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Abstract 40 
 41 

Early-life stress (ELS) is associated with increased vulnerability to mental 42 

disorders. The basolateral amygdala (BLA) plays a critical role in fear conditioning and is 43 

extremely sensitive to ELS. Using a naturalistic rodent model of ELS, the limited bedding 44 

paradigm (LB) between postnatal days (PND) 1-10, we previously documented that LB 45 

male, but not female preweaning rat pups display increased BLA neuron spine density 46 

paralleled with enhanced evoked synaptic responses and altered BLA functional 47 

connectivity. Since ELS effects are often sexually dimorphic and amygdala processes 48 

exhibit hemispheric asymmetry, we investigated changes in synaptic plasticity and 49 

neuronal excitability of BLA neurons in vitro in the left and right amygdala of PND22-28 50 

male and female offspring from normal bedding (NB) or LB mothers. We report that LB 51 

conditions enhanced synaptic plasticity in the right, but not the left BLA of males 52 

exclusively. LB males also showed increased perineuronal net (PNN) density, particularly 53 

around parvalbumin (PV) cells, and impaired fear-induced activity of PV interneurons only 54 

in the right BLA. Action potentials fired from right BLA neurons of LB females displayed 55 

slower maximal depolarization rates and decreased amplitudes compared to NB females, 56 

concomitant with reduced NMDAR GluN1 subunit expression in the right BLA. In LB 57 

males, reduced GluA2 expression in the right BLA might contribute to the enhanced LTP. 58 

These findings suggest that LB differentially programs synaptic plasticity and PV/PNN 59 

development in the left and right BLA. Furthermore, our study demonstrates that the 60 

effects of ELS exposure on BLA synaptic function are sexually dimorphic and possibly 61 

recruiting different mechanisms.  62 

 63 
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 64 

Significance Statement 65 
 66 

Early-life stress (ELS) induces long-lasting consequences on stress responses 67 

and emotional regulation in humans, increasing vulnerability to the development of 68 

psychopathologies. The effects of ELS in a number of brain regions, including the 69 

amygdala, are often sexually dimorphic, and have been reproduced using the rodent 70 

limited bedding (LB) paradigm of early adversity. The present study examines sex 71 

differences in synaptic plasticity and cellular activation occurring in the developing left 72 

and right amygdala after LB exposure, a phenomenon that could shape long-term 73 

emotional behavioral outcomes. Studying how ELS selectively produces effects in one 74 

amygdala hemisphere during a critical period of brain development could guide further 75 

investigation into sex-dependent mechanisms and allow for more targeted and improved 76 

treatment of stress-and emotionality-related disorders.  77 

  78 



 

 4 

Introduction 79 

 80 

Early-life stress (ELS) exposure has long-term consequences on cognitive and 81 

emotional health (Bolton et al., 2017; Krugers et al., 2017). The basolateral amygdala 82 

(BLA) is crucial in the acquisition and expression of conditioned fear (Pape and Pare, 83 

2010) and undergoes persistent changes in response to ELS (Malter Cohen et al., 2013). 84 

We previously reported that ELS increases spine density in excitatory BLA neurons and 85 

evoked synaptic responses in male preweaning rats (Guadagno et al., 2018a). Sex 86 

impacts of ELS are observed in the developing BLA and associate with heightened 87 

anxiety-like and fear behaviors in adult males, but not females (Guadagno et al., 2018a). 88 

Sex-specific and age-dependent effects of ELS have also been documented in the 89 

prefrontal cortex and hippocampus (Walker et al., 2017; Goodwill et al., 2019), possibly 90 

reflecting a differential time course of brain development (Lenroot et al., 2007) and 91 

different windows of vulnerability (Derks et al., 2016). 92 

Precisely how ELS leads to sex-dependent functional and cellular alterations in the 93 

BLA remains elusive. High-frequency stimulation of LA inputs to the developing BLA 94 

induces modest long-term potentiation (LTP) on PND7-10 (Thompson et al., 2008) and 95 

successful LTP on PND20 in both sexes (Bender et al., 2017). Hyperexcitability in BLA 96 

pyramidal neurons and enhanced anxiety-like behavior are observed in adolescent 97 

(PND28-32) male rats (Hetzel and Rosenkranz, 2014), but it is still unclear whether ELS 98 

can modify LTP in juveniles. Our studies were designed to examine sex- and 99 

hemispheric-dependent effects of ELS on synaptic plasticity in the juvenile BLA. In 100 

adulthood, chronic stress increases LTP formation in the BLA, which elicits the long-term 101 

consolidation of fear memories in male rats (Suvrathan et al., 2014). Activation of 102 
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developmentally regulated glutamatergic NMDA (N-methyl-d-aspartate) receptors 103 

(NMDARs) (Lopez de Armentia and Sah, 2003) critically mediates changes in synaptic 104 

plasticity and fear learning (Dalton et al., 2012) (Miller et al., 2019). All three major 105 

NMDAR subunits, GluN1, GluN2A and GluN2B are expressed in the juvenile BLA 106 

(Delaney et al., 2013), but the effect of ELS on their expression and contribution to 107 

synaptic plasticity at this age are unknown. Similarly, AMPAR subunits (GluA1, GluA2) 108 

that mainly control synaptic strength during synaptic plasticity (Diering and Huganir, 2018) 109 

are modulated by corticosterone in the neonatal amygdala (Opendak et al., 2018), 110 

suggesting that ELS might also impact these glutamate receptor subunits. Interestingly, 111 

adult BLA function exhibits hemispheric asymmetry in humans and rodents, with the right 112 

amygdala being more heavily involved in fear and pain processing than the left (Baker 113 

and Kim, 2004; Ji and Neugebauer, 2009). Based on our observation that lateralization 114 

of the amygdala is already observed pre-weaning, with more resting-state functional MRI 115 

connectivity changes found in the right versus the left BLA in males exposed to ELS 116 

(Guadagno et al., 2018b), we tested the hypothesis that juvenile synaptic plasticity in the 117 

right amygdala is also more affected by ELS than in the left BLA.  118 

In adults rodents, glutamatergic synaptic output of BLA pyramidal cells is directly 119 

modulated by inhibitory GABAergic interneurons expressing the calcium-binding protein 120 

parvalbumin (PV) (Berdel and Morys, 2000). PV cells form approximately half of the 121 

interneurons in the adult BLA (Woodruff and Sah, 2007b), display hemispheric asymmetry 122 

in numbers (Butler et al., 2018) and mature between PND14-30 (Berdel and Morys, 123 

2000). PV interneurons in the BLA are encapsulated by proteoglycan-rich specializations 124 

of the extracellular matrix called perineuronal nets (PNNs) that reach adult levels by 125 
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PND28 (Gogolla et al., 2009). The formation of PNN around PV neurons coincides with 126 

and likely contributes to the closure of critical periods of cortical synaptic plasticity 127 

(Takesian and Hensch, 2013), making these components important regulators of PV 128 

activity. A recent study using a restricted model of early life adversity found that PNN 129 

staining in the BLA of PND23 rats was reduced (Santiago et al., 2018), suggesting that 130 

PNNs in the developing BLA are sensitive to the early environment. Here, we examined 131 

how ELS modifies inhibitory neuron populations of the BLA and whether early maturation 132 

of PNNs associate with BLA hyperexcitability in juveniles. We hypothesized that 133 

increased BLA synaptic plasticity and neuron excitability in early stressed juvenile males 134 

would be associated with accelerated development of PNNs around PV interneurons and 135 

reduced PV inhibitory activity.  136 

  137 

Methods 138 

 139 

Animals 140 

Untimed-pregnant (received on gestation day 16-17) Sprague-Dawley female rats 141 

(Charles River, St-Constant, QC, Canada) were individually housed under controlled 142 

conditions of light (reverse 12 hr light:12 hr dark, lights off at 08:00 h), temperature (22-143 

24°C), and humidity (70–80%) and provided ad libitum access to rat chow and water. The 144 

day of parturition was considered PND0 and litters were culled to 10 pups on PND1 with 145 

5 males and 5 females if possible. Animals were weaned on PND22 and same-sex group 146 

housed with environmental enrichment until sacrifice on PND22-29. All experimental 147 
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procedures were approved by the University Animal Care Committee at McGill University 148 

in accordance with the guidelines of the Canadian Council on Animal Care. 149 

 150 

Limited bedding paradigm 151 

Early chronic stress in the offspring was induced using the limited bedding (LB) 152 

and nesting protocol adapted from Baram and colleagues (Molet et al., 2014; Walker et 153 

al., 2017), which causes disruptions of maternal care as previously validated in our 154 

laboratory (McLaughlin et al., 2016; Guadagno et al., 2018a). A total of 4 cohorts of dams 155 

(total of 22 dams and their litters) provided offspring for different sets of experiments. 156 

Cohort 1 dams (2-3/bedding condition) were used for the LTP and input-output 157 

experiments. Cohort 2 dams (3-4/bedding condition) were used for the whole cell 158 

recording experiments. Cohort 3 dams (3/bedding condition) were used for the Western 159 

blot experiments and Cohort 4 dams (2/bedding condition) contributed to the fear 160 

conditioning and immunohistochemistry experiments. On PND1, mothers and their litters 161 

were randomly assigned to the LB or normal bedding (NB) condition. LB mothers and 162 

their litters were placed on a wire mesh platform elevated 2.5 cm above the cage floor, 163 

with approximately 1.5 cm of bedding underneath. Nesting material consisted of one-half 164 

of one paper towel. NB cages were given a 2.5 cm layer of woodchips and one-half of 165 

one paper towel. Cages were changed on PND4 and on PND10, all LB mothers/litters 166 

were returned to the normal bedding conditions. Dams and litters were weighed on PND1, 167 

4, 10 and 22. All litters remained with their biological mother until weaning on PND22. 168 

Pups were also weighed on PND28 when possible. Although early postnatal stress using 169 

the LB paradigm was the main stressor examined on the offspring, we also acknowledge 170 
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that transport of the pregnant mothers to the animal facility might have enhanced the 171 

observed effects of the LB procedure (Moriyama et al., 2013; Bonapersona et al., 2019).   172 

 173 

Slice preparation for field and whole cell recordings 174 

NB and LB animals aged PND22-28 were used for field recordings (n=5-8 175 

pups/group and sex from n=2-3 mothers/group) and PND25-28 for whole cell recordings 176 

