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SUMMARY 

The work described in this thesis aimed at investigating the time course of the effects of acute 

stress, the foot-shock (FS) stress protocol, on excitatory synaptic transmission in pyramidal 

neurons (Pyrs) of cortical layers 2/3 and 5 in the prelimbic (PL) area of the medial prefrontal 

cortex (mPFC) of adult rats. Moreover, to investigate the possible use of ketamine at 

antidepressant doses for the rescue of FS effects on synaptic transmission, we extended the 

above measurements to animals undergoing FS and treated with systemic injection of low-dose 

ketamine. 

Stress is an environmental risk factor for many neuropsychiatric disorders, such as depression 

and posttraumatic stress disorder (PTSD). The exposure to stressors can be chronic or acute 

(limited to a single traumatic event). A single acute stressor can lead to the establishment of 

either adaptive or maladaptive mechanisms. In PTSD, a single stressful event is enough to 

induce the alterations leading ultimately to the pathology, but it is not yet understood how a 

single event can be harmful in the long term in vulnerable subjects. Understanding the pathway 

leading to the maladaptive reaction could enlight new therapeutic approaches.  

The mPFC plays a central role in the regulation of the stress response. In PTSD patients, the 

mPFC is smaller and this change correlates with symptoms severity (Holmes et al, 2018). The 

mPFC top-down control of the amygdala is impaired in stress-related pathologies (Lanius et al, 

2010) and, given that the connections between the two areas are predominantly mediated by 

glutamate (Glu), studies on pre-clinical models of acute stress-related pathology have focused 

on the regulation of glutamatergic transmission. In the case of the acute FS stress paradigm, an 

early increase in depolarization-evoked Glu release from mPFC/FC synaptosomes was shown 

1 hour after stress exposure, correlating with increased excitatory neurotransmission, as 

suggested by morphological (Nava et al, 2014), molecular (Treccani et al, 2014) and 

electrophysiological (Musazzi et al, 2010) evidence. Moreover, 1 day after acute stress 

exposure, an increase in the number of synapses and a decreased development of the dendritic 

arbour of layer 2-3 (L2-3) principal neurons in the prelimbic mPFC is observed (Nava et al, 

2017). The latter event is similar to what seen in chronically stressed animals (Cook and 

Wellman, 2004).  

The stress-induced impairment of glutamatergic transmission suggested the possibility to act 

on this system to contrast the pathological consequences of stress exposure. Indeed ketamine, 

an NMDA receptor antagonist used as anaesthetic, was tested at low doses in animal models of 

depression, demonstrating a fast-acting anti-depressant action (reviewed in Abdallah et al, 

2014). The use of ketamine could be beneficial also for prevention of PTSD (Feder et al., 2020), 
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as a lower risk of developing PTSD was reported in soldiers treated with low doses of ketamine 

(McGhee et al, 2008). While the mechanisms underlying ketamine action are still debated 

(Duman et al., 2019), preclinical models demonstrated that its anti-depressant action involves 

an increase in the number of dendritic spines of layer 5 (L5) principal neurons in the mPFC, 

correlated with enhanced excitatory postsynaptic currents both in naïve and chronically stressed 

animals (Li et al., 2010; Liu et al, 2015).   

Two main observations guided the work presented in this thesis. Firstly, some depressive-like 

behaviours (anhedonia and learned helplessness), typically arising in animal models of chronic 

stress, may be also present after acute stress (Mitra et al, 2014; Velbinnger et al, 2000), 

suggesting that the maladaptive mechanisms of the chronic stress response could already be 

activated 24 hours after a single traumatic event. This observation led us to investigate the time 

course of possible alterations, both early and sustained, of local synaptic transmission in the 

mPFC, induced by a single session of the unescapable foot-shock stress (FS), for revealing 

possible maladaptive mechanisms that could lead to the development of psychopathological 

conditions. Secondly, experimental pieces of evidence suggest that acute stress may have a 

preferential impact on the local network activation in specific mPFC layers (Hwa et al, 2019) 

and that ketamine may specifically affect distinct mPFC regions and subcircuits (Liu et al, 

2015). This suggested us to evaluate the possible distinct effects of sub-anaesthetic doses of 

acute stress and ketamine on excitatory Glu transmission in different mPFC layers (L2-3 and 

L5) during the sustained phase of the FS-induced reaction. 

In our experiments, the unpredictable FS protocol consisted of a 40 min session of 0.8mA 

electric shocks (2-8 second each), randomly occurring for a total of 20 minutes. We used the 

whole-cell patch-clamp technique in mPFC-containing brain slices from adult male rats, to 

record from cells in the PL mPFC region. In a part of our experiments, using a K+-based 

intracellular solution, we could confirm that the recorded cells were regular spiking (RS) 

pyramidal neurons, as indicated by established functional criteria based on the assessment of 

neuronal firing responses and input resistance. We measured both the spontaneous excitatory 

postsynaptic currents (sEPSCs), arising from AP-dependent release, evoked by spontaneous 

firing activity in the slice and miniature excitatory postsynaptic currents (mEPSCs) arising in 

the absence of action potentials (APs), recorded in the presence of a cocktail of Na+ channels 

and GABAa receptors and Gly receptors blockers.  

To investigate the time course of FS-induced alterations of local synaptic transmission in the 

mPFC, our first set of experiments studied sEPSCs and mEPSCs 1 hour after the exposure to 

stress in L2-3 neurons. Of notice, when recording the firing activity of these neurons, we could 
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not reveal any stress-induced regulation of neuronal excitability at this early time.  

Contrary to the expectation based on the increase of spine density in this area (Nava et al, 2014), 

we could not detect changes in the frequency and/or amplitude of mEPSCs, suggesting that the 

newly formed synapses reported by Nava et al. might be non-functional, immature synapses. 

On the other hand, when looking at AP-dependent transmission, we showed that FS induces an 

increase in the peak amplitude of the sEPSCs, confirming previous results in younger animals, 

and in accordance with data on depolarization-evoked Glu release from mPFC/FC 

synaptosomes (Musazzi et al, 2010). Moreover, in some cells from stressed animals, we 

observed the intermittent presence of clusters of large-amplitude sEPSCs, not observed in 

control, suggesting the stress-induced activation of synapses with high efficacy. This is 

consistent with the report of enrichment in docked vesicles in the presynaptic compartment of 

mature (perforated) synapses in L2-3 (Nava et al, 2014).  

As no alterations of inhibitory GABAergic transmission has been reported in the FS stress 

model (Musazzi et al, 2010) in parallel to the enhanced excitatory activity, the early stress 

response could imply the unbalance of excitation and inhibition in the mPFC local network. In 

a second set of experiments, we studied the ratio of average excitatory and inhibitory 

conductances (E/I) in L2-3 mPFC neurons, in the same experimental groups as above, to verify 

a possible E/I increase, similar to what reported after an unconditioned threatening stimulus 

(Hwa et al, 2019). We used a Cs+-based intracellular solution to allow stable recording of 

spontaneous inhibitory postsynaptic currents (sIPSCs, +3 mV) at positive potentials, and we 

also measured sEPSCs (-58 mV) in each recorded L2-3 neuron in the PL mPFC. We observed 

a non-significant tendency to an increase of both excitatory and inhibitory total charge, and an 

invariant E/I, suggesting that the local network in L2-3 maintains the balance of excitation and 

inhibition 1 hour after FS. Given that in these experiments, due to the presence of intracellular 

Cs+ ions, it was not possible to assess the cell firing behaviour, the identity of the recorded cells 

as RS Pyrs could not be verified, and our E/I result may derive from a less homogenous neuronal 

population.  

We next turned to the study of synaptic current regulation at a later time (24 hours) after 

exposure to the stressor. In our third set of experiments, the E/I was measured 1 day after FS in 

L2-3 neurons. When comparing control and stressed animals, we found a significant increase 

in average excitatory conductance, paralleled by a significant increase of the E/I balance, 

indicating that 1 day after stress the local neuronal network still experiences enhanced 

excitation, even if only a non-significant tendency to the increase in sEPSCs frequency could 

be detected. This result is consistent with the previous finding of sustained enhancement of Glu 
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release from mPFC/FC synaptosomes (Musazzi et al., 2017). Interestingly, in experiments with 

the Cs-based intracellular solution, we also observed a slight tendency to a slower speed of rise 

of the sEPSCs, and this tendency was confirmed in a further set of experiments using the K-

based solution, where we demonstrated a significant slowing of the rise kinetics of sEPSCs of 

stressed animals 1 day after stress. This kinetic change may arise from several factors, including 

changes in postsynaptic receptor composition, in the shape of the postsynaptic spines, or the 

electrotonic distance of active synapses from the somatic recording electrode. Whatever the 

underlying mechanism, this increase confirms a dynamical change in the excitatory 

transmission mechanisms occurring 1 day after a single acute stressor. In the latter experiments 

at 24 hours from FS, the experimental groups included stressed animals receiving ketamine or 

saline injection 6 hrs after FS (and saline-injected controls). We found that a sub-anaesthetic 

dose of ketamine induces an increase in the frequency of the sEPSCs and rescue of the FS-

induced rise-time increase. The enhancement of frequency is consistent with the ketamine-

induced increased number of spines in naïve animals and chronic stress models (Li et al., 2010, 

2011; Liu et al, 2015; Moda-Sava et al, 2018; Ng et al, 2018; Phoumthipphavong et al., 2016). 

The rescue of the FS-induced rise time increase is reminiscent of the evidence that ketamine 

induces re-formation of spines in close proximity to spines eliminated by previous chronic 

restraint stress (Ng et al, 2018) or chronic corticosterone treatment (Moda-Sava et al, 2018). If 

ketamine has a similar effect in FS-stressed animals, this could imply a rescue of sEPSC kinetic 

parameters after restoring synapses impaired by previous stress. Additional studies should 

address this issue.  

To further explore possible distinct effects of sub-anaesthetic doses of ketamine in different 

mPFC layers in stressed animals, we finally focused on ketamine effect on L5 RS Pyrs in the 

PL region. Preliminary recordings of sEPSCs and mEPSCs, performed with K+-based 

intracellular solutions as described for L2-3 neurons, do not show any effect of either ketamine 

or foot-shock on the modulation of excitatory transmission. However, our sample should be 

increased in future experiments to reach more reliable assumptions. 

In conclusion, our data confirm an early FS stress-induced enhancement of Glu transmission in 

L2-3 Pyrs in the prelimbic mPFC. This enhancement is due to the activation of a few strong 

synaptic contacts and is not paralleled by a detectable increase in the E/I balance in single 

neurons. On the contrary, 1 day after FS, the excitatory Glu conductance is increased in parallel 

with an increase in the E/I balance. Ketamine at this time increases the frequency of sEPSCs, 

consistent with the synaptogenic effect reported in naïve and chronically stressed animals. 
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INTRODUCTION 

1. What is stress?  

Stress is the physiological response to environmental changes, both psychological and physical 

(“stressors”), that are perceived as challenges. This process involves many different 

compartments in the human body, that work together to contrast the effects of stressors and 

return to a homeostatic state, possibly different from the physiological homeostasis 

(“allostasis”). When this occurs, we have an “adaptive” response. On the contrary, when the 

system is no longer able to regain some kind of homeostasis, we have a “maladaptive” response 

to stressors that usually lead to pathological consequences. The factors determining this switch 

are not clearly understood and many efforts have been put in the characterization of the 

pathways contributing to the stress response.  

Research has failed until now to give a complete and univocal visualization of the so-called 

stress response system. Over the years, the stress response has been widely dissected and many 

distinctions have been made in the effort to explain the complex and multi-component pathways 

composing this system. The main distinction is between the physical and psychological stress, 

with the first related to the stimuli that produce actual disturbances of physiological status (e.g., 

haemorrhage or infection), and the latter regarding stimuli that threaten a balanced state (e.g. 

aversive environmental stimuli, predator-related cues and failure to satisfy internal drives). 

When analyzing the literature, a distinction can also be found based on the duration of exposure 

to the stressor, and hence the duration of the stress response activation, defining as “acute 

stress” the response to limited exposure to a stressor, and as “chronic stress” a repeated and 

prolonged exposure to stressors. 

Regardless of these distinctions, the developing view of the stress response presents an 

interactive, time-tuned and tightly regulated harmonization of two distinct actors: the 

autonomic nervous system (ANS), both parasympathetic (PNS) and the sympathetic (SNS) 

systems, and the hypothalamic-pituitary-adrenal (HPA) axis. These systems were initially 

thought to play a distinct role, where the ANS was more involved in the physical/acute stress 

response, leading usually to a pro-adaptive outcome, while the HPA was engaged in the 

psychological/chronic stress response. However, the mounting evidence of the interplay 

between the different systems, the cross-regulation between the activation route of the ANS and 

the HPA, and the evidence of long-term maladaptive consequences after acute stress lead to 

hypothesize that what determines the extent of the stress response is not the type or the duration 

of stressor exposure, but rather the physiological state of the subject. 
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1.1 The stress response  

In this section, an overview of the stress response and its main different actors will be 

presented, trying to give a general idea of the complexity of this system (Fig. I.1). 

 

   

 

Fig. I.1. Stress response main actors. from Ulrich-Lai and Herman (2009). Visual representation of 

sympatho-adrenomedullary (SMA, left) and hypothalamic-pituitary-adrenocortical (HPA, right) axes as 

the principal systems acting on the activation, maintenance and restriction of the stress response. 

Activation after stressor exposure of the sympathetic neurons of the spinal cord (blue), induces the 

increase of epinephrine (from the adrenal medulla), norepinephrine (from sympathetic nerves) and heart 

rate, paralleled with energy mobilization. The parasympathetic tone (in red) contrast the sympathetic 

activation via activation of craniosacral preganglionic nuclei. Stressor exposure activates also the 

paraventricular nucleus (PVN), inducing the secretion of releasing hormones (CRH and AVP). These 

induce the pituitary gland to release ACTH, which acts on the adrenal cortex, promoting the production 

of glucocorticoid hormones. 

 

The first response to a stressor is the so-called fight-or-flight response. The SNS activation 

originates from the preganglionic neurons in the intermediolateral cell column (IML), 

innervating sympathetic ganglionic neurons, which participate in somato- and viscero- 

sympathetic reflexes, inducing, for example, increase in the heart rate and raise of blood 

pressure thanks to its connection on the heart. Meanwhile, through the sympatomedullary arm 
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(SMA), the signals arrive at the adrenal medulla, causing the secretion of epinephrine and 

norepinephrine, which sustains the cardiac changes and promote hepatic gluconeogenesis. The 

final result of the SNS activation is that the body speeds up, tenses up and becomes generally 

very alert (Lewis and Coote, 1990).  

The ANS response is short-lived, but stressor-related pieces of information, from the sensory 

system, are conveyed to the brain, enabling engagement of the neuroendocrine and neural 

systems. These brain circuits regulate both ANS and HPA axis responses to stress, with widely 

linked processes. It has been demonstrated, indeed, that the sympathetic inputs are received by 

the brainstem, which is composed of different nuclei regulating the tone of the SNS and PNS 

arms, thanks to descending information from the hypothalamus and the limbic forebrain. On 

the other hand, ascending pathways of the brainstem project to the paraventricular nucleus of 

the hypothalamus (PVN), participating to some extent in the HPA activation (Cunningham et 

al, 1990). This nucleus is the principal integrator of the stress signals, giving that its neurons 

respond to high-level of norepinephrine, corticotropin-releasing hormone (CRH) and arginine 

vasopressin (AVP) into the median eminence, generating the HPA signal. These hormones 

stimulate the anterior pituitary gland to produce and secrete adreno-corticotropic hormone 

(ACTH), which reaches the adrenal glands, inducing glucocorticoid production and release. 

These molecules regulate many compartments of the body such as behaviour, metabolism 

regulation, energy distribution, and pro-inflammatory state, in order to prepare the body to 

physically and psychologically respond to the stressor. This wide range of activity is due to the 

high and ubiquitous expression of its two main receptors: the mineral glucocorticoid receptor 

(MR) and glucocorticoid receptor (GR) (Joëls et al., 2012), that can trigger both rapid non-

genomic effects (Groeneweg et al., 2012; Nahar et al., 2016) and delayed, long-lasting genomic 

effect (Grbesa and Hakim, 2017; Weikum et al., 2017). The principal glucocorticoid produced 

during the stress response, cortisol, is also the main inactivator of the HPA. Together with this 

negative feedback mechanism, multiple forebrain limbic structures cooperate to the PVN 

regulation, such as the hippocampus (HC) and the medial prefrontal cortex (mPFC), acting on 

the SNS and HPA regulation. The HC acts on the termination of the HPA axis, through direct 

inhibition of the PVN (Herman and Mueller, 2006), while the mPFC has a two-edged role, 

where one sub-region is involved in the termination of the stress response (Akana et al, 2001), 

another is involved in the initiation of this pathway (Radley et al, 2006). 

