking solution (30 min X 1). Then, Alexa Fluor 488 anti-chicken (Jackson 263 

ImmunoResearch Laboratories), Alexa Fluor 594 anti-rabbit (Jackson ImmunoResearch 264 
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Laboratories), DyLight405 anti-guinea pig (Jackson ImmunoResearch Laboratories) were added 265 

to samples at a dilution of 1:800 for secondary antibody incubation at room temperature for 1 h. 266 

The immunostained slides were mounted with ProLong Gold antifade reagent (ThermoFisher) 267 

and cured for 24 h.  268 

Analysis of synaptic and dendritic alterations in tissue sections 269 

All sections to be analyzed were obtained from 4 independent injections for each condition. All 270 

images were captured at 63X magnification with a Zeiss LSM880 confocal microscope under 271 

identical condition (e.g., exposure time, gain intensity) for three fluorescent channels (WL = 405, 272 

488, and 594).  273 

To measure synaptic density within the selected region from the section, we calculated the 274 

integrated density of fluorescent intensity in the region of interest was measured by ImageJ 275 

software (available at http://imagej.nih.gov/ij/). The value of integrated density of fluorescent 276 

intensity was obtained by using the equation below.  277 

The integrated density of fluorescent intensity in the region of interest = integrated density 278 

(VGluT1 or Homer1) of selected region - (area of selected region X mean fluorescence value 279 

from the background (the lowest (darkest) signal in the tissue section)) 280 

To measure the density of dendrites within the region of interest, we performed the same 281 

calculations as the analysis of synaptic density. To measure the coverage of dendritic area density 282 

in the region of interest, we used the "Area % measurement" function provided by Image J.  283 

Analysis of synaptic density in tissue sections and neuron cultures 284 

Fluorescent images of immunostained samples were acquired at 63X magnification with a Zeiss 285 

LSM880 confocal microscope. For imaging synapses in brain slices, an additional digital zoom 286 

(X1.2 - 1.8) and the airyscan function in the microscope were applied to provide a better 287 
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resolution on synaptic structures. The particle analyzer in ImageJ (1.46r) (available at 288 

http://imagej.nih.gov/ij/) was used for counting the number of synaptic proteins in the selected 289 

dendrite. The average value of synaptic puncta was obtained by the total number of synaptic 290 

puncta divided by the length of dendrite (MAP2) selected.   291 

Analysis of dendrite morphology 292 

The dendrite morphology of cultured neurons treated with vehicle, PAM150, PAM500, 293 

PAM2500, and Itu1000 were analyzed with respect to (1) the number of primary dendrites, (2) 294 

the extension range of apical dendrite, (3) the number of branch nodes per apical/basal dendrite, 295 

and (4) the number of dendrite intersections. For the analysis of dendrite intersections, dendrites 296 

of neurons stained with anti-MAP2 were manually traced on the template circles ranging from 20 297 

to 200 μm with 20 μm per step from the center of the soma.  298 

Electrophysiology of hippocampal slices 299 

Fresh hippocampal slices were prepared before every experiment. The left (treated side) 300 

hippocampus was dissected from the brain 7 days after injection of vehicle, PAM (500 ng/ml) or 301 

Itu (1000 ng/ml) and placed in ice cold artificial cerebrospinal fluid (ACSF). The composition of 302 

the ACSF was (in mM): 119 NaCl, 2.5 KCl, 1.3 MgSO4, 2.5 CaCl 2, 1 Na 2HPO4, 26.2 303 

NaHCO3, 11 glucose, pre-gassed with 95% O2, 5% CO2.  The hippocampus was then placed on 304 

the stage of a manual tissue slices (Stoelting Company) and cut into 500 m slices, which were 305 

stored on Whatman #2 filter paper wet with ACSF, inside a chamber charged with moist 95% 306 

O2/5% C02 (“carbogen”). After 2 hours of recovery, a slice was placed into a submerged 307 

Zbic/Haas-type recording chamber (Harvard Apparatus), where it was continuously superfused 308 

with carbogen saturated ACSF warmed to 30 oC. A bipolar concentric stimulating electrode 309 

(Frederick Haer) was placed into stratum (s.) radiatum near the CA2/CA1 border, while a fine 310 
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glass recording pipette, filled with saturated NaCl (~1 MOhm resistance) was placed, also in 311 

s.radiatum in area CA1, approximately 2/3 of the distance from CA2 to subiculum. EPSP field 312 

potentials were evoked by single 100 μs shocks through the stimulating electrode, one every 15 313 

seconds.  Input/Output (I/O) curves were obtained by progressively increasing the stimulus 314 

strength through a series of proscribed steps between 0.01 mA  to 1 mA (constant current). Five 315 

measurements at each stimulus strength were taken and averaged in each.  Illustrated I/O curves 316 

are averages of these averages across all slices. Long term potentiation (LTP) was induced in a 317 

subset of slices by applying a theta-burst stimulation (bursts of 4 pulses at 100 hz, 5 bursts per 318 

second for 16 bursts).  319 

The rising initial slope of the field EPSP was measured as an index of synaptic strength.  In most, 320 

but not all recordings, a clear presynaptic fiber volley was also measured (amplitude in mV).  In 321 

experiments where we illustrate a fiber volley vs fEPSP Input/Output curve, we only used 322 

recordings where both could be measured (fiber volleys are sometimes too small or too obscured 323 

by the EPSP to measure – in those cases, they are not included).  In those rare cases where there 324 

was some ambiguity as whether a particular field potential rising phase was fiber volley or EPSP, 325 

we applied a pair-pulse protocol to differentiate between them (EPSPs facilitate, fiber volleys do 326 

not). The statistical significance of difference between I/O curves was tested by converting them 327 

to cumulative curves and applying the Kolmogorov-Smirnov (K-S) test. For LTP, ANOVA for 328 

repeated measures was used, with significance level in both cases at P<0.05.  329 

Whole-cell patch clamp recording in cultured neurons  330 

For whole-cell patch clamp recording in cultured hippocampal neurons (17 - 19 DIV), artificial 331 

cerebrospinal fluid (ACSF) containing 125 mM NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 25 mM 332 

NaHCO3, 15 mM glucose, 2 mM CaCl2 and 1 mM MgCl2 was bath-applied during recording 333 
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session and oxygenated with 95% O2 and 5% CO2 (300~305 mOsm, pH 7.4). After PAM 334 

incubation, cultured hippocampal neurons were transferred to submerge recording chamber 335 

perfused with ACSF at a rate of 2~3 ml/min at room temperature. Neurons were identified by IR-336 

DIC (BX51, Olympus). Whole-cell voltage clamp recordings were made with borosilicate glass 337 

pipettes (3~4 MΩ) filled with an internal solution containing 126 mM CsMeSO3, 10 mM 338 

HEPES, 1 mM EGTA, 2 mM QX-314 chloride, 0.1 mM CaCl2, 4 mM MgATP, 0.3 mM Na3GTP, 339 

8 mM Na2-phosphocreatine (280~290 mOsm, pH 7.3 with CsOH). To measure mEPSC, neurons 340 

were held at –65 mV and TTX (1 μM) and picrotoxin (100 μM) were always present to block 341 

Nav and GABAA receptor, respectively. Access resistance was 10~20 MΩ and only cells with a 342 

change in access resistance < 20% were included in the analysis. Whole-cell patch recordings 343 

were performed using Multiclamp 700B (Molecular Devices), monitored (WinWCP, Strathclyde 344 

Electrophysiology Software) and analyzed offline using Clampfit 10.0 (Molecular Devices) and 345 

Mini analysis program (Synaptosoft). Signals were filtered at 2 kHz and digitized at 10 kHz (NI 346 

PCIe-6259, National Instruments). Drugs were purchased from Tocris (TTX, picrotoxin).  347 

Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay 348 

For the detection of apoptotic level of brain tissue sections pre-injected with vehicle, PAM 150, 349 

PAM 500, and Itu 1000, terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling 350 

(TUNEL) staining was performed with In situ Apoptosis Detection Kit (TAKARA, #MK500) 351 

according to the manufacturer's instruction. Briefly, the permeabilization buffer (10 μl) was 352 

applied to each tissue section on a microscope slide for 5 min. Then, the reaction mixture (5 μl of 353 

TdT Enzyme + 45 μl of fluorescein labeling buffer) was applied to a slide and the samples were 354 

incubated in the incubator under 37 °C for 90 min. Incubated samples were washed with PBS for 355 

10 min (X 2). Then, TUNEL-stained samples were incubated with Nissl Stain (NeuroTrace™ 356 
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530/615, N21482) for 20 min at room temperature. The samples with TUNEL staining were 357 

mounted with ProLong® Diamond Antifade Mountant with DAPI (ThermoFisher). The captured 358 

images were analyzed by counting cells with TUNEL signal per cells with positive DAPI/Nissl 359 

signal.  360 

For the detection of apoptosis in neuron cultures under PAM (500, 2500 ng/ml), Itu (1000 361 

ng/ml), and staurosporine (STS) (0.75 μM) (Cayman Chemical, #81590), TUNEL staining was 362 

performed according to the manufacturer's instruction. STS was used as an apoptosis inducing 363 

agent (positive control). The permeabilization buffer (100 μl) was applied to fixed neuron 364 

cultures on coverslips for 5 min. After rinsing with PBS, the reaction mixture (5 μl of TdT 365 

Enzyme + 45 μl of fluorescein labeling buffer) was applied to each coverslip and the samples 366 

were incubated in the incubator under 37 °C for 90 min. Incubated samples were washed with 367 

PBS for 10 min twice. Then, TUNEL stained samples were incubated with Alexa Fluor 555 368 

Phalloidin (Cell Signaling, #8953) for 15 min at room temperature. The samples with TUNEL 369 

staining were mounted with ProLong® Diamond Antifade Mountant with DAPI (ThermoFisher). 370 

The captured images were analyzed by counting cells with TUNEL signal per cells with positive 371 