(n=5-6 pups/group and sex from n=3-4 mothers/group). We and others have successfully 177 

recorded field excitatory postsynaptic potential (fEPSP) responses in the BLA at these 178 

early ages (Aroniadou-Anderjaska et al., 2001; Guadagno et al., 2018a). Juvenile rats 179 

were anesthetized with isofluorane before being decapitated. The brains were rapidly 180 

removed, marked with a blade on the top-right side, and coronal slices (250 μm) 181 

containing the amygdala were cut using a Vibratome (Leica, Concord, ON) in 182 

hyperosmotic, ice-cold carbogenated (95% O2 and 5% CO2) sucrose-substituted artificial 183 

cerebrospinal fluid (S-aCSF) containing (mM) 252 sucrose, 2.5 KCl, 0.1 CaCl2, 4 MgCl2, 184 

10 glucose, 26 NaHCO3, and 1.25 NaH2PO4 (pH 7.35, 360–370 mOsm). Slices were then 185 

incubated in carbogenated normal aCSF (125 mM NaCl in place of sucrose; 310–320 186 

mOsm) at 32°C for 1 hr and subsequently kept at room temperature for a minimum of 1 187 

hr prior to recording onset. All recordings were amplified by MultiClamp 700B and stored 188 

in a PC for offline analysis using Clampfit (Axon, Molecular Devices, Sunnyvale, CA).   189 

 190 

Field and whole cell recordings 191 

The protocols for slice recording were described previously (Guadagno et al., 192 

2018a). Bicuculline (5 μM), a GABAA receptor antagonist, was added in the perfusing 193 
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solution during fEPSP recordings. Evoked fEPSPs were induced by a bipolar stimulating 194 

electrode that was placed in the LA, adjacent to the BLA and recorded by an aCSF-filled 195 

glass electrode. Long-term potentiation (LTP) was induced by two 1 sec. applications of 196 

high frequency stimulation (HFS; 100 Hz, 100 pulses), separated by 20 sec. The stimulus 197 

intensity for LTP experiments was adjusted to evoke a field potential of an amplitude 40% 198 

of the maximum fEPSP response. LTP of fEPSP slope was estimated at 25-30 min after 199 

HFS. Input-output recordings were performed on separate slices from those used for LTP 200 

induction. The magnitude of fiber volleys in the right BLA of male and female juveniles 201 

was also estimated at 25-30 min post-tetanus to determine whether presynaptic 202 

mechanisms could contribute to increased LTP after LB exposure. To correctly identify 203 

the fiber volley as the first negative deflection in electrophysiological traces, we performed 204 

control recordings in the right BLA (n = 4 slices from 3 females and 1 male PND25-27, 1 205 

NB litter) using bicuculline (5 μM) in the perfusing solution followed by DNQX (10 μM), an 206 

AMPA receptor antagonist. Trace components identified as fiber volleys, but not fEPSPs, 207 

were indeed insensitive to DNQX treatment (Fig. 1E).  208 

Spiking properties were recorded in the whole-cell patch-clamp mode in BLA 209 

neurons with pipettes containing (in mM): 120 K-Gluconate, 17.5 KCl, 2 MgCl2, 0.5 210 

ethylene glycol tetraacetic acid (EGTA), 10 HEPES, 4 Na2-ATP, and with the pH adjusted 211 

to 7.2 with KOH (∼290 mOsm). Neurons recorded in current clamp mode were injected 212 

with 1000 ms long depolarizing current pulses in increasing steps of 10 pA to evoke action 213 

potentials (20 sweeps total, 10 sec per sweep). The average action potential amplitude 214 

and total number of action potentials were calculated from all spikes obtained over 20 215 

sweeps. The action potential threshold and maximal depolarization rate were determined 216 
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from the first spike induced. The voltage at which point the dV/dt trace first passed 10 217 

mV/ms was considered to be the threshold. Only recordings with stable and low access 218 

resistance <15 MΩ were used. Only recordings from neurons showing clear spike 219 

adaptation and after hyperpolarization patterns similar to BLA pyramidal neurons were 220 

kept for analyses, since those fast-spiking neurons that show little spike adaptation are 221 

normally resembling the properties of inhibitory interneurons (Woodruff and Sah, 2007a; 222 

Ehrlich et al., 2012).  223 

 224 

NMDAR and AMPAR subunit protein expression by Western blotting  225 

NMDAR are developmentally regulated and critical for synaptic plasticity in the 226 

BLA (Muller et al., 2009; Suvrathan et al., 2014). Thus, we examined BLA expression of 227 

the three major NMDAR subunits, GluN1, GluN2A and GluN2B (Delaney et al., 2013). 228 

We also determined the major AMPAR subunits, GluA1 and GluA2 in these experiments. 229 

Tissue punches (1 mm diameter per side) from PND28 male and female animals (n=5-6 230 

pups/group, from 3 mothers/group) were collected from fresh tissue, frozen on dry ice 231 

and later sonicated for 30 sec and homogenized in 1X RIPA buffer (#9806, Cell Signaling) 232 

with 2 mM phenylmethanesulfonyl fluoride (PMSF, P7626, Sigma-Aldrich). Samples were 233 

centrifuged at 13,000 rpm for 30 min at 4 C. The pellet was discarded and protein 234 

concentration in the supernatant was determined by the Bradford Protein Assay. A 235 

quantity of 30 μg (GluN1, GluN2B, GluA1, GluA2) and 40 μg (GluN2A) of lysate was 236 

diluted in 2x Laemmli sample buffer (BioRad), heated at 95 C for 5 min to denature 237 

proteins and then separated on a 8% Tris-glycine gel at 110 V for 12 min and 160 V for 238 

50 min in Tris–glycine running buffer (pH 8.3, 25 mM Tris base, 192 mM glycine, 0.1% 239 
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SDS), and transferred onto nitrocellulose membranes (0.45 micron, Hybond-C Extra, 240 

RPN203E Amersham Biosciences) at 0.22 A (2 gels) for 2 hr on ice with Tris-glycine 241 

transfer buffer (pH 8.3, 25 mM Tris base, 192 mM glycine, 20% methanol). The 242 

membranes were left to air dry for 15 min, cut into two pieces according to the protein 243 

band size and washed 3 x 5 min in 1X TBST (1X Tris buffered saline with 0.1% Tween-244 

20). The cut blots were incubated in a blocking solution for 90 min (1X TBST and 5% 245 

nonfat dry milk) then incubated separately overnight at 4 C with the appropriate primary 246 

antibody: GluN1 (G8913, Sigma-Aldrich, 1:1000), GluN2A (#4205, Cell Signaling, 247 

1:1000), GluN2B (NB300-106, Novus Biologicals, 1:1000), GluA1 (AB1504, Millipore, 248 

1:500), GluA2 (MAB397, 1:1000) and actin (A2066, Sigma-Aldrich, 1:1000). The next day, 249 

the blots were washed in 1X TBST buffer, then incubated for 60 min at room temperature 250 

with the secondary antibody, either goat anti-rabbit IgG Horseradish Peroxidase 251 

(HAF008, Novus Biologicals, 1:1000 for NMDAR and GluA1) or  anti-mouse IgG 252 

Horseradish Peroxidase for GluA2 (SC-2005, Santa Cruz Inc.,  1:1000). Gel loading of 253 

the samples was designed to test the effects of bedding and side (3 NB and 3 LB samples, 254 

each for both left and right BLA) within the same gel. Samples originating from male and 255 

female offspring were run on separate gels. The blots were developed using Clarity 256 

Western ECL Substrate (BioRad) and visualized with the ChemiDoc™ XRS+ System 257 

(BioRad). Band intensity was analyzed using Image J (NIH Bethesda, USA). Optical 258 

density (OD) measurements were normalized using actin to control for the amount of 259 

protein loaded on the gel and using an internal control sample run in each gel to control 260 

for inter-gel variability. 261 

 262 
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Fear conditioning 263 

All fear tests were performed in the dark under red light between 09:30 h and 15:30 264 

h and rats were given at least 30 min to acclimatize to the experimental room prior to the 265 

onset of testing. The fear chamber was cleaned with Peroxyguard between trials. Male 266 

and female offspring from NB and LB mothers were separated into fear testing or control 267 

groups (n= 5 pups/condition and sex from n= 2 mothers/group) on PND28-29. Fear group 268 

animals were placed in an operant chamber with floor metal rods for shock delivery. Rats 269 

were habituated to this environment for 5 min, then exposed to two habituation 80 dB 270 

tones alone, followed by six tone-shock pairings (1 sec 0.6 mA shock, co-terminating with 271 

30 sec 80 dB tone, average of 2 min variable inter-trial interval). Control animals were 272 

placed in the boxes for the same total duration as the fear animals but were not exposed 273 

to the tones or shock. At the end of testing, animals were weighed then individually 274 

housed and perfused 60 min after the onset of testing. Freezing behaviour was manually 275 

scored by an experimenter blind to treatment conditions and converted to percentage of 276 

freezing time during the 30 sec tone. Freezing was defined as the absence of movement, 277 

except for respiration, providing the animal was awake (Stevenson et al., 2009).  278 

 279 

Brain collection for immunohistochemistry 280 

Following fear conditioning, animals were anesthetized with a cocktail of 281 

ketamine/xylazine (0.1 mL/100g body weight, subcutaneous injection) and transcardially 282 

perfused with 0.9% ice-cold saline for 5 min, followed by a 15 min perfusion with 4% 283 

paraformaldehyde (PFA). The brains were extracted and stored in 4% PFA overnight, 284 

then transferred to a 30% sucrose solution in 1X PBS for 48 hr at 4oC. The right side of 285 
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the brains was marked using a blade, and brains were stored at -80oC until sectioning. 286 

Free-floating coronal sections of 50 μm were stored at -20oC until processed for staining.  287 

 288 

Triple fluorescence immunohistochemistry for activated Parvalbumin neurons (Fos) and 289 

perineuronal nets  290 

To examine the activation of parvalbumin (PV) neurons ensheathed by 291 

perineuronal nets (PNN), we performed triple immunohistochemistry on brain sections 292 

from PND28-29 NB or LB pups 60 min after the onset of fear conditioning experiments. 293 

Fos is a commonly used marker for recent neuronal activity (Bullitt, 1990). On day one, 294 

free-floating sections were brought to room temperature for 30 min, then washed 3 x 5 295 

min in 1X PBS. They were incubated for 20 min in 0.3% H2O2 (30%, H1009, Sigma) in 296 

1X PBS, then washed 3 x 5 min in 1X PBS. After a 1 hr incubation in blocking solution 297 

(0.02% Normal Horse Serum, S-2000, Vector Laboratories Inc., 0.004% Triton X-100 298 

Sigma, 1X PBS), sections were incubated with the primary anti-PV antibody (1:500, 299 