In the end, the PNS is activated, under the control of descending preganglionic neurons in the 

dorsal motor nucleus of the vagus (DMV), medullary nucleus ambiguous (NAmb) and sacral 

parasympathetic nucleus, in order to facilitate return to a resting state by reducing the heart rate, 
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slowing the breathing, reducing the blood flow to muscles and constricting the pupils (Jones 

and Yang, 1986), through the release of acetylcholine. All these actions have the final purpose 

to act against the SNS activation. However, in abnormal conditions in which the stress response 

persists, an increase of peripheral levels of catecholamine and a decrease in the levels of 

acetylcholine occur (Chrousos and Gold, 1992). In these cases, the SNS continues to be 

activated without the normal counteraction of the PNS, generating a chronic stress response. 

It is important to remember that the stress response can be anticipatory, if the stressor is 

expected and the brain can reference to prior experience, or reflexive, which requires immediate 

response by the system. In the first case, there is often the recruitment of forebrain and limbic 

circuit that projects indirectly to the PVN, while in the second, the activation of the hindbrain 

pathways projecting directly to the PVN is present (Ulrich-Lay and Herman, 2009). 

2. Pathological effects of single stress exposure: PTSD 

The fact that after being exposed to a single traumatic event people could have psychological 

consequences was evident at the beginning of  XX century (Stephard, 2000), but the term post-

traumatic stress disorder (PTSD) appeared in the American Diagnostic and Statistical Manual 

of Mental Disorders (DSM)-III only in the 1980s, referring to the mental health problems 

evident in soldiers returning from Vietnam's War.  

PTSD is diagnosed when a person who has experienced or witnessed a major traumatic event, 

such as exposure to actual or threatened death, serious injury, and sexual violence, presents: at 

least one re-experiencing symptoms (e.g. flashbacks, dreams about the event, exaggerated 

reaction to cues of the event); active avoidance of reminders; at least two “alterations in 

cognitions and mood” symptoms, for example, pervasive negative emotion, diminished interest, 

detachment feeling, etc..; and at least two arousal symptoms, namely irritability, angry outburst, 

self-destructive behaviour, hypervigilance, problems with concentration and sleep disturbance. 

The combination of symptoms has to be manifested for more than one month after trauma 

exposure (American Psychiatric Association, 2013). Together with this definition described in 

the DSM 5, we have the one reported in the World Health Organization’s International 

Classification of Diseases (ICD), used by many non-American countries. These two definitions 

differ mostly in the focus of the criteria, with the ICD more focused on the fear circuitry, while 

DSM gives more importance to emotional reactions to the trauma, causing a slight discrepancy 

in the diagnosis of patients. 

The risk factors for this disorder are shared with many others psychiatric conditions: female 

gender (2:1 female to male ratio), low social background, prior mental disorder, familiarity with 

mental disorders, and traumatic childhood (Brewin et al., 2000). 
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The prevalence of PTSD varies across countries and communities. It occurs in 5-10% of the 

population, varying from the civilian population and military ones, where the risk is more 

significant. For example, 10 years after the Vietnam war the rates of PTSD went up to 28% in 

those who had experienced combat exposure, while 40 years after the end of the war, 11% of 

Vietnam veterans were still experiencing PTSD symptoms (Dohrenwend et al., 2006). 

Furthermore, PTSD shows high comorbidity with other neuropsychiatric disorders, such as 

depression, anxiety and substance abuse, a fact that hinders the progression in the understanding 

of this pathology. In an attempt to understand better the data, many studies focus on elucidating 

if PTSD starts the modifications that lead to the other condition, or is the other way around.                                                     

In the next session, the currently available evidence on human patients and our understanding 

of the pathophysiology of the disease will be shown. 

2.1 Pathogenesis 

The Post–Traumatic stress is a disorder that involves many aspects of the human body, in 

particular of the human brain.  

The first pathway supposed to change in PTSD was the one involved in the stress response, in 

particular, it was thought that high levels of stress hormones could be present. Contrary to what 

expected, cortisol levels were lower in patients, with respect to the general population (Zodaldz 

and Diamond, 2013). Further study on this topic confirmed the presence of an exaggerated 

negative feedback sensitivity of the HPA axis before and briefly after the trauma exposure in 

people who developed PTSD (Van Zuiden et al, 2011; Galatzer-Levy et al, 2014). This 

reduction in glucocorticoid signalling sustains the hypothesis that the consolidation of the 

traumatic memories lays in the unopposed activation of the SAM (Yehuda, 2002). On the other 

hand, as postulated, catecholamine levels are higher in patients (Yehuda, 2002).  

The next step in trying to elucidate the mechanisms underlying the PTSD was in studying the 

functionality of the brain area involved in fear processing, memory formation and stress 

response. At first, research focused on the hippocampus, particularly because there was 

evidence that this area was smaller in patients (Bremner et al, 1997). Later on, this correlation 

has been found out as predictive of PTSD (van Rooji et al, 2015). This, together with the 

absence of recurrent changes in hippocampal functionality, led to switch the attention to other 

brain areas, in particular amygdala and mPFC. Unfortunately, it was not possible to determine 

common features, because of the variety of the pathology manifestations. For example, the 

existence of emotional undermodulation and overmodulation (Fig. I.2) (Lanius et al, 2010) 

reflects different regulations of some brain areas. In the first case, there is a decreased activity 

of mPFC, that results in increased activation of the autonomic responsivity guided by the 
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amygdala, as shown during re-experiencing, fear, anger, guilt and shame. In contrast, the second 

scenario is characterized by heightened inhibition of amygdala, related to the increased activity 

of the mPFC, resulting in a more detached behaviour (Lanius et al, 2010). In either case, the 

alteration of the fronto-limbic activity results in the struggling of the modulation of distress 

response, as a typical treat of the pathology. 

 

Fig. I.2. Contrasting modulation in PTSD patients. from Yehuda er al (2015). In PTSD patients two 

contrasting emotion dysregulation were described. Emotional overmodulation or hypoarousal (right) is 

characterised by increased control of emotional states, depending on the increased activity of the mPFC 

that inhibits the amygdala. On the other hand, in the emotional undermodulation or hyperarousal (left) 

state, there is less control on the emotional response, indeed the mPFC has a decreased regulatory 

activity onto the amygdala. 

 

In an attempt to better understand the neurochemistry of the pathology, many studies involved 

the use of PET tracers for imaging. This line of research has been deeply impinged by the lack 

of good tracers for many interesting pathways. Lower levels of γ-aminobutyric acid (GABA)A 

receptor in combat veterans with PTSD has been described, with respect to healthy ones (Geuze 

et al, 2008). The number of endocannabinoid receptors in the brain, together with anandamide 

and cortisol concentrations in the blood could classify PTSD patients (Neumeister et al, 2013). 
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2.2 Treatments and novel strategies  

Because of the complexity of this pathology, the elite treatment for PTSD is psychotherapy. Up 

today, regardless of the increasing understanding of the pathophysiology, psychological 

therapy, trauma-focused or not, represents the first-line treatment. In spite of the good results 

of this therapy, there are many limitations. First of all, not all health care systems provide 

psychotherapy as a treatment; secondly, the most efficient approach, the trauma-focused one, 

based on guiding the patient in re-experiencing the trauma in a safe context, has a high rate of 

dropping out (Schottenbauer et al, 2008); and lastly, the type of psychological approaches, the 

treatment duration and efficacy strongly depend on the causative trauma and the personal 

history of the patients. Despite these limitations, the pharmacological alternatives are quite 

limited. There are only two FDA approved and recommended drugs for PTSD treatment, 

sertraline and paroxetine, which are two selective serotonin reuptake inhibitors (SSRIs), firstly 

tried due to the high comorbidity with depression. Many medications have been evaluated based 

on existing studies of PTSD biology, with poor results. Among them, the most promising 

alternatives to SSRIs, emerged from a small trial using mifepristone, a glucocorticoid receptor 

antagonist (Golier et al, 2012), and several others using cortisol treatment (Aerni et al, 2004; 

Suris et al, 2010), but they need to be tested on a larger scale.  

In recent years, new potential frontiers have been explored, such as the use of transcranial 

magnetic stimulation, deep brain stimulation and new neurofeedback (Novakovic et al, 2011; 

Karsen et al, 2014). For what concern the pharmacology approach, novel compounds have been 

proposed that could affect the endocannabinoid systems.  

Particularly promising is the use of ketamine, a noncompetitive antagonist of N-methyl-d-

aspartate (NMDA) receptors that affects learning and memory. Accumulating evidence for the 

role of glutamate in the pathophysiology of PTSD suggests a potential benefit for novel 

pharmacotherapeutic interventions for this disorder (Riaza Bermudo-Soriano et al, 2012). 

Moreover, intravenous ketamine administration has been used as an effective, rapidly acting 

intervention for patients with treatment-resistant depression, when administered at sub-

anaesthetic doses of 0.5 mg/kg (Zarate et al, 2006; Mathew et al, 2012; Murrough et al, 2013). 

The trials carried out on PTSD with this drug give some contrasting results, and there are some 

concerns about the sympathomimetic effects and the acute psychological adverse effects, such 

as perceptual disturbance, dissociative symptoms, and short-term cognitive impairment 

(Krystal et al, 1994; Duncan et al, 2001),  present after ketamine administration.  

  



INTRODUCTION 15 

 

2.3 Models of pathology 

Due to the high correlation between stress and neuropsychiatric disorders, many stress protocols 

on animal models have been established, even though the intrinsic complexity and variety of 

the psychopathology manifestations in humans hindered the possibility to relate a particular 

model to a single disorder. For this reason, the animal models address the need to elucidate the 

biological and molecular mechanisms of these disorders and/or to test the efficacy of a drug or 

a new treatment, and not the complete representation of every single manifestation of the human 

disorder. For what concerns PTSD models (Tab. I.1), some requirements have been established 

to evaluate the translational value: (1) the trauma must be relatively severe, (2) short duration 

of the protocol should be sufficient to provoke PTSD-like symptoms, (3) the intensity of the 

trauma should predict the severity of outcome, and (4) significant interindividual variability 

should be observed in outcomes (Siegmund and Wotjak, 2006; Flandreau and Toth, 2018). 

There are two main modalities for provoking a stress response in animal models: physical and 

social/psychological stressor exposure. Of note, a psychological challenge is present in many 

protocols of these two categories. 

The physical stress protocols in use are primarily four: 

a- Restrain/immobilization stress, where the animal is placed in a chamber with little to no 

movement availability.  

b- Underwater holding, usually used with rats, where the rodent is forced to swim for 40 s, 

followed by a 20 s forced submersion (Richter-Levin, 1998) 

c- Single prolonged stress, where animals are exposed to three different types of stressors, to 

induce psychological, physiological and endocrine challenges (e.g. restrain stress, forced swim 

and ether anaesthesia). 

d- Electric shock, where rodents are exposed to a single uncontrollable and unpredictable foot 

shock (Bali and Jaggi, 2015). This represents the most common method of stress exposure due 

to the high reliability of amperage of shocks delivery and control, and the high reproducibility 

of context and environment. There are many different protocols for this stressful event, that 

mainly differ in the amperage of the electric shocks, in particular, higher amperage is known to 

induce PTSD-like symptoms, while lower intensity is used to study the fear response. 
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The social stress protocols are of two kinds:  

a- Social Defeat Stress (SDS), used usually in mice and rats. It is the only stress that overcomes 

the first paradigm. It consists, in fact, of physical short exposure to an aggressive animal, 

followed by prolonged sensory exposure to the same animal, repeated for at least 5 days, using 

different aggressors. Some laboratories established a witnessed social defeat stress, where the 

animal doesn’t face any physical aggression. This type of protocol usually lasts for 10 days 

(Warren et al, 2013). In the effort of accommodating all the requests for a PTSD protocol, a 

modified version of SDS has been developed. In this, the animal is partially restrained and put 

in contact indirectly with an aggressive rodent for 6 hours, during this time experimenters 

randomly allowed a few one-minute direct exposures between the two animals (Hammamieh 

et al, 2012). 

b- Predator Stress, where rodents are exposed to their natural predators or their odour. In the 

first case, the predator has to be well fed and accustomed to the prey presence, to avoid any 

physical injuries, while for sensory stimulation either a porous container to avoid direct contact 

or a wad carrying their odour can be used.  

It is hard to choose the best protocol, due to the high variety of results, influenced by the 

environmental challenges that can be different in each facility, but also due to the small changes 

introduced by different laboratories, in order to answer to different experimental needs. In the 

table below, the consensus validation of each stress protocol has been reported. 
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Tab. I.1. Animal models of PTSD alterations. from Flandreau and Toth (2018). The table provides a 

summary of PTSD symptoms reproduced in the previously listed animal models. The symptoms are 

subdivided into clusters: cluster B reports intrusive symptoms; cluster C, avoidance symptoms; cluster 

D, negative alterations in mood and cognition; cluster E, hyperarousal symptoms; and the duration of 

symptoms is reported as criterion F. In the reference section of this thesis, a section dedicated to citations 

reported in this Table can be found. 

 

3. Stress neurobiological effects  

3.1 Structural modification 

As illustrated, the stress response is regulated by different areas of the brain. Using animal 

models of stress, many pieces of information have been collected about the neurobiological 

mechanisms affected by the stress response. Many studies reported structural modifications in 

distinct brain areas, after acute or chronic stressor exposure, that mainly involve cellular and 

synaptic density, and dendritic length and arborization. (Fig. I.3) 
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Fig. I.3. Differential neuronal alteration in the stressed brain. from Christoffel et al (2011). An 

example of long-range circuitry of the brain (reward circuit, left). Solid red lines represent dopaminergic 

projection from VTA; solid purple, the GABAergic afferents from NAc; dotted purple, glutamatergic 

projections received by the NAc. On the right, a colour-coded representation of stress effects onto 

specific neuronal types in the different areas (amygdala (green) and NAc(purple) spiny neurons, PFC 

(pink) and hippocampal CA3 (blue) pyramidal neurons, and VTA dopamine neurons (red)). 

 

In the HC, the first deeply studied area in the field, after chronic stress there is a shrinkage and 

de-arborization of the apical dendrites in the CA3 area (Christian et al, 2011; Magarinos et al, 

1997), while in the CA1 area apical branches are shorter in stressed animals (Brunson et al, 

2005; Christian et al, 2011). On the other hand, the stress effect on the synaptic structures in 

this region is less clear, in particular in the CA3 area, where some studies reported dendritic 

spine density increase in the apical dendrites of CA3, while others observed a reversible 

decrease (Sandi et al, 2003; Stewart et al, 2005) or no changes (Magarinos et al, 1996). In the 

CA1 area, a decrease in spine density was reported (Pawlak et al, 2005), and in the thorny 

excrescences of the mossy fibres, a reversible retraction was present (Magarinos et al,1997). 

Similar effects on dendrite length have been reported in the PFC after chronic stress, where a 

decrease in spine density was also present (Wellman, 2001; Cook and Wellman, 2004; Radley 

and Morrison, 2005; Goldwater et al,2009) (Fig. I.4, right), even though, after repeated restraint 

stress, dendritic hypertrophy in interneurons, particularly in Martinotti cells, was noticed 

(Gilabert-Juan et al, 2013). In this region, Shansky and Morrison (2009) observed a 

subpopulation of neuron in the infralimbic (IL) area, projecting in the basolateral amygdala 

(BLA), which seems unaffected by stress. This suggests that the long-range connections of a 

neuron, rather than its anatomical localization, may be the relevant factors driving 

morphological changes. Interestingly, in other brain areas stress induces opposite changes. 
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Indeed, chronic stress causes hypertrophic dendritic arborization and increased spine density in 

the nucleus accumbens (NAc) (Christofell et al, 2011) (Fig. I.4, left). Similar effects were 

detected in the BLA (Vyas et al, 2003, 2004, 2006; Mitra et al, 2005), but not in the medial 

amygdala (MeA) of chronically stressed animals (Bennur et al, 2007), where a decrease in spine 

density was detected. 