DAPI/actin signal.  372 

Western blot 373 

For analyzing protein expressions from tissue sections at Day 1 and Day 7 (n = 3 per each 374 

group), mice were decapitated under isoflurane anesthesia, and their brains were collected and 375 

rapidly frozen on dry ice. The brain area in the CA1 next to the injection site on the left side of 376 

brain was scraped into 200 μl of Lysis solution (Ambion, Austin, TX). The Protein concentration 377 

in the samples was measured with Bradford reagent (Bio-Rad, Hercules, CA). Samples were 378 

stored at −80 °C until needed. To prepare samples for Western blotting, 100 μg of total protein 379 
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was precipitated from Lysis buffer with 90% (v/v) methanol. The protein was then pelleted by 380 

centrifugation (10,000 g, 10 min at room temperature), washed with 1 ml of 90% methanol, 381 

dried, and dissolved in sodium dodecyl sulfate sample buffer at the final concentration of 0.5 382 

mg/ml. The samples were run in 26-well Criterion cassettes (Bio-Rad, Hercules, CA) and 383 

proteins were transferred onto Immobilon-P (Millipore, Bedford, MA) membrane. Transferred 384 

membranes were blocked with 5% nonfat dry milk in 1x TBST buffer (20 mM Tris-HCl, pH 7.4, 385 

150 mM NaCl, 0.01% Tween-20).  386 

For analyzing protein expressions from cultured neurons (n = 3 per each group), cells were lysed 387 

using N-PER reagent (Thermo Scientific) supplemented with Halt™ Protease Inhibitor Cocktail 388 

(Thermo Scientific). The protein lysates were centrifuged at 12,000 rpm for 10 min at 4°C. The 389 

protein concentration of harvested supernatant was measured using Pierce BCA protein assay kit 390 

(Thermo Scientific). Equal amounts of proteins were loaded into 10% Nu-PAGE gel and 391 

separated electrophoretically at 120V and transferred onto PVDF membrane (Invitrogen). 392 

Transferred membranes were blocked with 5% nonfat dry milk in 1x TBST buffer (20 mM Tris-393 

HCl, pH 7.4, 150 mM NaCl, 0.01% Tween-20).  394 

The blocked membranes from both in vivo and in vitro experiments were probed with following 395 

primary antibodies: guinea pig polyclonal anti-VGluT1 (Synaptic Systems, 1:1000) and rabbit 396 

polyclonal anti-Homer1 (Synaptic Systems, 1:3000), and mouse monoclonal anti- β-actin 397 

(Sigma, 1:5000). The anti-β-actin antibody served as loading control. The secondary antibodies 398 

used were horseradish peroxidase-conjugated anti-guinea pig, anti-rabbit, and anti-mouse 399 

antibodies (Jackson ImmunoResearch Laboratories). All secondary antibodies were incubated at 400 

room temperature for 90 min. The incubated membrane was developed using enhanced 401 

chemiluminescence (ECL) kit (Thermo Scientific). Membranes were exposed to autoradiography 402 
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films (Santa Cruz Biotechnology) and developed on a developer (Konica Minolta SRX-101A). 403 

The blots from 3 replicate experiments were quantified by densitometric analysis using imageJ.  404 

Experimental design and statistical analysis 405 

The current study consists of whole brain imaging (i.e., PET imaging) (n = 7 per group), in vivo 406 

assays (IHC, n = 4; TUNEL, n = 3, western blot, n = 3) and in vitro assays (ICC, n = 3 or 4; 407 

TUNEL, n = 3, western blot, n = 3). For electrophysiology, fEPSP (n = 10 per group) and LTP 408 

(n= 5 vehicle, 6 PAM, 4 Itu) were measured for brain slices, and the frequency and amplitude of 409 

mEPSCs (n = 7 to 13) were measured for neuron cultures. All treatments were repeated 410 

independently for randomly chosen groups. All analyses except western blot assay were 411 

conducted blind. The identity of the condition was not revealed until the completion of analysis. 412 

Data are represented as mean ± standard deviation (S.D.) or standard error of the mean (S.E.M) 413 

as described in figure legends. To determine the statistical significance, one way ANOVA was 414 

performed followed by post-hoc analysis with Tukey's multiple comparisons test using 415 

SigmaPlot 12.5 (Systat Software Inc.). For the comparison of amplitude and inter-event interval 416 

of mEPSC in cumulative probability, Kolmogorov-Smirnov (K-S) test was performed. The level 417 

of statistical significance was set at *p<0.05 and **p<0.001 for all experiments except PET 418 

analysis where p<0.005 was used as statistical threshold.  419 

The power analysis was also performed to determine whether the sample size yields sufficient 420 

power to conclude a statistical significance using SigmaPlot 12.5 (Systat Software Inc.). The 421 

result with a power less than 50 % (0.5 <, α= 0.05) was not considered a statistical significance 422 

even when p value was below 0.05.  423 

 424 

Results 425 
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Abnormal metabolic activity induced by PAM recovered in 7 days whereas abnormal 426 

neuronal integrity partially recovered.  427 

To investigate functional damage in the brain induced by bacterial lipopeptides, we performed 428 

PET imaging of mice brains injected with PAM (150 and 500 ng/ml) into CA1 of the left mice 429 

hippocampi.  We also injected Iturin A (Itu) (1000 ng/ml) as another bacterial lipopeptide model 430 

that has been reported to be non-virulent and non-toxic to cells (Klich et al., 1994; Singh and 431 

Cameotra, 2004). For PET imaging, we used [18F] FDG and [18F] FMZ to examine metabolic 432 

activity and neuronal integrity, repectively, of mice brains at day 1 and 7 after injection. At day 1, 433 

analysis of FDG PET images revealed that PAM500 decreased metabolic activity in the injection 434 

site (i.e., hippocampus) and bilateral striatum (p<0.005 vs. vehicle) while PAM150 did not 435 

induce any abnormal metabolic activity in the brain (Figure 1A). Itu1000 also altered metabolic 436 

activity in the ipsilateral hippocampus with a less extent of abnormality than PAM500. At day 7, 437 

however, the abnormal metabolic activity induced by PAM500 and Itu1000 at day 1 recovered to 438 

the level of vehicle groups (Figure 1A).  439 

Analysis of FMZ PET images revealed that both PAM and Itu altered FMZ binding potentials 440 

(BPND) at day 1 after injection (p<0.005 vs. vehicle) (Figure 1B). PAM500 induced a reduction 441 

in FMZ BPND in the areas including bilateral hippocampus, lateral cortex, and thalamus while 442 

PAM150 and Itu1000 induced a reduction in FMZ BPND mainly in lateral cortex and 443 

hippocampus (Table 1). The abnormal neuronal activity induced by PAM500 and Itu1000 in 444 

hippocampus and lateral cortex and hippocampus remained till day 7 after injection (Figure 1B).  445 

Neuronal network impaired by PAM and Itu were aggravated in a different pattern 7 days 446 

after injection.  447 
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To determine abnormal functional networks in the brains injected with PAM (150, 500) and 448 

Itu1000, we constructed interregional correlation matrices for each group (Figure 2) by 449 

extracting the mean count of [18F] FDG uptake and the mean binding potential (BPND) of [18F] 450 

FMZ for evaluating metabolic and neuronal correlation between various brain regions, 451 

respectively (Choi et al., 2014). The interregional correlation matrices employed 53 anatomical 452 

volume of interests (VOIs) in the mouse brain to examine the correlation between two nodes in 453 

the brain(Dorr et al., 2007) (Table 2). The differences of metabolic correlation between vehicle 454 

and other groups revealed that both PAM500 and Itu1000 altered correlations (Cx) between the 455 

pairwise VOIs shown in Figure 3A and Table 3 at day 1 after injection. Interestingly, Itu1000 456 

increased metabolic correlation (i.e., shorter correlations vs. vehicle) between ipsilateral 457 

hippocampus and various VOIs whereas PAM500 decreased metabolic correlation (i.e., longer 458 

correlations vs. vehicle) between bilateral hippocampus and various VOIs (p<0.005 vs. vehicle, 459 

permutation 5000). However, the abnormal metabolic correlation at day 1 after injection of 460 

PAM500 and Itu1000 recovered and returned to the level of vehicle group in 7 days (Figure 3A 461 

and Table 3).  462 

The differences of neuronal correlation between vehicle and other groups revealed that all groups 463 

including PAM (150, 500) and Itu1000 altered correlations (Cx) between the pairwise VOIs 464 

shown in Figure 3B and Table 4 at day 1 after injection. PAM150 increased correlation in the 465 

pairwise VOIs involving contralateral hippocampus and decreased correlation in the VOIs on the 466 

injection side (i.e., left hemisphere). Both PAM500 and Itu1000 induced longer correlations (i.e., 467 

decreased or weaker correlation) between various pairwise VOIs (p<0.005 vs. vehicle, 468 

permutation 5000). In contrast to the results of metabolic network from FDG PET analysis, the 469 

abnormal neuronal network by PAM (150, 500) and Itu1000 at day 1 after injection did not 470 
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recover in 7 days. All groups rather showed aggravated networks in VOIs including amygdala, 471 

fornix, hippocampus, olfactory bulb, and thalamus at day 7 after injection. Notably, the majority 472 

of impaired networks induced by PAM500 involved ipsilateral nodes whereas Itu1000-induced 473 

damage involved bilateral nodes (Figure 3B and Table 4).   474 

PAM decreased both presynaptic and postsynaptic density in hippocampal region at Day 7 475 

after injection 476 

To determine whether the results of PET imaging that showed the abnormal neuronal integrity 477 

and network involve synaptic alteration, we measured synaptic density in brain tissue slices at 478 

day 1 and day 7 following stereotactic injection of  PAM and Itu (Figure 4). Since FMZ PET 479 

analysis revealed that the abnormal neuronal activity and network induced by PAM and Itu 480 

involves brain regions of cortex (Ctx), hippocampus (HP), and lateral cortex and hippocampus 481 

(EC/HP), we measured presynaptic (VGluT1) and postsynaptic (Homer1) density in Ctx, HP, and 482 

EC/HP and compared synaptic density among groups (vehicle, PAM150, PAM500, Itu1000) and 483 

between time courses (day 1 and day 7). The measurement of integrated density of fluorescent 484 

intensity from VGluT1 (see Materials and Methods) showed that PAM500 significantly 485 

decreased the density of fluorescent signal in HP (p = 0.016 vs. vehicle) and EC/HP (p = 0.012 486 

vs. vehicle) while Itu1000 significantly decreased the density of fluorescent signal in HP (p = 487 