Polyclonal Guinea Pig antiserum, #195 004, Synaptic systems) for 45 min at room 300 

temperature followed by overnight incubation at 4 C on a rotating platform. The next day, 301 

sections were washed 3 x 5 min in 1X PBS and incubated for 2 hr at room temperature 302 

in the dark with the Secondary Goat Anti-Guinea Pig antibody Alexa 568 (1:500, A-11075, 303 

Invitrogen by ThermoFisher Scientific). Next, sections were washed 3 x 5 min in 1X PBS 304 

and incubated with the primary anti-Fos antibody (1:500, Rabbit anti-Rat, #Sc-52, Santa 305 

Cruz Biotechnology) as well as the lectin Wisteria floribunda agglutinin (WFA) conjugated 306 

with Fluorescein (1:500, FL-1355, Vector Laboratories) for 45 min at room temperature, 307 

then overnight at 4 C. WFA binds to N-acetylgalactosamine residues and is widely used 308 
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to detect PNNs (Seeger et al., 1996). On the third day, sections were washed 3 x 5 min 309 

in 1X PBS, then incubated for 2 hr with Secondary Donkey Anti-Rabbit antibody Alexa 310 

647 (1:500 dilution in blocking solution, #711-605-152, Jackson Immunoresearch 311 

Laboratories, Inc.). Sections were washed 3 x 5 min 1X PBS and mounted onto charged 312 

glass slides using DAPI Hardset mounting medium (H-1500, Vector Laboratories Inc.). 313 

 314 

Triple fluorescence immunohistochemistry for Parvalbumin, GAD67 neurons and 315 

perineuronal nets  316 

Using triple immunohistochemistry on adjacent brain sections from PND28-29 317 

pups, we examined 1) the total inhibitory cell population (GAD67+ and PV+), 2) the 318 

density and percentage of PNN on the total inhibitory cell population, and 3) the density 319 

and percentage of PNN on GAD67+/PV- cells. The protocol was identical to the one 320 

described above, except that the primary anti-Fos antibody was replaced with a primary 321 

anti-GAD67 antibody (1:500, Mouse Monoclonal, MAB5406, Millipore Sigma).  322 

 323 

Microscopy imaging 324 

Pictures of triple immunostained sections were taken with an Olympus BX63 325 

fluorescence microscope and the Olympus F1200 confocal microscope in that order to 326 

avoid bleaching. Eight pictures were taken per brain on the BX63, four of the left and four 327 

of the right amygdala spanning Bregma levels -1.92 to -3.00 μm based on the Paxinos 328 

and Watson atlas of the rat brain (Paxinos and Watson, 2005). The pictures on the BX63 329 

were taken at 20x magnification, with exposure times of 13 ms for DAPI, 20 ms for GFP 330 

(PNN), 50ms for RFP (PV), 70 ms for FR (Fos and GAD67). Three Z-stack images (20 331 
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slices at 9 mm depth) per brain side between Bregmas -2.04 and -2.52 μm were captured 332 

on the confocal microscope for WFA intensity measurements at 20x magnification with 333 

0.1% 488nm laser intensity.  334 

Cell quantification and PNN intensity measurements 335 

Counting of immunostained cells and cells expressing PNNs was manually 336 

performed using the QuPath software. The BLA was outlined on four sections per brain 337 

side with micrometers (μm) as unit of length. Pixel width, pixel height, and voxel depth all 338 

equaled 0.5119. Total counts were converted to cell density measurements expressed as 339 

mm2. The categories counted in two distinct immunohistochemical series of the same 340 

experimental groups were the following: Series #1: PV+, PNN+, PV+/PNN+, Fos+, 341 

PV+/Fos+, PV+/Fos+/PNN+, Series #2: PV+, PNN+, PV+/PNN+, GAD67+, GAD67+/PV-342 

, GAD67+/PV+, GAD67+/PV-/PNN+, GAD67+/PV+/PNN+. To examine the relative 343 

maturity of PNN, WFA fluorescence intensity was measured on three sections per brain 344 

side using Z-stacks as previously described by Slaker et al. with Image J software (NIH 345 

Bethesda, USA) (Slaker et al., 2016). All immunohistochemical analyses were performed 346 

by experimenters blind to the treatment conditions.  347 

 348 

Experimental design and statistical analysis 349 

Body weight data from PND1, 4, 10, 22 animals (n = 14-15 animals/group from 14-350 

15 litters/group) were analyzed using two-factor ANOVA with bedding as a between-351 

subject factor and day as a within-subject factor. Body weight data for PND28 animals (n 352 

= 12-14 animals/group and sex from 3-6 litters) were analyzed using two-factor ANOVA 353 

with bedding and sex as between-subject factors. All electrophysiological field recordings 354 
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were obtained from NB and LB animals aged PND22-28. LTP recordings (n = 9-11 355 

slices/group, 1-3 slices/animal, 5-8 animals/group from 2-3 litters/group) were analyzed 356 

using separate two-factor ANOVAs with sex and bedding or side as between-subject 357 

factors, as well as three-factor ANOVA with bedding, sex and side as between-subject 358 

factors. Paired, two-tailed t-tests and two-factor ANOVAs with sex and bedding as 359 

between-subject factors were used to analyze fiber volley size from LTP recordings in the 360 

right BLA (n = 9-11 slices/group, 1-3 slices/animal, 5-8 animals/group from 2-3 361 

litters/group). Input-output recordings (n=9-12 slices/group, 1-3 slices/animal, 5-8 362 

animals/group from same 2-3 litters/group as LTP recordings) were analyzed using two-363 

factor ANOVA with bedding and fiber volley amplitude as between- and within-subject 364 

factors, respectively. To further evaluate sex and side differences, three-factor ANOVAs 365 

were computed for input-output data with sex or side as between-subject factors and fiber 366 

volley amplitude as a within-subject factor. All whole cell electrophysiological recordings 367 

were obtained from NB and LB animals aged PND25-28. We confirmed that age interval 368 

had no significant effect on the variables measured. Action potential properties (n = 8-9 369 

neurons/group, 5-6 animals/group from 3-4 litters/group) were analyzed using two-factor 370 

ANOVA with bedding and sex as between-subject factors. NMDAR and AMPAR subunit 371 

expression were measured in PND28-29 animals (n = 5-6 animals/group from 3 372 

litters/group) and analyzed using three-factor ANOVA with bedding, sex and side as 373 

between-subject factors. Further two-factor ANOVA was performed on each BLA side to 374 

decompose the sex and bedding effects for NMDAR and AMPAR subunits. 375 

 Fear conditioning was performed in PND28-29 animals (n = 5 animals/condition 376 

and sex from 2 litters/group) and analyzed using three-factor ANOVA with bedding and 377 
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treatment or sex as between-subject factors and tone as a within-subject factor. For the 378 

determinations of total cell numbers (PV, GAD67 and PNN-positive), both control and fear 379 

groups were pooled (n = 10 animals/group and sex) from the fear conditioning experiment 380 

and analyzed using two-factor ANOVA with bedding and sex as between-subject factors. 381 

PV and PNN-positive cell densities (Fig. 7 panels A-C) were measured from 382 

immunohistochemistry Series #1 and #2 sections (n = 8 sections/amygdala side), 383 

whereas GAD67-positive cell densities (Fig. 7 panels D-F) were determined from 384 

immunohistochemistry Series #2 sections (n = 4 sections/amygdala side). PNN staining 385 

intensity data were obtained from immunohistochemistry Series #1 sections (n = 3 386 

sections/amygdala side from 10 animals/group) and analyzed using two-factor ANOVA 387 

with bedding and side as between-subject factors. The density of Fos-expressing cells 388 

was obtained from immunohistochemistry Series #1 sections (n = 4 sections/amygdala 389 

side) after fear or control testing (n = 5 animals/group) and analyzed using three-factor 390 

ANOVA with bedding, treatment and sex as between-subject factors. Simple effect tests 391 

were used to analyze any significant interactions for all data. Data are presented as 392 

means ± standard error of the mean (SEM). Statistical significance was set at p < 0.05. 393 

Electrophysiology trace drawings were created with Clampfit (Molecular Devices). 394 

Graphs were created with Prism 7 (GraphPad Software). 395 

 396 

Results 397 

 398 

LB-reared preweaning animals display a transient reduction in body weight 399 
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Mothers and litters were weighed on PND1, 4, 10 and 22. Pup weight was 400 

calculated from the litter weight irrespective of sex. After weaning, individual animals were 401 

weighed on PND28. Consistent with our previous findings and others (Walker et al., 2017; 402 

Guadagno et al., 2018a), LB reduced pup body weight on PND10 (F(1,107)  = 17.83, p = 403 

0.0005) and PND22 (F(1,107) = 15.3, p = 0.00016) (n=14-15 litters/group) (Table 1). 404 

There was no significant effect of bedding on body weight of mothers (F(1,27) = 0.79 = 405 

0.38, n=14-15). On PND28, there was no significant effect of bedding (F(1,50)=3.47, p = 406 

0.068), sex (F(1,50) = 1.9, p = 0.17), and no bedding x sex interaction on pup body weight 407 

(F(1,50) = 0.00074, p = 0.97, n=12-14 animals/group and sex).  408 

 409 

LB exposure enhances LTP formation and evoked fEPSP responses in the right BLA of 410 

juvenile males exclusively 411 

We previously reported that LB exposure induces synaptic remodeling in the 412 

preweaning BLA, with male, but not female, excitatory neurons displaying enhanced 413 

spine densities and dendritic lengths (Guadagno et al., 2018a). Increased spine density 414 

suggests that those neurons receive stronger excitatory inputs, as evidenced by the 415 

heightened input-output relationship we observed in the BLA of PND18-22 male pups 416 

(Guadagno et al., 2018a). Here, we extended these initial in vitro electrophysiological 417 

studies and measured the effects of LB on synaptic plasticity in the left and right BLA 418 

using in vitro brain slices (n=9-12/group, side and sex) from PND22-28 male and female 419 

rats (n=5-8 animals/group). The stimulating electrode for all field recordings was placed 420 

in the LA, adjacent to the recording electrode in the BLA. Significant induction of fEPSPs 421 

with preceding fiber volleys was observed, likely representing depolarization of 422 
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presynaptic fibers. Note that fiber volleys but not fEPSPs were insensitive to DNQX (Fig. 423 

1E). We induced LTP of fEPSPs in the BLA by HFS (two 1 sec trains of 100 pulses 424 

delivered at 100 Hz, separated by 20 sec) in the LA. Successful LTP in the BLA with 425 

similar placement of electrodes has been documented as early as PND25 (Aroniadou-426 