The spine plasticity stress effects do not involve just the number of the spine, but also their 

structures (Fig. I.4). Spines, indeed, can be categorized by their shape in thin, mushroom and 

stubby. The different types might subserve different functions, as suggested by the prevalence 

of thin and stubby spines in development, considered as immature plastic structures, while 

mushroom spines are more stable and stronger (Harris and Kater, 1994; Petrak et al, 2005). For 

this reason, researchers are now focusing on describing the type, rather than the number, of 

spines affected by stress. For example, the overall spine loss in the PFC after chronic stress 

(Radley et al, 2006a) is driven by the loss of mushroom spines, while the number of thin spines 

is increased (Radley et al, 2008). 

 

Fig. I.4. Stress effects on spine plasticity. adapted from Christoffel et al (2011). Examples of stress 

impact on the morphology of the neurons. Left, representation increase in the stubby spines of NAc 

dendrites from control (top) to stressed (bottom) neurons. Right, a scheme of the stress-induced 

alteration (bottom) on the dendrites of the PFC. In particular, it is represented the dendritic retraction 

and the differential action on spine density (increase of the thin spines, but decrease of the mushroom 

ones). 

 

3.2 Stress effects on synaptic transmission 

The morphological alterations induced by stress lead to hypothesize the presence of functional 

modifications involving synaptic transmission. Synaptic transmission may occur with different 

modalities (Kaeser and Regehr, 2014), mainly distinguished by the presence/absence of action 
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potential (AP) invasion of the presynaptic terminal (fig.I.5). In AP-independent release, a single 

central nervous system presynaptic terminal mostly releases a single neurotransmitter vesicle 

(with a few exceptions), while a single AP invading a terminal may release one or more vesicles 

(multivesicular release), moreover many terminals may be stimulated nearly synchronously, so 

that postsynaptic currents may be larger and prolonged. When neurotransmitter release is driven 

by APs spontaneously generated by afferent neurons in a brain slice preparation, the so-called 

“spontaneous” postsynaptic currents (sPSCs) are generated (fig.I.5a, centre panel). These 

currents, depending on the type of neurotransmitter released, can be excitatory (sEPSCs), 

generated mostly by releasing Glu, or inhibitory (sIPSCs), when GABA or Gly are released. 

They are generated by activation of ionotropic NMDA (NMDA-R) and 2-amino-3-(5-methyl-

3-oxo-1,2-oxazol-4-yl) propanoic acid (AMPA-R) receptors, at Glu synapses, and by GABAA 

and Gly receptors activation, at inhibitory synapses. When monitoring the frequency and 

amplitude of these signals from the cell body of a neuron, information is obtained about the 

overall activation of the neural circuit that generates the APs in the axonal afferents, mixed with 

information on the pre- and postsynaptic mechanisms of the involved synapses. As a 

consequence, changes in sPSCs frequency or amplitude can indicate regulation of the overall 

neuronal circuitry and/or morphological and functional remodelling at specific synapses, 

making the interpretation of these changes difficult.  A parameter describing the activation of 

excitatory and inhibitory neurons in a local neuronal network is offered by the E/I, defined as 

the ratio of the (time) average of the total excitatory synaptic conductance over the average of 

the total inhibitory synaptic conductance, in a given neuron of the network. The E/I is obtained 

from recordings of sEPSCs and sIPSCs, and reflects both the amount of network activity, and 

the relative number of excitatory and inhibitory connections to the neuron and their strength. 

 

In studies focused on putative synaptic remodelling, another type of spontaneous activity is 

frequently studied, the AP-independent release of synaptic vesicles (Fig. I.5a, left panel). The 

related current, referred to as “miniature” (or “mini”) postsynaptic currents (mPSCs) (Fig. I.5c), 

can be experimentally isolated using tetrodotoxin (TTX), a peptide blocker of voltage-gated 

Na+ currents inhibiting the generation of APs. The production of these currents results from the 

spontaneous fusion of vesicles with the presynaptic membrane, releasing mostly Glu at 

excitatory terminals (mEPSCs) or GABA/Gly at inhibitory terminals (mIPSCs). Alterations of 

mPSCs are the consequences of truly synaptic alterations, such as changes in receptor-

dependent modifications, including receptor internalization, structural modification and 

receptor modulation; changes in the amount of transmitter released; changes in the mechanisms 
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of spontaneous fusion, or other presynaptic alterations influencing the release probability of the 

vesicles. Lastly, alterations in mPSC frequency may signal the increase/decrease in the number 

of functionally active synapses. It is still debated if the mPSCs represent a sort of baseline noise 

affecting information transfer by AP-dependent release, or rather they carry specific functional 

information on a different time scale with respect to AP-dependent release, or both. In support 

of the last hypothesis, many studies have reported the involvement of mPSCs in electrical 

signalling of neurons (Mathew et al, 2008; Paré et al, 1997; Paré et al, 1998), biochemical 

signalling involved in synaptic stability and maturation (Turrigiano, 2012; McKinney,1999; 

Tyler and Pozzo-Miller, 2003; Verhage et al, 2000), local dendritic protein synthesis (Sutton et 

al, 2004), and control on the postsynaptic responsiveness in synaptic plasticity (Aoto et al, 2008; 

Frank et al,2006; Lee et al, 2000; Sutton et al, 2006). These studies have also shown specific 

effects of postsynaptic excitatory receptor blockade or inhibition of neurotransmitter release 

under resting conditions, which could not be achieved by inhibition of action potential-mediated 

signalling alone.  
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Fig. I.5 Different types of transmitter release modalities and types of synaptic current recordings. 

Adapted from Kaeser and Regehr (2014). Neurotransmitter release can occur through different 

mechanisms. According to release modality and experimental setting, different types of synaptic 

currents are recorded. (a) Left: spontaneous vesicle release in the absence of APs, giving rise to miniature 

currents (mPSCs). Centre: AP-triggered release (due to spontaneously network-generated AP) giving 

rise to sPSCs. If a single vesicle is released in a single terminal, the size of the sPSC can be similar to 

that of mPSCs. On the contrary, if multiple terminals are stimulated or multiple vesicles are released 

from a single terminal (multivesicular release; not depicted in the cartoon), larger and prolonged sPSCs 

may occur. Right: the experimentally provided electrical stimulation of afferent axons nearly 

simultaneously stimulates release from several terminals giving rise to evoked PSCs (ePSCs). Adapted 

from Kavalali et al (2011). (b) Model excitatory evoked synaptic current (eEPSC). A period of 

synchronous release, followed by a period of asynchronous release are highlighted. (c) Excitatory minis 

(mEPSCs). 
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The stress response generally seems to enhance glutamate release in many different areas of the 

brain, an expected action considering that glucocorticosteroids diurnal peak has the same effect  

(Lowy et al, 1995; Venero and Borrell, 1999). In the CA1 area, after application of 

corticosterone, an enhancement of mEPSC frequency was seen, suggesting an increase in Glu 

release probability (Karst et al, 2005), while chronic stress protocols induced an increase in Glu 

levels measured by microdialysis in the CA3 area (Yamamoto and Reagan, 2006). In this area, 

corticosteroid increase Schaffer collateral transmission both in the glutamatergic projection and 

in the feedforward and feedback GABAergic projections (Joëls and de Kloet, 1993; Birnstiel et 

al, 1995). Indeed, acute and chronic stress may also act directly on inhibitory transmission, for 

example, reducing mIPSCs frequency in the PVN, while the GABAergic interneurons 

surrounding this region increase their burst firing activity if exposed to stress hormones (Shin 

et al, 2011). Moreover, stress through norepinephrine can modulate the activity of BLA 

interneurons. In rat BLA, footshock stress facilitates GABA release (Galvez et al, 1996), and, 

in parallel, norepinephrine induces GABA release, as seen by increases of sIPSCs and mIPSCs 

frequencies. On the contrary, tail-shock stress severely compromised the release of GABA in 

the BLA, potentially contributing to the hyperexcitability of BLA output neuron mechanisms 

(Braga et al, 2004). 

The plasticity of synapses (short-term and long-term synaptic plasticity processes: STP, LTP, 

LTD; Citri and Malenka, 2008) in different brain areas is known to be affected by stress. Severe 

stressful events impair LTP (Foy et al, 1987; Shors et al, 1989,1990a,b; Shors and Thompson, 

1992; Kim et al, 1996; Garcia et al, 1997), while exposure to stressors can also facilitate LTD 

induction in the CA1 area (Kim et al, 1996; Xu et al, 1997, 1998; Manahan-Vaughan and 

Braunewell, 1999; Manahan Vaughan, 2000). LTP in the CA3 evoked by stimulation of 

commissural/associational input to CA3 is reduced, but this is not the case for the mossy fibre 

inputs (Pavlides et al, 2002), suggesting an effect on NMDA functionality (Lüscher and 

Malenka, 2012), since the commissural/associational synaptic potentiation is  NMDA receptor-

dependent, while mossy fibre LTP is NMDA receptor-independent (Joëls et al, 2005). 

In vivo studies demonstrated that after acute stress LTD facilitation was present in the dentate 

gyrus (Pavlides and McEwen, 1999), while chronic stress in vitro (Alfarez et al, 2003) and in 

vivo (Pavlides et al,2002) studies reported a hampering of synaptic efficacy. 
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Acute restraint stress (20 min), mild footshock stress and initial exposure to nicotine all 

facilitate induction of LTP in vitro (Sarabdjitsingh et al, 2012). However, a study in vivo found 

that elevated-platform stress enhances baseline electrophysiological responses in BLA and 

inhibits LTP induction, whereas administration of corticosterone does not affect LTP 

(Kavushansky et al, 2006). These divergences could relate to the loss of some regulatory circuit 

in the in vitro preparation. 

Greatly affected by stress is also the synaptic plasticity involving inter-area circuit, in particular, 

LTP in amygdala- PFC and HC- PFC are inhibited by acute stress (Maroun and Ritcher-

Levin,2003; Rocher et al, 2004), while chronic stress inhibits LTP in the HC- and thalamus- to-

PFC pathway (Quan et al, 2011; Cerqueira et al,2007).  

Stress hormones are also able to modulate the expression, trafficking, and channel properties 

of receptors. For example, GABAAR subunit expression seems to be differentially modulated 

in different areas by stress hormones. GABAAR β1 and β2 subunits expression are decreased 

in the stressed PVN expression (Verkuyl et al,2004), while in the hippocampus these are 

increased (Cullinan and Wolfe,2000). 

After chronic stress, the HC seems to undergo a process of receptors rearrangement. The CA3 

NMDA response is characterized by an increase in the decay and amplitude of evoked EPSCs 

(Karst and Joëls, 2003). Moreover, chronic unpredictable stress increases NMDA receptor 

protein levels in the ventral hippocampus (VH) (Calabrese et al.,2012), where an increase in 

the transcription level of AMPA-R GluA1 subunits (Pacheco et al, 2017) is also present. A 

selective increase in the AMPA-R mediated transmission was seen specifically in  CA1 neurons 

(Karst and Joels, 2005), but also in other neurons, like the midbrain dopaminergic (Saal et al, 

2003) and nucleus accumbens shell (Campioni et al, 2008) neurons. Stress can also modulate 

the phosphorylation of different sites of the AMPAR. It has been reported that phosphorylation 

of GluA1 subunit after acute stress is diminished in the Ser831 site in mPFC and dorsal 

hippocampus (DH), while the phosphorylation of Ser845 is increased in the Amygdala and VH, 

while Ser880 of GluA2 is downregulated in the amygdala and VH (Caudal et al, 2010), and 

upregulated in the mPFC (Caudal et al, 2010; Bonini et al, 2016). These three phosphorylation 

sites are recognized by different kinases that act in different ways depending on the region or 

even the subregion. The phosphorylation of Ser831 and 845 increases the channel conductance, 

and insertion in extra-synaptic sites, respectively, suggesting a proneness to LTP. On the 

contrary, Ser 880 increases the internalization of the AMPARs, diminishing the excitatory 

transmission. 
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4 The medial Prefrontal Cortex 

 

4.1 mPFC: a multitasking area 

 

Fig.I. mPFC in the rat brain. from McKleeven et al (2015). Coronal (right) and sagittal (left) view of 

the medial prefrontal cortex (mPFC), showing the different areas: anterior cingulate (AC) implicated 

with motor behaviour and spatial navigation, prelimbic (PL) involved in the regulation of the HPA and 

fear consolidation, and infralimbic (IL) implicated in visceral-autonomic responses regulation. In the 

picture are represented also neighbouring areas: olfactory bulb (OB), forceps minor of the corpus 

callosum (FMI), corpus callosum (CC), dorsal AC (dAC), ventral AC (vAC), optic chiasm (OX). 

The mPFC is a region of the prefrontal cortex area, involved in many different tasks, due to the 

extensive innervation to and from diverse brain regions. It is divided into two functional 

subregions: the dorsal and the ventral. The dorsal regions include the anterior cingulate (AC, 

Fig.I.6), implicated with motor behaviour and spatial navigation (Vertes, 2004; Vogt et al, 

2004), and pre-limbic (PL, Fig.I.6) cortex, projecting to many regions involved, for example, 

in the regulation of the HPA, like the bed nucleus of the stria terminalis (BST), or the 

consolidation of fear. The ventral region, including the infralimbic (IL, Fig.I.6) cortex, 

innervates many regions typically involved in the regulation of visceral-autonomic responses. 

The mPFC plays a critical role in the formation, consolidation and retrieval of remote, recent, 

or short-term memories, as suggested by the mPFC-HC connection (Fig.I.7). The subgenual 

area of the mPFC is particularly implicated in forming abstract event representations 

(Schlichting et al., 2015), while, through inhibition of the amygdala, the mPFC-amygdala 

connection is involved in anxiety control (Fig.I.7). The mPFC-HC connection is more active 

when new events overlap with existing knowledge (Zeithamova et al., 2012; Schlichting and 

Preston, 2016), indicating a role of the mPFC in remote memory recall. The connection with 

the HC could justify also the role of mPFC in the stabilization of recently acquired memory, as 

reported by many independent studies where induction of mPFC lesions after training sessions 

to different learning tasks severely impair the memory (e.g. Tronel and Sara, 2003; Leon et al, 

2010). Moreover, inactivation of the mPFC in rats also impairs recent memory recollection, in 
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particular in the recall of recently acquired fear-associated memories (Corcoran and Quirk, 

2007). The mPFC is not involved solely in the recollection of memory, but also in “short term” 

memory formation (Seamans et al., 1995). A particular type of “short term” memory is the 

working memory, which spans intervals shorter than a minute. Working memory is modulated 

by the mPFC, as reported in studies on rats where this area was damaged, that showed a deficit 

in the delayed response (e.g., Horst and Laubach, 2009). Both PL and IL are involved in the 

drug-seeking behaviours which are regulated by the connection of these regions with NAc 

(Fig.I.7). The dorsal part of the mPFC is connected to the core of NAc, while the ventral part 

projects to the NAc shell (Berendse et al, 1992). Finally, the mPFC is deeply involved in the 

regulation of the HPA axis response. The dorsal part seems to be a site for indirect 

glucocorticoid negative feedback signalling, as demonstrated by the absence of direct 

connection to the PVN, but a deep association to the BST and many other non-PVN projecting 

regulatory regions. On the other side, the ventral region may be involved in the stress excitation, 

due to the heavy innervation to subcortical autonomic sites. 
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Fig. I.7 Connections of the rat mPFC areas with key brain regions. from Heidebreder and 

Groenewegen (2014). 
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4.2 Stress effects on mPFC Glu transmission 

 

Because of the multiple functional roles of the mPFC, many studies have focused on the 

characterisation of stress effects in this area. 

In the case of acute stress, using the foot-shock (FS) acute stress protocol in adult rats, an 

enhancement of Glu release was described, as measured by the increase in the depolarization-

evoked Glu release from mPFC/FC synaptosomes (obtained from frontal and prefrontal cortex). 

A corresponding decrease in the paired-pulse facilitation of evoked release (considered as an 

indication of an increase in presynaptic release probability; Regehr, 2012) was measured in 

layer 2-3 pyramidal neurons of the prelimbic mPFC (Musazzi et al, 2010). In the case of 

juvenile (3-4 weeks old) rats subjected to a milder acute stress protocol (forced swim), an 

increase in AMPAR- and NMDAR-dependent sEPSCs was reported (Yuen et al, 2011). This 

was supposed to entrain disinhibition of the area, correlating with results from a study where 

the acute application of corticosterone induced a decrease in the inhibitory neurotransmission 

(Hill et al, 2011). In order to verify this inference, a recent study evaluated the E/I ratio in the 

mPFC after acute stress exposure in adult mice, finding that an increase in this ratio is present 

only in layer 2-3 of the PL, driven solely by an enhancement in the sEPSCs in principal neurons 

(Hwa et al, 2018). 