0.032 vs. vehicle) and Ctx (p = 0.047 vs. vehicle) (Figure 4B). With respect to the time courses, 488 

PAM500 significantly decreased the density of fluorescent signal in EC/HP at Day 7 (p = 0.007 489 

vs. PAM 500(Day 1)) while Itu1000 significantly decreased the density of fluorescent signal in Ctx 490 

over time (p = 0.006 vs. Itu 1000(Day 1)). The measurement of integrated density of fluorescent 491 

intensity from Homer1 showed that PAM500 significantly decreased the density of fluorescent 492 

signal in HP (p = 0.036 vs. vehicle) (Figure 4C). Itu1000 also decreased the density of 493 
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fluorescent signal in HP, but the difference was not significant (p = 0.05 vs. vehicle). Although 494 

both PAM500 and Itu1000 decreased presynaptic and postsynaptic density in HP, however, the 495 

expression level of VGluT1 or Homer1 in HP was not altered either Day 1 or Day 7 after 496 

injection (Figure 4E).  497 

For further quantification of synaptic loss at day 7 after PAM and Itu injection, we counted the 498 

number of presynaptic (VGluT1) and postsynaptic (Homer1) puncta per the length of dendrite in 499 

the Ctx, HP (s. radiatum), and EC/HP region (Figure 5). The measurements showed that 500 

PAM500 decreased the number of presynaptic puncta in all regions (p(Ctx) = 0.0264, p(HP) = 501 

0.0015, p(EC/HP) = 0.014 vs. vehicle), and the number of postsynaptic puncta in Ctx (p = 0.0363 vs. 502 

vehicle) and HP (p = 0.0459 vs. vehicle). Itu1000 also decreased the number of presynaptic 503 

puncta in Ctx (p = 0.0445 vs. vehicle) and HP (p = 0.0066 vs. vehicle), and the number of 504 

postsynaptic puncta only in HP (p = 0.0231 vs. vehicle). These results are comparable to those 505 

from the measurement of integrated density of fluorescent intensity from VGluT1 and Homer1 in 506 

Ctx, HP, and EC/HP. Since the synaptic loss in HP (s.radiatum) was more severe compared to 507 

other regions, we also measured the synaptic density of s. oriens and s. lacunosum moleculare in 508 

in HP, which are the areas in vicinity of s. radiatum that we analyzed in HP. Unexpectedly, PAM 509 

increased the number of presynaptic (p = 0.215 vs. vehicle) and postsynaptic (p = 0.0343 vs. 510 

vehicle) pucta, and Itu increased presynaptic puncta (p = 0.0003 vs. vehicle) (Figure 6). This 511 

result suggests that PAM or Itu challenges in the brain may have caused a local reorganization of 512 

synaptic distributions.  513 

PAM altered synaptic transmission and plasticity in hippocampus 514 

To assay synaptic strength in the hippocampus where the synaptic loss was dominant (i.e., s. 515 

radiatum), we measured both the amplitude of the evoked presynaptic compound action potential 516 
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(i.e., fiber volley), and of synaptic transmission via measurements of the rising slope of the EPSP 517 

field potential, in s. radiatum in CA1 area. From these two measures, we constructed Fiber 518 

Volley vs fEPSP input/output (I/O) curves to give an index of synaptic function. Plotting one 519 

measure against the other, fiber volley vs EPSP, gives an index of how successfully activated 520 

axons in turn activate synapses.  521 

On one hand, the axonal function did not appear to be disturbed by PAM or Itu, since the 522 

stimulus vs fiber volley I/O curves were not significantly different among the three conditions (p 523 

= 0.78; Figure 7B).  However, both PAM and Itu caused significant changes in the synaptic 524 

transmission resulting from the activation of these axons.  The fiber volley vs fEPSP I/O curve 525 

(Figure 7C) showed a significant change in synaptic transmission in response to both PAM500 526 

and Itu1000 challenges. However, these changes in synaptic transmission were not in the 527 

expected direction. Rather than a decrease in synaptic efficacy, both PAM and Itu caused no 528 

significant change in the left, low stimulus strength portion of the curves, but significantly 529 

increased the maximum levels at the right, high stimulus strength portion of the curve, when 530 

compared to the vehicle control (P = 0.0015). These results suggest a complex response to PAM 531 

and Itu in the affected synaptic populations, which could be related to discrepancy of synaptic 532 

density between areas within hippocampus (see Figure 5 and 6).   533 

On the other hand, all synapses we recorded were impaired in one significant function - plasticity 534 

as revealed by LTP.  LTP was significantly impaired by both PAM500 and Itu1000 (p<0.001 vs. 535 

vehicle; Figure 7D).  536 

PAM decreased the number of pre-synaptic sites in hippocampal neuron cultures 537 

To further investigate how PAM disrupts synaptic density and function, hippocampal neuron 538 

cultures of 18 days in vitro (DIV) were incubated with PAM and Itu for 18 hrs at varied 539 
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concentrations (PAM: 0, 50, 150, 500, 2500 ng/ml; Itu: 1000 ng/ml). VGluT1 and Homer1 as a 540 

presynaptic and postsynaptic protein, respectively, were visualized to probe the changes in the 541 

distribution of synaptic sites on dendrites following PAM and Itu incubation (Figure 8A). For 542 

the quantification of the synaptic density, the number of synaptic puncta (i.e., VGluT1 or 543 

Homer1) per the length of randomly selected secondary dendrite was counted for all conditions. 544 

Our results indicated that the number of presynaptic sites in neurons with PAM500 (p = 0.012) 545 

and PAM2500 (p = 0.002) was significantly decreased when compared to that with the vehicle 546 

group (0 ng/ml) whereas the number of postsynaptic sites remained consistent through all 547 

concentrations of PAM tested (Figure 8B). These results suggest that a bacterial lipopeptide, 548 

PAM, disrupts synaptic connections by damaging exclusively presynaptic sites of neurons. 549 

However, the density of neither pre-synaptic nor post-synaptic sites was altered by the treatment 550 

of Itu (1000), which is distinct from the results of in vivo tissue experiments. 551 

PAM reduced the frequency of spontaneous excitatory synaptic transmission  552 

To examine whether the disruption of pre-synaptic sites by PAM causes a physiological change 553 

(i.e., synaptic dysfunction), we conducted whole-cell patch clamp recording on cultured 554 

hippocampal neurons (18 DIV) exposed to different concentrations of PAM (0, 150, 500, 2500 555 

ng/ml for 18 h) to measure spontaneous synaptic transmission (miniature excitatory postsynaptic 556 

current, mEPSC) (Figure 8C and 8D). The results showed that the increase of PAM 557 

concentrations shifted the cumulative probability distribution significantly toward higher inter-558 

event intervals (i.e., decreased frequency) (p(PAM500, PAM2500)<0.0001 vs. vehicle, K-S test) (Figure 559 

8E) and also significantly decreased the mean mEPSC frequency (p(PAM500) = 0.037, p(PAM2500) < 560 

0.001 vs. vehicle, one way ANOVA) (Figure 8F), which indicates the alteration of pre-synaptic 561 

strength. In contrast, a cumulative distribution of mEPSC amplitudes did not show a clear shift 562 
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toward any direction by treatment of PAM and Itu even though the statistics showed an altered 563 

cumulative distribution when compared to vehicle (p(PAM150) = 0.0018, p(PAM500) < 0.0001, 564 

p(PAM2500) = 0.0029, p(Itu1000) = 0.0004 vs. vehicle, K-S test) (Figure 8E). The group comparison 565 

also showed that the mean mEPSC amplitude did not show significant difference among the 566 

groups (p>0.05 vs. vehicle, one way ANOVA) (Figure 8F), which indicates no significant 567 

postsynaptic responsiveness. These results suggest that higher concentration of PAM disrupts 568 

synaptic transmission possibly by damaging presynaptic sites. We also examined the effect of 569 

Itu1000 on the mean frequency and amplitude of mEPSCs, and found that the vehicle and Itu 570 

showed a similar effect in neuron cultures (Figure 8F). Thus, we confirmed that the decreased 571 

synaptic transmission of cultured neurons by PAM (500 and 2500) is consistent with our result 572 

above showing the decreased number of presynaptic puncta in cultured neurons by PAM (500 573 

and 2500).  574 

PAM induced aggregation of synapses and did not alter the expression level of synaptic 575 

proteins.  576 

The high concentrations of PAM (500 and 2500 ng/ml) induced a number of aggregated forms of 577 

synapses (VGluT1 and Homer1) around dendrites (Figure 8G). To determine whether the 578 

expression level of synaptic proteins is altered by the synaptic aggregation, we performed 579 

western blot assay for VGluT1 and Homer1 under varied concentrations of PAM and Itu (Figure 580 

8H and 8I). The densitometry analysis revealed that the expression level of VGluT1 was 581 

decreased only by PAM2500 (p = 0.015) whereas the expression level of Homer1 was not altered 582 

by any of groups tested, which is similar to the results from in vivo experiments.  583 

PAM decreased the dendritic area in Ctx, HP, and EC/HP  584 
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To investigate whether PAM and Itu induce a dendritic alteration in brain tissues, we measured 585 

(1) the fluorescent intensity and (2) area coverage of MAP2 in Ctx, HP, and EC/HP (Figure 9B). 586 

When compared to vehicle, PAM500 significantly decreased signal intensity of MAP2 in Ctx (p 587 

= 0.009), HP (p = 0.0452), and EC/HP (p = 0.048) and also decreased area coverage of MAP2 in 588 

EC/HP (p = 0.043) whereas Itu1000 decreased signal intensity (p = 0.003) and area coverage (p 589 

= 0.017) of MAP2 only in Ctx. With respect to changes in terms of time courses from Day 1 to 590 

Day 7 after injection, both signal intensity and area coverage of MAP2 were aggravated by 591 

PAM500 in the regions of HP (p(Intensity D1 vs. D7) = 0.007, p(Area D1 vs. D7) = 0.012) and EC/HP (p 592 