Anderjaska et al., 2001). fEPSP responses 25-30 min after HFS (post-tetanic LTP period) 427 

were calculated relative to the last 2 min of baseline recording (time 13-15 min, pre-tetanic 428 

LTP period) (see Fig. 1A, B, C, D for slope graphs and representative traces). In the left 429 

BLA, there was no significant main effect of bedding (F(1,35) = 0.89, p = 0.76) or sex 430 

(F(1,35) = 1.23, p = 0.27), and no bedding x sex interaction (F(1,35) = 1.97, p = 0.16) for 431 

LTP as a function of percent of baseline (Fig. 1F). In contrast, in the right BLA, LB 432 

exposure in males significantly enhanced LTP compared to NB animals (F(1,38) = 18.18, 433 

p = 0.00013), whereas this effect was not observed in females (F(1,38) = 0.11, p = 0.74) 434 

(Fig. 1F). Additionally, sex differences emerged in the LB group, with males displaying 435 

greater LTP formation than females (F(1,38) = 7.67, p = 0.0086) (Fig. 1G). Two-way 436 

ANOVA with sex and side as between-subjects factors revealed a significant effect of 437 

side for both NB (F(1,37) = 4.10, p = 0.05) and LB animals (F(1,36) = 30.05, p = 0.0001), 438 

with LTP responses being enhanced in the right versus the left BLA. No significant 439 

interactions were observed (NB: F(1,37) = 1.67, p = 0.2; LB: F(1,36) = 3.74, p = 0.061). 440 

To further analyze side effect, a three-way ANOVA was performed and gave a significant 441 

bedding x sex x side interaction (F(1,73) = 5.43, p = 0.022). LTP in the right BLA (569% 442 

of baseline) was significantly increased compared to the left side (183% of baseline) in 443 

LB males: F(1,73) = 34.18, p = 0.00001), as well as in NB (F(1,73) = 4.10, p =0.046) and 444 

LB (F(1,73) = 7.83, p = 0.0065) females, but not in NB males (F(1,73) = 0.21, p = 0.64).  445 
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To determine whether presynaptic mechanisms could be involved in the increase 446 

in LTP after LB exposure, we analyzed fiber volley size from LTP recordings in the right 447 

BLA of male and female juveniles. Paired, two-tailed t-tests for fiber volley size 448 

(comparing percent of baseline versus 100%) revealed significant increases in fiber volley 449 

size 30 min post-tetanus in the right BLA for males (NB: t(9) = 2.54, p = 0.032; LB: t(10) 450 

= 4.55, p = 0.001) and LB females (t(10) = 6.92, p = 0.00004), but not NB females (t(9) = 451 

2.071, p = 0.068). Two-factor ANOVA yielded no significant effects of bedding (F(1,38) = 452 

1.56, p = 0.21) or sex (F(1,38) = 1.37, p = 0.24) and no bedding x sex interaction (F(1,38) 453 

= 0.15, p = 0.69) for fiber volley size in the right BLA. 454 

We previously showed that fMRI connectivity changes in LB offspring were 455 

predominant in the right hemisphere (Guadagno et al., 2018b) and that LB enhances 456 

evoked synaptic responses in the BLA of males on PND18-22 (Guadagno et al., 2018a) 457 

although we did not differentiate left from right BLA slices, nor did we perform 458 

electrophysiological recordings in female pups. To probe for potential hemispheric and 459 

sex-dependent effects on input-output BLA functioning, in the current study we evoked 460 

fEPSPs at fiber volley sizes ranging from 0.1 to 0.4 mV by adjusting the stimulus intensity 461 

accordingly. Two-way ANOVAs were computed with bedding and fiber volley amplitude 462 

as between- and within-subject factors, respectively. As shown in Figure 2, LB-reared 463 

males displayed increased fEPSP responses at fiber volley size 0.4, compared to NB-464 

reared males, in the right BLA only (F(1,67) = 11.15, p = 0.001, Left BLA bedding effect: 465 

F(1,19) = 0.34, p = 0.56).  In females, there was no effect of bedding (Left: F(1,17) = 1.46, 466 

p = 0.24; Right: F(1,17) = 0.013, p = 0.91) or bedding x fiber volley amplitude interaction 467 

in either BLA side (Left: F(3,51) = 0.75, p = 0.52; Right: F(3,51) = 1.04, p = 0.38). To 468 
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further evaluate sex and side differences in the BLA, three-factor ANOVAs were 469 

computed. In males, the right BLA produced larger fEPSP responses at fiber volley sizes 470 

0.3 (F(1,101) = 5.81, p = 0.017) and 0.4 (F(1,101) = 14.59, p = 0.00023), compared to 471 

the left BLA. This lateralized effect was not seen in females (main effect of side: F(1,34) 472 

= 2.09, p = 0.15). Early chronic stress potentiated lateralization of BLA fEPSP responses, 473 

as there was only an effect of side at fiber volley sizes 0.3 (F(1,108) = 6.25, p = 0.013) 474 

and 0.4 (F1,108) = 14.83, p = 0.0002) in LB animals (side x fiber volley amplitude 475 

interaction: F(3,111) = 6.46, p = 0.00045), and no main effect of side in NB animals 476 

(F(1,34) = 2.87, p = 0.099).   477 

 478 

Sex-dependent effects of LB on action potential properties in right BLA neurons of juvenile 479 

animals  480 

Changes in synaptic plasticity could be linked to alterations in intrinsic neuron 481 

excitability (Xu et al., 2005). We previously reported that miniature EPSC properties 482 

remain unchanged under basal conditions in LB versus NB preweaning male animals 483 

(Guadagno et al., 2018a). Here, we examined the effect of LB on BLA neuron activity 484 

under stimulated conditions (Fig. 3). Adolescent social isolation, a form of ELS, has been 485 

associated with increased BLA pyramidal neuron excitability in adult male animals (Rau 486 

et al., 2015). We proposed that similar changes would occur in BLA neurons of juvenile 487 

males following LB exposure. Whole cell patch-clamp recordings were restricted to the 488 

right BLA because the effects of ELS on synaptic plasticity were only observed on that 489 

side. We characterized properties of action-potential firing in the BLA (n = 8-9 cells/group) 490 

in both sexes. Representative traces and corresponding phase plane plots for the first 491 
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action potential evoked by current step injection are illustrated in Figure 3A-C. LB females 492 

displayed slower maximal depolarization rates compared to NB females (F(1,30) = 5.75, 493 

p = 0.022) (Fig. 3D), but a trend for the opposite effect was seen in males (F(1,30) = 3.22, 494 

p = 0.082). NB males displayed slower maximal depolarization rates compared to NB 495 

females (F(1,30) = 7.31, p = 0.011). There was no effect of bedding (F(1,30) = 0.028, p = 496 

0.86), sex (F(1,30) = 0.042, p = 0.83) and no bedding x sex interaction (F(1,30) = 0.047, 497 

p = 0.82) for action potential threshold (Fig. 3E). LB animals displayed significant 498 

hyperpolarization of resting membrane potentials compared to NB animals (F(1,30) = 499 

4.34, p = 0.045) (Fig. 3F). The average action potential amplitude of BLA neurons was 500 

decreased in LB versus NB females (F(1,30) = 5.9, p = 0.021) and a trend towards the 501 

opposite effect was seen in males (F(1,30) = 3.15, p = 0.085). NB males had lower action 502 

potential amplitude compared to NB females (F(1,30) = 8.95, p = 0.0055) (Fig. 3G). 503 

Finally, the total number of action potentials fired did not differ between bedding groups 504 

(F(1,30) = 1.62, p = 0.21), sexes (F(1,30) = 1.98, p = 0.16), and yielded no bedding x sex 505 

interaction (F(1,30) = 0.097, p = 0.75) (Fig.3H).  506 

 507 

LB-induced changes in NMDAR and AMPAR subunits 508 

Variations in maternal care have been found to influence NMDAR expression 509 

(Bagot et al., 2012) and subunit composition (Bath et al., 2016) in the hippocampus, but 510 

nothing is known about the amygdala. Here we evaluated the hemispheric effect of LB on 511 

protein expression of the GluN1, GluN2A and GluN2B subunits (Fig. 4) or GluA1 and 512 

GluA2 subunits (Fig. 5) using Western Blot. For GluN1 expression, three-way ANOVA 513 

revealed no effect of LB or side in the male amygdala, although LB significantly reduced 514 
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GluN1 expression, specifically in the right BLA in females (F(1,40) = 9.31, p = 0.004). On 515 

the same amygdala side, LB females also had significantly lower levels of GluN1 516 

compared to LB males (F(1,40) = 7.54, p = 0.009). GluN1 expression was lateralized only 517 

in LB females, with decreased expression in the right compared to the left BLA (F(1,40) 518 

= 8.95, p = 0.0047). Further two-way ANOVAs were conducted for each BLA side with 519 

bedding and sex as between-subject factors. In the right BLA, there was a significant 520 

effect of bedding (F(1,20) = 4.62, p = 0.04) and a bedding by sex interaction (F(1,20) = 521 

4.19, p = 0.05), but no effect of sex (F(1,20) = 2.99, p = 0.09). As displayed in Figure 4A, 522 

simple effects tests revealed that LB females had significantly reduced GluN1 expression 523 

compared to NB females (F(1,20) = 8.8, p = 0.007) and LB males (F(1,20) = 7.13, p = 524 

0.014). There were no significant effects of bedding (F(1,20) = 0.95, p = 0.34) or sex 525 

(F(1,20) = 1.07, p = 0.31) and no bedding by sex interaction (F(1,20) = 0.85, p = 0.36) for 526 

GluN1 expression in the left BLA. For both GluN2A and GluN2B expression, three-way 527 

ANOVA gave no main effects of bedding (GluN2A: F(1,39) = 0.67, p = 0.41; GluN2B: 528 

F(1,40) = 0.19, p = 0.66), sex (GluN2A: F(1,39) = 0.44, p = 0.5; GluN2B: F(1,40) = 2.63, 529 

p = 0.11), side (GluN2A: F(1,39) = 0.74, p = 0.39; GluN2B: F(1,40) = 0.55, p = 0.46) and 530 

no significant interactions. Following two-way ANOVA with bedding and sex as between-531 

subject factors, there were no main effects of bedding (Left GluN2A: F(1,19) = 0.06, p = 532 

0.81; Right GluN2A: F(1,20) = 0.75, p = 0.39; Left GluN2B: F(1,20) = 0.08, p = 0.78; Right 533 

GluN2B: F(1,20) = 0.11, p = 0.74) or sex (Left GluN2A: F(1,19) = 0.33, p = 0.57; Right 534 

