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ABSTRACT 23 

 24 

Chronic stress (CS) is a well-recognized triggering factor in obsessive-compulsive disorder (OCD) 25 

and Tourette’s syndrome (TS), two neuropsychiatric disorders characterized by the presence of 26 

stereotypic motor symptoms. Planning and execution of motor actions are controlled by the dorsal 27 

striatum, a brain region that promotes or suppresses motor movement by activating striatal 28 

neurons from the direct- or indirect-pathway, respectively. Despite the dorsal striatum being 29 

affected in motor disorders and by CS exposure, how CS affects the two opposing pathways is 30 

not fully understood. Here, we report that CS in mice selectively potentiates the direct-pathway, 31 

while sparing the indirect-pathway. Specifically, we show that CS both increases excitation and 32 

reduces inhibition over direct-pathway neurons in the dorsomedial striatum (DMS). Furthermore, 33 

inhibitory interneurons located in the DMS also display reduced excitatory drive after chronic 34 

stress, thus amplifying striatal disinhibition. Altogether, we propose a model where both increased 35 

excitatory drive and decreased inhibitory drive in the striatum causes disinhibition of basal 36 

ganglia’s motor direct pathway - a mechanism that might explain the emergence of motor 37 

stereotypies and tic disorders under stress. 38 

 39 

Keywords: Chronic stress; Dorsomedial striatum; Medial prefrontal cortex, Direct-pathway 40 

neurons, Hyperactivation 41 
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1. INTRODUCTION 42 

 43 

The basal ganglia are a group of interconnected subcortical nuclei that include the striatum, 44 

pallidum, subthalamic nucleus, and substantia nigra (Groenewegen, 2003). The striatum is the 45 

entryway to the basal ganglia and is the source of the direct- and indirect- pathways, two basal 46 

ganglia circuits that are critical for the control of intended motor actions (Graybiel, 2008; Hauber 47 

and Schmidt, 1994; Kreitzer, 2009). The direct-pathway circuit originates from medium spiny 48 

neurons (MSNs) in the striatum that express dopamine receptor type 1 (D1-MSNs), whereas the 49 

indirect-pathway originates from striatal MSNs that express dopamine receptor type 2 (D2-50 

MSNs). These basal ganglia pathways control movement in opposing ways: activation of the 51 

direct pathway promotes motor actions while activation of the indirect pathway inhibits motor 52 

actions (Gerfen and Surmeier, 2011; Kreitzer and Malenka, 2008). 53 

At the cellular level, MSNs’ output is tightly regulated by local GABAergic interneurons that 54 

provide strong inhibitory control, such as parvalbumin-positive (PV) interneurons. Both cellular 55 

populations, MSNs and PV, receive glutamatergic/excitatory inputs from upstream cortical 56 

neurons (Choi et al., 2019; Graybiel et al., 1994; Klug et al., 2018; Kress et al., 2013; Landry et 57 

al., 1984; Lovinger and Tyler, 1996; Monteiro et al., 2018; Reiner et al., 2003; Shepherd, 2004; 58 

Tepper et al., 2008, 2004; Wilson, 1987). These cortical neurons can recruit either D1 direct-59 

pathway MSNs or D2 indirect-pathway MSNs, respectively promoting or suppressing the 60 

execution of motor actions(Kreitzer and Malenka, 2008).  61 

Early clinical work suggests that striatal dysfunction might be central to the emergence of 62 

obsessive-compulsive disorder (OCD) (Graybiel and Rauch, 2000; Maia et al., 2008) and 63 

Tourette’s syndrome (TS) (Hienert et al., 2018), two neuropsychiatric disorders characterized by 64 

stereotypic unwanted motor actions. Interestingly, striatal dysfunction is also observed after 65 

exposure to chronic stress (CS), and CS itself is known to trigger and exacerbate motor symptoms 66 

in OCD and TS (Godar and Bortolato, 2017; Sousa-Lima et al., 2019). Despite this strong link 67 

between striatum, stress, OCD, and TS, an explanation at the cell-circuit level for how stress 68 

might mechanistically be able to trigger motor symptoms, is still elusive. 69 

Previous work from our group has shown that CS leads to striatal disinhibition causing increased 70 

MSN firing activity and increased motor locomotion in stressed mice (Rodrigues et al., 2022). 71 

Here, we demonstrate that CS in mice selectively facilitates the striatal direct-pathway, a pathway 72 

that promotes motor output, thus providing a mechanistic explanation for the emergence of motor 73 

stereotypies and tic disorders under chronic stress. By increasing excitatory drive over striatal D1 74 

MSNs while simultaneously reducing excitatory drive over striatal PV inhibitory interneurons, CS 75 

promotes the activation of basal ganglia’s direct-pathway, a mechanism highly relevant for 76 

explaining stress-triggered motor symptoms. 77 

 78 

2. MATERIALS AND METHODS 79 

 80 

2.1. Animals 81 

All animal procedures were approved by local authorities Direção Geral de Alimentação e 82 

Veterinária (ID: DGAV 8519) and the Ethics Subcommittee for the Life Sciences and Health 83 

(SECVS) of the University of Minho (ID: SECVS 01/18) and performed in accordance with 84 

European Community Council Directives (2010/63/EU) and the Portuguese law DL Nº 113/2013 85 
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for the care and use of laboratory animals. Animals were housed in a temperature-controlled room 86 

(22 ⁰C; 55% humidity) under a 12-h light/dark cycle (lights ON at 8 AM) with ad libitum access to 87 

water and food (4RF21, Mucedola). 88 

Drd1a-tdTomato (Shuen et al., 2008), Drd2-EGFP (Gong et al., 2003), and Pvalb-tdTomato 89 

(Kaiser et al., 2016) mice were bred on a pure C57BL/6 background and maintained as separate 90 

transgenic lines. Heterozygous male mice were randomly assigned to the CS group with 91 

corresponding littermates assigned to the control (non-stressed) group and housed separately by 92 

the experimental group. For the social defeat paradigm, 3-12 months old male CD1 mice from 93 

Charles River Laboratories were used as residents. CD1 mice were individually housed to 94 

increase their territorial status, and bedding was not changed during the stress protocol.  95 

2.2. Chronic unpredictable stress 96 

Chronic unpredictable stress protocol was performed as described previously(Rodrigues et al., 97 

2022). Briefly, 5 weeks old male mice were exposed once a day to one of three random stressors: 98 

forced swimming, restraint, or social defeat. During forced swimming, mice were placed inside a 99 

20 cm diameter cylinder half-filled with 24 ± 1ºC water and forced to swim for 5 min. During 100 

restraint protocol, mice were restrained for 15 min inside a 50mL falcon tube containing breathing 101 

holes. The social defeat protocol was based on the resident-intruder paradigm(Golden et al., 102 

2011). The intruder mouse was placed inside the resident mouse’s cage and allowed to interact 103 

with the resident for a maximum of 5 min or until being attacked and defeated by the resident (as 104 

indicated by fleeing, freezing, or submissive behaviour). Afterwards, the intruder was separated 105 

from the resident but kept inside the resident’s cage for 30 min inside an acrylic enclosure that 106 

allowed visual, auditory, and olfactory contact but prevented further direct physical attack. 107 

Stressors were randomly distributed throughout 21 days and arbitrarily scheduled in terms of 108 

daytime, to prevent the animals from predicting and adapting to the stressor. In all cohorts, mice 109 

were exposed to the same order and schedule of stressors. This paradigm was conceived to 110 

maximize unpredictability and to better mimic the variability of stressors encountered in daily 111 

life(Amat et al., 2005; Atrooz et al., 2021; Dias-Ferreira et al., 2009). 112 

2.3. Retro-orbital injection 113 

For morphological studies, 3 weeks old Drd1a-tdTomato mice were injected with 114 

AVV9.hSyn.eGFP.WPRE.bGH virus (Penn Vector Core, University of Pennsylvania) into the retro 115 

orbital sinus as described previously(Yardeni et al., 2011). Briefly, mice were anaesthetized with 116 

isoflurane and 1 µL of the virus with a titre of 1.32e14 genome copies (GC) ml−1 was injected into 117 

the retro-orbital sinus cavity. Two weeks after retro-orbital injection, mice were randomly assigned 118 

into control (Ctrl, n=4) or stressed (CS, n=4) groups, followed by 21 days of chronic unpredictable 119 

stress protocol in the latter case. 120 

2.4. Immunohistochemistry and Morphological Studies 121 

Mice were transcardially perfused with saline followed by 4% PFA. Brains were dissected out, 122 

post-fixed by overnight immersion in 4% PFA, and then transferred to a 30% sucrose in PBS 123 

solution for 24 hr immersion at 4°C. After that, the brains were embedded in OCT (Bio-Optica) 124 

and serially cut in a cryostat (Leica Microsystems). 30 µm-thick sagittal sections were used for 125 

strain validation and 100 µm-thick coronal sections were used for morphological studies. 126 
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For transgenic strain validation, Drd1a-tdTomato and Drd2-EGFP native fluorescence was used 127 

for imaging. For morphological studies, striatal brain sections were washed three times for 10 min 128 

with PBS and placed in citrate buffer at 80ºC for 20 min. After that, the brain sections were allowed 129 

to cool down at RT for 20 min and then washed 3 times for 10 min with PBS. Brain sections were 130 

permeabilized twice with 0.3% Triton X-100 (Sigma–Aldrich) in PBS for 10 min at RT. After 131 

washing 3 times in PBS for 10 min, brain sections were blocked using 15%NGS, 5%BSA, 0.2% 132 

Triton-x for 1hr at RT. Blocked sections were then incubated overnight with primary antibody for 133 