(Intensity D1 vs. D7) = 0.004, p (Area D1 vs. D7) = 0.018) over time.   593 

Dendrite branching was altered by a high concentration of PAM  594 

To further investigate dendritic morphology of neurons in response to PAM and Itu, dendrite 595 

branching of cultured neurons stained with MAP2 was analyzed with respect to the number of 596 

primary dendrites (Figure 10B), the extension range of apical dendrite (Figure 10C), the number 597 

of branch nodes/apical dendrite (Figure 10D), and the number of branch nodes/basal dendrite 598 

(Figure 10E). None of these parameters was altered by any of vehicle, PAM150, PAM500, 599 

PAM2500, and Itu1000 with statistical significance. To determine the number of intersections at 600 

different extension range of dendrites, manually traced dendrites were superimposed on circle 601 

masks ranging from 20 to 200 μm. The result showed that PAM2500 significantly decreased the 602 

number of intersections of apical dendrites at the range of 60 (p = 0.011), 80 (p = 0.035), and 100 603 

μm (p = 0.046) when compared to vehicle (Figure 10F). However, the number of intersections 604 

of basal dendrites was not altered at any range of dendrite extension by any condition (Figure 605 

10G).  606 

PAM and Itu did not induce apoptosis of neurons in either in vivo tissues or in vitro cultures 607 
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Both in vivo and in vitro experiments revealed that PAM damaged synapses and dendrites. To 608 

determine whether the synaptic and dendritic damages lead to the death of neurons, we 609 

performed TUNEL assay of brain tissues and neuron cultures under varied concentrations of 610 

PAM and Itu. Unexpectedly, PAM did not induce apoptosis of neurons in either brain tissues or 611 

in vitro cultures (Figure 11).  In the regions of Ctx, HP, and EC/HP where PAM or Itu 612 

aggravated synaptic function and network, the ratio of TUNEL positive neurons was extremely 613 

low (below 5 %) throughout all conditions (vehicle, PAM150, PAM500, Itu1000) (Figure 11B). 614 

Only the region of injection path in Ctx showed a higher number of TUNEL positive cells 615 

regardless of injection molecules including vehicle (water) (Figure 11C). At Day 7 after 616 

injection, the ratio of TUNEL positive neurons in the injection area was significantly higher than 617 

those in other brain regions (Figure 11D). TUNEL assay of in vitro cultures also showed that 618 

none of high concentrations of PAM or Itu induced apoptosis of neurons (Figure 11E and 11F).  619 

 620 

Discussion 621 

The role of neuronal activity in neuroinflammation is emerging because conventional 622 

neuroinflammation studies with an emphasis on the inflammatory activity of microglia and 623 

astrocytes have provided incomplete understanding of functional abnormalities in the course of 624 

brain infection (Xanthos and Sandkuhler, 2014). In this light, we determined the effect of 625 

bacterial lipopeptides on neuron-specific dysfunctions by performing functional brain imaging, 626 

in vivo brain tissue studies, and in vitro neuron culture studies in parallel. For functional brain 627 

imaging, we employed [18F] FMZ PET to gain information more specific to density of neurons 628 

with active neurotransmitter binding (i.e., neuronal integrity) in the brain. Our analysis revealed 629 

that the abnormal metabolic activity induced by PAM and Itu was found mainly in the injection 630 
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area (i.e., hippocampus) and recovered within a week whereas the altered neuronal integrity 631 

induced by PAM and Itu partially recovered. The abnormal neuronal integrity in bilateral 632 

hippocampus and EC still remained after a week (Figure 1B). A circuit from EC to CA1 has 633 

been considered a region with strong pre-synaptic inputs (Oh et al., 2014), which could be 634 

associated with our in vivo and in vitro studies where PAM damaged exclusively pre-synaptic 635 

sites (Figure 4 and 5).  636 

Using PET data, we also constructed metabolic and neuronal networks to determine altered 637 

correlation between various regions in the brain injected with PAM and Itu. The FDG PET 638 

imaging showed that the abnormal metabolic network induced by PAM500 and Itu1000 639 

recovered in one week (Figure 3A), which was similar to the metabolic activity profile (Figure 640 

1A). The recovery of metabolic activity and network could possibly be related to the result 641 

showing that PAM did not induce neuronal apoptosis (Figure 11). The attenuation of 642 

inflammatory activities of microglia or astrocytes might also have contributed to the recovery of 643 

metabolic activity and network (Buscombe and Signore, 2003).  644 

In contrast, the FMZ PET imaging revealed that the abnormal neuronal network induced by 645 

PAM and Itu persisted for one week, which involved amygdala, fornix, hippocampus, olfactory 646 

bulb, and thalamus. This suggests that the bacterial lipopeptides injected into CA1 disrupt 647 

neuronal networks exclusively in the path of the limbic system (Figure 3B and Table 4). When 648 

compared to Itu, PAM involved more number of VOIs with dysfunctional networks, which were 649 

mainly located on the side of injections (i.e., left hemisphere). Considering the difference of 650 

concentrations between PAM (500 ng/ml, 0.33 μM) and Itu (1000 ng/ml, 1 μM), the effect of 651 

PAM on functional abnormalities in the brain is more aggressive and localized than that of Itu, 652 

which showed milder, non-specific, and wider damage in the brain.  653 



 
 
 
 

31 
 

To investigate whether the abnormal neuronal activity and network induced by PAM and Itu is 654 

correlated to synaptic impairment, we measured the density and function of synapses in the brain 655 

tissues injected with PAM and Itu. Our results confirmed that the regions (i.e., HP, Lateral 656 

EC/HP) where PAM500 induced a reduction of FMZ BPND interregional correlation (Figure 3B) 657 

showed decreased level of synaptic density (Figure 4B and 5B) and dendritic density (Figure 658 

9B).  659 

In the study of synaptic function, we found the fiber volley I/O was not affected by treatment 660 

with PAM500 or Itu1000. This suggests that there is no detectable reorganization of the axonal 661 

network within hippocampal slices. However, the synaptic response driven by those axons is 662 

significantly increased by PAM or Itu treatment. This is not the result that we, a priori, would 663 

have expected from the I/O measurement. Generally, we expected that a decrease in the 664 

anatomical density of synapses would be reflected in a decrease in the amplitude of the I/O 665 

curve, not the apparent increase that we did observe. We think that there are two potential 666 

explanations for this seeming mismatch between the decrease in the physical synaptic density in 667 

the s. radiatum and the apparent increase in synaptic function reflected in the I/O. The first of 668 

these potential explanations might be that while the number of synapses is decreased, the 669 

strength of the remaining synapses is increased. Consistent with this idea, we found that LTP was 670 

decreased in the PAM conditions. If PAM treatment somehow caused a potentiation of these 671 

remaining synapses, LTP evoked after treatment would appear smaller since LTP is saturable 672 

(Barnes et al., 1994). The second potential explanation is that while synaptic density in locations 673 

nearby the recording electrode is decreased, the density may be increased at more distant 674 

anatomical locations. Thus, the apparent increase in synaptic function might be coming from 675 

greater synapse density in s. oriens. This would make the increase more prominent in the 676 
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stronger stimulus portions of the I/O curve, as we observed. The main consequence of increasing 677 

the stimulus during the production of the I/O curve is to recruit additional axons to fire at 678 

increasing distance from the stimulating electrode.  Consistent with this idea is the finding that 679 

synaptic density in the more distant s. oriens is increased by PAM treatment (Figure 6). It should 680 

be noted that contrary to the strictest interpretation of the laminar hypothesis (Andersen et al., 681 

1971), the Schaffer collaterals, which are the presynaptic axons stimulated in these experiments, 682 

project to both s. radiatum and s. oriens (Amaral and Witter, 1989). 683 

Interestingly, the level of altered postsynaptic density was not always comparable to that of 684 

presynapses. The loss of presynaptic density was more dominant than that of postsynapses in 685 

many regions in the brain (Figure 4 and 5). To further examine whether PAM impaired 686 

presynapse and postsynapse separately, we performed in vitro neuron culture studies to measure 687 

synaptic density and transmission under varied concentrations of PAM. Our results demonstrated 688 

that PAM above 500 ng/ml induced presynaptic damage, which was determined by the decrease 689 

of presynaptic sites (i.e., VGluT1) and mEPSC frequency (Figure 8). This result may be related 690 

to a recent study demonstrating that the viral infection by West Nile virus (WNV) reduced 691 

presynaptic density with no change in the number of postsynaptic terminal (Vasek et al., 2016). 692 

We believe this is an important result firstly showing the effect of bacterial molecules on 693 

presynapses and postsynapses separately. The results from synaptic density and function assays 694 

suggest that the disrupted neuronal integrity and network shown in PET analysis is closely 695 

related to presynaptic alterations by PAM.  696 

The expression level of presynapses in the region of HP was not altered by any of varied 697 

concentrations of PAM (Figure 4E). The expression level of presynapses in cultured neurons 698 

was not altered either until PAM reaches a high concentration (2500 ng/ml) (Figure 8H). This 699 
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suggests that the expression level of synaptic proteins is not directly linked to the state of 700 

synaptic activity. The discrepancy might be attributed to aggregated synaptic proteins caused by 701 

PAM (500 and 2500) (Figure 5G) because these aggregated proteins could still be detected in 702 

western blot assay even after loss of synaptic functions.  703 

PAM or Itu did not induce apoptosis of neurons in either in vivo or in vitro experiments. The 704 

injection process seemed to rather induce apoptosis of neurons in the path of injection area than 705 

PAM or Itu (Figure 11D). This result could be associated with FDG PET analysis that showed 706 

recovery of metabolic activity and network in the brain over time (Figure 1A and 3A).  707 

Our findings have several limitations to be addressed. For functional brain imaging, we 708 

measured BPND of FMZ to GABAergic receptors for analyzing neuronal integrity and networks 709 

because most interneurons that connect sensory and/or motor neurons in the brain are 710 

GABAergic (Markram et al., 2004). Since the majority of neurons in the CNS are glutamatergic 711 

and they are interactive with GABAergic neurons (Kehoe and Vulfius, 2000; Carlsson et al., 712 