GluN2A: F(1,20) = 0.16, p = 0.69; Left GluN2B: F(1,20) = 0.83, p = 0.37; Right GluN2B: 535 

F(1,20) = 1.82, p = 0.19) and no significant interactions for GluN2A (Fig. 4B) or GluN2B 536 

(Fig. 4C) expression in either the left or right BLA. 537 
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Similarly to NMDAR, few results have been documented for developmental 538 

changes in AMPAR subunits following early life adversity (Opendak et al., 2018). For the 539 

GluA1 subunit, a three-way ANOVA with bedding, sex and side as between-subject 540 

factors revealed a significant effect of bedding (F(1, 40) = 6.20,  p = 0.017) and side 541 

(F(1,40) = 5.59, p = 0.023), but no effect of sex (F(1,40) = 1.7, p = 0.199) or significant 542 

interactions. As shown in Figure 5A, when GluA1 data were analyzed per side using a 543 

two-way ANOVA with bedding and sex as between-subject factors, there were no 544 

significant effects of bedding or sex in either the left (Bedding: F(1,20) = 3.19, p = 0.089; 545 

Sex: F(1,20) = 1.2, p = 0.28) or right BLA (Bedding: F(1,20) = 3.01, p = 0.098; Sex: F(1,20) 546 

= 0.55, p = 0.46). For GluA2 subunit expression, three-way ANOVA revealed a significant 547 

effect of sex (F(1,40) = 4.67, p = 0.037) and side (F(1,40) = 14.51, p = 0.00047), but no 548 

bedding effect (F(1,40) = 2.91, p = 0.096) or interactions. Further two-way ANOVA per 549 

side followed by simple effects tests revealed that in the right BLA only, LB males 550 

exhibited a significant reduction in GluA2 expression compared to NB males (F(1,20) = 551 

6.74, p = 0.017) and LB females (F(1,20) = 7.61, p = 0.012). No main effects of bedding 552 

(F(1,20) = 0.043, p = 0.83) or sex (F(1,20) = 0.042, p = 0.82) or significant interactions 553 

were observed for GluA2 expression in the left BLA.  554 

 555 

Behavioral responses to fear conditioning in juvenile animals 556 

Changes in BLA synaptic plasticity are essential for fear learning in both early 557 

development (Thompson et al., 2008) and adulthood (Suvrathan et al., 2014). In particular 558 

in males, ELS exposure can negatively impact these synaptic learning processes to 559 

enhance anxiety and fear behaviors in adulthood (Guadagno et al., 2018a). In the current 560 
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study, we examined whether enhanced synaptic plasticity in LB males would associate 561 

with increased fear conditioning in the juvenile period. At this age (PND28-29), and in 562 

accordance with our findings, rats can be conditioned to express adult-like levels of fear 563 

(Jovanovic et al., 2013). As illustrated in Figure 6, fear conditioning was successful to 564 

increase freezing in both male and female on PND28-29 juvenile animals. A three-way 565 

ANOVA gave a significant treatment by tone interaction for both males (F(5,80) = 10.56, 566 

p = 0.00001) and females (F(5,80) = 19.29, p = 0.00001). Males and females that were 567 

fear conditioned displayed more freezing behavior during the 30 sec tone compared to 568 

controls at tones 2 (Males: F(1,85) = 8.23, p = 0.0052; Females: F(1,60) = 13.18, p = 569 

0.00056) through 6 (Males: F(1,85 = 22.29, p = 0.00001); Females: F(1,60) = 35.48, p = 570 

0.00001). There were no sex differences in freezing for fear (F(1,16) = 0.16, p = 0.69) or 571 

in control animals (F(1,16) = 0.17, p = 0.68). In contrast to what we previously 572 

documented in adult male rats (Guadagno et al., 2018a), we did not find a significant 573 

effect of bedding on freezing behavior in juvenile (PND28-29) male (F(1,8) = 0.00, p = 574 

0.99) or female (F(1,8) = 1.75, p = 0.22) rats. 575 

 576 

Effect of LB, sex and side on total inhibitory neurons and PNN-positive cells in the BLA 577 

For the determinations of total cell numbers (PV, GAD67 and PNN-positive), we 578 

pooled both control and fear groups (n = 10 pups/group and sex) from the fear 579 

conditioning experiment that is displayed in Figure 6. We assumed that the total number 580 

of inhibitory cells (PV and GAD67-positive), PV or PNN-positive cells would not be 581 

affected by acute exposure to fear conditioning. This was confirmed by the lack of 582 

significant differences in a three-way ANOVA with bedding (NB or LB), treatment (control, 583 
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fear) and sex analysis for both the left (Total inhibitory cell population density: F(1,32) = 584 

0.03, p = 0.85; PV density: F(1,32) = 0.01, p = 0.92; PNN density: F(1,32) = 0.01, p = 585 

0.92) and right amygdala (Total inhibitory cell population density: F(1,32) = 1.85, p = 0.18 586 

; PV density: (F(1,32) = 0.01, p = 0.94; PNN density: F(1,32) = 1.04, p = 0.31). 587 

 PV-positive neurons constitute approximatively 50% of the total population of 588 

inhibitory GABAergic interneurons in the adult BLA, (Spampanato et al., 2011) and 589 

although they emerge around PND14, they are considered morphologically mature by 590 

PND30 (Berdel and Morys, 2000). In juveniles (PND28) and in accordance with others 591 

using a modified ELS procedure (Santiago et al., 2018), the density of PV-positive cells 592 

was not changed by either sex or bedding, in either side of the BLA (Figure 7A) (Left BLA: 593 

sex: F(1,36) = 0.02, p = 0.88; bedding: F(1,36) = 1.09, p = 0.3; interaction: F(1,36) = 1.16, 594 

p = 0.28);  Right BLA: sex: F(1,36) = 1.19, p = 0.28; bedding: F(1,36) = 0.19, p = 0.66; 595 

interaction: F(1,36) = 0.46, p = 0.5). The density of total inhibitory cells (Fig 7D) was also 596 

not affected by either sex or bedding, in either side of the BLA (Left BLA: sex: F(1,36) = 597 

2.53, p = 0.12; bedding: F(1,36) = 0.67, p = 0.41; interaction: F(1,36) = 2.3, p = 0.13);  598 

Right BLA: sex: F(1,36) = 0.21, p = 0.65; bedding: F(1,36) = 0.42, p = 0.51; interaction: 599 

F(1,36) = 1.51, p = 0.22). In the left BLA, we found an overall sex effect on PNN density, 600 

whereby PNN density was increased in males relative to females (F(1,36) = 6.57, p = 601 

0.014), but no bedding effect (F(1,36) = 1.51, p = 0.22) or significant sex x bedding 602 

interaction (F(1,36) = 3.3, p = 0.077) (Fig. 7B). For PNN density in the right BLA, there 603 

were significant effects of sex (F(1,36) = 8.79, p = 0.0053) and bedding (F(1,36) = 4.23, 604 

p = 0.046), and a sex x bedding interaction (F(1,36) = 7.79, p = 0.0083). In the right BLA 605 

only, LB males had significantly more PNN compared to NB males (F(1,36) = 11.76, p = 606 
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0.0015), whereas no bedding effect was found in females (F(1,36) = 0.27, p = 0.6) (Fig. 607 

7B). As a result, we discovered a significant effect of sex only in the LB condition, with 608 

males having more PNN than females (F(1,36) = 16.57, p = 0.00025).  609 

Strikingly, LB males had more PV-positive cells surrounded by PNN compared to 610 

NB males in both the left (F(1,36) = 5.87, p = 0.02) and right BLA (F(1,36) = 19.76, p = 611 

0.00008) (Fig. 7C). LB males also had more PV-positive cells expressing PNN compared 612 

to LB females, only in the right BLA (F(1,36) = 35.67, p = 0.00001). As illustrated in Figure 613 

7E, only in the right BLA did LB males have more PNN on the total inhibitory cell 614 

population (GAD67 and PV) compared to NB males (F(1,36) = 10.92, p = 0.0021).  LB 615 

males also had more PNN associated with the total inhibitory cell population compared 616 

to LB females (F(1,36) = 14.14, p = 0.0006). To identify whether significant differences 617 

for PNN on total inhibitory cells were primarily driven by PNN on PV-positive cells, we 618 

determined the density of PNN surrounding GAD67-positive/PV-negative cells (color bars 619 

within each bar) and found a significant main effect of bedding in the right (F(1,36) = 5.73, 620 

p = 0.022), but not the left BLA (F(1,36) = 1.41, p = 0.24) (Fig. 7E). There were no effects 621 

of sex (Left: F(1,36) = 1.87, p = 0.17; Right: F(1,36) = 0.00, p = 0.99) or sex x bedding 622 

interaction in either BLA side (Left: F(1,36) = 0.14, p = 0.71; Right: F(1,36) = 1.72, p = 623 

0.19).  624 

In order to examine how many PV-positive cells harbor PNN, we calculated the 625 

percentages of PV-positive cells expressing PNN over the total PV cell population. There 626 

was a significant sex x bedding interaction for percentages of PV cells with PNN in the 627 

left (F(1,36) = 5.27, p = 0.027) and right BLA (F(1,36) = 16.7, p = 0.00023). In the left 628 

BLA, LB increased the percentage of PV cells with PNN in males, but not females (Males: 629 
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NB: 29%, LB: 35%; Females: NB: 32%, LB: 30%). The same was observed for the right 630 

BLA where LB increased the percentage of PV cells with PNN in males (F(1,36) = 22.55, 631 

p = 0.00003, NB: 36%, LB: 51%), but not females (F(1,36) = 1.68, p = 0.2, NB: 34%, LB: 632 

31%). LB males also displayed a greater percentage of PV cells with PNN relative to LB 633 

females (F(1,36) = 41.13, p = 0.00001) in the right BLA.  634 

We estimated which cell type was associated with PNNs in the BLA by calculating 635 

the percentage of PNN on total inhibitory cells (GAD67+PV) over the total PNN cell 636 

population (Fig. 7F). In the left BLA, two-way ANOVA revealed no effect or sex (F(1,36) 637 

= 1.86, p = 0.18) or bedding F(1,36) = 0.31, p = 0.58) and no sex x bedding interaction 638 

(F(1,36) = 1.65, p = 0.2). In the right BLA, there was an effect of sex (F(1,36) = 4.52, p = 639 