GFP (Mouse #MAB3580, Millipore, 1:1000) diluted in blocking buffer. Following primary antibody 134 

incubation, brain sections were washed three times for 10 min in PBS and incubated with 135 

secondary antibody (488-Goat anti-mouse IgG, Invitrogen, 1:1000), for 2hrs at RT. Next, brain 136 

sections were washed three times for 10 min with PBS, stained for DAPI (D9542-1MG Sigma–137 

Aldrich) for 3 min at RT, and mounted on Superfrost slides (Thermo Scientific) using Shandon™ 138 

Immu-Mount™ mounting medium (Thermo Scientific).  139 

Image acquisition was performed using Olympus confocal microscope (FV1000, Olympus) and 140 

blinded to the experimental groups (control versus chronic stress). Serial optical sections (z-141 

stacks) were acquired with a 40x oil immersion objective for morphological studies. Isolated 142 

neurons with non-overlapping dendritic trees were chosen, and z-series of the same neuron were 143 

stitched together using FV10-ASW 4.2 Viewer software (Olympus). Neuronal arbor reconstruction 144 

and analysis were carried out using the Simple Neurite Tracer plugin in ImageJ software. No 145 

correction was applied for tissue shrinkage during fixation. 146 

2.5. Electrophysiology Slice Recordings  147 

Whole-cell patch clamp recordings were used to measure synaptic currents and intrinsic 148 

properties in striatal and cortical neurons. Acute slices from control and chronic stressed mice 149 

were used for all experiments. Animals were deeply anaesthetized with avertin (tribromoethanol; 150 

20 mg/mL; Sigma–Aldrich) with a dose of 0.5 mg/g body weight by intraperitoneal injection and 151 

subsequently checked for lack of paw withdrawal reflexes before being transcardially perfused 152 

with 15–20 mL of carbogenated N-methyl-ꓓ-glucamine (NMDG)-based artificial cerebrospinal 153 

fluid (aCSF) solution (mM): 92 NMDG, 2.5 KCl, 1.2 NaH2PO4, 30 NaHCO3, 20 HEPES, 25 154 

glucose, 5 sodium ascorbate, 2 thiourea, 3 sodium pyruvate, 10 MgSO4.7H2O, and 0.5 155 

CaCl2.2H2O, (7.2-7.4 pH and 300-310 mOsm/L). After decapitation, brains were rapidly removed 156 

and placed in the same carbogenated NMDG solution for slice preparation. A Vibratome VT1000S 157 

(Leica Microsystems) was used to prepare 300-μm-thick striatum coronal slices. Slices were then 158 

incubated at 32-34 °C for 11 min in carbogenated NMDG solution and transferred to a holding 159 

chamber (Brain Slice Keeper 4-Quad, Automate Scientific Inc.) filled with carbogenated aCSF 160 

solution (mM): 119 NaCl, 2.5 KCl, 1.2 NaH2PO4, 24 NaHCO3, 12.5 glucose, 2 MgSO4.7H2O and 161 

2 CaCl2.2H2O (7.2-7.4 pH and 300-310 mOsm/L). Slices were allowed to recover at least 1hr at 162 

RT before recordings. Recordings were made at RT (22 –25°C) and carbogenated aCSF was 163 

perfused at approximately 3 mL/min. Patch pipettes were pulled from borosilicate glass with 164 

filament (GB150F-8P, Science Products) on a P1000 horizontal puller (Sutter Instruments) with a 165 

typical resistance of 2-5 MΩ when backfilled with the internal solution. For current-clamp 166 

recordings of intrinsic properties, patch pipettes were filled with KGlu internal solution containing 167 

(in mM): 131 potassium gluconate, 17.5 KCl, 9 NaCl, 1 MgCl2.6H2O, 10 HEPES, 1.1 EGTA, 2 168 

MgATP and 0.2 NaGTP (pH adjusted to 7.3 with KOH and osmolarity adjusted to 300 mOsm/L 169 

with sucrose). For voltage-clamp recordings of miniature inhibitory postsynaptic currents 170 
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(mIPSCs), patch pipettes were filled with CsCl internal solution containing (in mM): 103 CsCl, 12 171 

CsOH, 12 methanesulfonic acid, 5 TEA-Cl, 10 HEPES, 4 MgATP, 0.3 NaGTP, 10 172 

phosphocreatine, 0.5 EGTA, 5 lidocaine N-ethylchloride, and 4 NaCL (pH adjusted to 7.3 with 173 

KOH and osmolarity adjusted to 300 mOsm/L with K2SO4).  During mIPSC recordings, slices were 174 

perfused with carbogenated aCSF in the presence of 50μM DL-AP5 (dl-2-amino-5-175 

phosphonovaleric acid, Tocris), 10μM NBQX (2,3-Dioxo-6-nitro-1,2,3,4-176 

tetrahydrobenzo[f]quinoxaline-7-sulfonamide, Tocris) and 1μM tetrodotoxin (Tocris). For 177 

miniature excitatory postsynaptic currents (mEPSC) recordings, patch pipettes were filled with a 178 

CsGlu internal solution containing (in mM): 110 CsOH, 110 ꓓ-gluconic acid, 15 KCl, 4 NaCl, 5 179 

TEA-Cl, 20 HEPES, 0.2 EGTA, 5 lidocaine N-ethylchloride, 4 MgATP, and 0.3 NaGTP (pH 180 

adjusted to 7.3 with KOH and osmolarity adjusted to 300 mOsm/L with K2SO4). During mEPSC 181 

recordings, slices were perfused with carbogenated aCSF in the presence of 100µM picrotoxin 182 

(Tocris) and 1µM tetrodotoxin (Tocris). Both mIPSC and mEPSC recordings were performed at  183 

-70mV holding potential. Intrinsic properties were obtained from a series of hyperpolarizing and 184 

depolarizing current and voltage step injections. Input resistance was calculated with a -100 pA 185 

hyperpolarizing step from the resting membrane potential, as well as from a linear fit to a voltage-186 

current plot. To measure the overall charge transfer across the membrane, the synaptic drive was 187 

calculated for each recorded neuron by multiplying the mPSC average frequency by the mPSC 188 

average amplitude. Whole-cell patch-clamp recordings were obtained after seal rupture and 189 

internal equilibrium, under a BX-51WI microscope (Olympus) equipped with fluorescence and 190 

infrared differential interference contrast (IR-DIC). Data were acquired using a Digidata 1440A 191 

and a MultiClamp 700B amplifier (Molecular Devices, USA). The signals for voltage-clamp 192 

recordings were low-pass filtered at 2 kHz and digitized at 10 kHz. For current-clamp recordings, 193 

the bridge balance was adjusted, and the theoretical liquid junction potential was not corrected. 194 

In all recordings, D1-MSNs, D2-MSNs, and PV interneurons were identified based on native 195 

fluorescence and pyramidal cells were identified based on their morphology. Only cells with 196 

series-resistance values <25MΩ were recorded. Intrinsic properties, mIPSC, and mEPSC were 197 

analysed using pClamp (Clampfit; Axon Instruments) and Minianalysis software (Synaptosoft). 198 

2.6. Statistical Analysis 199 

All statistical analyses were performed using Prism (GraphPad Software Inc.). Data are 200 

expressed as mean ± SEM. Significance was determined at the level of p < 0.05. Non-normal 201 

distributions were considered for all the data sets, regardless of variance and sample size. 202 

Pairwise comparisons were performed using a Mann-Whitney test for unpaired data and Wilcoxon 203 

signed-rank test for paired data comparisons. Further details on particular analyses are shown in 204 

Sup.Table 1.  205 
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3. RESULTS 206 

 207 

3.1. Chronic Stress Causes Morphological Changes in Striatal Neurons from the Direct 208 

Pathway Only 209 

Striatal neurons comprise two major opposing cellular populations of medium spiny neurons 210 

(MSNs): D1 direct- and D2 indirect-pathway MSNs, that respectively promote and suppress motor 211 

actions (Gerfen and Surmeier, 2011; Kreitzer and Malenka, 2008). It has been shown that chronic 212 

stress increases the overall firing activity of MSNs (Friedman et al., 2017; Rodrigues et al., 2022). 213 

However, it is still unknown whether stress impacts differentially the two opposing MSN pathways. 214 

Here, we start by asking whether CS could be differently affecting D1 and D2 neurons and 215 

whether an effect could be observed at the morphological level. However, because D1 and D2 216 

neurons are indistinguishable in terms of gross morphology, we had to use Drd1a-tdTomato 217 

transgenic mice and then apply a viral-based strategy previously developed by us to sparsely 218 

label cells with eGFP through retro-orbital injections of AVV.eGFP (Zhang et al., 2016). Such 219 

fluorescent labelling strategy allows colocalization between the eGFP signal (from the virus) and 220 

the tdTomato signal present in D1 neurons from Drd1a-tdTomato mice. Using this sparse labelling 221 

viral approach, we found that stressed mice exhibited morphological changes in D1-MSNs (Figure 222 

1a; p=0.0115; Sup.Table1) but no significant changes in neighbouring putative D2-MSNs (eGFP-223 

positive but tdTomato-negative MSNs), from the same region in the same mice (Figure 1b; 224 

p=0.2052; Sup.Table1). These morphological changes in D1-MSNs, suggest that exposure to CS 225 

preferentially impacts striatal neurons from the direct pathway.  226 

3.2. Excitatory Synaptic Transmission is Increased onto Direct Pathway Neurons Only  227 

To further investigate whether the morphological changes observed in striatal neurons from the 228 

direct pathway were mirrored by functional changes, we performed whole-cell patch-clamp 229 

recordings of synaptic currents. Again, because the striatum contains two major opposing cellular 230 

populations of neurons (D1 direct- and D2 indirect-pathway MSNs (Kreitzer and Malenka, 2008)), 231 

we used transgenic mouse lines to achieve cell-type specific fluorescent labelling of both MSN 232 

populations (Figure S1). In line with our previous morphological observation of stress impact over 233 