2001; Mora et al., 2008), however, further investigation using PET radioligands that probe 713 

activities of glutamatergic neurons would need to be considered to provide complementary 714 

information to our findings. PET imaging of the metabotropic glutamate receptor subtype 5 715 

(mGluR5) using 3-(6-Methyl-pyridin-2-ylethynyl)-cyclohex-2-enone-O-11C-methyl-oxime ([11C] 716 

ABP688) (Ametamey et al., 2007) could be used to test this. PET imaging using 1-[2-717 

chlorophenyl]-N-methyl-N-[1-methyl-propyl]-3-isoquinoline carboxamide ([11C] PK11195) that 718 

binds peripheral benzodiazepine receptors (PBR) expressed on activated microglia (Banati et al., 719 

2000) could also be taken into consideration to investigate correlation between immune response 720 

and synaptic dysfunction. In addition, our findings should also need to be further evaluated with 721 

human subjects suffering from brain infection such as Lyme neuroborreliosis. These would be 722 
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the steps to take for translating our study into the clinic, which are the subjects of our future 723 

studies.  724 

In conclusion, the present study has demonstrated characteristic neuronal dysfunction induced by 725 

bacterial lipopeptides with multi-scale assays ranging from synaptic protein to brain network. 726 

Our findings did not provide direct evidence of genetic mechanism via which PAM disrupted 727 

synaptic functions. However, our results from in vivo and in vitro studies demonstrated altered 728 

function of neural circuitry and loss of presynapses by PAM, which could be further studied for 729 

finding therapeutic targets. More importantly, the results from the functional brain imaging using 730 

FMZ PET showing dysfunctional activity and network patterns in PAM-injected brains could be 731 

potentially applied to diagnosis and monitoring of brains infected with bacteria expressing PAM-732 

containing lipoproteins (e.g., ospA from species of Borrelia).  733 
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Figure legends 869 

Figure 1. Metabolic activity and neuronal integrity map of mice brains for 7 days following 870 

stereotactic injection of PAM and Itu into the left CA1. (A) FDG PET images showing altered 871 

metabolic activity of neurons for 7 days (p<0.005 vs. vehicle). Both PAM and Itu altered 872 

metabolic activity compared to vehicle groups at day 1. PAM500 induced severe abnormalities in 873 

hippocampal regions (i.e., injection site). However, all groups showing abnormal metabolic 874 

activity recovered to the level of vehicle group in a week. (B) FMZ PET images showing altered 875 

neuronal integrity for 7 days (p<0.005 vs. vehicle). Both PAM and Itu altered neuronal integrity 876 

at day 1. PAM500 resulted in abnormal neuronal integrity globally in the brain while PAM150 877 

and Itu1000 showed local effects around EC. At day 7, abnormal neuronal integrity still 878 

remained in hippocampus and EC by PAM500 and in EC by Itu1000. Heatmaps represent Z-879 

score between vehicle and test groups (p<0.005 vs. vehicle, n = 7 mice per each group).  880 

 881 

Figure 2. Correlation matrices from [18F] FDG PET and [18F] FMZ PET. (A) Interregional 882 

correlation matrices (53 X 53) were obtained from calculations of correlations between two 883 

nodes in the mouse brain from [18F] FDG PET images of vehicle, PAM, and Itu groups. Each 884 

node was predefined by 53 VOIs (Table 1). Correlations (Cx) between two nodes (i, j) in the 885 

brain at Day 1 and 7 for each group were defined as Cx(i, j) = 1 − r(i, j), where r is a Pearson's 886 

correlation coefficient. The comparison of correlation matrices between vehicle and test groups 887 

were later performed by permutation test (5,000 times for each of 53 VOIs) to determine 888 

statistical differences of metabolic correlation (p < 0.005 vs. vehicle group) (Figure 3A). (B) 889 

Interregional correlation matrices (53 X 53) were obtained from calculations of correlations 890 

between two nodes in the mouse brain from [18F] FMZ PET images of vehicle, PAM, and Itu 891 
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groups. Each node was predefined by 53 VOIs (Table 1). Correlations (Cx) between two nodes 892 

(i, j) in the brain at Day 1 and 7 for each group were defined as Cx(i, j) = 1 − r(i, j), where r is a 893 

Pearson's correlation coefficient. The comparison of correlation matrices between vehicle and 894 

test groups were later performed by permutation test (5,000 times for each of 53 VOIs) to 895 

determine statistical differences of neuronal correlation (p < 0.005 vs. vehicle group) (Figure 896 

3B).  897 

 898 

Figure 3. Functional correlation map in different regions of mice brains for 7 days 899 

following stereotactic injection of PAM and Itu into the left CA1. Numbering information for 900 

brain nodes (VOIs) is available in Table 1. (A) Altered metabolic correlation in the brain 901 

(p<0.005 vs. vehicle) was determined by the correlation matrix (Figure 2A) and permutation 902 

test. PAM500 showed decreased metabolic correlation between ipsilateral hippocampus and 903 

various VOIs at day 1 after injection. Itu1000 showed increased correlation between several 904 

pairwise VOIs at day 1 after injection. Majority of abnormal metabolic correlation recovered at 905 

day 7 after injection. (B) Altered neuronal correlation (p<0.005 vs. vehicle) was determined by 906 

the correlation matrix (Figure 2B) and permutation test. PAM150 showed increased neuronal 907 

correlation between ipsilateral hippocampus and several VOIs whereas PAM500 and Itu1000 908 

showed decreased neuronal correlation between many pairwise VOIs at day 1 after injection. At 909 

day 7 after injection, all test groups had more number of pairwise VOIs with decreased neuronal 910 

correlation. Red lines and blue lines indicate increased and decreased correlation between two 911 

brain regions out of 53 VOIs, respectively (p<0.005 vs. vehicle, n = 7 mice per each group).  912 

 913 
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Figure 4. The effect of PAM on synaptic density in brain tissues. (A) Fluorescent images of 914 

brain sections stained with anti-VGluT1 (blue) and anti-Homer1 (red) at Day 7 after injection of 915 

Vehicle (left) and PAM500 (right). Boxes in the image of whole brain section (scale bar = 500 916 

μm) indicate the regions (Ctx, HP, and Lateral EC, scale bar = 50 μm) where the integrated 917 

density of fluorescent intensity from presynapses (VGluT1) and postsynapses (Homer1) was 918 

measured (see Materials and Methods). (B) Quantification of the integrated density of 919 

fluorescent intensity from VGluT1 at Day 1 and Day 7 after injection. When compared to 920 

vehicle, PAM150, PAM500, and Itu1000 significantly decreased the signal intensity of VGluT1 921 

in the HP region at Day7 after injection (*p<0.05 vs. vehicle). When compared to analysis at Day 922 

1, PAM500 significantly decreased the signal intensity of VGluT1 in the EC region (†p<0.05 vs. 923 

PAM500(day1-Lateral)) and Itu significantly decreased the signal intensity of VGluT1 in the Ctx 924 

(†p<0.05 vs. Itu1000(day1-Ctx)). All data are presented as mean ± S.E.M. n = 4 independent 925 

experiments. (C) Quantification of the integrated density of fluorescent intensity from Homer1 at 926 

Day 1 and Day 7 after injection. When compared to vehicle, only PAM500 significantly 927 

decreased the signal intensity of Homer1 in the HP region at Day7 after injection (*p<0.05 vs. 928 

vehicle). All data are presented as mean ± S.E.M. n = 4 independent experiments. (D) 929 

Representative band images of western blotting of VGluT1 and Homer 1 proteins from the HP 930 

region at Day1 and Day 7 after injections. (E) The level of synaptic protein expressions was not 931 

altered by varied concentrations of PAM and Itu or by the time course (Day1 and Day 7) 932 

(p>0.05). Data are presented as mean ± S.E.M. n = 3 independent experiments.  933 

 934 

Figure 5. Altered numbers of synaptic puncta by PAM and Itu in brain tissues. (A) 935 

Fluorescent images of hippocampal regions (s. radiatum in CA1) stained with anti-MAP2 936 
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(green), anti-VGluT1 (blue), and anti-Homer1 (red) at Day 7 after injection of Vehicle, PAM150, 937 

PAM500, and Itu1000 (top panels from left to right, scale bar = 10 μm). The panels of second, 938 

third, fourth, and fifth row show magnified images of a boxed region from top panels in the order 939 

of presynapse (VGluT1), postsynapse (Homer1), VGluT1/Homer1, and MAP2/VGluT1/Homer1, 940 

respectivley (scale bar = 2 μm). (B) Quantification of VGluT1 and Homer1 puncta in the regions 941 

of Ctx, HP, and EC/HP. The number of VGluT1 puncta in Ctx and HP was significantly 942 

decreased by both PAM500 (p(Ctx) = 0.0264, p(HP) = 0.0015 vs. vehicle) and Itu1000 (p(Ctx) = 943 

0.0445, p(HP) = 0.0066 vs. vehicle). The number of VGluT1 puncta in EC/HP was decreased only 944 

by PAM500 (p = 0.014 vs. vehicle). The number of Homer1 puncta in HP was significantly 945 

decreased by both PAM500 (p(HP) = 0.0459 vs. vehicle) and Itu1000 (p(HP) = 0.0231 vs. vehicle). 946 

The number of Homer1 puncta in Ctx was decreased only by PAM500 (p = p = 0.0363 vs. 947 

vehicle). The number of Homer1 puncta in EC/HP was not altered by either PAM or Itu. Data are 948 

presented as mean of puncta #/dendrite length (μm) ± S.E.M. n = 8 to 11 fields of views 949 

collected from 4 independent experiments. *p<0.05.  950 

 951 

Figure 6. Increased numbers of synaptic puncta by PAM and Itu in s. oriens in CA1. (A) 952 

Fluorescent images of s. oriens in CA1 area stained with anti-MAP2 (green), anti-VGluT1 953 

(blue), and anti-Homer1 (red) at Day 7 after injection of Vehicle and PAM500 (upper panels, 954 

scale bar = 10 μm). Labels: SO = s. oriens, SP = s. pyramidale. Lower panels show magnified 955 

images of a boxed region from the upper panels in the order of presynapse (VGluT1), 956 

postsynapse (Homer1), and VGluT1/Homer1, respectivley (scale bar = 2 μm). (B) Quantification 957 

of VGluT1 and Homer1 puncta in SO. Since it is difficult to trace a dendrite in this region, the 958 

number of synaptic puncta was averaged by a defined area (i.e., 100 um2) in SO. The number of 959 
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VGluT1 puncta was significantly increased by both PAM500 (p = 0.0215 vs. vehicle) and 960 