0.04), with males displaying greater percentages of PNN on total inhibitory cells relative 640 

to females (33 vs 30%), but no effect of bedding (F(1,36) = 2.01, p = 0.16) or sex x bedding 641 

interaction (F(1,36) = 2.19, p = 0.14). The percentages of PNN on GAD67-positive/PV-642 

negative cells (color bars within treatment bars) ranged between 0.62-1.82%, indicating 643 

that the vast majority of PNNs on inhibitory cells were on those neurons that were PV-644 

positive (Fig. 7F). In the right BLA, there was a significant effect of bedding (F(1,36) = 645 

5.82, p = 0.021), whereby LB animals had a higher percentage of PNN on GAD67-646 

positive/PV- negative cells compared to NB animals, but no sex effect (F(1,36) = 0.0025, 647 

p = 0.96), or sex x bedding interaction (F(1,36) = 0.94, p = 0.33). In the left BLA, there 648 

were no effects of sex (F(1,36) = 0.15, p = 0.69), bedding (F(1,36) = 1.7, p = 0.2, or sex 649 

x bedding interaction (F(1,36) = 0.0044, p = 0.94) for percentages of PNN on GAD67-650 

positive/PV- negative cells.  651 
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In addition to PNN cell density, the maturation stage of these lattice-like structures 652 

is important to establish their function in neurotransmission. We next asked whether PNN 653 

maturity stage, as determined by the intensity of the WFA staining (Slaker et al., 2016), 654 

would be altered by LB in either side of the BLA. There was no significant effect of fear 655 

treatment on PNN intensity and therefore, both control and fear groups were pooled 656 

(Three-way ANOVA: left BLA: F(1,32) = 1.7, p = 0.2; right BLA: F(1,32) = 3.52, p = 0.069). 657 

WFA intensity measures showed that there was a significant effect of BLA side as PNN 658 

in the right BLA displayed significantly more intense staining compared to the left BLA in 659 

males (F(1,36) = 5.85, p = 0.02), but not females (F(1,36) = 0.25, p = 0.62) (Fig. 8). This 660 

suggests that PNN maturation in males is accelerated in the right amygdala to possibly 661 

accommodate lateralized BLA functions. Although PNN maturity was found to be 662 

decreased in the BLA of weaning age rats by early life trauma (PND8-12) (Santiago et 663 

al., 2018), in our study there was no significant effect of bedding in either sex (Males: 664 

F(1,36) = 0.83, p = 0.36; Females: F(1,36) = 1.47, p = 0.23).  665 

 666 

Lateralized and sex-dependent cellular responses to fear conditioning after LB  667 

To investigate the effects of LB on cellular activation in the BLA, we measured the 668 

density of Fos-expressing cells 60 min after the onset of fear conditioning or control 669 

testing. Three-way ANOVA revealed asymmetrical effects of sex and treatment on 670 

expression of Fos+ cells (Fig. 9A and 9B). Notably, only in the right BLA did males have 671 

higher Fos+ cell density compared to females (F(1,32) = 7.08, p = 0.012). Animals in the 672 

fear treatment group displayed enhanced Fos+ cell density compared to control animals 673 

exclusively in the right amygdala as well (F(1,32) = 6.27, p = 0.017). Fear conditioning 674 
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significantly enhanced the activation of PV+ cells in the left BLA in all animals (F(1,32) = 675 

7.63, p =  0.0094) (Fig. 9C). In the right BLA, PV+ cells of NB, but not LB males were 676 

significantly activated in response to fear treatment (F(1,32) = 22.34, p = 0.00004) (Fig. 677 

9D). Control LB males already displayed significantly more activated PV+ cells compared 678 

to NB males (F(1,32) = 8.2, p = 0.0073). In line with these findings, we found blunted PV+ 679 

cell activation in the LB compared to NB fear group (F(1,32) = 9.6, p = 0.004). In NB 680 

animals that were fear treated, activation of PV+ cells was higher in males compared to 681 

females (F(1,32) = 5.4, p = 0.026). Lastly, we measured the density of activated PV+ also 682 

expressing PNN (Fig. 9E and 9F). In the left BLA, there was no main effect of bedding, 683 

(F(1,32) = 1.4, p = 0.24), sex (F(1,32) = 1.04, p = 0.31) or treatment (F(1,32) = 3.18, p = 684 

0.084) and no significant interactions. Fear conditioning only increased the density of 685 

PNN around activated PV+ cells in the right BLA (F(1,32) = 5.15, p = 0.03). 686 

 687 

Discussion 688 

 689 

In this study, we examined whether ELS through exposure to suboptimal rearing 690 

conditions (limited bedding) would affect BLA synaptic plasticity and neuron excitability in 691 

juvenile rats in a sex- and hemispheric-dependent manner. Our novel findings are that LB 692 

exposure enhanced BLA LTP exclusively on the right side in males, with no changes on 693 

either side in females. Right BLA neuronal excitability was marginally increased in LB 694 

males with reduced GluA2 expression, but fear-induced activity of PV interneurons was 695 

reduced in the right, but not the left BLA. PV interneurons in LB males also displayed 696 

increased density of PNNs, suggesting higher stabilization of synaptic inputs on these 697 
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inhibitory interneurons. In contrast, the only effects of early life stress noted in LB females 698 

were reduced neuron excitability and NMDAR subunit expression in the right BLA.  699 

 LB exposure enhanced LTP formation and input-output function in the BLA of 700 

juvenile males exclusively in the right, but not in the left BLA, which was unaltered by LB 701 

conditions in either sex. This demonstrates that synaptic function in the BLA is already 702 

lateralized in juveniles and is sensitive to ELS. The amygdala is a lateralized structure 703 

with greater involvement of the right hemisphere in fear conditioning and pain processing 704 

in adult rodents and humans (Baker and Kim, 2004; Ji and Neugebauer, 2009; Vasa et 705 

al., 2011). Interestingly, laterality of LTP was observed in LB, but not NB juvenile males, 706 

suggesting that early stress might accelerate the development of LTP lateralization. In 707 

NB females, LTP was lower in the left compared to the right BLA, but LB exposure 708 

eliminated lateralization of LTP. Thus, negative emotional information encoding in LB 709 

male offspring is biased towards the right hemisphere as in adult rats (Adamec et al., 710 

2005; Young and Williams, 2013). 711 

Enhanced LTP formation in the adult male BLA after chronic stress participates in 712 

the potentiation of fear learning (Suvrathan et al., 2014) and in neonates, changes in 713 

synaptic plasticity are thought to promote the encoding of fearful stimuli (Thompson et al., 714 

2008). The synaptic strengthening in LB juvenile males might lead to increased fear 715 

conditioning as observed previously in adult male, but not female, LB offspring 716 

(Guadagno et al., 2018a). The large sexual dimorphism for juvenile LTP in response to 717 

early LB conditions could be caused by ELS-induced mechanisms overlapping with the 718 

organizational period of brain sexual differentiation during the first week of life (Naninck 719 

et al., 2011). Sex differences in microglial cell number and activation contribute to brain 720 
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masculinization in neonatal rodents (Lenz et al., 2013) and the sexually dimorphic 721 

maturation and development of neuronal circuits (Johnson and Kaffman, 2018). Microglia 722 

also regulate experience-dependent synaptic plasticity in the cortex of juvenile mice 723 

(Tremblay et al., 2010) and are sensitive to ELS exposure in the amygdala (Tynan et al., 724 

2010). Thus, modified microglia function in the BLA following LB exposure might 725 

participate in sexually dimorphic synaptic changes.  726 

Enhanced synaptic plasticity in stressed males might stem from several 727 

mechanisms. Our findings that BLA LTP was associated with an increase in fiber volley 728 

suggest that an increase in presynaptic axonal function may be responsible for the 729 

facilitated LTP in male LB offspring. Presynaptic mechanisms have been shown to 730 

contribute to the expression of some forms of LTP in the amygdala. In the LA, LTP of 731 

cortical inputs was related to a decrease in paired-pulse ratio (PPR), suggesting an 732 

increase in presynaptic function (Huang and Kandel, 1998; Tsvetkov et al., 2002; Humeau 733 

et al., 2003). Unlike the LA, the expression mechanisms of LA-BLA LTP that we have 734 

examined in this study are less well known. Rammes et al (Rammes et al., 2001) have 735 

shown that while intracellularly loading BLA neurons with a calcium chelator BAPTA did 736 

not inhibit LTP, LTP was abolished by a membrane permeable BAPTA-AM, suggesting 737 

an involvement of presynaptic calcium in LTP formation. In our experiments, we also 738 

observed an increased fiber volley amplitude, suggestive of active presynaptic 739 

mechanisms, although this phenomenon occurred irrespective of bedding condition. 740 

Although we cannot rule out that other presynaptic mechanisms participate in the 741 

increased LTP in the LB males, the increase in input-output function we observed in male 742 

LB offspring points to the involvement of enhanced postsynaptic function in stressed 743 
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males. Further studies are needed to reveal the contribution of both pre- (PPR) and 744 

postsynaptic mechanisms (e.g. receptor trafficking) (Rumpel et al., 2005; Yu et al., 2008) 745 

to LTP changes caused by early life stress. 746 

In addition, increased intrinsic BLA pyramidal neuron excitability (Xu et al., 2005) 747 

as shown in adult males subjected to social isolation in adolescence (Rau et al., 2015) 748 

could be responsible for enhanced LTP in stressed males. Indeed, LB induced a trend for 749 

enhanced maximal depolarization rate and action potential amplitude in males, while the 750 

opposite effect was significant in females. This finding in LB males may result from 751 

increased expression of voltage-gated sodium-channels, as shown in the ventral 752 

hippocampus for male offspring of low maternal care mothers (Nguyen et al., 2015). 753 

Changes in sodium-channel expression indirectly modify calcium conductance through 754 

NMDAR (Nguyen et al., 2015). Surprisingly, no changes in NMDAR subunits in the male 755 

BLA were detected, but we found a significant reduction in GluN1 protein levels in the 756 

right BLA in LB female offspring, which might have contributed to their reduced neuron 757 

excitability. Similar sex differences were observed for amygdala GluN1 levels in adult 758 

offspring exposed to stress in utero (Wang et al., 2015). It is unclear why none of the 759 

NMDAR subunits were modified in male offspring, given the large effect of LB to enhance 760 

LTP in the male right BLA. While NMDARs are crucial for the induction of LTP, other 761 

factors might also enhance LTP amplitude, such as the stronger dV/dt and heightened 762 

neuron excitability we observed in LB males. A decrease in protein kinase beta II activity, 763 

a downstream cellular signaling molecule coupled to NMDARs (Orman and Stewart, 764 

2007), increased spine density (Guadagno et al., 2018a) and/or a reduction of inhibitory 765 
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control over pyramidal BLA neurons (Butler et al., 2018) could also be prevailing over 766 