D1-MSNs, miniature excitatory postsynaptic currents (mEPSC) recorded from striatal D1-MSNs 234 

(Figure 2a-f) revealed increased frequency (Ctrl 1.902 ± 0.290, CS 3.110 ± 0.284; p=0.0076) 235 

(Figure 2b) and increased excitatory synaptic drive (Ctrl 24.658 ± 3.934, CS 44.676 ± 5.785; 236 

p=0.0100) (Figure 2f) in stressed mice. In contrast, mEPSC recorded from striatal D2-MSNs did 237 

not significantly differ between stressed mice and littermate controls (Figure 2g-l and Sup.Table1). 238 

Taken together, these findings indicate that CS has circuit-selective effects in the striatum, 239 

specifically increasing excitatory synaptic transmission over D1 direct-pathways neurons while 240 

sparing D2 indirect-pathway neurons. 241 

3.3. Inhibitory Synaptic Transmission is Reduced onto Direct Pathway Neurons Only 242 

Given the increased excitatory transmission detected after CS, we next asked whether a 243 

proportional increase could also be observed in inhibitory transmission as a compensatory 244 

mechanism to normalize the final E/I ratio (excitatory/inhibitory ratio), thus maintaining 245 

homeostasis. To answer this question, we recorded whole-cell miniature inhibitory postsynaptic 246 

currents (mIPSC) from D1- and D2-MSNs (Figure 3a, g). Compared to control littermates, 247 
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stressed mice exhibited decreased mIPSC amplitude in D1-MSNs (Ctrl 29.833 ± 2.601, CS 248 

23.089 ± 1.315; p=0.0369) (Figure 3c), without frequency changes (Ctrl 0.565 ± 0.075, CS 0.455 249 

± 0.037; p=0.2180) (Figure 3b). Furthermore, stressed mice also presented a clear trend for a 250 

reduced inhibitory synaptic drive in D1-MSNs (Ctrl 17.047 ± 2.855, CS 10.444 ± 1.000; p=0.0509) 251 

(Figure 3f). In terms of mIPSC kinetics, D1-MSNs displayed faster mIPSC decay in stressed mice 252 

(Ctrl 9.036 ± 0.205, CS 8.063 ± 0.349; p=0.0262) (Figure 3d), without differences in rise time (Ctrl 253 

2.545 ± 0.167, CS 2.519 ± 0.084; p=0.8945) (Figure 3e). Once again, no significant changes were 254 

detected in D2-MSNs from stressed mice (Figure 3g-l and Sup.Table1). These findings, together 255 

with our previous data, suggest that CS has profound differential effects over striatum pathways, 256 

potentiating the direct pathway by increasing excitation as well as reducing inhibition over striatal 257 

D1-MSNs. 258 

3.4. Chronic Stress Reduces Excitatory Drive onto Striatal PV Interneurons 259 

Disruption of local connectivity between PV interneurons and striatal MSNs has been previously 260 

suggested in OCD, TS, and dystonia (Burguière et al., 2015; Gernert et al., 2000; Kalanithi et al., 261 

2005; Monteiro and Feng, 2016a; Xu et al., 2016). Interestingly, striatal PV interneurons are more 262 

likely to target the D1 direct pathway neurons rather than D2 indirect pathway neurons, making 263 

feedforward inhibition a more prominent feature of the direct pathway (Gittis et al., 2010). 264 

Therefore, this raises the possibility that excitatory synaptic drive over PV interneurons could also 265 

be affected by CS exposure. In fact, recent work has suggested that CS could be “disconnecting” 266 

striatal PV interneurons from excitatory cortical input (indirectly weakening their inhibitory control 267 

over MSNs) (Friedman et al., 2017). To test this hypothesis, we recorded AMPA-mediated 268 

excitatory transmission directly from PV interneurons using targeted whole-cell recordings in 269 

control and stressed Pvalb-tdTomato mice (Figure 4a-f). Compared to controls, PV interneurons 270 

from stressed mice exhibited a remarkable decrease in mEPSC amplitude (Ctrl 16.381 ± 0.479, 271 

CS 14.439 ± 0.446; p=0.0080) (Figure 4c) and a trend for reduced frequency (Ctrl 10.316 ± 0.580, 272 

CS 8.571 ± 0.791; p=0.1012) (Figure 4b), confirming the hypothesis of weakened excitatory drive 273 

after CS exposure (Ctrl 169.435 ± 11.191, CS 124.439 ± 12.124; p=0.0143) (Figure 4f). mEPSC 274 

recorded from PV interneurons in stressed mice also displayed slower decay kinetics (Ctrl 1.562 275 

± 0.040, CS 2.142 ± 0.214; p=0.0234) (Figure 4d), with no changes in rise time (Ctrl 0.601 ± 276 

0.018, CS 0.651 ± 0.018; p=0.0660) (Figure 4e). To further understand whether such synaptic 277 

changes were accompanied by changes in intrinsic excitability, we also recorded active and 278 

passive membrane properties from striatal PV interneurons after CS (Figure 5). Results revealed 279 

that PV interneurons from stressed mice displayed more hyperpolarized resting membrane 280 

potential (Ctrl -74.891 ± 1.130, CS -78.091 ± 0.929; p=0.0416) (Figure 5f), a mechanism by which 281 

CS could be further decreasing PV inhibitory efficiency over D1-MSNs. Intrinsic properties 282 

recorded from D1-MSNs revealed no differences between control and stressed mice (Figure S2). 283 

Altogether, our data support the hypothesis that CS selectively promotes the activation of the 284 

striatal direct pathway by further releasing D1-MSNs from the inhibitory control of local PV 285 

interneurons. 286 

 287 

3.5. Chronic Stress Alters Glutamatergic Synaptic Transmission in Layer 5/6 of Infralimbic 288 

and Prelimbic Cortices  289 
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The dorsomedial striatum (DMS) receives broad afferent excitatory inputs from the medial pre-290 

frontal cortex (mPFC), a circuit that is critical for motor and action planning (Pennartz et al., 2009) 291 

and that seems to be impaired in stress-related disorders (Friedman et al., 2017; Nagarajan et 292 

al., 2018; Welch et al., 2007). To test whether the increased excitatory synaptic transmission 293 

observed in our recordings could arise from a dysfunctional cortical circuitry, we recorded mEPSC 294 

from the IL and PL subregions of mPFC that project to DMS. Since mPFC is a layer-organized 295 

structure, and prefrontal neurons project to the striatum in a layer-based distribution (Gabbott et 296 

al., 2005; Hunnicutt et al., 2016; Kim et al., 2017; Kupferschmidt et al., 2017; Murugan et al., 297 

2017; Otis et al., 2017), we collected whole-cell recordings from layer 2/3 (L2/3) and layer 5/6 298 

(L5/6) pyramidal neurons, the only output layers of mPFC. Results revealed that CS had a 299 

tremendous impact on excitatory synaptic transmission specifically on L5/6 pyramidal neurons in 300 

the PL and IL cortices (Figure 6) without affecting the L2/3 pyramidal neurons (Figure S3). 301 

Compared to control animals, L5/6 pyramidal cells from stressed mice exhibited a remarkable 302 

increase in mEPSC frequencies (PL: Ctrl 1.182 ± 0.130, CS 2.020 ± 0.306, p=0.0250; IL: Ctrl 303 

0.503 ± 0.066, CS 1.163 ± 0.106, p<0.0001) (Figure 6b, g) and amplitudes (PL: Ctrl 11.124 ± 304 

0.396, CS 12.848 ± 0.686; p=0.0470; IL: Ctrl 10.043 ± 0.344, CS 11.921 ± 0.465, p=0.0033) 305 

(Figure 6c, h)  in both PL and IL subregions. These alterations were accompanied by slower 306 

mEPSC decay kinetics (PL: Ctrl 4.632 ± 0.427, CS 5.718 ± 0.173, p=0.0348; IL: Ctrl 4.542 ± 307 

0.297, CS 5.686 ± 0.157; p=0.0024) (Figure 6d, i) with no change in rise times (PL: Ctrl 1.408 ± 308 

0.045, CS 1.521 ± 0.080, p=0.2465; IL: Ctrl 1.424 ± 0.047, CS 1.584 ± 0.064, p=0.0583) (Figure 309 

6e, j). Additionally, L2/3 pyramidal cells from stressed mice presented a left-shifted curve of 310 

mEPSC amplitude (PL p<0.0001; IL p=0.0035) (Figure S3c,h; right panel) indicative of 311 

predominantly lower amplitude excitatory events in both subregions, and a right-shifted curve of 312 

mEPSC interevent intervals (p<0.0001) (lower frequency) only in the PL cortex (Figure S3b; right 313 

panel). Moreover, a clear tendency towards decreased mEPSC amplitude (Ctrl 12.337 ± 0.848, 314 

CS 10.457 ± 0.343; p=0.0690) (Figure S3h; left panel) and frequency averages (Ctrl 3.334 ± 315 

0.334; CS 2.523 ± 0.274; p=0.0764) (Figure S3b; left panel), was observed in L2/3 of the IL and 316 