In the case of chronic stress, per the morphological changes in the mPFC, described in par. 3.1, 

a decrease in NMDA- and AMPA- mediated sEPSCs was observed, together with an increase 

in the rate of degradation of these receptors (Yuen et al, 2012). While this study was conducted 

on adolescent animals (25-28 days), when the mPFC is still developing, these results were 

confirmed by an independent work on adult animals (10-12 weeks) to which corticosterone was 

administered orally, where a decrease in NMDA and AMPA subunits in ventral mPFC was 

reported (Gourley et al, 2009). Overall, the modifications induced by the stress in the mPFC 

evolve with time after the first stressor presentation, as suggested by the evidence that after 

acute stress there may be an enhancement of the excitatory transmission (in adult animals), 

while chronic stress decreases excitatory transmission (in adolescents).    

In addition to stress effects on neurotransmission in the mPFC, many studies investigated the 

role of the mPFC in the regulation of the stress response. Due to the projection in pre-autonomic 

nuclei in the brainstem, such as the nucleus of the solitary tract (NTS) (Gabbott et al, 2005; 

Resstel et al, 2004; Varbene et al,1997), it has been thought that this area could participate in 

the ANS regulation. Studies focused on the involvement of PL and IL in autonomic response 

suggested the opposite role of these subregions. While PL is inhibitory for cardiac stress 
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response (Tavares et al, 2009) and its stimulation increases the parasympathetic activation 

(Powell et al, 1996), IL has excitatory activity on the tachycardiac stress response (Tavares et 

al, 2009) and promotes sympathetic activity (Powell et al, 1996). For what concern the 

involvement of the mPFC in HPA regulation, a coherent function seems to exist, inhibiting the 

HPA axis, as demonstrated by injecting corticosterone in PL and IL which induced an 

enhancement of the negative feedback, reducing corticosterone secretion (McKleeven et al, 

2013). Interestingly, it has been found that in chronic stress glucocorticoid inhibition is 

specifically carried out by IL. Even though it is not clear how IL can act on the HPA, given that 

the mPFC has not direct projection on the PVN, the PL probably exerts this role via 

glutamatergic innervation of the BST, a region that is connected to the PVN by GABAergic 

projections (Radley et al, 2009). In general, it appears that the IL has an activating role on the 

ANS, but a negative role on the HPA, while the PL exerts a negative role on both axes. 

 

4.3 The synaptogenic effect of ketamine at sub-anaesthetic doses 

 

Ketamine is a non-competitive antagonist of NMDA-Rs used as anaesthetic, which also shows 

rapid and sustained antidepressant activity in treatment-resistant patients when used at low, 

subanesthetic doses (Duman et al, 2019). The use of ketamine could be beneficial also for the 

prevention of PTSD (Feder et al, 2020), as a lower risk of developing PTSD was reported in 

soldiers treated with low doses of ketamine (McGhee et al, 2008). Low-dose ketamine in naïve 

subjects has a complex action, with an early psychotomimetic effect (1-2 hrs after systemic 

administration) followed by a rapid antidepressant action (>2 hrs, peaking at 24 hrs) (Duman 

et al., 2019).   

Preclinical and clinical studies demonstrated that chronic stress and depression cause neuronal 

atrophy and decreased synapse number in the mPFC (Li et al., 2010), as well as hippocampus, 

that are associated with depressive behaviours in rodent models and symptoms in patients (rev. 

in McEwen et al., 2015). In contrast, rapid-acting antidepressants, notably ketamine, rapidly 

increase synapse number and function, and reverse the synaptic deficits caused by chronic 

stress. Indeed, it was shown that the anti-depressant action involves an increase in the number 

of dendritic spines of layer 5 (L5) principal neurons in the mPFC, correlated with enhanced 

excitatory postsynaptic currents both in naïve and chronically stressed animals (Li et al., 2010; 

Liu et al, 2015). The synaptogenic action of ketamine was preliminarily demonstrated in naïve 

animals, were ketamine (10mg/kg) increases spine number and synaptic proteins translation in 

the apical dendrites of layer 5 pyramidal neurons in the PFC, peaking 24 hours after its 
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administration (Li et al, 2010). This effect may last up to 14 days after ketamine systemic 

injection (Phoumthipphavong et al., 2016). The increased synapse density induced by ketamine 

is also present in animals undergoing chronic corticosterone treatment (Moda-Sava et al, 2019) 

or chronic restraint stress (Ng et al., 2018). Interestingly, in both models, the newly formed 

spines were usually in correspondence of the ones destroyed by corticosterone treatment or 

restraint stress.   

In parallel to these effects on synaptogenesis, a functional ketamine effect on excitatory 

synaptic currents in the mPFC was demonstrated. It was shown that, in naïve animals, ketamine 

induces a robust and long-lasting increase in the frequency and amplitude of sEPSCs induced 

by 5-HT or hypocretin (orexin) in layer V pyramidal cells in the mPFC, indicating that the 

newly generated spines are functional (Li et al, 2010; Aguilar-Valles et al., 2018). Moreover, 

ketamine rapidly reverses the deficit in EPSC responses to 5-HT and hypocretin that is caused 

by chronic stress (Li et al, 2011).  

The mechanisms underlying ketamine action are still debated. In the rodent PFC, the 

antidepressant action is associated with a fast transient increase of extracellular Glu and 

dopamine (Moghaddam et al., 1997). It is believed that this effect of ketamine, as well as several 

other channel blockers (Esketamine), negative allosteric modulators (Ro 25–6981), ketamine 

stereoisomers and metabolites ((S)-ketamine, (S)-norketamine, 2R,6R)-HNK), and muscarinic 

receptor antagonists (scopolamine) is obtained via blockade of NMDA receptors on tonic firing 

GABA interneurons, resulting in decreased interneuron firing and disinhibition of principal 

neurons, leading to increased glutamate transmission. The burst of glutamate causes activity-

dependent release of Brain-derived neurotrophic factor (BDNF), stimulation of tropomyosin-

related kinase receptor B (TrkB)-Akt and mammalian target of rapamycin complex 1 

(mTORC1) signalling; these pathways lead to rapid induction of synaptic protein synthesis that 

is required for new synapse formation (Duman et al., 2019).  In addition to glutamate, ketamine 

also rapidly influences levels of other neurotransmitters and there is evidence that some of these 

systems are required for the antidepressant actions of ketamine. In particular, dopamine could 

contribute to ketamine-induction of synapse formation and function in the mPFC (Hare et al., 

2019). The serotonin system also has a role in the actions of ketamine, as the antidepressant 

behavioural effects of ketamine are blocked by 5-HT depletion or 5-HT1A receptor antagonists 

(Fukumoto et al., 2018).  

The involvement of specific mPFC subcircuits in the antidepressant action of ketamine has been 

reported. The study of Liu et al. (2015) demonstrates that in layer 5 (L5) the excitatory sEPCSs 

evoked by stimulation with serotonin (acting at apical dendrites), or CRF hormone (acting at 
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basal dendrites), are enhanced by treatment with ketamine; however, the ketamin-induced 

enhancement of CRF-evoked sEPSCs is only present in the PL area (and not in the IL).  
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AIM 

 

Various pieces of evidence prove the early effects of the acute foot-shock (FS) stress on 

glutamatergic neurotransmission in the mPFC of adult male rats, including the increased 

depolarization-evoked release of glutamate (Glu) in synaptosomes derived from FC/mPFC, the 

increased amplitude of spontaneous excitatory synaptic currents (sEPSCs) in L2-3 pyramidal 

neurons (Pyrs) in young adult rats (Musazzi et al, 2010) and the increased density of small, 

possibly immature excitatory synapses in the L2-3 of prelimbic (PL) area (Nava et al, 2014). 

Moreover, some functional and morphological alterations of the glutamatergic system were 

shown to be sustained after exposure to a stressor, such as the persistent increase of Glu release 

from FC/mPFC synaptosomes (Musazzi et al, 2017) and the apical dendritic retraction in L2-3 

mPFC neurons (Nava et al, 2017) 1 day after FS. The latter effect has been reported also in 

animal models of chronic stress (Cook and Wellman, 2004), suggesting that similar 

maladaptive changes may occur in the acute reaction to a traumatic event and chronic stress. 

The first aim of this study was to verify, in adult rats, the presence of both early and sustained 

alterations of excitatory synaptic transmission in L2-3 Pyrs of the PL mPFC, induced by a single 

session of unescapable FS stress, in order to reveal possible maladaptive mechanisms that could 

lead to the development of psychopathological conditions.  

Ketamine at sub-anaesthetic doses demonstrated therapeutic effect in depressed (Murrough et 

al, 2012) and PTSD patients (Federer and al, 2014). In animal models, ketamine increased the 

number of apical dendritic spines of mPFC L5 Pyrs both in naïve and chronically stressed 

animals, and the frequency and amplitude of excitatory postsynaptic currents (Liu et al, 2015). 

For this reason, our second aim was to verify the action of a sub-anaesthetic ketamine dose 

(10mg/kg) on the sustained effects of FS stress on synaptic transmission in PL mPFC principal 

neurons in L2-3 and 5. Given that the morphological and functional effects of sub-anaesthetic 

ketamine in the mPFC reach their peak 24 hours after drug administration in a chronic stress 

model (Li et al, 2011), intending to devise a rapid therapeutic intervention after acute stress, we 

examined the ketamine effect on synaptic transmission 24 hours after exposure to the stressor, 

with ketamine injection occurring 6 hours after stress.  

Our recordings were restricted to regular spiking (RS) Pyrs, identified by their soma shape and 

electrophysiological characteristics. Focusing at first on L2-3 neurons, we performed whole-

cell recordings at -60mV from RS Pyrs, assessing synaptic activity in the presence or absence 
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of spontaneously occurring action potentials, namely sEPSCs or mEPSCs. The first set of 

experiments aimed at studying alterations induced 1 hour after FS. We then studied the 

progression of the acute stress-induced alterations by analysing stressed subjects 24 hours after 

stressor exposure.  

Layer 2-3 of the mPFC is the only cortical layer where an alteration of the excitatory/inhibitory 

conductance ratio (E/I) was reported, 90 minutes after acute psychological stress (Hwa et al, 

2019), implying an unbalance of local network activity towards excitation. Therefore, our third 

aim was to test if FS stress would induce a similar E/I alteration. Using a Cs-based internal 

solution, we simultaneously measured sEPSCs (at -58 mV) and the spontaneous inhibitory 

currents (sIPSCs; at +3 mV) from each recorded neuron. We examined early (1 hour after FS) 

and sustained (24 hrs after FS) stress effects on the E/I.  

Finally, we focused on the effect of systemic ketamine treatment on glutamatergic inputs to L5 

Pyrs in the PL region, which are key targets of ketamine action in chronically stressed models. 

We present a preliminary study of 4 different experimental groups including ketamine treated 

or untreated stressed animals, and naïve or ketamine treated unstressed animals.  
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METHODS 

 

1. Animals 

All experimental procedures involving animals were performed in accordance with the 

European Union Directive 2010/63 and followed guidelines of the Italian Ministry of Health 

(D.Lgs 2014/26).  

We used Sprague-Dawley outbred adult male rats, 9-13 weeks of age. The animals were housed 

in plastic cages, three rats per cage in a room maintained at a constant temperature of 22°C and 

12-h light-dark circle (lights on from 7am to 7pm) and provided with environmental 

enrichment. Food and water were dispensed ad libitum.  Animals used to study the early effects 

of acute stress on synaptic transmission were randomly separated into two groups: FS1h, animal 

that underwent the stress protocol described later and sacrificed 1 hour after the start of the 

stress, and their relative control group (CTR 1h), which were naïve animals (fig. M.1). 

For experiments dedicated to the investigation of late effects of stress, rats were separated into 

four groups: i) FS24h (animals that underwent the stress protocol and a saline injection 6 hours 

later), ii) FSKet (animals that underwent the stress protocol and a ketamine injection (10mg/kg) 

6 hours later); iii) CTR24h (animals that received only a saline injection), and iv) CTRKeta 

(animals that received only a ketamine 10mg/kg injection); animals in the latter two groups 

were sacrificed 18 hrs after injection (fig. M.1).  

  

 

 

Fig. M.1. Experimental groups. Scheme of the protocols used to select animals belonging to different 

groups. The protocols are colour-coded and each arrow tip corresponds to the time of the sacrifice. In 

red, animals sacrificed 1 hour after FS (FS1h); in black, the respective controls (naïve animals; CTR1h). 

In dark grey and blue, animals that received saline (CTR24h) or ketamine (10mg/kg) (CTRKet) 

injection, respectively. In purple and green, animals that received the foot-shock and were injected with 

saline (FS24h) or ketamine (10mg/kg; green) 6 hrs later. 
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2. Acute Stress Protocol 

2.a) Foot-shock apparatus description 

- To perform the foot-shock stress treatment, a conditioning chamber (Shuttle Box 

LE916, PanLab) was used, provided with a frontal door allowing easy access inside the 

box. Walls were in plexiglass and all but two covered with black cardboard to allow 

constant monitoring during the test; the metallic grid floor was connected to an external 

power supply that switched on and off under computer control (the “shocker”); no lever 

or signal light was present in the chamber.  

- The shocker (LE100_26, PanLab; also called scrambler) generates rectangular current 

pulses, switching on consecutively over 6 bars of the grid floor. Current was isolated 

with respect to ground, as a basic safety precaution to avoid electrical interference with 

other equipment. The output current depended entirely on the value selected by the user 

and not the resistance of the animal or the number of bars it was touching when it 

received the electric shock.  

 

2.b) Stress protocol 

Every stressed rat was transported into the dimly lighted experimental room, weighed, and 

placed in the conditioning chamber by holding its abdomen and thorax. Taking into account the 

hormone circadian cycle, we performed all the stress sessions in the late morning. A 40-minute 

session of 0.8 mA inescapable foot-shock was delivered by the shocker, controlled by a 

computer program custom made at the Department of Pharmacological and Biomolecular 

Sciences of the University of Milan. The session consists of single shocks ranging from 2 to 8 

seconds, for a cumulative shock duration of 20 minutes randomly interspersed in the total time 

of the session. At the end of this procedure, animals were picked up by the tail and single caged. 

The rat placed in the box waited 1 minute before beginning of the FS procedure, to allow 

adaptation to the new environment, and 1 minute after its end. 

 

3. Pharmacological treatments 

Six hours after the foot-shock protocol, animals in the FS24h and FSKet groups were 

intraperitoneally injected with saline or ketamine (10 mg/Kg), respectively. Animals used as 

controls (CTR24h and CTRKet) were weighted and received an intraperitoneal injection of 

saline or ketamine (10mg/Kg) at the same time of the day as the previous two groups. 
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4. Slice preparation  

At the time of the sacrifice, animals were gently handled and put in an empty cage for 

transferring to the surgery room to be sacrificed by decapitation, which occurred without 

sedating the animal. 

After the decapitation, the head was put in a beaker containing an icy solution (Slicing Solution) 

and drained manually thanks to friction with the beaker surface. In order to slow down the 

warming of the solution, a part of the oxygenated Slicing Solution was slushed using an ice-

cream maker and placed in the beakers. 

When drained, the head was placed in a plate containing iced Slicing Solution and the skin was 

cut to gain access to the skull. Using a pair of scissors, the skull was cut open into two pieces, 

following the midline from the brain stem to the olfactory bulb (more or less at the base of the 

nasal septum, at the same level of the ocular orbs), paying attention not to cut the underlying 

brain tissue by keeping the scissors edge up-verse. After the cut, the scissors were used as a 

lever to remove the bones, in order to gain access to the brain and to gently remove it and put 

it in a beaker with oxygenated icy Slicing Solution. 

The brain was then cut in two with a coronal cut, at the point corresponding roughly to -5mm 

from bregma and glued to the magnetic part of the specimen disc, that was then placed inside 

the buffer tray of the Vibroslicer (Leica VT1000), filled with icy bubbled Slicing Solution. 