NMDAR expression for regulating stress-related synaptic plasticity in the male BLA.  767 

The significant reduction of GluA2 in the right BLA of juvenile male rats after early 768 

stress is similar to the reduced GluA2 expression observed in the adult BLA after chronic 769 

stress (Yi et al., 2017) and could contribute to a postsynaptic mechanism for LTP 770 

facilitation. Chronic stress has also been shown to enhance the inward rectification of 771 

AMPA receptor in the BLA (Kuniishi et al., 2020), suggesting an increase in AMPA 772 

receptors lacking the GluA2 subunit. Given the regulation of calcium permeability of 773 

AMPA receptor by the GluA2 subunit (reviewed in (Wright and Vissel, 2012)), a reduction 774 

of GluA2 could enhance LTP formation via increasing calcium influx (Jia et al., 1996). 775 

Compared to the hippocampus with most glutamate synapses expressing GluA2, both 776 

ultrastructural and functional data support a lower GluA2 expression at BLA synapses in 777 

rats (Gryder et al., 2005). BLA plasticity is likely highly sensitive to the developmental 778 

reduction of GluA2 caused by ELS. Finally, reduction of GluA2 may weaken memory 779 

erasing mechanisms such as depotentiation and extinction in the amygdala (Kim et al., 780 

2007). Future studies are needed to examine the causal relationship between ELS-781 

dependent reduction of GluA2 and changes in BLA-related synaptic plasticity and fear 782 

memory in juveniles.  783 

As for adults (Spampanato et al., 2011), the proportion of PV-positive neurons 784 

represented approximatively 50% of the total GABAergic interneurons in the juvenile BLA 785 

regardless of sex, laterality or early life conditions (Fig. 6). The density of PNNs and PV 786 

cells harboring PNNs in the juvenile BLA was significantly increased by LB on the right 787 

side and exclusively in males. This agrees with increased PNN density in the hippocampal 788 
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CA1 (Riga et al., 2017) and mPFC (Pesarico et al., 2019) after chronic stress in adult 789 

males. Behaviorally, a greater number of neurons harboring PNNs might facilitate the 790 

storage of fearful memories (Banerjee et al., 2017) and it is proposed that PNNs serve as 791 

a physical barrier to protect neurons from oxidative damage (Cabungcal et al., 2013; 792 

Reichelt et al., 2019). The exacerbated neuronal activity in the right BLA of juvenile males 793 

suggests that those synapses require increased PNNs to buffer cations involved in 794 

neurotransmission (van 't Spijker and Kwok, 2017). Increased PNN numbers on the right 795 

side of the developing LB male BLA could enhance LTP formation, since enzymatic 796 

degradation of PNNs on all BLA cell types in adulthood decreases synaptic strengthening 797 

at LA inputs (Gogolla et al., 2009). While PNN density was increased especially on PV+ 798 

and inhibitory cells in the right BLA of LB males, an overwhelming percentage of PNNs in 799 

the juvenile BLA were also likely on excitatory neurons, in line with what is observed in 800 

the medial and posterior regions of the adult BLA (Morikawa et al., 2017).  801 

The significance of ELS and chronic stress-induced increases in PNNs on 802 

inhibitory function is not well understood and might be region-specific. In the cortex, PNNs 803 

enhance the excitability of PV+ interneurons (Balmer, 2016), but it is unknown how they 804 

affect amygdala neurons. The increase in PNN induced by ELS might also be secondary 805 

to LB-induced accelerated maturation of BLA neurons in the male compared to the female 806 

(Arambula and McCarthy, 2020) or might occur at differential stages of sexually dimorphic 807 

corticolimbic neurodevelopment. Through their regulatory role on synaptic inputs, PNNs 808 

might be critical not only for the expression of fear during conditioning (in the present 809 

study), but also for fear extinction and fear memory (Gogolla et al., 2009) as there is 810 

evidence that ELS impairs fear extinction and memory in adult rodents (Lesuis et al., 811 
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2019). In addition to an effect on PNN, ELS might change the intracellular properties of 812 

PV+ cells, rather than affecting their density, making them resistant to activation under 813 

emotional conditions. This is supported by our observation that when juveniles were 814 

exposed to acute fear conditioning, the number of activated PV neurons in the right BLA 815 

was significantly reduced in LB compared to NB male rats (Fig. 8). 816 

 817 

 Fear conditioning significantly increased Fos responses in both sexes, but only in 818 

the right BLA. This is consistent with the lateralization of fear responsiveness in adult BLA 819 

neurons (Scicli et al., 2004). In males, fear conditioning stimulated PV+ interneurons in 820 

the left BLA, in line with excitation of these cells during fear learning (Wolff et al., 2014). 821 

In the right BLA, there was no further activation of PV+ neurons by fear conditioning in 822 

LB males, possibly because their “basal” activity was considerably higher compared to 823 

NB males. In females, LB conditions did not significantly influence inhibitory neuron 824 

activity on either BLA side, suggesting that functional effects of early stress on BLA 825 

neuronal circuitry in females might predominantly be on glutamatergic cells, as reported 826 

in our study, or on other inhibitory neuron subtypes. Fos expression in the right BLA was 827 

lower in females compared to males, providing evidence for sexually dimorphic cellular 828 

activity in this region. This was also supported by our finding in NB fear conditioned 829 

animals, where females displayed blunted PV+ cell activity relative to males.  830 

 831 

In contrast to what we observed in adult males (Guadagno et al., 2018a), there 832 

was no effect of LB on fear conditioning in male or female juveniles. A mild shock intensity 833 

was used (0.6 mA), yet freezing time often reached ~90% of the trial duration, a potential 834 



 

 37 

ceiling level obscuring the effects of bedding and/or sex on fear behavior. Alternatively, it 835 

is possible that the magnitude of the cellular effects we report after LB exposure in males 836 

is insufficient to significantly alter behavioral outcomes in this developing circuit. We 837 

previously reported right-lateralized effects of LB exposure on BLA functional connectivity 838 

in preweaning male rats (Guadagno et al., 2018b). It is worth noting that these 839 

asymmetries were associated with increased fear behaviors in adulthood, suggesting that 840 

ELS-induced dysfunctions in the right, but not the left BLA, are primarily responsible for 841 

mediating enduring behavioral consequences. In addition to modifying the functional 842 

integrity of BLA connections, LB might also influence the interhemispheric crossing of 843 

anatomical connections, since adult (PND56) LB offspring display higher midline 844 

crossings than NB controls (Bolton et al., 2018). After puberty, stabilization of adult fear 845 

circuits might allow to fully reveal the behavioral effects of ELS exposure we and others 846 

have documented (Bolton et al., 2018; Guadagno et al., 2018b; Guadagno et al., 2018a).  847 

 848 

In summary, our results demonstrate that exposure to LB conditions leads to male-849 

specific enhancements in synaptic plasticity and neuron excitability that are exclusively 850 

displayed in the right BLA. These functional changes were associated with accelerated 851 

development of PNNs, notably around PV cells, and impaired fear-induced inhibitory 852 

activity in the BLA. Females instead compensated for early adversity by reducing right 853 

amygdala neuron excitability and NMDAR subunit expression (Fig. 10). These data offer 854 

mechanistic insight into how ELS affects the juvenile BLA in a sex- and hemispheric-855 

selective manner and highlights the critical role of the right amygdala and early steroid 856 

milieu in this process.   857 
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Figure Legends 1101 
 1102 

Figure 1  1103 

Long-term potentiation (LTP) in the left and right basolateral amygdala (BLA) of PND22-1104 

28 animals. Plots of evoked field excitatory postsynaptic potential (fEPSP) slope against 1105 

time are normalized to baseline for each recording. Representative traces below each 1106 

plot were obtained 2 min before (left traces) and 25 min after high frequency stimulation 1107 

(HFS) (right traces). A, B, In males, limited-bedding (LB) enhanced LTP in the right BLA 1108 

only. C, D, There was no effect of LB-rearing on LTP formation in females in either the 1109 

left or right BLA. E, Representative trace of evoked fEPSP before (top) and after the 1110 

blockade of AMPA receptors by DNQX (middle). This trace is overlapped in the bottom 1111 

(red: after DNQX treatment). Note that fiber volley (fv) of the trace was insensitive to the 1112 

DNQX blockade. F,G LTP as a function of percent of baseline in normal bedding (NB) or 1113 

LB male and female groups in the right and left BLA 25-30 min after HFS. LB male pups 1114 

displayed significantly enhanced LTP compared to NB males and LB females in the right 1115 

BLA only. Two-way ANOVAs with bedding and sex as between-subject factors were 1116 

performed and followed by simple effects tests to decompose significant interactions. 1117 

Values represent mean ± SEM of n=9-11 slices/group, 5-8 animals/group, **p<0.01, 1118 

***p<0.001  1119 

 1120 

Figure 2 1121 

Input-output evoked synaptic responses in the left and right basolateral amygdala of 1122 

PND22-28 animals. A, Limited bedding (LB) exposure significantly increased evoked 1123 

fEPSP slope in the right, but not the left, BLA of males at fiber volley size 0.4. B, 1124 
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Representative traces of fEPSP at fiber volley (fv) size 0.4. Two-way ANOVAs were 1125 

performed with bedding and fiber volley amplitude as between- and within-subject factors, 1126 

respectively, and followed by simple effects tests to decompose significant interactions. 1127 

Values represent mean ± SEM of n = 9-12 slices/group, 5-8 animals/group. ***p = 0.001 1128 

 1129 

Figure 3 1130 

Action potential properties of neurons in the right basolateral amygdala (BLA) of PND22-1131 

28 normal (NB) and limited bedding (LB) offspring. A, B, C, Representative traces and 1132 

corresponding phase plane plots for the first spike elicited by a 10 pA current step 1133 

injection. D, Maximal depolarization rate was decreased in LB versus NB females, and in 1134 

NB males compared to NB females. E, Conversely, action potential threshold was not 1135 

significantly affected by bedding condition. F, Resting membrane potential was 1136 

hyperpolarized in animals exposed to LB conditions. G, Action potentials fired from BLA 1137 

neurons were of a lower amplitude in LB compared to NB females, as well as in NB males 1138 

compared to NB females. H, The total number of action potentials fired did not differ 1139 

between groups. Two-way ANOVAs with bedding and sex as between-subject factors 1140 

were performed and followed by simple effects tests to decompose significant 1141 

interactions. Values represent mean ± SEM of n=8-9 neurons/group, 5-6 animals/group. 1142 