PL, respectively. Reduced mEPSC decay kinetics (Ctrl 7.497 ± 0.200, CS 6.578 ± 0.341; 317 

p=0.0346) and rise times (Ctrl 1.999 ± 0.105, CS 1.564 ± 0.084; p=0.0051) were observed only 318 

in L2/3 pyramidal neurons from the IL subregion (Figure S3i-j, d-e). Hence, our data demonstrate 319 

that CS has a tremendous impact on IL and PL cortices, increasing excitatory synaptic 320 

transmission onto L5/6 pyramidal cells in both cortical subregions. These observations may 321 

provide a mechanistic explanation for the increased glutamatergic excitatory inputs observed in 322 

striatal D1-MSNs after CS exposure. 323 

Given that the activity of cortical pyramidal neurons is shaped by cortical PV interneurons 324 

(Markram et al., 2004; Sparta et al., 2014), we further asked whether glutamatergic synaptic 325 

transmission over cortical PV interneurons could also be impaired after CS. Accordingly, mEPSC 326 

recordings were obtained from PV interneurons in L5/6 of the PL and IL subregions (Figure 7a, 327 

f). Surprisingly, our recordings revealed an opposite effect of CS between these two subregions. 328 

While PV interneurons from the PL region displayed enhanced mEPSC frequencies (Ctrl 3.330 ± 329 

0.424, CS 5.856 ± 0.687; p=0.0053) (Figure 7b) with reduced amplitude (Ctrl 18.717 ± 1.069, CS 330 

15.093 ± 0.897; p=0.0171) (Figure 7c), PV interneurons from the IL cortex presented a remarkable 331 

reduction in mEPSC frequency (Ctrl 4.116 ± 0.525, CS 2.325 ± 0.304; p=0.0077) (Figure 7g), 332 

slower mEPSC decay kinetics (Ctrl 2.060 ± 0.056; CS 2.935 ± 0.195, p=0.0006) (Figure 7i), and 333 

reduced rise time (Ctrl 0.768 ± 0.022, CS 0.692 ± 0.023; p=0.0287) (Figure 7j), in stressed mice.  334 
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Altogether, our data collectively suggests that CS selectively promotes activation of the striatal 335 

direct pathway by several possible parallel mechanisms: enhanced mPFC excitatory 336 

transmission, cortical “disconnection” from striatal PV interneurons, and increased excitation 337 

together with reduced inhibition over D1-MSNs, ultimately potentiating the recruitment of striatal 338 

direct pathway. Given that the direct pathway promotes the execution of motor actions, such 339 

pathological strengthening of the direct pathway may justify the emergence of motor symptoms 340 

observed in stress-related disorders. 341 

 342 

4. DISCUSSION 343 

Despite the clear involvement of dorsomedial striatum circuits in stress-related disorders (Beyer 344 

et al., 2004; Hansen et al., 2002; Krishnan et al., 1992), the cell-specific alterations that occur 345 

after CS exposure are still poorly understood. Our study reveals important evidence suggesting 346 

that CS leads to a hyperactivation of the direct pathway by increasing excitatory synaptic 347 

transmission onto D1-MSNs and releasing them from the inhibitory influence of PV interneurons. 348 

Reduced striatal inhibition has been recently observed in CS and is hypothesized to emerge from 349 

dampened cortical excitation over striatal PV interneurons (Friedman et al., 2017). Our present 350 

data lend further support to this hypothesis by experimentally demonstrating that PV interneurons 351 

from stressed mice indeed receive weaker synaptic excitation after CS. Moreover, CS deeply 352 

remodels brain circuits in the IL and PL cortices, two prefrontal regions that strongly project to the 353 

dorsomedial striatum (Groenewegen et al., 1990; McGeorge et al., 1993; McGeorge and Faull, 354 

1989). Our results specifically show that CS selectively impairs glutamatergic synaptic 355 

transmission onto pyramidal neurons and PV interneurons from layer 5/6, of both PL and IL, 356 

without affecting cortical neurons from layer 2/3. The layer selective effects of CS identified here 357 

are particularly interesting given what has been described in the literature: glutamatergic 358 

projections from cortical to striatal neurons arise mainly from pyramidal cells located on layer 5 359 

(Jones et al., 1977; Kemp and Powell, 1970; Kitai et al., 1976; McGeorge and Faull, 1989; Oka, 360 

1980; Royce, 1982; Tanaka, 1987; Veening et al., 1980), buttressing the idea of impaired 361 

prefrontal corticostriatal connectivity as a brain signature of stress exposure. Moreover, our 362 

morphological data revealed that D1-MSNs from stressed mice seem to have a more complex 363 

dendritic arborization (more intersections) from 140 to 260 µM from the soma (distal region of the 364 

dendrites), the primary site that receives glutamatergic projections from cortical structures (David 365 

Smith and Paul Bolam, 1990). However, it should be noted that PL and IL cortices project to 366 

several other brain regions apart from the striatum (Anastasiades and Carter, 2021). Furthermore, 367 

striatal neurons receive glutamatergic inputs not exclusively from the prefrontal cortex but also 368 

from the thalamus (Kreitzer and Malenka, 2008). Therefore, we cannot fully conclude that the 369 

reported alterations in glutamatergic synaptic transmission onto cortical neurons are the root of 370 

the striatal impairments. Rather, the increased glutamatergic transmission observed in D1-MSNs 371 

from CS mice can also arise from impaired thalamostriatal connectivity.  372 

Although both PL and IL cortical circuits display clear functional defects after CS, the impact on 373 

the IL seems more pronounced when compared to the PL. Specifically, an increase in 374 

glutamatergic synaptic transmission onto pyramidal neurons, accompanied by a decrease of 375 

excitatory transmission onto PV interneurons, is robustly observed in the IL subregion, versus a 376 

moderate increase of excitatory inputs observed in the PL subregion for both neuronal types. 377 

Altogether, these results point to an overall robust overactivation of the IL. Noteworthy, the mPFC 378 

subregions studied here play opposite roles in controlling goal-directed and habitual actions: while 379 

Jo
urn

al 
Pre-

pro
of



10 
 

PL controls goal-directed behaviour, IL supports the formation of habits (Amaya and Smith, 2018; 380 

Smith and Laiks, 2018). Concordantly, chronically stressed rodents tend to rely on habitual 381 

behavioural strategies (Dias-Ferreira et al., 2009; Friedman et al., 2017), seemingly corroborating 382 

our findings of robust overactivation of IL circuits under stress  (Anastasiades and Carter, 383 

2021)(Kreitzer and Malenka, 2008). The selectivity of the D1 direct pathway circuit alterations we 384 

report here are also particularly relevant given what is known about striatum microcircuitry: PV 385 

interneurons innervate more D1 than D2 neurons (Gittis et al., 2010). This makes feedforward 386 

inhibition a more prominent feature of the D1 direct pathway (Gittis et al., 2010). Besides receiving 387 

more inhibitory projections from striatal PV interneurons, D1-MSNs are also more likely to receive 388 

glutamatergic inputs from the cortex, due to their extensive dendritic arbor (Gertler et al., 2008). 389 

Compared to D2-MSNs, D1 neurons have on average two more primary dendrites and are 390 

therefore estimated to be capable of receiving roughly 50% more glutamatergic inputs (Gertler et 391 

al., 2008). Thus, D1-MSNs are likely more vulnerable to pathological effects that arise from 392 

dysregulation of PV and cortical neurons. Accordingly, we observed stress-induced alterations in 393 

cortical neurons and striatal PV interneurons, as well as alterations in D1-MSNs only.  394 

Altogether, we show that CS remodels cortical activity which may be responsible for triggering 395 

imbalanced levels of excitatory and inhibitory synaptic transmission in striatal circuits, culminating 396 

in increased excitation and reduced inhibition over direct pathway neurons only. We also show 397 

that CS not only decreases excitatory drive over striatal PV interneurons but also reduces PV 398 

excitability by hyperpolarizing their resting membrane potential, thus contributing to pathological 399 

disinhibition/hyperactivation of the striatal direct pathway. Notably, hyperactivation of the direct 400 

pathways has been previously hypothesized in OCD and Tourette syndrome (Ahmari et al., 2013; 401 

Burguière et al., 2015; Kalanithi et al., 2005; Monteiro and Feng, 2016b; Wang et al., 2009; Xu et 402 

al., 2016). Our observation of stress-induced direct pathway hyperactivation can thus provide a 403 

possible mechanistic explanation for stress-triggered OCD and potentially other relevant stress-404 

induced disorders.  405 

In summary, our data is well aligned with the general framework of striatum D1 motor function 406 

and with our previous work showing that stressed mice display increased motor locomotion 407 

(Rodrigues et al., 2022). We suggest a model where CS alters the excitatory synaptic drive of 408 

striatal neurons and releases the striatum from the inhibitory influence of PV interneurons, leading 409 

to hyperactivation of the D1 direct pathway of basal ganglia, causing long-lasting behavioural and 410 

physiological changes.  411 

 412 

Acknowledgements: 413 

We thank all lab members for their support and helpful discussions. Research in the Monteiro 414 

laboratory was funded by The Branco Weiss fellowship Society in Science, FEBS (Federation of 415 

European Biochemical Societies) Excellence Awards 2021, the European Molecular Biology 416 

Organization (EMBO) Long-Term Fellowship (ALTF 89–2016), and Fundação para a Ciência e a 417 

Tecnologia (FCT, Portugal) projects: 2022.05228.PTDC, PTDC/MED-NEU/28073/2017 (POCI-418 

01-0145-FEDER- 028073), 2021.01032.CEECIND. D.R. was supported by a doctoral fellowship 419 

(PD/BD/127823/2016) from FCT as part of the Inter-University Doctoral Programme in Ageing 420 

and Chronic Disease (PhDOC).  421 

 422 

Conflict of Interest Statement: The authors declare that they have no conflict of interest. 423 