Cortical slices from bregma mm 4.2 to 2.7 (fig. M.2A), containing the mPFC, with a thickness 

of 300 μm, were recovered in an interface-style chamber (fig.M.2B) containing the Slicing 

Solution, immersed in a thermostatic bath prewarmed at 34°C. After 30 minutes, the bath 

heating was switched-off and slices allowed to cool down at room temperature until use, 

occurring 1-6 h from the end of the slice cutting. In the interface chamber, slices were placed 

on a piece of lens paper laying on a nylon mesh, and the fluid level was adjusted to the upper 

surface of the slice, thus stabilizing the tissue by surface tension. The chamber was covered, to 

allow the formation of a humid and oxygen-saturated environment (fig.M.2B). The choice of 

this maintenance style was dictated by the necessity to ameliorate the survival rate of the adult 

brain slices, assured by better oxygenation of the tissue in this maintenance configuration. 
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Fig. M.2. mPFC slices collection and maintenance. (A) Collection of slices started when the forceps 

minor of the corpus callosum (f.m.i.) was visible (left) and finished when it started to open (right). (B) 

Maintenance chamber where the slices were kept from the end of the cut till the start of the recording. 

On the right a scheme of the interface chamber used for maintenance. 

 

5. Measurement of Corticosterone levels 

After decapitation, blood was collected from the trunk of the animal in a 50 ml tube, that was 

placed in ice till the time of the processing. Blood serum was separated by two centrifugation 

steps, the first occurring in the 50ml tube (4500g x 5’); for the second, 1ml of supernatant was 

collected in a 1ml tube and centrifugated at 10000g x 10’. 500µl of plasma were placed in an 

empty tube and stored at – 80°C. Measurement of serum corticosterone (CORT) levels was 

performed through a commercial kit (Corticosterone ELISA kit, ADI-900-097, Enzo Life-

Science), using the protocol for small volumes. 

The optical density of the ELISA plate was detected as the ratio between 415nm (emission 

wavelength) and 595nm (correction wavelength), using an iMark Microplate Absorbance 
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Reader (Bio-Rad). A calibration curve was obtained by plotting the logarithmic value of the per 

cent bound versus the logarithm of the concentration of each standard. Samples concentration 

was attained using the interpolation with a sigmoidal dose-response curve, calculated using 

GraphPad Prism software (GraphPad Software, LLC). The mean CORT concentration for CTR, 

FS1h and FS24h were compared by 1-way ANOVA test, after confirming that the values for 

each group were normally distributed. 

 

6. Electrophysiological Apparatus 

After recovering at room temperature for at least 1 hr, slices were transferred for recordings to 

a submerged chamber and perfused with a solution simulating cerebrospinal fluid (Artificial 

Cerebrospinal Fluid Solution, ACSF, see below), bubbled with carbogen (5% CO2, 95% O2), 

maintained at constant temperature using a 2-channel temperature controller (TC02, 

MultiChannel Systems, Reutlingen, Germany) separately heating the inflowing solution into 

the perfusion cannula (PH01, MultiChannel Systems, Reutlingen, Germany) and the chamber 

holding plate (fig. M.3). The settings of the temperature controller were chosen so as to obtain 

in the bath a temperature of 33±1°C, that was periodically checked with a thermocouple 

thermometer.  

 

 

Fig. M.3. Temperature control of the electrophysiological apparatus. The perfused solution is heated 

up by the heater right before entering the recording chamber. Under this chamber, a second heater 

preserves the temperature during the recording.  

 

Slices were visualized using an upright microscope (Olympus BX51WI) equipped with a 40X, 

0.9 NA water immersion objective (LumplFl40XW, Olympus) and differential interference 

contrast (DIC) optics, using Infrared illumination (IR; excitation filter 750nm) and an IR CCD 



METHODS 39 

 

camera (CV-A50IR, JAI). 

Saline-containing borosilicate glass capillaries (patch-clamp pipettes) mounted on a 

micromanipulator (S-PS-7000C, Scientifica Ltd, UK) were manually driven to the target cell 

under visual control and were connected through a silver wire to a Multiclamp 700B amplifier 

(Molecular Devices, San José, California) for current and voltage recordings. Current and 

voltage were digitized with a Digidata 1440A Interface and sampled with the Clampex 

acquisition software (Molecular Devices, San José, California). The corner frequency for 

analogue filtering was 10 kHz, and the sampling frequency was 50 kHz. 

The depth of the recorded cells below the slice surface was registered using the LinLab software 

(Scientifica Ltd, UK), measuring the vertical displacement of the micromanipulator. 

 

7. Identification of Cortical Layers  

The Prelimbic (PL) region of the mPFC was visually identified as the midline-aligned cortical 

region present from Bregma 4.2 mm to 2.7 mm, as outlined in The Rat Brain Atlas (Paxinos 

and Watson, 2009) (fig.M.4). The target layer was visualized directly in the microscope, in 

particular, L2 is the thinnest layer of the prefrontal cortex containing only a few “rows” of 

pyramidal neurons, while L3 is about 2–3 times wider than L2 (Van Eden and Uylings 1985; 

Gabbott et al. 1997, 2005). L3 is bordered directly by L5, where neurons are characterised by 

a larger soma with respect to L3. The border between L5 and L6 is expected to be approximately 

half of the distance between the border of L3–L5 and the border between L6 and the white 

matter. L6 neurons were distinguished by oblique, horizontally orientated or inverted main 

dendrite, in contrast to L5 pyramidal neurons that all present ascending apical dendrites pointing 

towards the pia (as described by Van Aerde & Feldmeyer, 2015). 

 

Fig. M.4. Anatomical localization of rat PL area in the medial Prefrontal cortex (mPFC). Adapted 

from Bloss et al, 2010. 
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8. Selection of pyramidal neurons 

We aimed at restricting our analysis to pyramidal neurons (Pyrs), and putative Pyrs were chosen 

for recordings (in layer 2-3 or layer 5) according to the triangular shape of their cell body; we 

avoided small and round, oval, or spindle-like cell bodies and multipolar or bipolar dendrites, 

as seen under the microscope with infrared-differential interference contrast optics. For layer 5 

Pyr, the presence of visible apical dendrite projecting to Layer II/III was also required (Van 

Aerde & Feldmeyer, 2015). However, the selection based upon the cell body shape may not 

exclude all interneurons. We also required that some electrophysiological criteria were met to 

further exclude potential non-pyramidal neurons, as follows. A correlation between the firing 

pattern produced upon current injection and neuronal morphology has been reported in the 

prelimbic area of the medial prefrontal cortex in rats, both in vivo (Dégenètais et al, 2002) and 

in vitro (van Aerde and Feldmeyer, 2015). Specifically, pyramidal cells may exhibit a variety 

of firing patterns, going from “regular spiking” (RS), with little adaptation of firing frequency 

during a protracted step current injection, to strongly adapting or bursting patterns; moreover, 

characteristically, pyramidal neurons (Pyrs) in layer 2-3 and 5 never present very high firing 

frequencies (firing rate increase < 15Hz/100pA, Table 3 in van Aerde and Feldmayer, 2015). 

Interneurons may exhibit different types of firing patterns, going from the characteristic “fast-

spiking” pattern, with very high firing frequencies and large post-spike after-hyperpolarization, 

to low-threshold spiking or regular spiking (Wang and Gao, 2009). The latter pattern does not 

differ from patterns observed in Pyrs, and this would make difficult the identification of Pyrs 

only based on firing pattern. However, typically, the input resistance (Rin) of all interneuron 

types is large in the mPFC, with fast-spiking interneurons having Rin above 150 MOhms, and 

other interneurons having Rin well above 200 MOhms (in adult rats; Wang and Gao, 2009). 

Thus the combined classification of neurons upon their firing pattern and Rin offers an 

electrophysiological criterion to distinguish Pyrs from the interneurons. 

Overall, pyramidal neurons were visually identified as big triangularly-shaped cells in the 

selected layer. To further exclude potential non-pyramidal neurons, only cells with an input 

resistance in the range 50 - 200 MΩ were accepted for analysis. Finally, neurons showing a 

firing rate increase > 15Hz/100pA, or a spike frequency >50Hz when injected with a squared 

1s-long, 300pA depolarizing current pulse from a potential of -76 mV, were considered fast-

spiking interneurons and therefore not included in the analysis. 
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9. Whole-Cell recordings 

Borosilicate glass pipettes were micromanipulated under visual control towards a target 

pyramidal neuron while maintaining a small positive pressure to keep the pipette’s tip clean. 

After contacting the cell soma membrane, a tight seal (1-3 GΩ) was obtained by applying 

negative pressure to the pipette. The membrane was disrupted with additional suction to obtain 

the whole-cell configuration.  

The cell resting membrane potential (Vrest) was immediately evaluated by switching the 

amplifier to the current clamp configuration with 0 injected current and reading the membrane 

potential. Cells with Vrest >-60 mV were discarded. Typically, Vrest was more negative for L2-3 

than for L5 cells (see Results). 

For all cells recorded with an intracellular (pipette) solution based on K+ as the main 

intracellular cation (K-Gluconate solution, see below, “Solutions and Drugs”), we evaluated the 

firing output vs injected current relation (f-I relation; see Results) in current clamp, before 

proceeding to synaptic current recordings in voltage clamp. We kept L5 cells around -70 mV 

and L3 cells around -80 mV (as detailed in the Results) by injecting an appropriate holding 

current (generally  -60 pA for L5, +40 pA for L2-3) and we applied squared 1s-long depolarizing 

current pulses with variable amplitude, generally from 0 to 500 pA for L3 neurons and from 0 

to 300 pA for L5 neurons; pulses were applied every 10s while recording the membrane voltage 

(Vm). To record Vm, the bridge balance protocol was operated through the automated “bridge 

balance” options of the Multiclamp to compensate the series resistance voltage drop.  

After switching to the voltage-clamp configuration, the cell input resistance, Rin, and the series 

resistance Rs were evaluated after applying a 100ms-long, -10 mV voltage step, as the ratio 

between the applied voltage step and the steady-state or the peak transient membrane current, 

respectively (fig. M.5).  
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Fig. M.5. Series and input resistance measurement. Top: scheme of resistances in the whole-cell 

circuit. Bottom: current trace in response to a -10 mV, 100 ms voltage step applied in the voltage-clamp 

configuration. The series resistance was calculated by dividing the voltage step by the negative current 

peak (Ipeak, in yellow). The ratio between the applied voltage and the current measured at steady-state 

(Iss, in blue) is equal to the input resistance. 

 

9.a) sEPSCs and mEPSCs recordings 

We used pipettes with tip resistance ranging from 2 to 3 MΩ when filled with the K-Gluconate 

internal solution. After the measurement of the f-I relation in current-clamp mode, we switched 

to voltage clamp, holding the membrane potential at -60 mV, both for neurons in layer 5 and 

layer 2-3. Neurons with compensated series resistance (Rs) > 14 MΩ or with Rs changes > 30% 

during the analysed time window were discarded. L2-3 cells with negative basal current, or L5 

cells with basal current < -200 pA, when recorded at -60mV, were excluded from the analysis. 

Recording of sEPSCs started around 5 min from the whole-cell break-in. To isolate mEPSCs, 

around 8-9 min after break-in we added to the ACSF a cocktail of inhibitors, in order to block 

action potential generation and inhibitory synaptic receptors. The cocktail included 500μM 

tetrodotoxin (TTX), 100μM picrotoxin and 1μM strychnine, to block respectively the fast 

voltage-dependent Na+ channels responsible for action potential development, and GABAa and 

Glycine receptors. The recording of mEPSCs initiated around 16 min after the break-in, after 

checking for the absence of spikes during a suprathreshold current injection in current clamp. 

sEPSCs and mEPSCs were collected for analysis in time windows lasting ≤ 2 min. 

 

9.b) E/I recordings.  

We used pipettes with tip resistance ranging from 3 to 7 MΩ when filled with Cs-based solution 

(see below, par. 10.a). As this internal solution blocked Na+ and some voltage dependent K+ 
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channels, inhibiting AP generation, we could not evaluate the firing pattern of neurons. 

Therefore pyramidal neurons were only visually identified by the morphological characteristics 

mentioned above. To isolate excitatory from inhibitory synaptic currents, the membrane 

potential was held at -58 mV, the average reversal potential (Vrev) of inhibitory currents, i.e. the 

potential where the IPSCs are zeroed, while to record inhibitory currents, the membrane 

potential was held at + 3mV, the average excitatory reversal potential.  

The Vrev of inhibitory and excitatory currents was determined in separated whole-cell 

experiments using the Cs-based solution. For inhibitory currents, Vrev was found by varying the 

holding potential across the range -75 to -50 mV and checking for the zero-current potential, 

while excitatory currents were pharmacologically inhibited with NBQX (2 μM) and D-APV 

(50 μM). The average Vrev was 2.85±0.77 (n=2 cells). For excitatory currents, Vrev was 

measured by varying the holding potential across the range 0 to +20 mV and checking for the 

zero-current potential, in the presence of  pharmacological inhibition of inhibitory currents  with 

picrotoxin (100 μM) and strychnine (500 nM). The average excitatory Vrev was -58.24±1.52 

(n=2 cells). 

Neurons with compensated Rs > 20MΩ or with Rs changes > 30% during the recording session 

were discarded. Cells displaying a basal current < -200 pA when recorded at -58 mV were 

excluded from the analysis. 

 

10. Solutions and Drugs  

10.a) Solutions 

During slicing and slice maintenance, the tissue was incubated in a “Slicing solution” containing 

(in mM): NaCl 83, KCl 2.5, NaH2PO4 1.25, NaHCO3 21, Sucrose 72, Glucose 25, Sodium 

Ascorbate 0.45, CaCl2 1, MgCl2 4; the pH was maintained at 7.4 by bubbling carbogen (5% 

CO2, 95% O2). Recordings were performed when slices were perfused with the “ACSF” 

solution, containing (in mM): NaCl 125, KCl 2.5, NaH2PO4 1.25, NaHCO3 26, Glucose 10, 

CaCl2 1.5, MgCl2 1, the pH was maintained at 7.4 by bubbling carbogen. This solution was 

prepared using Volvic water, which contains a known low number of divalent cations (Ca2+, 

Mg2+) which was taken into account for reaching the final desired concentration. 

Internal solutions were prepared with variable composition depending on the experimental 

focus. To mimic physiological intracellular ionic concentrations, allowing the generation of 

action potentials, we used the “K-Gluconate” solution, containing (in mM): K-gluconate 140, 

EGTA 0.2, HEPES 10, Na2ATP*3H2O  4, Na3-GTP 0.3, Na2-Phosphocreatine 5, MgCl2 4, pH 

7.4. 
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For E/I recordings, we used the “Cs-based” internal solution, containing in mM: Cesium 

Methansulfonate 135, KCl 10, Hepes 10, MgCl2 1, EGTA 0.2, MgATP 4, Na3GTP 0.3, Na2-

Phosphocreatine 20, pH 7.3. Lidocaine N-Ethyl Chloride (5mM) was freshly added in order to 

block voltage-dependent Na+ channels in the recorded cell. This Cs-containing solution was 

chosen to enable the recording of IPSCs at a positive potential (+3 mV, see the previous 

paragraph), where many voltage-gated ion channels are open. In this condition, to favour cell 

stability for relatively long periods, it was important to inactivate K+ and Na+ channels with Cs+ 

ions and lidocaine, respectively. Both internal solutions were prepared using MilliQ water. 

 

10.b) Drugs  

All drugs were bath-applied, with an in-flow maintained at 2 ml/min. Tetrodotoxin (TTX) was 

purchased from Latoxan, dissolved in 0.1M sodium citrate and stocked at -20°C. 2,3-Dioxo-6-

nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide (NBQX, Abcam), D-(-)-2-Amino-

5-phosphonopentanoic acid (D-APV, Abcam) and strychnine (MerckLifeScience) were 

prepared in distilled water and stored at -20°C. Lidocaine (MerckLifeScience) was diluted in 

MilliQ water and stored at -20°C. Picrotoxin (Tocris) was prepared in boiled water and stored 

at +4°C, covered with an aluminium foil to be protected from light. 

 

11. Data analysis 

11.a) Detection of synaptic currents 

In order to detect post-synaptic currents, we used the dedicated software Clampfit (MDS 

Analytical Technologies). Specifically, we used the “template search” routine in Clampfit, 

which is a detection algorithm based on finding segments of the current trace bearing a 

sufficiently large cross-correlation coefficient with a “template” trace, i.e. a coefficient 

exceeding a fixed “template match threshold”. A template is a custom-defined waveform 

representing the prototypical post-synaptic current of interest. Clampfit includes a macro to 

design one or more templates based on the synaptic currents present in a customer-provided 

trace. 