*p<0.05, **p<0.01  1143 

 1144 

Figure 4 1145 

Expression of NMDA receptor subunits GluN1, GluN2A and GluN2B in the left and 1146 

right basolateral amygdala (BLA) of PND28-29 animals. Protein levels were normalized 1147 
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to actin and representative Western Blot bands are displayed above each graph. Dashed 1148 

lines are used to divide bands from different parts of the same or different gels. Samples 1149 

originating from male and female offspring were run on different gels. A, In the right BLA, 1150 

GluN1 expression was significantly reduced in limited bedding (LB) relative to normal 1151 

bedding (NB) females. LB females also displayed lower levels of GluN1 compared to LB 1152 

males. B, C, GluN2A as well as GluN2B expression were unaffected by early chronic 1153 

stress. Two-way ANOVAs with bedding and sex as between-subject factors were 1154 

performed by side and followed by simple effects tests to decompose significant 1155 

interactions. Values represent mean ± SEM of n=5-6 animals/group. *p<0.05, **p<0.01 1156 

 1157 

Figure 5 1158 

Expression of AMPA receptor subunits GluA1 and GluA2 in the left and right basolateral 1159 

amygdala (BLA) of PND28-29 animals. Protein levels were normalized to actin and 1160 

representative Western Blot bands are displayed above each graph. Dashed lines are 1161 

used to divide bands from different parts of the same or different gels. Samples originating 1162 

from male and female offspring were run on different gels. A, GluA1 expression was 1163 

unaffected by limited bedding (LB) conditions. B, GluA2 expression was significantly 1164 

decreased in LB males compared to normal bedding (NB) males (p = 0.017) and LB 1165 

females (p = 0.012), only in the right BLA. Two-way ANOVAs with bedding and sex as 1166 

between-subject factors were performed by side and followed by simple effects tests to 1167 

decompose significant interactions. Values represent mean ± SEM of n=5-6 1168 

animals/group. *p<0.05  1169 

 1170 
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Figure 6 1171 

Percentage of freezing time during exposure to a 30 sec tone paired with shock in male 1172 

and female PND28-29 pups from either normal (NB) or limited bedding conditions (LB). 1173 

Control (Ctrl) animals were placed in the same context as fear animals, but not exposed 1174 

to tone or shock. Although fear conditioning was successful in both males and females, 1175 

we did not find significant effects of early rearing conditions on freezing in either fear or 1176 

control group animals. Three-way ANOVAs with bedding and treatment as between-1177 

subject factors and tone as a within-subject factor were performed and followed by 1178 

simple effects tests to decompose significant interactions. Values represent mean ± 1179 

SEM of n=5 animals/group. ***p<0.001 Fear vs Control tones 2-6  1180 

 1181 

Figure 7 1182 

Parvalbumin+ (PV) interneuron, total inhibitory (GAD-67 positive) cell population, and 1183 

perineuronal net (PNN) expression in the left and right basolateral amygdala (BLA) of 1184 

male and female juvenile rats on PND28-29. Colored bars (blue, turquoise, orange, 1185 

magenta) in panels E and F represent PNN on GAD67-positive/PV-negative cells. A, 1186 

Early bedding conditions did not affect PV+ cell density in the left or right BLA in either 1187 

sex. B, In the left BLA, PNN density was heightened in males compared to females. 1188 

Simple effects tests showed that limited bedding (LB) males had significantly increased 1189 

PNN density in the right BLA compared to normal bedding (NB) males (p = 0.0015) and 1190 

LB females (p = 0.00025). C, In the left (p = 0.02) and right BLA (p = 0.00008), LB-1191 

exposed male rats expressed more PV+ cells ensheathed with PNN than NB males. Only 1192 

in the right BLA did LB males display more PV+/PNN+ cells relative to LB females (p = 1193 
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0.00001). D, The density of total inhibitory cells was not affected by sex or bedding in 1194 

either side of the BLA. E, In the right BLA only, LB males displayed more PNN on the total 1195 

inhibitory cell population compared to NB males (p = 0.0021) and LB females (p = 0.0006). 1196 

The density of PNN surrounding GAD67-positive/PV-negative cells was increased in LB 1197 

(turquoise and magenta bars) versus NB animals (blue and orange bars) (p = 0.022), 1198 

again only on the right side. F, In the right BLA exclusively, males showed greater 1199 

percentages of PNN on the total inhibitory cell population relative to females. LB animals 1200 

(turquoise and magenta bars) had a higher percentage of PNN on GAD67-positive/PV-1201 

negative cells compared to NB animals (blue and orange bars) in the right (p = 0.021), 1202 

but not the left BLA. G, Representative fluorescence microscopy images (20x 1203 

magnification) taken from the right BLA (Bregma -2.04) in LB male pups showing PV+ 1204 

(red), GAD67+ (pink) and PNN+ (green) cells and the merged expression of PV+/PNN+, 1205 

GAD67+/PNN+ and GAD67+/PV+/PNN+ cells. The BLA and lateral amygdala (LA) are 1206 

outlined in the GAD67+/PV+/PNN+ image. The solid arrowhead points to a 1207 

GAD67+/PV+/PNN+ cell, whereas the clear arrowheads point to PNN+ cells not 1208 

surrounding any labeled inhibitory cell. The central amygdala (CeA), intercalated 1209 

amygdala nucleus (IM), and basomedial amygdala (BMA) are outlined in the GAD67+ 1210 

image. Values represent mean ± SEM of n=10 animals/group (8 sections per amygdala 1211 

side for panels A-C, 4 sections per amygdala side for panels D-F, control and fear group 1212 

animals combined). Scale bar represents 100 m. Two-way ANOVAs with bedding and 1213 

sex as between-subject factors were performed and followed by simple effects tests to 1214 

decompose significant interactions.  *p<0.05, **p < 0.01, ***p<0.001 1215 

 1216 
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Figure 8 1217 

PNN intensity in the left and right basolateral amygdala of male and female PND28-29 1218 

rats. Intensity is expressed in arbitrary units (AU). The right BLA displayed increased PNN 1219 

intensity compared to the left BLA in males only. Two-way ANOVAs with bedding and sex 1220 

as between-subject factors were performed and followed by simple effects tests to 1221 

decompose significant interactions. Values represent mean ± SEM of n=10 animals/group 1222 

(Control and fear group animals combined). *p<0.05  1223 

 1224 

Figure 9  1225 

Fos+, PV+ and PNN+ cell density after fear conditioning in PND28-29 animals. A,B, Fos+ 1226 

cell density was elevated only in the right BLA of males compared to females and fear 1227 

conditioned versus control animals. C, Fear treatment increased the density of Fos-1228 

activated PV+ cells in the left BLA in all animals. D, In the right BLA, fear conditioning 1229 

activated PV+ cells of NB males relative to controls, whereas this was not the case in LB 1230 

males. Control LB males had significantly increased activation of PV+ cells compared to 1231 

NB males. Thus, LB-reared males in the fear group displayed reduced Fos+/PV+ cell 1232 

density compared to their NB counterparts. In NB fear conditioned animals, males 1233 

displayed increased PV+ cell activity compared to females. E, The density of activated 1234 

PV+ cells expressing PNN was not affected by bedding, sex, or treatment in the left BLA. 1235 

F, However, in the right BLA, fear conditioning increased the density of PNN around 1236 

activated PV+ cells. Three-way ANOVAs with bedding, sex and treatment as between-1237 

subject factors were performed for each side and followed by simple effects tests to 1238 
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decompose significant interactions. Values represent mean ± SEM of n=5 animals/group 1239 

(4 sections per amygdala side). *p<0.05, **p<0.01, ***p<0.001  1240 

 1241 

Figure 10  1242 

Working model of how limited bedding (LB) exposure induces sexually dimorphic changes 1243 

in right basolateral amygdala (BLA) activity in juvenile (PND22-29) rats. In LB males, 1244 

there was an increased density of parvalbumin-positive (PV) interneurons harboring 1245 

perineuronal nets (PNNs) in the right BLA, which might have contributed to decreased 1246 

fear-induced activity of PV interneurons. LB males also showed modest enhancements 1247 

in action potential amplitude and maximal depolarization rate in excitatory right BLA 1248 

neurons, which associated with enhanced LTP formation and evoked synaptic responses. 1249 

This might have been favored by the reduction in GluA2 expression. Conversely in LB 1250 

females, GluN1 NMDAR subunit expression was decreased only in the right BLA, along 1251 

with action potential amplitude and maximal depolarization rate. There were no significant 1252 

changes in PV, PNN and PV/PNN cells in females as well as no effect of ELS on PV 1253 

activation after fear conditioning in females. In summary, LB exerts sex-dependent effects 1254 

on different components of the neuronal circuitry in the right BLA to likely increase activity 1255 

in males and decrease activity in females. These effects of LB on the developing 1256 

amygdala might be determinant for the differential adult phenotype of behavioral fear 1257 

responses.  1258 
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Tables 1259 

 1260 

Table 1: Mother and pup body weights 1261 

 Bedding PND1 PND4 PND10 PND22 PND28 
Mother 
Body 

Weight 
(g) 

NB 331.5 ± 8.8 361.9 ± 7.3 388.9 ± 5.9 380.6 ± 5.4 - 

LB 328.2 ± 8.7 350.7 ± 8.6 388.3 ± 8.8 362.5 ± 12.1 - 

Pup 
Body 

Weight 
(g) 

NB 7.86 ± 0.19 14.54 ± 0.39 32.29 ± 0.91 81.17 ± 
1.06  

Males: 122.65 ± 2.34 
Females: 119.8 ± 2.09 

LB 7.69 ± 0.15 12.78 ± 0.5 27.91 ± 0.89 
*** 

77.11 ± 1.01 
*** 

Males: 118.8 ± 1.98 
Females: 116.1 ± 1.62 

 1262 

Mothers and litters were weighed on postnatal days (PND) 1, 4, 10 and 22 and pup weight 1263 

was calculated from the litter weight irrespective of sex. Animals were individually 1264 

weighed on PND28. Limited bedding (LB) transiently decreased pup body weight on 1265 

PND10 and PND22 relative to normal bedding (NB) animals. Two-way ANOVAs with 1266 

bedding as a between-subject factor and age as a within-subject factor were performed 1267 

for mothers and neonates until weaning (PND22), followed by simple effects tests to 1268 

decompose significant interactions. For PND28, two-way ANOVA was performed with 1269 

bedding and sex as between-subject factors. Values represent mean ± SEM of n=14-15 1270 

litters/group (PND1, 4, 10, 22) and 12-14 animals/group and sex (PND28). ***p<0.001  1271 
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