Jo
urn

al 
Pre-

pro
of



11 
 

 424 

Data availability statement: The data supporting this study’s findings are available on request 425 

from the corresponding author.   426 

Jo
urn

al 
Pre-

pro
of



12 
 

BIBLIOGRAPHY 427 

Ahmari, S.E., Spellman, T., Douglass, N.L., Kheirbek, M.A., Simpson, H.B., Deisseroth, 428 
K., Gordon, J.A., Hen, R., Burguière, E., Monteiro, P., Feng, G., Graybiel, A.M., 429 
2013. Repeated cortico-striatal stimulation generates persistent OCD-like 430 
behavior. Science 340, 1234–1239. https://doi.org/10.1126/science.1232380 431 

Amat, J., Baratta, M. V, Paul, E., Bland, S.T., Watkins, L.R., Maier, S.F., 2005. Medial 432 
prefrontal cortex determines how stressor controllability affects behavior and dorsal 433 
raphe nucleus. Nat Neurosci 8, 365–371. https://doi.org/10.1038/nn1399 434 

Amaya, K.A., Smith, K.S., 2018. Neurobiology of habit formation. Curr Opin Behav Sci 435 
20, 145–152. https://doi.org/https://doi.org/10.1016/j.cobeha.2018.01.003 436 

Anastasiades, P.G., Carter, A.G., 2021. Circuit organization of the rodent medial 437 
prefrontal cortex. Trends Neurosci 44, 550–563. 438 
https://doi.org/10.1016/j.tins.2021.03.006 439 

Atrooz, F., Alkadhi, K.A., Salim, S., 2021. Understanding stress: Insights from rodent 440 
models. Current Research in Neurobiology 2, 100013. 441 
https://doi.org/https://doi.org/10.1016/j.crneur.2021.100013 442 

Beyer, J.L., Kuchibhatla, M., Payne, M., Moo-Young, M., Cassidy, F., MacFall, J., 443 
Krishnan, K.R.R., 2004. Caudate volume measurement in older adults with bipolar 444 
disorder. Int J Geriatr Psychiatry 19, 109–114. https://doi.org/10.1002/gps.1030 445 

Burguière, E., Monteiro, P., Mallet, L., Feng, G., Graybiel, A.M., 2015. Striatal circuits, 446 
habits, and implications for obsessive-compulsive disorder. Curr Opin Neurobiol 447 
30, 59–65. https://doi.org/10.1016/j.conb.2014.08.008 448 

Choi, K., Holly, E.N., Davatolhagh, M.F., Beier, K.T., Fuccillo, M. V, 2019. Integrated 449 
anatomical and physiological mapping of striatal afferent projections. Eur J 450 
Neurosci 49, 623–636. https://doi.org/10.1111/ejn.13829 451 

David Smith, A., Paul Bolam, J., 1990. The neural network of the basal ganglia as 452 
revealed by the study of synaptic connections of identified neurones. Trends 453 
Neurosci 13, 259–265. https://doi.org/10.1016/0166-2236(90)90106-K 454 

Dias-Ferreira, E., Sousa, J.C., Melo, I., Morgado, P., Mesquita, A.R., Cerqueira, J.J., 455 
Costa, R.M., Sousa, N., 2009. Chronic stress causes frontostriatal reorganization 456 
and affects decision-making. Science (1979) 325, 621–625. 457 
https://doi.org/10.1126/science.1171203 458 

Friedman, A., Homma, D., Bloem, B., Gibb, L.G., Amemori, K.-I., Hu, D., Delcasso, S., 459 
Truong, T.F., Yang, J., Hood, A.S., Mikofalvy, K.A., Beck, D.W., Nguyen, N., 460 
Nelson, E.D., Toro Arana, S.E., Vorder Bruegge, R.H., Goosens, K.A., Graybiel, 461 
A.M., 2017. Chronic Stress Alters Striosome-Circuit Dynamics, Leading to Aberrant 462 
Decision-Making. Cell 171, 1191-1205.e28. 463 
https://doi.org/10.1016/j.cell.2017.10.017 464 

Gabbott, P.L.A., Warner, T.A., Jays, P.R.L., Salway, P., Busby, S.J., 2005. Prefrontal 465 
cortex in the rat: Projections to subcortical autonomic, motor, and limbic centers. 466 
Journal of Comparative Neurology 492, 145–177. 467 
https://doi.org/https://doi.org/10.1002/cne.20738 468 

Gerfen, C.R., Surmeier, D.J., 2011. Modulation of striatal projection systems by 469 
dopamine. Annu Rev Neurosci 34, 441–466. https://doi.org/10.1146/annurev-470 
neuro-061010-113641 471 

Gernert, M., Hamann, M., Bennay, M., Loscher, W., Richter, A., 2000. Deficit of striatal 472 
parvalbumin-reactive GABAergic interneurons and decreased basal ganglia output 473 
in a genetic rodent model of idiopathic paroxysmal dystonia. J Neurosci 20, 7052–474 
7058. 475 

Gertler, T.S., Chan, C.S., Surmeier, D.J., 2008. Dichotomous anatomical properties of 476 
adult striatal medium spiny neurons. J Neurosci 28, 10814–10824. 477 
https://doi.org/10.1523/JNEUROSCI.2660-08.2008 478 

Jo
urn

al 
Pre-

pro
of



13 
 

Gittis, A.H., Nelson, A.B., Thwin, M.T., Palop, J.J., Kreitzer, A.C., 2010. Distinct roles of 479 
GABAergic interneurons in the regulation of striatal output pathways. J Neurosci 480 
58, 2223–2234. https://doi.org/10.1523/JNEUROSCI.4870-09.2010 481 

Godar, S.C., Bortolato, M., 2017. What makes you tic? Translational approaches to 482 
study the role of stress and  contextual triggers in Tourette syndrome. Neurosci 483 
Biobehav Rev 76, 123–133. https://doi.org/10.1016/j.neubiorev.2016.10.003 484 

Golden, S.A., Covington, H.E. 3rd, Berton, O., Russo, S.J., 2011. A standardized 485 
protocol for repeated social defeat stress in mice. Nat Protoc 6, 1183–1191. 486 
https://doi.org/10.1038/nprot.2011.361 487 

Gong, S., Zheng, C., Doughty, M.L., Losos, K., Didkovsky, N., Schambra, U.B., Nowak, 488 
N.J., Joyner, A., Leblanc, G., Hatten, M.E., Heintz, N., 2003. A gene expression 489 
atlas of the central nervous system based on bacterial artificial chromosomes. 490 
Nature 425, 917–925. https://doi.org/10.1038/nature02033 491 

Graybiel, A.M., 2008. Habits, rituals, and the evaluative brain. Annu Rev Neurosci 31, 492 
359–387. https://doi.org/10.1146/annurev.neuro.29.051605.112851 493 

Graybiel, A.M., Aosaki, T., Flaherty, A.W., Kimura, M., 1994. The basal ganglia and 494 
adaptive motor control. Science 265, 1826–1831. 495 
https://doi.org/10.1126/science.8091209 496 

Graybiel, A.M., Rauch, S.L., 2000. Toward a neurobiology of obsessive-compulsive 497 
disorder. Neuron 28, 343–347. https://doi.org/10.1016/s0896-6273(00)00113-6 498 

Groenewegen, H.J., 2003. The basal ganglia and motor control. Neural Plast 10, 107–499 
120. https://doi.org/10.1155/NP.2003.107 500 

Groenewegen, H.J., Berendse, H.W., Wolters, J.G., Lohman, A.H., 1990. The 501 
anatomical relationship of the prefrontal cortex with the striatopallidal  system, the 502 
thalamus and the amygdala: evidence for a parallel organization. Prog Brain Res 503 
85, 95–98. https://doi.org/10.1016/s0079-6123(08)62677-1 504 

Hansen, E.S., Hasselbalch, S., Law, I., Bolwig, T.G., 2002. The caudate nucleus in 505 
obsessive-compulsive disorder. Reduced metabolism  following treatment with 506 
paroxetine: a PET study. Int J Neuropsychopharmacol 5, 1–10. 507 
https://doi.org/10.1017/S1461145701002681 508 

Hauber, W., Schmidt, W.J., 1994. Differential effects of lesions of the dorsomedial and 509 
dorsolateral  caudate-putamen on reaction time performance in rats. Behavioural 510 
brain research 60, 211–215. https://doi.org/10.1016/0166-4328(94)90149-x 511 

Hienert, M., Gryglewski, G., Stamenkovic, M., Kasper, S., Lanzenberger, R., 2018. 512 
Striatal dopaminergic alterations in Tourette’s syndrome: a meta-analysis based 513 
on 16 PET and SPECT neuroimaging studies. Transl Psychiatry 8, 143. 514 
https://doi.org/10.1038/s41398-018-0202-y 515 

Hunnicutt, B.J., Jongbloets, B.C., Birdsong, W.T., Gertz, K.J., Zhong, H., Mao, T., 2016. 516 
A comprehensive excitatory input map of the striatum reveals novel functional 517 
organization. Elife 5, e19103. https://doi.org/10.7554/eLife.19103 518 

Jones, E.G., Coulter, J.D., Burton, H., Porter, R., 1977. Cells of origin and terminal 519 
distribution of corticostriatal fibers arising in the sensory-motor cortex of monkeys. 520 
J Comp Neurol 173, 53–80. https://doi.org/10.1002/cne.901730105 521 

Kaiser, T., Ting, J.T., Monteiro, P., Feng, G., 2016. Transgenic labeling of parvalbumin-522 
expressing neurons with tdTomato. Neuroscience 321, 236–245. 523 
https://doi.org/10.1016/j.neuroscience.2015.08.036 524 