Itu1000 (p = 0.0003 vs. vehicle). The number of Homer1 puncta was significantly increased by 961 

PAM500 (p = 0.0343 vs. vehicle). Itu1000 also increased the number of Homer1 puncta, but did 962 

not reach statistical significance (p = 0.0688 vs. vehicle). Data are presented as mean of 963 

puncta#/100μm2 ± S.E.M. n = 9 fields of views collected from 3 independent experiments. 964 

*p<0.05, **p<0.001, one way ANOVA. (C) Summary scheme of synaptic puncta density in CA1 965 

area. Synaptic density in SO in CA1 was significantly increased while synaptic density in SR in 966 

CA1 was significantly decreased (see Figure 5).  967 

 968 

Figure 7. Input-Output Curves and LTP in PAM500/Itu1000-treated mouse hippocampus. 969 

(A) A schematic diagram of a hippocampal slice showing the electrode placement for these 970 

experiments. A concentric bipolar stimulating electrode (Stim) was placed in stratum radiatum 971 

(sr) near the CA1/CA2 border, and a saline-filled glass electrode (Rec) was placed in sr at 972 

approximately 2/3 the distance from CA2 to subiculum. Labels: so=stratum (s.) oriens, sp = s. 973 

pyramidale, sr = s. radiatum. (B) The average relationship between the stimulus and the fiber 974 

volley evoked by a range of stimulus strengths.  Inset: exemplar field potentials at 5 different 975 

stimulus strengths. Open arrow: fiber volley, closed arrow: EPSP rising slope. (C) The 976 

relationship between the amplitude of the fiber volley and the EPSP rising slope.  Average of 8 977 

experiments in vehicle, and 9 in PAM500 and Itu1000. Error bars omitted for visual clarity. The 978 

curves in B are not significantly different from one another (p > 0.98, K-S), while in C, both 979 

PAM500 and Itu1000 are significantly larger than vehicle (p = 0.015 vs. vehicle); PAM500 and 980 

Itu1000 are not significantly different from each other, P=0.082). (D) Long-term potentiation 981 

(LTP) induced by theta-burst stimulus (arrow) in vehicle-treated slices (295% ± 75.7%), 982 
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PAM500-treated (135.4% ± 24.9%), and Itu1000-treated (207.1% ± 22.1%; averages of last 5 983 

minutes ± SEM; all significantly different from one-another at P<0.001 by ANOVA for repeated 984 

measures).  985 

 986 

Figure 8. The effect of PAM on synaptic alteration in cultured neurons. E18 rat hippocampal 987 

neurons were incubated with vehicle (water) or with PAM of 50, 150, 500, and 2500 ng/ml for 988 

18 h. Itu (1000 ng/ml) was used as a negative control for PAM. The panels of the left column in 989 

(A) consist of fluorescent images showing presynapses (VGluT1, Blue), postsynapses (Homer1, 990 

Red), and dendirtes (MAP2, green). Scale bar = 20 μm. The panels of the right column in (A) 991 

show magnified images of dendrites (MAP2) co-stained with VGluT1 and Homer1. Scale bar = 992 

5 μm. (B) The number of VGlutT1 puncta was significantly decreased by PAM (500 and 2500) 993 

when compared to those by vehicle, PAM 50, and Itu 1000. The number of Homer1 puncta 994 

remained consistent through different concentrations of PAM and Itu. Data are presented as mean 995 

of puncta #/dendrite length (μm) ± S.E.M. n = 3 to 4 independent experiments. *p<0.05. (C-F) 996 

Spontaneous excitatory synaptic transmission (mEPSC) of cultured hippocampal neurons with 997 

PAM and Itu. (C) Representative IR-DIC image showing whole-cell patch clamp. Scale bar = 20 998 

μm. (D) Sample recording traces for mEPSC with PAM and Itu. (E) The cumulative probability 999 

distributions of all mEPSC inter-event intervals and all amplitudes (cells pooled). PAM and Itu 1000 

significantly altered both the inter-event interval (p(PAM500, PAM2500, Itu1000)<0.0001 vs. vehicle, K-S 1001 

test) and amplitude (p(PAM500, PAM2500, Itu1000)<0.05 vs. vehicle, K-S test). (F) The mean frequency 1002 

and amplitude of mEPSCs (per each cell). The frequency of mEPSCs with PAM (500 and 2500) 1003 

was significantly lower than that with the vehicle or Itu (F4, 44 = 7.813, *p<0.05, **p<0.001, one-1004 

way ANOVA). The amplitude of mEPSC was not altered by any treatment group (F4, 44 = 0.397, 1005 
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p>0.05, one-way ANOVA). (G) Representative image showing synaptic aggregation at higher 1006 

concentrations of PAM (500 and 2500). VGluT1 and Homer1 pucnta were aggregated around 1007 

dendrites. Scale bar = 2 μm. (H) Representative immunoblots of VGluT1 and Homer1 from 1008 

varied concentrations of PAM and Itu. (I) Protein band densitometry shows the expression of 1009 

VGluT1 was not decreased until the concentration of PAM increased up to 2500 ng/ml. *p<0.05. 1010 

The expression level of Homer1 was not altered by PAM or Itu.  1011 

 1012 

Figure 9. The effect of PAM on dendritic alteration in brain tissues. (A) Fluorescent images 1013 

of brain sections stained with MAP2 (green) at Day 7 after injection of Vehicle (left) and PAM 1014 

500 (right). Boxes in the image of whole brain section (scale bar = 500 μm) indicate the regions 1015 

(Ctx, HP, and Lateral EC, scale bar = 50 μm) where the integrated density of fluorescent 1016 

intensity from dendrites (MAP2) was measured (see Materials and Methods).  (B) Quantification 1017 

of the integrated density of fluorescent intensity from MAP2 at Day 1 and Day 7 after injection. 1018 

When compared to vehicle, PAM500 significantly decreased the signal intensity of MAP2 in all 1019 

regions (Ctx, HP, EC) tested at Day7 after injection (*p < 0.05 vs. vehicle). When compared to 1020 

analysis at Day 1, PAM500 significantly decreased the signal intensity of MAP2 in both HP and 1021 

EC region (†p < 0.05 vs. PAM500(day1-HP), PAM500(day1-Lateral)). All data are presented as mean ± 1022 

S.E.M. n = 4 independent experiments. The MAP2 area coverage in the region of Ctx, HP, and 1023 

Lateral (EC+HP) was measured. When compared to vehicle, PAM500 significantly decreased the 1024 

MAP2 area coverage in EC while Itu1000 significantly decreased the MAP2 area coverage in 1025 

Ctx. When compared to analysis at Day 1, PAM500 significantly decreased the signal intensity 1026 

of MAP2 in both HP and EC region (†p < 0.05 vs. PAM500(day1-HP), PAM500(day1-Lateral)). All data 1027 

are presented as mean ± S.E.M. n = 4 independent experiments.  1028 
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 1029 

Figure 10. Analysis of branching morphology dendrites in response to PAM and Itu 1030 

treatment in vitro. (A) Manual drawing of dendrites in MAP2-positive neuron in vitro. Template 1031 

circles ranging from 20 to 200 μm were superimposed. Scale bar = 20 μm. Following 18 hr 1032 

treatment of PAM150, PAM500, PAM2500, and Itu1000 in E18 rat hippocampal cultures, 1033 

dendritic morphology was analyzed in terms of (B) the number of primary dendrites, (C) the 1034 

extension range of apical dendrite, (D) the number of branch nodes/apical dendrite, and (E) the 1035 

number of branch nodes/basal dendrite. (F) The number of intersections of apical dendrites was 1036 

measured on template circles. PAM2500 significantly decreased the number of intersections 1037 

between the range of 60 to 100 μm, when compared to vehicle (*p < 0.05). (G) The number of 1038 

intersections of basal dendrites was measured and the result showed no significant differences 1039 

throughout all conditions. All data are presented as mean ± S.E.M. n = 4 to 5 independent 1040 

experiments.  1041 

 1042 

Figure 11. In vivo and in vitro TUNEL assay following PAM and Itu treatment. (A) Scheme 1043 

of brain section showing three regions (Ctx/HP, EC, and Injection area) where TUNEL assay was 1044 

performed. (B) TUNEL images of Ctx/HP and EC at day 7 after PAM and Itu injections. (C) 1045 

TUNEL images of injection area at day 7 after PAM and Itu injections. (D) The ratio of TUNEL 1046 

positive signal at Day 1 and Day 7 after injection. Only the TUNEL signal colocalized with Nissl 1047 

(red) and DAPI (blue) was counted. There was no statistical difference among regions at Day 1 1048 

(p > 0.05). At Day 7 after injection, the level of TUNEL signal in the injection area was 1049 

significantly higher than other regions regardless of condition groups (*p < 0.05). Data are 1050 

presented as mean ± S.E.M. n = 3 independent experiments. (E) Representative TUNEL images 1051 
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of E18 rat hippocampal neuron cultures incubated with vehicle (water), PAM (500 ng/ml), PAM 1052 

(2500 ng/ml), and Staurosporine (STS) (0.75 μM) for 18 hrs. (F) Quantitative evaluation of 1053 

TUNEL positive cells. Only the TUNEL signal colocalized with actin (red) and DAPI (blue) was 1054 

counted. STS was used to induce positive TUNEL signal in cultures. High concentration of PAM 1055 

(500 and 2500) and Itu1000 did not induce apoptosis of cultured neurons. **p < 0.001 vs. STS. 1056 

The bars are presented as mean ± S.E.M. n = 3 independent experiments. Scale bar = 50 μm.  1057 