Excitatory synaptic currents (sEPSCs and mEPSCs) in L2-3 pyramidal neurons were detected 

using a single template, formed by averaging ~30 representative EPSCs from an exemplar 

cell(Exc template, Fig.M.6).   
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Fig M.6. L2-3 templates. Model of post-synaptic currents used for detection of events in neurons 

located in L2-3. Left: template for excitatory synaptic currents. Right: template for inhibitory synaptic 

currents. The templates were modelled with short duration, to detect superimposed events occurring in 

high-frequency clusters with a minimum number of lost events. The decay phase of the detected synaptic 

currents can not be studied with these templates.  

 

For sEPSCs and mEPSCs recorded with the K-Gluconate internal solution, the template match 

threshold was chosen to be 4. Putative EPSCs were accepted only if they exceeded a threshold 

peak amplitude, taken as 10 pA for mEPSCs and 16pA for sEPSCs. Such high threshold values 

reflected the relatively large baseline noise (1.5 – 7 pA baseline standard deviation after filtering 

current traces with a digital Gaussian filter with -3dB cutoff at 1kHz) and consequently the low 

signal/noise ratio. Also, given the high number of superimposed EPSCs and a relative baseline 

instability, we found that to minimize the number of missed events, the template had to be only 

7ms long (+3 ms of baseline preceding the event). This choice improved the estimate of sEPSC 

frequency, by increasing the number of detected events. However, the decay of sEPSCs was 

typically longer than 7 ms, so it was not possible to study the sEPSC decay using this template. 

Therefore we will present the analysis of sEPSC peak amplitude and rise time, but not of sEPSC 

decay and sEPSC area (= charge transfer). We also measured the intervals between consecutive 

sEPSCs (inter-event interval, or IEI). 

For sEPSCs recorded with the Cs-based solution, the template match threshold was chosen as 

3.5 and the peak amplitude threshold was 11 pA. For inhibitory synaptic currents recorded with 

the Cs-based solution, similar to the case of sEPSCs, we used a single template (Inh template, 
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Fig. M.6), with matching threshold 4 and threshold peak amplitude 10 pA. 

Finally, sEPSCs and mEPSCs recorded in L5 pyramidal neurons were detected with the 

Template Search algorithm, using two templates with slower (Slow template, Fig.M.7) and 

faster (Fast template, Fig.M.7) decay kinetics, because of the presence, in some of the cells, of 

a significant proportion of very fast events. The threshold for detection with the Slow template 

was 10 pA for mEPSCs and 11 pA for sEPSCs, while the threshold for the Fast template was 

15 pA. 

 

 

Fig.M.7. L5 templates. Model of post-synaptic currents used for detection of excitatory currents in L5 

neurons. The Fast template (left) was used to detect events with fast kinetics (total duration around 5 

ms), not detected by the Slow template (right), with a duration around 20 ms.  

 

11.b) E/I ratio  

The excitation/inhibition (E/I) ratio of synaptic conductance in each cell was calculated as the 

ratio of the total charge of sEPSCs over sIPSCs in a 2 min interval. 

Indeed, the E/I ratio is the ratio of total average excitatory conductance over total average 

inhibitory conductance in a cell. In our conditions (excitatory conductance measured at reversal 

of inhibitory conductance, and vice versa), the driving force is the same for excitatory and 

inhibitory currents, so the E/I ratio coincides with the ratio of the total excitatory charge over 

total inhibitory charge transferred through the cell membrane: 

𝐄

𝐈
=
𝐆𝐄𝐏𝐒𝐂

𝐆𝐈𝐏𝐒𝐂
=
�̅�𝐄𝐏𝐒𝐂 ∙ |𝑽𝐄𝐏𝐒𝐂 − 𝑽𝐫𝐞𝐯,𝐞|

�̅�𝐈𝐏𝐒𝐂 ∙ |𝑽𝐈𝐏𝐒𝐂 − 𝑽𝐫𝐞𝐯,𝐢|
=
∫ 𝐈−𝟓𝟖𝐦𝐕(𝐭)𝐝𝐭

∫ 𝐈+𝟑𝐦𝐕(𝐭)𝐝𝐭
 =  

𝐐𝐭𝐨𝐭,𝐞𝐱𝐜

𝐐𝐭𝐨𝐭,𝐢𝐧𝐡𝐢𝐛
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The total charge was calculated as the integral of the 120s-long current trace for the inhibitory 

charge, while, for the excitatory charge, it was generally measured in a shorter time window 

(never shorter than 20s) where the trace was stable and the signal/noise ratio was highest. We 

then scaled this value to the ratio of 120 s and the window’s length, to obtain total charges over 

comparable time intervals at -58mV and +3mV in each cell. This procedure using integrals of 

long stretches of the current trace was preferred to the alternative procedure of detecting each 

individual event and measuring its area and summing them up. Indeed, in our case, given the 

high baseline noise and the frequent superposition of PSCs, it is hard to describe the waveform 

of individual PSCs, especially for the smaller ones, and this would have led to unpredictable 

errors. We also verified that the integration of baseline noise had a minimal impact on the charge 

results (not shown). 

 

11.c) Histograms and statistical comparison of PSCs 

After detection, normalized cumulative histograms of the inter-event intervals, peak amplitudes 

and rise times were calculated using IgorPro (Wavemetrics). For peak and inter-event interval 

histograms, data were logarithmically transformed to facilitate the representation of largely 

variable values. For each parameter, the histogram bin width was chosen so as to obtain 20 bins 

of equal width between the maximum and minimum value across all included cells. In the case 

of peak amplitudes and IEIs, bins of equal width for the logarithmic transform of data 

correspond to bins of increasing width for the original data. Histograms of each experimental 

group were averaged for display. In the graphs, average ± s.e.m. are plotted for each bin. 

Averages for all groups are superimposed in the same graph (e.g. see fig. R.4B-D).  

For statistical comparison of histogram distributions, following the example of previous studies 

(Indersmitten et al, 2015; Dumetz et al, 2020), the original histogram values (without averaging 

inside groups) were compared with repeated measures two-way ANOVA using bin as repeated-

measures factor (thus accounting for the non-independence of bins in cumulative histograms), 

and group as the other factor. This was followed by post-hoc Tukey’s multiple comparison test. 

Comparisons were performed using GraphPad Prism 9.0 software (GraphPad Software, LLC). 

It can be argued that this may not be the optimal strategy because it is based on the assumption 

that fractional counts are normally distributed in each bin (however there is no assumption of 

normality for the observed variable per se). Generally speaking, this assumption is incorrect 

because counts in a bin should be distributed according to a Poisson distribution (Brandt, 1999). 

In our specific case, it is important to specify that, while for the sEPSCs peaks in the FS1h 
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group, counts in the central bins were not normally distributed due to the presence of a subgroup 

of cells displaying bursts of large sEPSCs, for other parameters (rise time, intervals) counts in 

the central bins of normalized histograms were indeed normally distributed. On the contrary, in 

bins at the limits of the parameter’s range, counts were not normal. On the other hand, at the 

beginning of our study, we performed statistical testing using the non-parametric Kolmogorov-

Smirnov (K-S) test for comparing two unbinned distributions. For each experimental group, we 

formed a single distribution by collecting an equal number of randomly chosen samples from 

each cell in the group. We then ordered samples in ascending order in each distribution and we 

computed the K-S statistics. We obtained the corresponding probability P for the null 

hypothesis of samples arising from a unique parent distribution. We rejected this hypothesis 

when P<0.05, after applying the Bonferroni-Holm correction (i.e. multiplying each P value by 

the number of comparisons performed) whenever more than one pair of sample distributions 

were compared.  

At the end of this first round of analysis we noticed that the K-S test was very sensitive because 

it indicated the presence of significant differences between most of the distributions compared. 

We were suspicious about the meaning of these differences and, although being aware of the 

theoretical difficulties mentioned above, we turned to comparison of binned histograms with 

repeated-measures 2-way ANOVA. We verified in all cases that when significant differences 

across two or more groups were obtained with 2-way ANOVA, they were also obtained with 

the K-S test. The reversal was not true: differences obtained with the K-S test were not 

reproduced by 2-way ANOVA. Therefore, in our hands the 2-way ANOVA was a more 

stringent test, possibly having less statistical power, however we are confident that it should 

minimize detection of false differences. 

For the mean values of peaks, rise times and IEI, they were statistically compared across groups 

using a parametric or non-parametric test, according to the results of the normality/lognormality 

check for the corresponding data. In detail, when the data in all groups passed the normality 

check, the statistical comparison was performed with 1-way ANOVA (or t-test in the case of 

only two groups); when the data did not pass the normality test but passed the lognormality test, 

the logarithmic transform of the data was compared with 1-way ANOVA or t-test; finally, when 

neither the normality nor the lognormality test was passed by at least one of the groups, the test 

of choice was the Kruskal-Wallis statistics (or the Mann-Whitney test in the case of only two 

groups). All the parametric tests have been performed assuming that the variances of the 

populations were different, applying the Welch's correction on the t-test and the Brown-
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Forsythe and Welch's ANOVA test when 1-way ANOVA was required. Furthermore, the 

comparison of averages of the means of the various parameters yielded the same results (in 

terms of presence/absence of significant differences) as comparison of averages of median 

values. Data for medians are not reported in this thesis.
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RESULTS 
 

The aim of this work was to detect possible sustained effects of the acute foot-shock (FS) stress 

protocol in the prelimbic mPFC of adult rats. We studied with patch-clamp recordings the 

excitatory synaptic transmission in layer 2-3 and 5 of this region, both 1 and 24 hours after FS. 

We compared measurements in stressed animals undergoing FS and treated or not with systemic 

ketamine injection. Finally, in L2-3, we also recorded spontaneous inhibitory synaptic currents 

(sIPSCs), and we evaluated the ratio of the total excitatory to inhibitory conductance in 

individual pyramidal neurons (E/I ratio), which is an index of local network activation. 

1. Foot-shock stress transiently increases plasma corticosterone levels 

As an acute stressor, we decided to use unpredictable foot-shock stress, a protocol that involves 

both physical and emotional components and is considered an elite choice for studying PTSD. 

Adults male rats were randomly separated into groups, and some groups were subjected to the 

electric foot-shock protocol (see Methods).  

As a read-out of the stress reaction, in a fraction of the animals, we measured the corticosterone 

(CORT) levels in the plasma isolated from blood gathered at the time of sacrifice. We analysed 

samples collected from animals not exposed to the stressor (CTR), and from rats exposed to the 

acute stress protocol, 1 hour (FS1h) or 24 hours (FS24h) before the sacrifice. As expected, 

CORT levels are enhanced in the FS1h group (364 ±112 ng/ml, n=9 animals), while later-on 

they return to control levels (FS24h: 42 ± 22 ng/ml, n=6 animals; CTR: 57 ± 22 ng/ml, n=13 

animals). After confirming the lognormality of the values, we performed a statistical analysis 

on the logarithmic transform of the data which confirmed that CORT concentration averages 

are significantly different (one-way ANOVA, p<0.05), specifically the FS1h is different from 

the other two groups (post-hoc Tukey's multiple comparisons test: FS1h vs CTR, p=0.002 (**); 

FS1h vs FS24h, p=0.01(*)) (Fig.R.1). 
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Fig.R.1. Corticosterone levels are enhanced 1 hr after the foot-shock acute stress procedure. 

Corticosterone levels were measured with the ELISA immunoassay on blood samples collected from 

rats trunk during the sacrifice. The graph displays the averages (bars; ± s.e.m.) and the individual values 

(symbols) of the corticosterone level (ng/ml) in 13 control animals (CTR), 9 animals sacrificed 1 hour 

after FS (FS1h) and 6 animals sacrificed 24 hours after FS (FS24h). The statistical comparisons were 

performed on the logarithmic transform of data, after assessing their lognormality. CORT averages are 

significantly different (one-way ANOVA, p<0.05). The post-hoc Tukey's multiple comparisons test 

shows a significant difference between FS1h and the other two groups (FS1h vs CTR, p=0.002 (**); 

FS1h vs FS24h, p=0.01(*)). 

 

2. Firing patterns in layer 2-3 and layer 5 neurons of the prelimbic mPFC  

We aimed at restricting our analysis to pyramidal neurons (Pyrs). As explained in Methods, 

putative Pyrs were chosen for recordings in layer 2-3 (L2-3) or layer 5 (L5) of the prelimbic 

mPFC according to their cell body shape. Their identity was further confirmed upon 

electrophysiological criteria. Specifically, cells accepted as Pyrs had input resistance in the 

range 50-200 MOhms (to exclude potential interneurons with non-fast spiking firing pattern, 

which typically have Rin>200 MOhm), and their firing pattern was required to be a “regular 

spiking” (RS) pattern, thus excluding fast-spiking interneurons, as well as other less frequent 

types of non-RS pyramidal neurons. To perform this selection, we routinely checked the firing 

pattern of all the recorded cells, using the K-gluconate internal solution (see Methods), both in 

L2-3 and L5. Immediately after break-in and establishment of the whole-cell configuration, we 

switched to current-clamp (CC) mode, we activated the bridge-balance series resistance 

correction and we injected a steady holding current to keep neurons around -80 mV (in L2-3) 

or around -70 mV (in L5). We next proceeded to record the firing response of each neuron to 

1s-long step current injections with variable intensity. 

We found three classes of neurons with different firing responses:  
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- fast-spiking neurons, a class of interneurons with low rheobase that could fire > 50 action 

   potentials when injected with a 300 pA current stimulus (fig. R.2A);  

- adapting neurons, characterised by long pauses and/or firing arrest (fig.R.2B);  

- regular spiking (RS) neurons, presenting a tonic or very slowly adapting firing pattern 

(fig.R.2B). This cell type included around 80% of the cells patched in each experimental group.  

In the rest of our analysis, we focused on RS cells with Rin<200 MOhm, which represent the 

largest subgroup of pyramidal neurons. 

 

 

Fig.R.2 Firing patterns in mPFC neurons. Three different firing patterns found in L5 and L2-3 in the 

prelimbic mPFC. The firing pattern of each neuron was studied with step current injections of increasing 

intensity through the patch pipette (0 to 400/500 pA, 1 s duration) from a membrane potential of -80 

mV (in L2-3) or -67mV (in L5). (A) Fast-spiking interneuron, showing a large after-hyperpolarization 

after each spike, and a frequency of 121 Hz at +300pA current injection. (B) A neuron with adapting 

firing, characterized by long irregular firing pauses, or firing arrest upon strong stimuli. (C) Regular 

spiking (RS) neuron, showing a fast doublet of spikes at the beginning of the response, followed by 

periodic firing, with frequency increasing with stimulus intensity. RS neurons were the most abundant 

neurons found in the mPFC. We restricted our post-synaptic current analysis to RS neurons. 
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3. Firing in RS cells of layer 2-3 is not affected by acute stress and ketamine 

We analysed the excitability of the RS neurons, reporting the early (1 hour after foot-shock) 

and late (24 hours after foot-shock) effects of foot-shock onto the neuronal firing elicited by 

increasing current injections. We plotted the number of action potentials elicited in the 1s long 

current step, vs the current injection (“f-I curve”) for each cell, averaged over each experimental 

group. We studied the f-I curve for CTR1h and FS1h cells (see Methods, fig. M.1 and par.1 for 

a detailed description of the experimental groups) recorded at a resting membrane potential of 

– 81± 1 mV (fig.R.3, left panel). When statistically compared with a 2-way ANOVA (factors: 

group, stimulus intensity) there was no significant main effect of group (F(1,41)=0.136, 

p=0.7143), nor significant interaction between group and stimulus (F(8,305)=1.78, p=0.0806), 

indicating no significant differences in excitability between the two groups. Likewise, we 

analysed the excitability of CTR24h, FS24h and FSKet cells recorded at a resting membrane 

potential of –79 ± 1 mV (fig.R.3, right panel), and according to a 2-way ANOVA analysis, we 

found that there were no significant differences among the three groups (main effect of group: 

F(3,60)=0.407, p=0.407; interaction group x stimulus, F(36,711)=0.403, p=0.9994), indicating 

that neither acute stress nor ketamine injection change RS Pyr excitability 24 hours after foot-

shock. 

Overall, neither early nor late effects of foot-shock on neuronal excitability could be found in 

our analysis. 
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Fig.R.3 Foot-shock stress does not significantly affect the excitability of L2-3 regular spiking 

neurons. Spike frequency elicited by increasing current injections (f-I curve) was measured 1hr after 

the FS stress protocol (left), or 24 hrs after FS following saline or ketamine (10mg/kg) injection 6 hrs 

after FS (right). Average spike frequency vs injected current (±s.e.m.) from FS1h (20 cells from 8 

animals) and CTR1h (24 cells from 11 animals) regular spiking neurons, recorded at – 81± 1 mV (left), 

and from CTR24h (20 cells from 9 animals), FS24h (14 cells from 7 animals), FSKet (21 cells from 9 

animals) and CTRKet (12 cells from 4 animals) pyramidal neurons, recorded at – 79± 1 mV (right). 