Kalanithi, P.S.A., Zheng, W., Kataoka, Y., DiFiglia, M., Grantz, H., Saper, C.B., 525 
Schwartz, M.L., Leckman, J.F., Vaccarino, F.M., 2005. Altered parvalbumin-526 
positive neuron distribution in basal ganglia of individuals  with Tourette syndrome. 527 
Proc Natl Acad Sci U S A 102, 13307–13312. 528 
https://doi.org/10.1073/pnas.0502624102 529 

Kemp, J.M., Powell, T.P.S., 1970. The cortico-striate projection in the monkey. Brain 93, 530 
525–546. https://doi.org/10.1093/brain/93.3.525 531 

Kim, C.K., Ye, L., Jennings, J.H., Pichamoorthy, N., Tang, D.D., Yoo, A.-C.W., 532 
Ramakrishnan, C., Deisseroth, K., 2017. Molecular and Circuit-Dynamical 533 

Jo
urn

al 
Pre-

pro
of



14 
 

Identification of Top-Down Neural Mechanisms for  Restraint of Reward Seeking. 534 
Cell 170, 1013-1027.e14. https://doi.org/10.1016/j.cell.2017.07.020 535 

Kitai, S.T., Kocsis, J.D., Wood, J., 1976. Origin and characteristics of the cortico-536 
caudate afferents: an anatomical and electrophysiological study. Brain Res 118, 537 
137–141. https://doi.org/10.1016/0006-8993(76)90848-9 538 

Klug, J.R., Engelhardt, M.D., Cadman, C.N., Li, H., Smith, J.B., Ayala, S., Williams, 539 
E.W., Hoffman, H., Jin, X., 2018. Differential inputs to striatal cholinergic and 540 
parvalbumin interneurons imply  functional distinctions. Elife 7. 541 
https://doi.org/10.7554/eLife.35657 542 

Kreitzer, A.C., 2009. Physiology and pharmacology of striatal neurons. Annu Rev 543 
Neurosci 32, 127–147. https://doi.org/10.1146/annurev.neuro.051508.135422 544 

Kreitzer, A.C., Malenka, R.C., 2008. Striatal plasticity and basal ganglia circuit function. 545 
Neuron 60, 543–554. https://doi.org/10.1016/j.neuron.2008.11.005 546 

Kress, G.J., Yamawaki, N., Wokosin, D.L., Wickersham, I.R., Shepherd, G.M.G., 547 
Surmeier, D.J., 2013. Convergent cortical innervation of striatal projection neurons. 548 
Nat Neurosci 16, 665–667. https://doi.org/10.1038/nn.3397 549 

Krishnan, K.R., McDonald, W.M., Escalona, P.R., Doraiswamy, P.M., Na, C., Husain, 550 
M.M., Figiel, G.S., Boyko, O.B., Ellinwood, E.H., Nemeroff, C.B., 1992. Magnetic 551 
resonance imaging of the caudate nuclei in depression. Preliminary  observations. 552 
Arch Gen Psychiatry 49, 553–557. 553 
https://doi.org/10.1001/archpsyc.1992.01820070047007 554 

Kupferschmidt, D.A., Juczewski, K., Cui, G., Johnson, K.A., Lovinger, D.M., 2017. 555 
Parallel, but Dissociable, Processing in Discrete Corticostriatal Inputs 556 
Encodes  Skill Learning. Neuron 96, 476-489.e5. 557 
https://doi.org/10.1016/j.neuron.2017.09.040 558 

Landry, P., Wilson, C.J., Kitai, S.T., 1984. Morphological and electrophysiological 559 
characteristics of pyramidal tract neurons  in the rat. Exp Brain Res 57, 177–190. 560 
https://doi.org/10.1007/BF00231144 561 

Lovinger, D.M., Tyler, E., 1996. Synaptic transmission and modulation in the 562 
neostriatum. Int Rev Neurobiol 39, 77–111. https://doi.org/10.1016/s0074-563 
7742(08)60664-9 564 

Maia, T. V, Cooney, R.E., Peterson, B.S., 2008. The neural bases of obsessive-565 
compulsive disorder in children and adults. Dev Psychopathol 20, 1251–1283. 566 
https://doi.org/10.1017/S0954579408000606 567 

Markram, H., Toledo-Rodriguez, M., Wang, Y., Gupta, A., Silberberg, G., Wu, C., 2004. 568 
Interneurons of the neocortical inhibitory system. Nat Rev Neurosci 5, 793–807. 569 
https://doi.org/10.1038/nrn1519 570 

McGeorge, A.J., Faull, R.L., 1989. The organization of the projection from the cerebral 571 
cortex to the striatum in the rat. Neuroscience 29, 503–537. 572 
https://doi.org/10.1016/0306-4522(89)90128-0 573 

McGeorge, A.J., Faull, R.L., Nauta, W.J.K., 1993. Reciprocal Links of the Corpus 574 
striatum with the Cerebral Cortex and Limbic System: A Common Substrate for 575 
Movement and Thought? BT  - Neuroanatomy, in: Nauta, W.J.H. (Ed.), 576 
Neuroscience. Birkhäuser Boston, Boston, MA, United States, pp. 598–618. 577 
https://doi.org/10.1007/978-1-4684-7920-1_30 578 

Monteiro, P., Barak, B., Zhou, Y., McRae, R., Rodrigues, D., Wickersham, I.R., Feng, 579 
G., 2018. Dichotomous parvalbumin interneuron populations in dorsolateral and 580 
dorsomedial striatum. J Physiol 596, 3695–3707. 581 
https://doi.org/10.1113/JP275936 582 

Monteiro, P., Feng, G., 2016a. Learning From Animal Models of Obsessive-Compulsive 583 
Disorder. Biol Psychiatry 79, 7–16. https://doi.org/10.1016/j.biopsych.2015.04.020 584 

Monteiro, P., Feng, G., 2016b. Learning From Animal Models of Obsessive-Compulsive 585 
Disorder. Biol Psychiatry 79, 7–16. https://doi.org/10.1016/j.biopsych.2015.04.020 586 

Murugan, M., Jang, H.J., Park, M., Miller, E.M., Cox, J., Taliaferro, J.P., Parker, N.F., 587 
Bhave, V., Hur, H., Liang, Y., Nectow, A.R., Pillow, J.W., Witten, I.B., 2017. 588 

Jo
urn

al 
Pre-

pro
of



15 
 

Combined Social and Spatial Coding in a Descending Projection from the 589 
Prefrontal  Cortex. Cell 171, 1663-1677.e16. 590 
https://doi.org/10.1016/j.cell.2017.11.002 591 

Nagarajan, N., Jones, B.W., West, P.J., Marc, R.E., Capecchi, M.R., 2018. 592 
Corticostriatal circuit defects in Hoxb8 mutant mice. Mol Psychiatry 23, 1868–1877. 593 
https://doi.org/10.1038/mp.2017.180 594 

Oka, H., 1980. Organization of the cortico-caudate projections. A horseradish 595 
peroxidase study in the cat. Exp Brain Res 40, 203–208. 596 
https://doi.org/10.1007/BF00237538 597 

Otis, J.M., Namboodiri, V.M.K., Matan, A.M., Voets, E.S., Mohorn, E.P., Kosyk, O., 598 
McHenry, J.A., Robinson, J.E., Resendez, S.L., Rossi, M.A., Stuber, G.D., 2017. 599 
Prefrontal cortex output circuits guide reward seeking through divergent cue 600 
encoding. Nature 543, 103–107. https://doi.org/10.1038/nature21376 601 

Pennartz, C.M.A., Berke, J.D., Graybiel, A.M., Ito, R., Lansink, C.S., van der Meer, M., 602 
Redish, A.D., Smith, K.S., Voorn, P., 2009. Corticostriatal Interactions during 603 
Learning, Memory Processing, and Decision  Making. J Neurosci 29, 12831–604 
12838. https://doi.org/10.1523/JNEUROSCI.3177-09.2009 605 

Reiner, A., Jiao, Y., Del Mar, N., Laverghetta, A.V., Lei, W.L., 2003. Differential 606 
morphology of pyramidal tract-type and intratelencephalically projecting-type 607 
corticostriatal neurons and their intrastriatal terminals in rats. J Comp Neurol 457, 608 
420–440. https://doi.org/10.1002/cne.10541 609 

Rodrigues, D., Jacinto, L., Falcão, M., Castro, A.C., Cruz, A., Santa, C., Manadas, B., 610 
Marques, F., Sousa, N., Monteiro, P., 2022. Chronic stress causes striatal 611 
disinhibition mediated by SOM-interneurons in male mice. Nat Commun 13, 7355. 612 
https://doi.org/10.1038/s41467-022-35028-4 613 

Royce, G.J., 1982. Laminar origin of cortical neurons which project upon the caudate 614 
nucleus: a horseradish peroxidase investigation in the cat. J Comp Neurol 205, 8–615 
29. https://doi.org/10.1002/cne.902050103 616 

Shepherd, G.M., 2004. The Synaptic Organization of the Brain. 617 
https://doi.org/10.1093/acprof:oso/9780195159561.001.1 618 

Shuen, J.A., Chen, M., Gloss, B., Calakos, N., 2008. Drd1a-tdTomato BAC transgenic 619 
mice for simultaneous visualization of medium spiny neurons in the direct and 620 
indirect pathways of the basal ganglia. J Neurosci 28, 2681–2685. 621 
https://doi.org/10.1523/JNEUROSCI.5492-07.2008 622 