  1058 
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Table legends 1059 

Table  1. FMZ binding potentials (BPND)  1060 

Abbreviations and note: ant., anterior; comm., commissure; fasci., fasciculus; hypothal., 1061 

hypothalamus; int., internal; lat., lateral; mammilothal., mammilothalamic; occ., occipital; olf., 1062 

olfactory; P-T, Parieto-Temporal; str. med. thal., stria medullaris thalami; sub., subcortical; sup., 1063 

superior; tr., tract; V., ventricle. 1064 

 1065 

Table 2. 53 volume-of-interests (VOI) in the mouse brain. 53 anatomical VOIs in the mouse 1066 

brain were used to determine altered correlation between two nodes in the brain from analysis of 1067 

PET imaging. 1068 

 1069 

Table 3. Altered correlation between various brain regions in [18F] FDG PET/CT. From the 1070 

comparison of the correlation matrices from [18F] FDG PET analysis (Figure 2A), we 1071 

determined altered metabolic correlation between vehicle and test groups (p<0.005). 1072 

Abbreviations and note: ant., anterior; comm., commissure; fasci., fasciulus; hypothal., 1073 

hypothalamus; int., internal; lat., lateral; mammilothal., mammilothalamic; occ., occipital; olf., 1074 

olfactory; P-T, Parieto-Temporal; str. med. thal., stria medullaris thalami; sub., subcortical; sup., 1075 

superior; tr., tract; V., ventricle. 1076 

 1077 

Table 4. Altered correlation between various brain regions in [18F] FMZ PET/CT. From the 1078 

comparison of the correlation matrices from [18F] FMZ PET analysis (Figure 2B), we 1079 

determined altered synaptic correlation between vehicle and test groups (p<0.005). 1080 

Abbreviations and note: ant., anterior; comm., commissure; fasci., fasciulus; hypothal., 1081 
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hypothalamus; int., internal; lat., lateral; mammilothal., mammilothalamic; occ., occipital; olf., 1082 

olfactory; P-T, Parieto-Temporal; str. med. thal., stria medullaris thalami; sub., subcortical; sup., 1083 

superior; tr., tract; V., ventricle.    1084 

 1085 

 1086 

 1087 

1088 
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Figures 1089 
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 1119 

Table 1 1120 

 Region name VEHICLE PAM150 PAM500 ITU1000 
Day 1 Day 7 Day 1 Day 7 Day 1 Day 7 Day 1 Day 7 

1 L. amygdala 0.67±0.08 0.69±0.09 0.64±0.04 0.55±0.08 0.55±0.09 0.57±0.01 0.79±0.07 0.72±0.06 

2 L. frontal lobe 1.07±0.10 1.04±0.12 0.91±0.02 0.94±0.19 0.89±0.30 0.90±0.22 1.18±0.08 1.22±0.15 

3 L. optic nerve 0.35±0.06 0.36±0.08 0.39±0.03 0.28±0.06 0.24±0.11 0.29±0.11 0.42±0.06 0.41±0.06 

4 L. ant. comm. 1.24±0.08 1.30±0.10 1.24±0.10 1.18±0.17 1.08±0.32 1.11±0.21 1.39±0.10 1.47±0.13 

5 L. cerebellum 0.40±0.06 0.43±0.07 0.40±0.07 0.39±0.13 0.36±0.15 0.46±0.13 0.47±0.07 0.54±0.08 

6 L. corpus 
callosum 

1.84±0.16 1.88±0.27 1.77±0.03 1.73±0.34 1.65±0.43 1.73±0.25 2.11±0.24 2.08±0.27 

7 L. fasci. 
retroflexus 

0.52±0.06 0.49±0.06 0.48±0.07 0.52±0.15 0.53±0.15 0.48±0.17 0.47±0.07 0.50±0.07 

8 L. fonix 1.14±0.11 1.18±0.11 1.09±0.23 0.98±0.43 0.95±0.43 1.29±0.23 1.31±0.24 1.21±0.24 

9 L. globus 
pallidus 

1.01±0.06 1.01±0.10 1.03±0.03 0.98±0.18 0.91±0.24 0.96±0.07 1.15±0.15 1.19±0.12 

10 L. hippocampus 1.74±0.09 1.81±0.17 1.70±0.04 1.66±0.22 1.56±0.33 1.61±0.17 2.00±0.18 1.92±0.17 

11 L. hypothal. 0.59±0.06 0.60±0.10 0.56±0.01 0.53±0.07 0.47±0.12 0.52±0.06 0.66±0.08 0.60±0.05 

12 L. int. capsule 0.89±0.06 0.94±0.09 0.90±0.04 0.90±0.12 0.81±0.19 0.90±0.07 1.06±0.13 1.06±0.10 

13 L. 
mammilothal. tr. 

0.93±0.11 0.94±0.13 0.85±0.01 0.89±0.06 0.78±0.17 0.84±0.18 0.98±0.09 0.92±0.11 

14 L. medulla 0.0.2±0.0
1 

0.03±0.01 0.02±0.01 0.02±0.01 0.03±0.01 0.02±0.01 0.03±0.01 0.02±0.01 

15 L. midbrain 1.60±0.09 1.64±0.18 1.60±0.16 1.53±0.26 1.44±0.30 1.58±0.30 1.78±0.17 1.76±0.20 

16 L. occ. cortex 1.04±0.14 1.06±0.15 1.06±0.05 0.96±0.32 0.90±0.28 1.18±0.26 1.16±0.12 1.23±0.10 

17 L. olf. bulb 1.02±0.11 1.05±0.07 0.92±0.03 0.92±0.16 0.85±0.29 0.82±0.25 1.10±0.13 1.23±0.19 

18 L. P-T cortex 1.05±0.10 1.06±017 0.94±0.19 0.91±0.22 0.83±0.25 0.97±0.12 1.19±0.08 1.12±0.10 

19 L. pons 0.19±0.01 0.19±0.01 0.18±0.00 0.18±0.01 0.17±0.01 0.19±0.01 0.20±0.01 0.21±0.01 

20 L. str. med. thal. 0.62±0.13 0.76±0.10 0.71±0.11 0.74±0.12 0.62±0.17 0.74±0.05 0.86±0.15 0.84±0.09 

21 L. striatum 1.39±0.07 1.39±0.16 1.44±0.05 1.31±0.22 1.30±0.28 1.36±0.12 1.59±0.17 1.67±0.19 

22 L. sub. region 
(P-T) 0.86±0.06 0.88±0.11 0.85±0.05 0.77±0.11 0.70±0.17 0.76±0.06 0.97±0.10 1.03±0.10 

23 L. sub. region 
frontal 

0.84±0.06 0.86±0.10 0.81±0.05 0.79±0.12 0.71±0.19 0.79±0.10 0.97±0.12 0.95±0.08 

24 L. thalamus 1.08±0.12 1.14±0.12 1.04±0.08 1.11±0.12 0.95±0.24 1.04±0.18 1.25±0.15 1.19±0.11 

25 L. V. sum lat. 1.50±0.14 1.52±0.15 1.36±0.17 1.39±0.18 1.31±0.23 1.29±0.03 1.72±0.19 1.69±0.12 

26 L. V. sum sup. 1.18±0.15 1.32±0.18 1.36±0.03 1.28±0.20 1.24±028 1.37±0.13 1.52±0.19 1.60±0.22 

27 R. fornix 0.56±0.03 0.55±0.09 0.54±0.01 0.51±0.08 0.45±013 0.48±0.04 0.61±0.03 0.51±0.05 

28 R. amygdala 0.63±0.07 0.63±0.08 0.62±0.09 0.55±0.07 0.54±0.13 0.53±0.04 0.72±0.08 0.58±0.06 

29 R. ant. comm. 1.05±0.03 1.12±0.11 1.05±0.06 1.02±0.14 0.92±0.25 1.03±0.16 1.20±0.14 1.22±0.11 

30 R. cerebellum 0.36±0.07 0.39±0.07 0.38±0.09 0.35±0.12 0.33±0.13 0.36±0.12 0.43±0.10 0.48±0.13 

31 R. corpus 
callosum 

1.84±0.21 1.85±0.32 1.80±0.09 1.67±0.35 1.60±0.44 1.63±0.25 2.08±0.23 2.02±0.27 

32 R. fasci. 
retroflexus 

1.27±0.15 1.32±0.12 1.27±0.05 1.27±0.13 1.10±0.24 1.15±0.22 1.43±0.14 1.36±0.11 

33 R. frontal lobe 0.95±0.12 0.92±0.13 0.92±0.09 0.86±0.18 0.80±0.28 0.81±0.24 1.04±0.08 1.09±0.12 

34 R. globus 
pallidus 

0.94±0.04 1.03±0.09 0.94±0.08 0.94±0.10 0.88±0.21 0.98±0.09 1.12±0.16 1.11±0.09 

35 R. hippocampus 1.68±0.16 1.74±0.23 1.67±0.06 1.59±0.22 1.52±0.38 1.47±0.21 1.92±0.20 1.80±0.22 

36 R. hypothal. 0.57±0.04 0.58±0.08 0.55±0.02 0.54±0.08 0.47±0.13 0.51±0.05 0.64±0.05 0.56±0.05 

37 R. int. capsule 0.87±0.05 0.94±0.09 0.87±0.09 0.88±0.11 0.83±0.21 0.89±0.06 1.04±0.14 1.00±0.08 

38 R. 0.87±0.13 0.92±0.14 0.80±0.03 0.88±0.13 0.73±0.23 0.78±0.12 0.98±0.15 0.93±0.09 
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mammilothal. tr. 
39 R. medulla 0.02±0.01 0.02±0.01 0.02±0.01 0.02±0.01 0.02±0.01 0.02±0.01 0.02±0.01 0.02±0.01 