Mixed-model or 2-way ANOVA analysis did not reveal any difference across groups. 

 

4. Foot-shock and ketamine effects on synaptic transmission in L2-3 mPFC 

4a) Miniature excitatory transmission: no early (1hr) nor late (24hrs) changes after foot-

shock and ketamine 

Miniature synaptic currents (mEPSCs), or minis, are produced by spontaneous vesicle release 

from presynaptic terminals in the absence of action potentials (AP-independent release). 

Morphological data have shown a larger density of axo-spinous and axo-shaft excitatory 

synapses in layer 2-3 of the prelimbic area of the mPFC of adult rats 1hr after FS (Nava et al., 

2015). Consequently, one would expect a higher mEPSCs frequency in Pyrs after FS due to an 

increase in the actual number of synaptic contacts. No previously published work has addressed 

the early or late effects of foot-shock stress on mEPSCs in the mPFC of adult animals. We 

compared the amplitude, frequency and kinetics of mEPSCs 1 and 24 hours after foot-shock 

stress. We also describe the study of the late effects of ketamine post-stress systemic injection 

on mEPSCs.  

We recorded mEPSCs from neurons with cell body located in the prelimbic L2-3, holding the 

membrane potential at -60mV. Exemplar current traces are shown in fig. R.4A. To isolate 

excitatory activity, we blocked inhibitory synaptic transmission by perfusing picrotoxin 
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(100μM) and strychnine (1μM), blockers of GABAA and glycine receptors, respectively. 

Isolation of miniature activity was obtained by adding the Na+-channel blocker TTX (500 μM) 

in the ACSF solution. A few minutes after starting bath perfusion of the drugs, the efficacy of 

TTX action was confirmed by the disappearance of firing activity in response to a somatic 

current injection larger than the cell rheobase. After the recordings, we detected randomly 

occurring mEPSCs by checking similarity to a template EPSC waveform (see Methods). We 

excluded from analysis putative events with peak amplitude <10 pA. This relatively high 

threshold was required because a fraction of the recordings displayed a large baseline noise (s.d. 

of baseline current). This implies that smaller events could have been missed by our study. Of 

notice, the fraction of below-threshold detected events was small in the noisier experiments, 

and larger in experiments with smaller baseline noise, suggesting that our detection algorithm 

did not produce a relevant number of false events. 

After detection, we formed normalized cumulative histograms of the three parameters peak 

amplitude, inter-event interval, and 10-90% rise time, with a fixed bin amplitude and number 

of bins in all cells. Histogram bins were then averaged, plotted for all groups (Fig. R.4B-D, 

R.5B-D), and statistically compared using repeated measures 2-way ANOVA with bin and 

group as factors. For the applicability of this statistical approach to our data, see the discussion 

in par.11.c of the Methods section. Moreover, we directly compared the means of peak 

amplitudes, inter-event intervals and 10-90% rise times of mEPSCs (insets in Fig. R.4B-D, Fig. 

R.5B-D). The grand average of each parameter (represented by the bars in the insets) was 

compared across groups with a non-parametric test for unpaired data (Mann-Whitney test; 95% 

confidence level; data reported as means ± s.e.m.). 

When considering early stress effects (1 hour after FS; comparison of n=11 cells from 7 animals 

in CTR1h, and n=12 cells from 6 animals in FS1h), there were no significant differences 

between the histograms of peak amplitude, inter-event interval and 10-90% rise time of the 

CTR1h and FS1h group. Moreover, none of the means of mEPSCs parameters was significantly 

different between the CTR1h and the FS1h groups: not the mean of peak amplitudes (fig. R.4B; 

FS1h: 17.1±0.3 pA; CTR1h: 19.2±1.6 pA, p=0.8328), nor the mean of intervals (fig. R.4C; 

FS1h: 211±22 ms; CTR1h: 313±79 ms, p=0.4134), nor the mean of rise times (fig. R.4D; FS1h: 

1.81±0.03 ms; CTR1h: 1.74±0.03 ms, p=0.2604).  
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Fig. R.4. No changes in L2-3 mEPSCs properties 1hour after FS stress. Patch-clamp whole-cell 

recordings of miniature excitatory synaptic currents (mEPSCs) performed 1hr after foot-shock. 

Tetrodotoxin (TTX, 1µM), picrotoxin (PTX, 0.1 mM) and strychnine (Str, 1 μM) were present to block 

action potentials and inhibitory synaptic inputs through GABAa receptors. Holding potential: -60mV. 

(A) Representative current traces from CTR1h (top) and FS1h (bottom), showing mEPSCs as inward 

deflections. (B-D) Normalized cumulative histograms of mEPSC peak amplitude (left), inter-event 

interval (centre) and 10-90% rise time (right). Average (± s.e.m.) of histogram bins from 11 cells from 

7 animals (CTR1h) and 12 cells from 6 animals (FS1h). Insets: individual values (dots) and group 

average (bars), for both groups, of the mean peak mEPSC amplitude (left), mean inter-event interval 

(centre) and mean 10-90% rise time (right). No significant differences between the two groups were 

present in histograms or mean values. 

 

These results are in contrast with our initial hypothesis of an increase in the frequency (= a 

decrease in the inter-event interval) of mEPSCs. Possible explanations are presented in the 

Discussion, including the possibility that newly formed synapses are not active 1 hour after 

stress.  

In order to verify if an increase could be detected 24 hours after foot-shock, we studied 

miniature transmission and a possible effect of ketamine at sub-anaesthetic dose, at this time 

point in stressed animals. In this experimental setting, animals were injected with saline 

(FS24h) or ketamine at sub-anaesthetic dose (10 mg/Kg) (FSKet) 6 hours after exposure to the 

stressor, while rats belonging to the control group (CTR24h) were injected with saline. We 

compared n=14 cells from 9 animals in CTR24h, n=11 cells from 8 animals in FS24h and n=9 
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cells from 6 animals in FSKet. mEPSCs recordings (fig.R.5A) were performed as specified 

above. The comparison of histograms with 2-way ANOVA shown that there were no significant 

differences among the histograms of peak amplitude, inter-event interval and 10-90% rise time 

of the CTR24h, FS24h and FSKet groups (fig. R.5B-D). Moreover, there were no differences 

in the means of peak amplitude (FSKet: 19.0±1.0 pA; FS24h: 16.7±0.8 pA; CTR: 17.6±1.0 pA, 

p=0.1531), the inter-event interval (FSKet: 319±45 ms; FS24h: 316±53 ms; CTR: 298±46 ms, 

p=0.8308) and the rise time 10-90% (FSKet: 1.58±0.06 ms; FS24h: 1.78 ± 0.06 ms; CTR: 

1.65±0.07 ms, p= 0.0865) across the three studied groups. 

Overall, the analysis of minis did not reveal any effect of acute stress on this synaptic 

transmission modality.  

Fig.R.5. Lack of sustained effects of acute stress or ketamine on L2-3 mEPSCs. Patch-clamp whole-

cell recordings of mEPSCs performed 24hrs after foot-shock, in animals that received an intraperitoneal 

(i.p.) injection of saline (FS24h) or ketamine (10mg/kg) (FSKet) 6hrs after FS. Tetrodotoxin (1µM), 

picrotoxin (0.1 mM) and strychnine (1 μM) present during the recording. Holding potential: -60mV. (A) 

Representative mEPSCs current traces from CTR24h (top trace), FS24h (middle trace) and FSKet 

(bottom trace) animals. (B-D) Normalized cumulative histograms of mEPSC peak amplitude (left), 

inter-event interval (centre) and 10-90% rise time (right). Average (± s.e.m.) of histogram bins from 14 

cells from 9 animals (CTR24h), 11 cells from 8 animals (FS24h), and 9 cells from 6 animals (FSKet). 

Insets: individual values and group average, for CTR, FS 24h and FS Ket, of the mean peak mEPSC 

amplitude (left), mean inter-event interval (centre) and mean 10-90% rise time (right). No significant 

differences between the three groups were present in histograms or mean values. 
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4b) Spontaneous excitatory transmission: a subpopulation of large sEPSCs is activated 1hr 

after acute stress 

A regulation affecting the probability of AP-evoked release could in principle leave unaffected 

the probability of spontaneous AP-independent vesicle fusion (Kaeser and Regehr, 2014). 

Moreover, it is unclear whether or not the molecular machinery giving rise to mEPSCs is at 

least partially molecularly distinct from the machinery governing AP-dependent release 

(Kavalali, 2015).  These observations leave open the possibility that acute stress differently 

affects AP-dependent and AP-independent release mechanisms. To clarify this issue, we 

studied the spontaneous postsynaptic currents (sEPSCs; developing in the presence of 

spontaneous action potentials in the slice network) in L2-3 Pyrs in the prelimbic area.  

It was previously shown an increase in the amplitude of sEPSCs 1 hour after FS in young adults 

animals (Musazzi et al, 2010; 170-200g Wistar rats), but it was not shown if a similar effect is 

also present in adult rats.  

The sEPSCs were analysed in the FS1h (13 cells from 6 animals) and CTR1h (n=14 cells from 

7 animals) groups recorded at -60mV in the whole-cell configuration, in slices bathed in ACSF 

in the absence of TTX. These recordings had higher baseline noise compared to the mEPSCs 

recordings because more membrane channels were overall activated and, to include a sufficient 

number of experiments in our analysis, we fixed the threshold for sEPSCs detection at 16 pA 

(see Methods). Interestingly, when analysing sEPSCs, some neurons from animals that 

underwent FS (5 cells from 4 animals, from a total of 13 cells recorded from 6 animals) were 

characterised by the intermittent appearance of clusters of large events (fig. R.6A). This was 

reflected in a significant right-shift of the average normalized cumulative histogram of peak 

amplitudes in the FS1h group, compared to CTR1h (fig. R.6B; 2-way ANOVA of binned peaks 

distributions: bin x group, F(19, 475) = 1.65, P=0.0414), indicating the presence of more events 

with larger amplitude in the stressed group. This cell sub-population is most likely responsible 

for the significantly larger variance, across experiments, of mean peak amplitudes (Fig.R.2B, 

inset; F(12,13)=9.21, p=310-4, unpaired t-test of the log of mean amplitudes) in the stressed vs 

control groups, while the difference of grand averages of mean peak amplitudes did not reach 

the significance (p=0.069, same test). In the effort to show that the large-amplitude sEPSCs 

were a unique effect induced by the acute stress protocol in a subpopulation of neurons, we also 

measured the CV of peak amplitudes (CV= standard deviation /mean) and we postulated that a 

CV larger than 0.71 indicates the presence of large-amplitude sEPSCs. We performed a chi-

square statistical comparison of the number of cells presenting large (≥0.71) versus small 



RESULTS 59 

 

(<0.71) peak CV, revealing that the relative chance of large peak CV in the CTR1h group was 

0% (95% confidence interval: 0 – 0.6079%; P=0.0159, Fisher’s exact test). This indicates that 

large amplitudes sEPSCs were more likely to occur 1 hour after the stress protocol than in 

control. No significant FS-induced changes were present in sEPSCs frequencies (Fig.R.2C; 

analysis of inter-event intervals) and 10-90% rise times (Fig.R.2D), as shown by 2-way 

ANOVA analyses of normalized cumulative histograms, and Mann-Whitney tests of mean 

values. 

 

Fig.R.6. A large-amplitude sEPSCs subpopulation appears 1 hour after foot-shock in L2-3 

neurons. Patch-clamp whole-cell recordings of spontaneously occurring excitatory synaptic currents 

(sEPSCs) performed 1 after FS.  Holding potential: -60mV. (A) Current traces recorded from control 

(CTR1h, top trace), or stressed animals (FS1h, bottom trace). Notice the cluster of large (≥100pA) 

sEPSCs in the FS1h trace. (B-D) Normalized cumulative histograms of sEPSC peak amplitude (left), 

inter-event interval (centre) and 10-90% rise time (right). Average (±s.e.m.) of histogram bins from 14 

cells from 7 animals (CTR1h) and 13 cells from 6 animals (FS1h). The peak histograms are significantly 

different (2-way ANOVA of binned peaks distributions, interaction of bin and group: F (19, 475) = 1.65, 

P=0.0414). Insets: individual values (dots) and group averages (bar) of the mean peak sEPSC amplitude 

(left), mean inter-event interval (centre) and mean 10-90% rise time (right) for the CTR 1h and FS1h 

groups. The mean peaks (b, inset) display a significantly larger variance in the FS vs CTR group 

(F(12,13)=9.21, p=310-4). 

 

The clustered occurrence of large sEPSCs in the FS1h group is compatible with the presence 

of new strong synapses, which are activated intermittently. Alternatively, these clustered large 
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events could arise from higher excitability of the afferent neuronal network, which could 

produce bursts of APs, eliciting synchronous bursts of Glu release events. The latter could result 

in the summation of postsynaptic currents to produce the large amplitude sEPSCs.  

 

4c) Ketamine injection after foot-shock induces a late increase in sEPSCs frequency 

Previously published evidence suggests a prolonged enhancement of glutamate transmission 

after acute FS stress because high-K+-evoked Glu release from synaptosomes prepared from 

frontal/prefrontal cortex of rats is boosted by FS, also 24 hours after stress (Musazzi et al., 

2017). In the previous paragraph, we have shown an enhancement of sEPSC activity in L2-3 

Pyrs shortly after FS stress. We decided to explore the late effect of FS stress on sEPSCs, as 

there is yet no available description of this phenomenon.  

Whole-cell recordings of the spontaneous excitatory activity 24 hours after FS was performed 

as specified in the previous paragraph. We compared control (CTR24h; n=11 cells from 7 

animals) and stressed (FS24h; n=12 cells from 7 animals) animals injected with saline, and 

stressed animals injected with ketamine (10mg/kg) (FSKet; n=9 cells from 6 animals). 

Injections occurred 18 hours before slice preparation for the sEPSCs recording. When 

comparing normalized cumulative histograms of sEPSCs amplitudes (fig.R.7B) in the three 

groups with 2-way ANOVA, there was no significant main effect of group (p= 0.2945), nor a 

significant interaction of group and bin (p=0.0812), although there was a tendency to increased 

amplitudes in ketamine-treated animals, as also suggested by significant multiple comparisons 

(Tukey’s test; p=0.036, FSKet vs CTR24h; FSKet vs FS24h p=0.037). Concerning the 

frequency of sEPSCs, there was a significant difference among the three groups (main effect of 

group: F(2,580)=10.4, p<10-4). Multiple comparisons revealed that this effect was due to shorter 

intervals in the FSKet group vs the other groups (FSKet vs FS24h p<10-2; FSKet vs CTR24h 

p<0.05). The effect can be appreciated as a leftward shift of the FSKet histogram (in green) in 

fig.R.7C. Finally, when comparing the rise time histograms (fig.R.7D), there was a difference 

among groups (2-way ANOVA, main effect of group: F(2,580)=17.8, p<0.0001), which was 

due to an increase of 10-90% rise times in stressed vs control and ketamine-treated animals 

(Tukey’s multiple comparisons: FS24h vs CTR24h  p<0.05; FS24h vs FSKet p<0.01). 

Although the mean values of analysed parameters (fig.R.7B-D, insets) did not display 

significant differences among groups (Kruskal-Wallis test: p=0.1374, peak amplitudes; 

p=0.3184, inter-event intervals; p=0.0730, rise times), it can be noticed that FSKet inter-event 

intervals and rise times values have a lower dispersion, across cells, compared to CTR and 
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FS24h values (coefficient of variation (CV) of intervals: FSKet 49%;  FS24h 129%; CTR 81%; 

CV of rise times: FSKet 6.4%; FS24h 22.4%; CTR24h 23.4%). Dispersion was low for peak 

amplitudes in all groups (CV of peaks: 6.4%, FSKet; 19.9%, CTR24h; 20.2%, FS24h).  

Overall, these data indicate that, contrary to our expectations, stress-induced alterations of 

sEPSCs were no more visible 24hrs after FS (fig.R.7A), except for a slight slowing of rise times. 