Smith, R.J., Laiks, L.S., 2018. Behavioral and neural mechanisms underlying habitual 623 
and compulsive drug seeking. Prog Neuropsychopharmacol Biol Psychiatry 87, 624 
11–21. https://doi.org/10.1016/j.pnpbp.2017.09.003 625 

Sousa-Lima, J., Moreira, P.S., Raposo-Lima, C., Sousa, N., Morgado, P., 2019. 626 
Relationship between obsessive compulsive disorder and cortisol: Systematic 627 
review and meta-analysis. Eur Neuropsychopharmacol 29, 1185–1198. 628 
https://doi.org/10.1016/j.euroneuro.2019.09.001 629 

Sparta, D.R., Hovelsø, N., Mason, A.O., Kantak, P.A., Ung, R.L., Decot, H.K., Stuber, 630 
G.D., 2014. Activation of prefrontal cortical parvalbumin interneurons facilitates 631 
extinction  of reward-seeking behavior. J Neurosci 34, 3699–3705. 632 
https://doi.org/10.1523/JNEUROSCI.0235-13.2014 633 

Tanaka, D.J., 1987. Differential laminar distribution of corticostriatal neurons in the 634 
prefrontal  and pericruciate gyri of the dog. J Neurosci 7, 4095–4106. 635 
https://doi.org/10.1523/JNEUROSCI.07-12-04095.1987 636 

Tepper, J.M., Koos, T., Wilson, C.J., 2004. GABAergic microcircuits in the neostriatum. 637 
Trends Neurosci 27, 662–669. https://doi.org/10.1016/j.tins.2004.08.007 638 

Tepper, J.M., Wilson, C.J., Koós, T., 2008. Feedforward and feedback inhibition in 639 
neostriatal GABAergic spiny neurons. Brain Res Rev 58, 272–281. 640 
https://doi.org/10.1016/j.brainresrev.2007.10.008 641 

Veening, J.G., Cornelissen, F.M., Lieven, P.A.J.M., 1980. The topical organization of 642 
the afferents to the caudatoputamen of the rat. A horseradish peroxidase study. 643 

Jo
urn

al 
Pre-

pro
of



16 
 

Neuroscience 5, 1253–1268. https://doi.org/https://doi.org/10.1016/0306-644 
4522(80)90198-0 645 

Wang, L., Simpson, H.B., Dulawa, S.C., 2009. Assessing the validity of current mouse 646 
genetic models of obsessive-compulsive  disorder. Behavioural pharmacology 20, 647 
119–133. https://doi.org/10.1097/FBP.0b013e32832a80ad 648 

Welch, J.M., Lu, J., Rodriguiz, R.M., Trotta, N.C., Peca, J., Ding, J.-D., Feliciano, C., 649 
Chen, M., Adams, J.P., Luo, J., Dudek, S.M., Weinberg, R.J., Calakos, N., Wetsel, 650 
W.C., Feng, G., 2007. Cortico-striatal synaptic defects and OCD-like behaviours in 651 
Sapap3-mutant mice. Nature 448, 894–900. https://doi.org/10.1038/nature06104 652 

Wilson, C.J., 1987. Morphology and synaptic connections of crossed corticostriatal 653 
neurons in the rat. J Comp Neurol 263, 567–580. 654 
https://doi.org/10.1002/cne.902630408 655 

Xu, M., Li, L., Pittenger, C., 2016. Ablation of fast-spiking interneurons in the dorsal 656 
striatum, recapitulating abnormalities seen post-mortem in Tourette syndrome, 657 
produces anxiety and elevated grooming. Neuroscience 324, 321–329. 658 
https://doi.org/10.1016/j.neuroscience.2016.02.074 659 

Yardeni, T., Eckhaus, M., Morris, H.D., Huizing, M., Hoogstraten-Miller, S., 2011. Retro-660 
orbital injections in mice. Lab Anim (NY) 40, 155–160. 661 
https://doi.org/10.1038/laban0511-155 662 

Zhang, Q., Gao, X., Li, C., Feliciano, C., Wang, D., Zhou, D., Mei, Y., Monteiro, P., 663 
Anand, M., Itohara, S., Dong, X., Fu, Z., Feng, G., 2016. Impaired Dendritic 664 
Development and Memory in Sorbs2 Knock-Out Mice. J Neurosci 36, 2247–2260. 665 
https://doi.org/10.1523/JNEUROSCI.2528-15.2016 666 

667 

Jo
urn

al 
Pre-

pro
of



17 
 

Figure 1. Chronic stress impacts the dendritic morphology of striatal D1 but not 668 
D2 neurons.  669 

(a) Morphometric analysis of Drd1a-tdTomato positive cells in the dorsomedial striatum (DMS) 670 
region of Drd1a-tdTomato transgenic mice from control (Ctrl; grey) and chronic stress (CS; red) 671 
mice. Representative images of neurons from control and stressed animals are shown on the left. 672 
Right panels show the number of dendritic branches (arbor complexity) correlated with distance 673 
from the cell body (soma). Drd1a-tdTomato positive cells Ctrl n =21, CS n =18. 674 
(b) Morphometric analysis of Drd1a-tdTomato negative cells (right) in the DMS of Drd1a-tdTomato 675 
transgenic mice from control (Ctrl; grey) and chronic stress (CS; green) mice. Representative 676 
images of neurons from control and stressed animals are shown on the left. Right panels show 677 
the number of dendritic branches (arbor complexity) correlated with distance from the cell body 678 
(soma). Drd1a-tdTomato negative cells n =14 Ctrl and n =14 CS.  679 
Shaded error bars represent SEM. All data from 4 control and 4 stressed mice; Two-way ANOVA 680 
with multiple comparisons. Statistical details are shown in Sup.Table 1. 681 
 682 
Figure 2. Chronic stress increases excitatory synaptic transmission onto D1 but 683 
not D2 neurons. 684 

(a) Example traces of miniature excitatory postsynaptic currents (mEPSC) recorded from 685 
fluorescently labeled D1-MSNs in dorsomedial striatum region (DMS) of control (Ctrl; grey) and 686 
stressed (CS; red) mice.  687 
(b) Summary bar graphs (Ctrl n =14 and CS n =17 cells; **p=0072) and cumulative probability 688 
curves (30 events per cell; ****p<0.0001) show increased mEPSC frequency in D1-MSNs from 689 
stressed mice.  690 
(c) Summary bar graphs (Ctrl n =14 and CS n =17 cells) and cumulative probability curves (30 691 
events per cell) show similar mEPSC amplitude in D1-MSNs from stressed mice.  692 
(d,e) Summary bar graphs (Ctrl n =14 and CS n =17 cells) show no significant differences in the 693 
kinetics of mEPSC recorded from D1-MSNs in stressed mice.  694 
(f) Summary bar graphs (Ctrl n =14 and CS n =17 cells; **p=0.01) show increased excitatory 695 
synaptic drive, defined as mEPSC frequency x mEPSC amplitude per individual neuron, in D1-696 
MSNs from stressed mice.  697 
(g) Example traces of miniature excitatory postsynaptic currents (mEPSC) recorded from 698 
fluorescently labeled D2-MSNs in the DMS of control (Ctrl; grey) and stressed (CS; green) mice. 699 
(h) Summary bar graphs (Ctrl n =19 and CS n =20 cells) and cumulative probability curves (20 700 
events per cell) show similar mEPSC frequency in D2-MSNs from stressed mice.  701 
(i) Summary bar graphs (Ctrl n =19 and CS n =20 cells) and cumulative probability curves (20 702 
events per cell) show similar mEPSC amplitude in D2-MSNs from stressed mice.  703 
(j,k) Summary bar graphs (Ctrl n =19 and CS n =20 cells) show no significant differences in the 704 
kinetics of mEPSC recorded from D2-MSNs in stressed mice.  705 
(l) Summary bar graphs (Ctrl n =19 and CS n =20 cells) show no alterations on the excitatory 706 
synaptic drive, defined as mEPSC frequency x mEPSC amplitude per individual neuron, in D2-707 
MSNs of stressed mice. 708 
All bar graphs are mean ± SEM; Two-sided Welch’s unpaired t-test (b-f, h-l), and Kolmogorov-709 
Smirnov test (b-c curves, h-I curves). Statistical details are shown in Sup.Table 1. 710 
 711 
Figure 3. Chronic stress decreases inhibitory synaptic transmission in D1 712 
neurons.  713 

(a) Example traces of miniature inhibitory postsynaptic currents (mIPSC) recorded from tdTomato 714 
labeled D1-MSNs in dorsomedial striatum region (DMS) of control (Ctrl; grey) and stressed (CS; 715 
red) mice.  716 
(b) Summary bar graphs (Ctrl n =14 and CS n =15 cells) and cumulative probability curves (10 717 
events per cell) show similar mIPSC frequency in D1-MSNs from stressed mice.  718 
(c) Summary bar graphs (Ctrl n =14 and CS n =15 cells; *p=0.0369) and cumulative probability 719 
curves (10 events per cell; *p=0.0456) show reduced mIPSC amplitude in D1-MSNs from 720 
stressed mice.  721 
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(d,e) Summary bar graphs (Ctrl=14 and CS n=15 cells) show a decrease in mIPSC decay kinetics 722 
(*p=0.0262) and no significant differences in rise time (RT) in D1-MSNs from stressed mice.  723 
(f) Summary bar graphs (Ctrl n =14 and CS n =15 cells) show a clear tendency towards decreased 724 
inhibitory synaptic drive, defined as mIPSC frequency x mIPSC amplitude per individual neuron, 725 
in D1-MSNs from stressed mice.  726 
(g) Example traces of miniature inhibitory postsynaptic currents (mIPSC) recorded from GFP 727 
labeled D2-MSNs in the DMS of control (Ctrl; grey) and stressed (CS; green) mice. 728 
(h) Summary bar graphs (Ctrl n =15 and CS n =15 cells) and cumulative probability curves (10 729 
events per cell) show similar mIPSC frequency in D2-MSNs from stressed mice.  730 
(i) Summary bar graphs (Ctrl n =15 and CS n =15 cells) and cumulative probability curves (10 731 
events per cell) show similar mIPSC amplitude in D2-MSNs from stressed mice.  732 
(j,k) Summary bar graphs (Ctrl n =15 and CS n =15 cells) show no significant differences in the 733 
kinetics of mIPSC recorded from D2-MSNs in stressed mice.  734 
(l) Summary bar graphs (Ctrl n =15 and CS n =15 cells) show no differences in inhibitory synaptic 735 
drive, defined as mIPSC frequency x mIPSC amplitude per individual neuron, in D2-MSNs from 736 
stressed mice.  737 
All bar graphs are mean ± SEM; Two-sided Welch’s unpaired t-test (b-f, h-l), and Kolmogorov-738 
Smirnov test (b-c curves, h-I curves). Statistical details are shown in Sup.Table 1. 739 
 740 
 741 
Figure 4. Chronic stress decreases excitatory synaptic transmission strength onto 742 
striatal PV interneurons. 743 