40 R. midbrain 1.62±0.10 1.65±0.19 1.60±0.16 1.52±0.25 1.45±0.31 1.53±0.26 1.77±0.18 1.75±0.20 

41 R. occ. cortex 0.97±0.16 0.99±0.16 0.91±0.09 0.85±0.18 0.79±0.17 0.92±0.18 1.06±0.15 1.16±0.20 

42 R. olf. bulb 1.07±0.11 1.08±0.11 1.01±0.07 0.97±0.17 0.86±0.30 0.91±0.25 1.14±0.17 1.24±0.15 

43 R. optic nerve 0.30±0.05 0.33±0.09 0.35±0.03 0.26±0.05 0.22±0.11 0.25±0.09 0.38±0.03 0.35±0.04 

44 R. P-T cortex 0.92±0.10 0.90±0.18 0.90±0.06 0.80±0.19 0.70±0.21 0.78±0.12 1.04±0.04 1.01±0.11 

45 R. pons 0.18±0.01 0.19±0.01 0.18±0.02 0.18±0.00 0.18±0.02 0.16±0.02 0.19±0.01 0.19±0.02 

46 R. str. med. thal. 0.82±0.04 0.84±0.14 0.85±0.09 0.85±0.12 0.78±0.07 0.80±0.09 0.69±0.16 0.79±0.14 

47 R. striatum 1.37±0.09 1.41±0.17 1.40±0.06 1.27±0.17 1.28±0.27 1.31±0.08 1.59±0.17 1.59±0.15 

48 R. sub. region 
frontal 

0.77±0.03 0.81±0.10 0.82±0.07 0.72±0.07 0.66±0.16 0.70±0.06 0.89±0.09 0.93±0.09 

49 R. sub. region 
(P-T) 0.78±0.04 0.85±0.09 0.75±0.04 0.75±0.08 0.67±0.18 0.76±0.09 0.93±0.10 0.87±0.08 

50 R. thalamus 1.02±0.13 1.09±0.12 1.03±0.03 1.06±0.13 0.94±0.26 0.96±0.15 1.19±0.14 1.14±0.12 

51 R. V. sum lat. 1.26±0.11 1.32±0.17 1.24±0.18 1.25±0.12 1.17±0.25 1.11±0.09 1.50±0.18 1.39±0.12 

52 R. V. sum sup. 1.18±0.17 1.31±0.19 1.31±0.04 1.26±0.23 1.26±0.30 1.32±0.10 1.50±0.20 1.52±0.24 

53 Third V. 0.62±0.14 0.78±0.10 0.70±0.08 0.78±0.12 0.65±0.21 0.78±0.04 0.89±0.16 0.87±0.13 

 1121 
 1122 

 1123 
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 1125 

 1126 
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 1128 

 1129 
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 1132 
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 1135 

 1136 
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Table 2. 1137 

 1138 

Region # Region name 

1 left_amygdala 

2 left_frontal_cortex 

3 left_optic_nerve 

4 left_anterior_commissure 

5 left_cerebellum 

6 left_corpus_callosum 

7 left_fasciculus_retroflexus 

8 left_fornix 

9 left_globus_pallidus 

10 left_hippocampus 

11 left_hypothalamus 

12 left_internal_capsule 

13 left_mammilothalamic_tract 

 14 left_medulla 

15 left_midbrain 

16 left_occipital_cortex 

17 left_olfactory_bulb 

18 left_parietal_temporal_cortex 

19 left_pons 

20 left_stria_medullaris_thalami 

21 left_striatum 

22 left_subcortical_region_parieto_temporal 

23 left_subcortical_region_frontal 

24 left_thalamus 

25 left_ventricle_sum_lateral 

26 left_ventricle_sum_ superior 
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27 right_fornix 

28 right_amygdala 

29 right_anterior_commissure 

30 right_cerebellum 

31 right_corpus_callosum 

32 right_fasciculus_retroflexus 

33 right_frontal_cortex 

34 right_globus_pallidus 

35 right_hippocampus 

36 right_hypothalamus 

37 right_internal_capsule 

38 right_mammilothalamic_tract 

39 right_medulla 

40 right_midbrain 

41 right_occipital_cortex 

42 right_olfactory_bulb 

43 right_optic_nerve 

44 right_parietal_temporal_cortex 

45 right_pons 

46 right_stria_medullaris_thalami 

47 right_striatum 

48 right_subcortical_region_frontal 

49 right_subcortical_region_parieto_temoporal 

50 right_thalamus 

51 right_ventricle_sum_lateral 

52 right_ventricle_sum_ superior 

53 third_ventricle 

 1139 
  1140 
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Table 3. 1141 
 1142 
 1143 
 1144 
  1145 

  Increased correlation between 
two nodes 

Decreased correlation between 
two nodes 

Day 1 

PAM150 vs. 
Vehicle 

    

PAM500 vs. 
Vehicle 

L midbrain  
L pons 
R occ. cortex 
R corpus callosum 
R fornix 
R thalamus 
 

R pons  
R corpus callosum 
R sub. frontal 
R pons 
R hippocampus 
R pons 
 

L ant. comm. 
L fasc. retroflexus 
L hippocampus 
L int. capsule 
L medulla 
L medulla 
L midbrain 
L occ. cortex 
L occ. cortex 
L occ. cortex 
R frontal cortex 
R occ. cortex 
R sub. frontal 
R corpus callosum 
R midbrain 

L hippocampus 
R mammilothal. 
R sub. frontal 
R sub. frontal 
R hippocampus 
R midbrain 
R sub. frontal 
R fornix 
R hypothalamus 
R sub. frontal 
R P-T cortex 
R medulla 
R hippocampus 
R medulla 
R medulla 

Itu1000 vs. 
Vehicle 

L hippocampus 
L hippocampus 
L hippocampus 
L hippocampus 
L hippocampus 
L int. capsule 

L fornix 
L pons 
R fornix 
R hypothalamus 
R optic nerve 
L fornix 

L hippocampus 
L mammilothal. tr. 
L V. sum sup. 
 

L ant. comm. 
L fasci. retroflexus 
L str. med. thal . 
 

Day 7 

PAM150 vs. 
Vehicle 

L hippocampus R sub. region (P-T) L str. med. thal. R occ. cortex 

PAM500 vs. 
Vehicle 

R olf. bulb R midbrain L occ. cortex 
L P-T cortex 

R hippocampus 
R olf. bulb 

Itu1000 vs. 
Vehicle 

L hippocampus R sub. region (P-T) L str. med. thal. R occ. cortex 
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Table 4. 1146 
  Increased correlation between 

two nodes 
Decreased correlation between 

two nodes 

Day 1 

PAM150 vs. 
Vehicle 

L globus pallidus 
L frontal cortex 
L frontal cortex 
L frontal cortex 
L hypothalamus 
L int. capsule 
L int. capsule 
R olf. bulb 
R frontal cortex 
R frontal cortex 
R fasci. retroflexus 
R fasci. retroflexus 
R fasci. retroflexus 
R striatum 
R thalamus 

R optic nerve 
R hippocampus 
R int. capsule 
L striatum 
L mammilothal. 
L sub. frontal 
L sub. region (P-T) 
R fasci. retroflexus 
R V. sup. 
Third V. 
R hippocampus 
R striatum 
R V. sup. 
Third V. 
R P-T cortex. 

L globus pallidus 
L midbrain 
L midbrain 
L occi. Cortex 
L optic nerve 
L P-T cortex 
 

R medulla 
L occi. cortex 
L P-T cortex 
L P-T cortex 
R fornix 
R occi. cortex 
 

PAM500 vs. 
Vehicle 

  L ant. comm. 
L int. capsule 
L medulla 
L occi. cortex  
L optic nerve 
R fasci. retrofleux 
R globus pallidus 
R hypothalamus 

R corpus callosum 
L V. sup. 
L striatum 
L P-T cortex  
R fornix 
R cerebellum 
R int. capsule 
R midbrain 

Itu1000 vs. 
Vehicle 

L hypothalamus  
R ant. comm. 
R hypothalamus 
 

L mammilothal. 
R sub. frontal 
L striatum 
 

L hypothalamus 
L occi. cortex  
L P-T cortex 
L P-T cortex 
L str. med. thal. 
R ant. comm. 
R fasci. retroflexus 
R globus pallidus 
R hippocampus 

L sub. region (P-T) 
L P-T cortex 
R ant. comm. 
R occi. cortex 
R int. capsule 
R corpus callosum 
R cerebellum 
R int. capsule 
R medulla 

Day 7 

PAM150 vs. 
Vehicle 

L str. med. thal. 
 

R V. sup. L corpus callosum 
L globus pallidus 
L hippocampus 
L hippocampus 
L int. capsule 
L midbrain 
L midbrain 
L olf. bulb  
L sub. region (P-T) 
L striatum 
L thalamus 
R occi. cortex 
R corpus callosum 

R P-T cortex. 
R str. med. thal. 
L frontal cortex 
R optic nerve 
R mammilothal. 
R hypothalamus 
R optic nerve 
L optic nerve  
R thalamus 
R optic nerve 
R globus pallidus 
R hippocampus 
R fornix 

PAM500 vs. 
Vehicle 

  L amygdala 
L cerebellum 
L cerebellum 
L fornix 
L frontal cortex 

L hippocampus 
L occi. cortex 
L optic nerve 
L midbrain 
L occi. cortex 
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L frontal cortex 
L hippocampus 
L hippocampus 
L hippocampus 
L int. capsule 
L midbrain 
L olf. bulb  
L olf. bulb 
L optic nerve 
L striatum 
L striatum 
L thalamus 
L V. sup. 
L V. sup 
R int. capsule 

L P-T cortex 
L frontal cortex 
R globus pallidus 
R hypothalamus 
R sub. frontal 
R optic nerve 
L optic nerve  
R cerebellum 
R hypothalamus 
L occi. cortex 
R hypothalamus 
R cerebellum 
R frontal cortex 
R P-T cortex 
R pons 

Itu1000 vs. 
Vehicle 

  L amygdala 
L ant. comm. 
L corpus callosum 
L fornix 
L fornix 
L frontal cortex 
L globus pallidus 
L hippocampus 
L hippocampus 
L hippocampus 
L olf. bulb 
L olf. bulb  
L str. med. thal. 
L sub. region (P-T) 
R fornix 
R hypothalamus 
R hypothalamus 
R int. capsule 

L striatum 
L P-T cortex 
R hypothalamus 
R fornix 
R V. sup 
L hippocampus 
R P-T cortex 
R globus pallidus 
R cerebellum 
R hypothalamus 
L P-T cortex 
R cerebellum 
R thalamus 
R amygdala 
R corpus callosum 
R midbrain 
R optic nerve 
R pons 

 1147 
 1148 
 1149 

 1150 

 1151 

 1152 

 1153 

 1154 
    1155 
 1156 