(a) Example traces of miniature excitatory postsynaptic currents (mEPSC) recorded from 744 
tdTomato labelled parvalbumin (PV) interneurons in dorsomedial striatum region (DMS) of control 745 
(Ctrl; grey) and stressed (CS; purple) mice.  746 
(b) Summary bar graphs (Ctrl n =18 and CS n =12 cells) and cumulative probability curves (50 747 
events per cell) show a clear tendency towards decreased mEPSC frequency in PV interneurons 748 
from stressed mice.  749 
(c) Summary bar graphs (Ctrl n =18 and CS n =12 cells; **p=0.0080) and cumulative probability 750 
curves (50 events per cell; ****p<0.0001) show reduced mEPSC amplitude in PV interneurons 751 
from stressed mice.  752 
(d,e) Summary bar graphs (Ctrl n =18 and CS n =12 cells) show a significantly slower mEPSC 753 
decay kinetics (*p=0.0234) and no differences in rise time (RT; p=0.6009) in PV interneurons from 754 
stressed mice.  755 
(f) Summary bar graphs (Ctrl n =18 and CS n =12 cells; *p=0.0143) show a decreased excitatory 756 
synaptic drive, defined as mEPSC frequency x mEPSC amplitude per individual interneuron, in 757 
PV cells from stressed mice.  758 
All bar graphs are mean ± SEM Two-sided Welch’s unpaired t-test (b-f), and Kolmogorov-Smirnov 759 
test (b-c curves). Statistical details are shown in Sup.Table 1.760 
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Figure 5. PV interneurons have more hyperpolarized resting membrane potential 761 
after CS. 762 
(a) Representative current-clamp recordings from tdTomato labeled PV interneurons in the DMS 763 
of control (Ctrl; grey) and chronic stress (CS; purple) mice.  764 
(b) Resting membrane potential (Ctrl n =19 and CS n =15 cells; *p=0.0416) is significantly more 765 
hyperpolarized in PV interneurons from stressed mice.  766 
(c) Membrane capacitance (Ctrl n =19 and CS n =15 cells) is not significantly altered in PV 767 
interneurons from stressed mice.  768 
(d) Rheobase current (Ctrl n =19 and CS n =15 cells) is not significantly altered in PV interneurons 769 
from stressed mice.  770 
(e) Membrane resistance (Ctrl n =19 and CS n =15 cells) showed no significant alterations in PV 771 
interneurons from stressed mice.  772 
(f) Input resistance (Ctrl n =19 and CS n =15 cells) is not significantly different in PV interneurons 773 
from stressed mice.  774 
(g) Maximum action potential (AP) firing (Ctrl n =19 and CS n =15 cells) is not significantly altered 775 
in PV interneurons from stressed mice.  776 
(h) Action potential firing frequency (Hz) plotted as a function of injected current steps (Ctrl n =19 777 
and CS n =15 cells).  778 
(i) Current-voltage plots (Ctrl n =19 and CS n =15 cells) recorded from PV interneurons showed 779 
no differences in stressed mice.  780 
All bar graphs are mean ± SEM; Two-sided Welch’s unpaired t-test (b-g), and two-way repeated-781 
measures ANOVA (h-i). Statistical details are shown in Sup.Table 1. 782 
 783 
 784 
Figure 6. Chronic stress increases excitatory synaptic transmission onto 785 
pyramidal cells from L5/6 of prelimbic and infralimbic cortices. 786 

(a) Example traces of miniature excitatory postsynaptic currents (mEPSC) recorded from layer 787 
5/6 (L5/6) pyramidal neurons (PN) in the prelimbic (PL) subregion, in control (Ctrl; grey) and 788 
stressed (CS; blue) mice.  789 
(b) Summary bar graphs (Ctrl n =15 and CS n =15 cells; *p=0.0250) and cumulative probability 790 
curves (20 events per cell; ****p<0.0001) show increased mEPSC frequency in L5/6 pyramidal 791 
neurons in the PL of stressed mice.  792 
(c) Summary bar graphs (Ctrl n =15 and CS n =15 cells; *p=0.0470) and cumulative probability 793 
curves (20 events per cell; ****p<0.0001) show enhanced mEPSC amplitude in L5/6 pyramidal 794 
neurons in the PL of stressed mice.  795 
(d,e) Summary bar graphs (Ctrl n =15 and CS n =15 cells; *p=0.0348) show slower mEPSC decay 796 
kinetics and no significant differences in the rise time (RT) in L5/6 pyramidal neurons in the PL 797 
from stressed mice.  798 
(f) Example traces of mEPSC recorded from L5/6 pyramidal neurons in the infralimbic (IL) 799 
subregion, in control (Ctrl; grey) and stressed (CS; blue) mice.  800 
(g) Summary bar graphs (Ctrl n =20 and CS n =19 cells; ****p<0.0001) and cumulative probability 801 
curves (8 events per cell; ****p<0.0001) show remarkably increased mEPSC frequency in L5/6 802 
pyramidal neurons in the IL from stressed mice.  803 
(h) Summary bar graphs (Ctrl n =20 and CS n =19 cells; **p=0.0033) and cumulative probability 804 
curves (8 events per cell; ****p<0.0001) show increased mEPSC amplitude in L5/6 pyramidal 805 
neurons in the IL from stressed mice.  806 
(i,j) Summary bar graphs (Ctrl n =20 and CS n =19 cells) show slower mEPSC decay kinetics 807 
(**p=0.0024) and a clear tendency towards increased rise time (RT; p=0.0583) in L5/6 pyramidal 808 
neurons in the IL from stressed mice.  809 
All bar graphs are mean ± SEM; Two-sided Welch’s unpaired t-test (b-e, g-j), and Kolmogorov-810 
Smirnov test (b-c curves, g-h curves). Statistical details are shown in Sup.Table 1.   811 
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Figure 7. Chronic stress differentially impacts excitatory synaptic transmission 812 
onto PV interneurons in L5/6 of prelimbic and infralimbic cortices.  813 

(a) Example traces of miniature excitatory postsynaptic currents (mEPSC) recorded from 814 
tdTomato labelled parvalbumin (PV) interneurons from layer 5/6 (L5/6) in the prelimbic (PL) 815 
subregion, in control (Ctrl; grey) and stressed (CS; purple) mice.  816 
(b) Summary bar graphs (Ctrl n =17 and CS n =17 cells; **p=0.0053) and cumulative probability 817 
curves (40 events per cell; ****p<0.0001) show enhanced mEPSC frequency in L5/6 PV 818 
interneurons in the PL from stressed mice.  819 
(c) Summary bar graphs (Ctrl n =17 and CS n =17 cells; *p=0.00171) and cumulative probability 820 
curves (40 events per cell; ****p<0.0001) show decreased mEPSC amplitude in L5/6 PV 821 
interneurons in the PL from stressed mice.  822 
(d,e) Summary bar graphs (Ctrl n =17 and CS n =17 cells) show similar mEPSC decay kinetics 823 
and rise time (RT) in L5/6 PV interneurons in the PL from stressed mice.  824 
(f) Example traces of miniature excitatory postsynaptic currents (mEPSC) recorded from 825 
tdTomato labelled PV interneurons from L5/6 in the infralimbic (IL) subregion, in control (Ctrl; 826 
grey) and stressed (CS; purple) mice.  827 
(g) Summary bar graphs (Ctrl n =19 and CS n =16 cells; **p=0.0077) and cumulative probability 828 
curves (15 events per cell; **p=0.0011) show decreased mEPSC frequency in L5/6 PV 829 
interneurons in the IL from stressed mice.  830 
(h) Summary bar graphs (Ctrl n =19 and CS n =16 cells) and cumulative probability curves (15 831 
events per cell) show no significant differences in mEPSC amplitude in L5/6 PV interneurons in 832 
the IL from stressed mice.  833 
(i,j) Summary bar graphs (Ctrl n =19 and CS n =16 cells) show slower mEPSC decay kinetics 834 
(***p=0.0006) and reduced rise time (RT; *p=0.0287) in L5/6 PV interneurons from the IL in 835 
stressed mice.  836 
All bar graphs are mean ± SEM; Two-sided Welch’s unpaired t-test (b-e, g-j), and Kolmogorov-837 
Smirnov test (b-c curves, g-h curves). Statistical details are shown in Sup.Table 1.  838 
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FIGURE 3  
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