On the other hand, ketamine injection was able to shorten the inter-event interval of the sEPSCs, 

indicating an increase in the frequency of the events, which occurred rather homogeneously 

across cells. As will be discussed later, one possible explanation for this is that ketamine induces 

the activation or formation of a discrete number of synapses with shared characteristics.  
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Fig. R.7.  Effects of ketamine on sEPSCs 24hrs after stress in L2-3 neurons. Patch-clamp whole-

cell recordings of sEPSCs performed 24hrs after FS.  Holding potential: -60mV. (A)  Representative 

current traces show sEPSCs from CTR24h (top trace), FS24h (middle trace) and FSKet (bottom trace) 

animals. (B-D) Normalized cumulative histograms of sEPSC peak amplitude (left), inter-event interval 

(centre) and 10-90% rise time (right). Average (±s.e.m.) of histogram bins from 11 cells from 7 

animals (CTR24h), 12 cells from 7 animals (FS24h), and 9 cells from 6 animals (FSKet). The peak 

amplitudes are not significantly different, while the inter-event intervals are different (2-way ANOVA 

of binned inter-event intervals: there is a main effect of group, F(2,580)=10.4, p<0.0001; Tukey’s 

multiple comparisons: FS-Ket vs CTR24h, p<0.05; FS-Ket vs FS24h, p<0.01), as well as the 10-90% 

rise times (2-way ANOVA, main effect of group, F(2,580)=17.8, p<0.0001; Tukey’s multiple 

comparisons: FS-24h vs CTR24h, p<0.05; FS-24h vs FS-Ket, p<0.01). Insets: individual values (dots) 

of the sEPSCs mean peak amplitude (left), mean inter-event interval (centre) and mean 10-90% rise 

time (right) for CTR24h, FS24h and FSKet cells. Bars indicate the grand average ± s.e.m. of each 

parameter. The grand averages are not significantly different (Kruskal-Wallis test). 
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5. Measurement of the average excitatory and inhibitory charges in L2-3 neurons: the effect of 

acute stress 

 

5a) The total excitatory and inhibitory conductances show a tendency to increase 1 hour after 

foot-shock 

Interestingly, in 2019 a study of the Kash group demonstrated that 90 minutes after a stress 

protocol involving exposure of subjects to predator odour, there was an increase in the ratio 

between excitation and inhibition (E/I ratio) restricted to L2-3 in the prelimbic region of the 

mPFC in adult mice (Hwa et al, 2019). For this reason, having detected an early effect of FS 

stress on spontaneous excitatory transmission, we decided to evaluate its effects on inhibitory 

transmission and the balance of the excitatory and inhibitory transmission (E/I ratio).  

To explore this aspect, animals were subjected to FS and sEPSCs and sIPSCs were recorded in 

the whole-cell configuration, using a Cs-based internal solution supplemented with lidocaine 

(see Methods), in order to block some Na+- and K+-channels, allowing to swiftly change holding 

potential without undermining cell vitality. This choice, however, prevented the description of 

cellular firing properties. After measuring the reversal potential of excitatory and inhibitory 

currents (see Methods), we analysed the two types of spontaneous current, recording sEPSCs 

at the reversal potential of the inhibitory currents (on average -58 mV), and sIPSCs at the zero-

current potential of the excitatory transmission (on average + 3 mV). This strategy allowed to 

equal the excitatory to inhibitory charge ratio with the excitatory to inhibitory total conductance 

ratio (see Methods). Thanks to the block of K+ and Na+ channels, the baseline noise of the traces 

was relatively small, so we could use a detection threshold of 11 pA for sEPSC and 10 pA for 

sIPSCs.  

Fig.R.8 displays the current traces obtained for sEPSCs and sIPSCs in two exemplar cells (panel 

A), and the normalized cumulative distributions of peak amplitude, inter-event intervals and 

10-90% rise times of sEPSCs (panels B-D) and sIPSCs (panels E-G) obtained in the FS1h (n=12 

cells, N=4 animals) and CTR1h groups (n=11 cells, N=4 animals). Statistical comparison of 

histograms, with 2-way ANOVA, and of the corresponding mean values with the Mann-

Whitney test, of considered parameters did not reveal significant differences between the two 

groups (mean sEPSCs of: peak, CTR1h 20.2±0.8 pA and FS1h 22.61±1.3 pA; inter-event 

interval, CTR1h 121.3±10.5 ms and FS1h 129.7±14.8 ms; rise 10-90%, CTR1h 1.67±0.04 ms 

and FS1h 1.77±0.06 ms.  Mean sIPSCs of: peak, CTR1h 30.0±1.1 pA and FS1h 33.8±5.8 pA; 

inter-event interval, CTR1h 87.2±14.5 ms and FS1h 64.8±10.6 ms; rise 10-90%, CTR1h 

2.40±0.09 ms and FS1h 2.51±0.12 ms). The failure to reveal the previously reported changes 
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in sEPSCs with the Cs-based solution contrasts with the visual inspection of traces. Clusters of 

large sEPSCs were still selectively present in some FS1h cells (fig.R.8A, bottom pair of traces, 

recording at – 58mV), but their contribution to histograms and means fails to reach statistical 

significance. Nonetheless, a tendency to an increase of the excitatory transmission in FS1h cells 

can be appreciated when analysing total charges (fig. R.8H-I). The total charge of sEPSCs and 

sIPSCs is calculated as the area of a representative stable segment of the respective baseline-

subtracted current recordings. The segment was 120s long for sIPSCs (at +3mV holding 

potential), while in the case of sEPSCs (at -58mV holding potential) in some cells only shorter 

intervals (always >20s long) were stable enough for integration, and results were multiplied by 

the appropriate scaling factor for calculating the E/I ratio. The excitatory charge (fig.R.8H) had 

a tendency to increase 1 hr after FS, although non-significant (CTR1h 368±43 pC, n=10 cells; 

FS1h 444±45 pC, n=11 cells, means ± s.e.m.; p=0.240, unpaired t-test). A similar tendency to 

a charge augmentation was visible in the inhibitory charges (fig.R.8I) of stressed animals vs 

controls (CTR1h 670±91 pC, n=11; FS1h 1065±266 pC, n=12, means ± s.e.m.; p=0.486, Mann-

Whitney test). This enhancement of charges, however, did not affect the mean E/I ratio 

(fig.R.8J), that remained invariant in the two groups (CTR1h 0.57±0.07, n=10; FS1h 0.62±0.12, 

n=11; p=0.782, unpaired t-test), suggesting that the increased conductance of both excitation 

and inhibition could represent a compensatory mechanism to maintain the optimum E/I balance 

of the network. 
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Fig. R.8  Slight increase in excitatory and inhibitory charges 1h after foot-shock stress in L2-3 

neurons. sEPSCs and sIPSCs were recorded at -58 mV and +3 mV, respectively, with a Cs-

Gluconate-based internal solution in each cell of the CTR1h (11 cells from 4 animals) and FS1h (12 

cells from 4 animals) experimental groups. (A) Representative traces of inhibitory (outward) and 

excitatory (inward) synaptic currents from a CTR1h (top pair of traces) and an FS1h (bottom pair) 

cell. (B, E) Average (±s.e.m.) normalized cumulative histogram of peak amplitudes of sEPSCs (B) 

and sIPSCs (E). Amplitude threshold was 11 pA and 10 pA for sEPSCs and sIPSCs, respectively. 

Insets in B, E represent mean peaks in each cell (dots) and their grand average (bars) for CTR1h and 

FS1h. (C, F) Average (±s.e.m.) normalized cumulative histogram of inter-event intervals of sEPSCs 

(C) and sIPSCs (F). Insets: mean inter-event intervals in each cell (dots) and their grand average 

(bars). (D, G) Average (±s.e.m.) normalized cumulative histogram of 10-90% rise times of sEPSCs 

(D) and sIPSCs (G). Insets: mean rise time in each cell (dots) and their grand average (bars). Neither 

2-way ANOVA comparison of binned distributions, nor t-test of mean values reported a significant 

difference between the two groups in B-G. (I, J) The total charge transfer of the excitatory (I) and 

inhibitory (J) conductance was evaluated as the total area of the respective baseline-subtracted current 

traces over a fixed time interval (20-120 s). There was a non-significant tendency to a slight increase 

of both charges in FS1h vs CTR1h (t-test excitatory charge, p=0.24; t-test inhibitory charge, p = 0.48). 

(H) E/I ratio (ratio of excitatory to inhibitory charge), in each cell (dots), and the E/I grand average 

(bars) in CTR1h and FS1h. 

 

5b) Increase of the excitatory conductance and E/I ratio 24 hours after acute stress 

We next evaluated the conductances and E/I ratio at later times. For this reason, we recorded 

sEPSCs and sIPSCs 24 hours after the foot-shock stress, with the same strategy as above. We 

compared recordings from 10 cells (9 animals) in the FS24h group and 7 cells (6 animals) in 

the CTR24h group.  

The analysis of the normalized cumulative intervals distributions of sEPSCs (fig. R.9C) 

revealed a significant difference between the two groups (2-way ANOVA, interaction of group 

and bin, F(19, 285)=2.19, p=0.0033 (**)), with a leftward shift of the FS24h intervals 

histograms, indicating smaller intervals. The average of mean values of intervals had a non-

significant tendency to decrease in the FS24h group (FS24h 161±18.5ms; CTR24h 235±39ms; 

means ± s.e.m.; p=0.081, unpaired t-test), suggesting, accordingly to the interval histograms, 

an increase in sEPSCs frequency in the FS24h group. Meanwhile, the analysis of means and 

distributions of the other parameters did not find any significant differences neither in the 

excitatory nor the inhibitory transmission (mean peak: FS24h 22.3 ± 1.8 pA; CTR24h 21.4 ± 

2.1 pA; means ± s.e.m.; p=0.760, unpaired t-test; mean rise time: FS24h 1.70 ± 0.14ms; 

CTR24h 1.48±0.16ms; means ± s.e.m.; p=0.294, unpaired t-test). In summary, 24 hours after 

FS the only suggested change in spontaneous postsynaptic currents is the increase in the 

frequency of excitatory currents. 
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In parallel, we analysed the total excitatory and inhibitory charges 24 hours after stress, as above 

(fig. R9H-I). Interestingly, FS increased the excitatory charge (means ± s.e.m.: CTR24h 225±61 

pC, n=6; FS24h 397±40 pC, n=9, p=0.0286 (*), unpaired t-test), as suggested by the sEPSC 

frequency change, while it did not induce any sustained change in the inhibitory charge (means 

± s.e.m.: CTR24h 926±167 pC, n=6; FS24h 1139±245 pC, n=9, p=0.776, Mann-Whitney test). 

These combined effects result in a significant enhancement of the E/I ratio (0.24±0.03, n=6, 

CTR1h; 0.43±0.06, n=9, FS1h; p=0.0425 (*), unpaired t-test) (fig. R.9J), suggesting that the 

inability of the network to preserve the physiological balance of excitation and inhibition 1 day 

after FS could contribute to its maladaptive effects. 

It should be also noticed that the measurement of postsynaptic currents and the total charge 

transfer with the Cs-based solution allowed us to detect sustained differences in spontaneous 

synaptic transmission that could not be detected in experiments using the K-Gluconate internal 

solution. This could be explained by the fact that recordings in the latter condition had a more 

noisy baseline, which prevented detection of a large fraction of sEPSC, hindering the 

observation of an increase in the frequency of sEPSCs 24 hours after stress. A further 

explanation could be offered by the possibility that the neuronal population sampled in these 

experiments includes not only RS Pyr neurons, but also other pyramidal (van Aerde and 

Feldmayer, 2015) and non-pyramidal (Wang and Gao, 2009) neuronal types, given that firing 

properties were not verified.  
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Fig. R.9 Increase of excitatory conductance and E/I ratio 24 hrs after foot-shock stress in L2-3 

neurons. sEPSCs and sIPSCs were recorded at -58 mV and +3 mV, respectively, with a Cs-based 

internal solution in each cell of the CTR24h (7 cells from 6 animals) and FS24h (10 cells from 9 animals) 

experimental groups. (A) Representative traces of inhibitory (outward) and excitatory (inward) synaptic 

currents from a CTR24h (top pair of traces) and an FS24h (bottom pair) cell. (B, E) Average (±s.e.m.) 

normalized cumulative histogram of peak amplitudes of sEPSCs (B) and sIPSCs (E). Amplitude 

threshold was 11 pA and 10 pA for sEPSCs and sIPSCs, respectively. Insets in B, E represent mean 

peaks in each cell (dots) and their grand average (bars) for CTR24h and FS24h. (C, F) Average (±s.e.m.) 

normalized cumulative histogram of inter-event intervals of sEPSCs (C) and sIPSCs (F). 2-way 

ANOVA comparison of sEPSCs binned distributions reveals an interaction of group and bin in this 

experiment (F (19, 285)=2,19, p=0,0033), although Sidak's multiple comparisons test failed to reveal 

any point where the two curves were different. Insets: mean inter-event intervals in each cell (dots) and 

their grand average (bars). (D, G) Average (±s.e.m.) normalized cumulative histogram of 10-90% rise 

times of sEPSCs (D) and sIPSCs (G). Insets: mean rise time in each cell (dots) and their grand average 

(bars). Neither 2-way ANOVA comparison of binned distributions, nor t-test of mean values reported a 

significant difference between the two groups. (I, J) The total charge transfer of the excitatory (I) and 

inhibitory (J) conductances was evaluated as the total area of the respective baseline-subtracted current 

traces. t-test comparison of excitatory charges revealed a significant difference between the two groups 

(p= 0,0286 (*)). (H) E/I ratio, in each cell (dots), and the E/I grand average (bars) in CTR24h and FS24h 

(t-test, p-value= 0,0425 (*)). 

 

6. Ketamine effects on L5 mPFC neurons: excitability and synaptic transmission 

Several studies have shown that the mPFC is a key region for the therapeutic action of ketamine 

after chronic stress (see Introduction). For example, it has been shown that ketamine counteracts 

the morphological changes induced by chronic stress such as the loss of synaptic spines in the 

apical dendritic region, and the consequent synaptic transmission changes, in L5 Pyr neurons 

of the prelimbic and anterior cingulate area in the mPFC, 24 hours after the injection (Li et al, 

2011; Liu et al., 2015). We speculated that the effects of severe trauma such as foot-shock stress 

might induce sustained effects comparable to chronic stress effects, and we decided to evaluate 

whether changes in the excitatory transmission (mEPSCs and sEPSCs) were detectable in L5 

Pyrs 24 hours after FS and if ketamine treatment was able to reverse them.  

Similar to our study of L2-3 Pyrs, we performed whole-cell recordings of RS neurons from 

animals randomly assigned to four different groups: rats undergoing foot-shock stress protocol 

and receiving an injection of saline (FS24h) or ketamine (10mg/kg) (FSKet) 6 hours after 

exposure to the stressor, and control animals injected 18 hours before the electrophysiological 

experiment with either saline (CTR24h) or ketamine (10mg/kg) (CTRKet). The results 

presented in this section should be considered as preliminary, as they are based on a small 

sample. 
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6a) Ketamine injection decreases excitability in stressed animals  

As for the L2-3 Pyrs, we preliminarily investigated the excitability of the L5 RS neurons. After 

break-in, recordings were switched to CC mode, and cells were maintained around -65 to -70 

mV (on average: -67 ± 2mV), close to the resting potential of L5 Pyrs. We proceeded to record 

the neuronal firing elicited by injections of current steps with increasing intensity, and we 

plotted the number of action potentials in 1s vs current injection, to reconstruct the f-I curve for 

each cell. The graph in fig.R.10 reports the superimposed average f-I curves of all groups 

(except the CTRKet group, not available). It can be visually appreciated that the average slope 

of the f-I curve is larger for cells in the FS24h group. When performing a statistical comparison 

with the 2-way ANOVA test, with group and stimulus intensity as factors, we found a 

significant difference among the three groups (interaction group x stimulus: F(18,189)=1.70, 

p=0.0423). Post-hoc Tukey's multiple comparisons test showed a significant difference between 

FS24h and FSKet in the range 60-200pA (p=0.026). This result indicates that the injection of a 

sub-anaesthetic ketamine dose opposes putative stress effects on the neuronal excitability. 

However, we were not able to prove a statistically significant increase of Pyrs excitability in 

stressed animals vs control (in FS24h vs CTR24h). 
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Fig.R.10 Neuronal excitability in L5 RS neurons of stressed animals is decreased by ketamine. 

Spike frequency elicited by increasing current injections (f-I curve) in mPFC L5 regular spiking neurons 

from animals sacrificed 24 hrs after FS and injected with saline (FS24h) or ketamine (10mg/kg; FSKet) 

6 hrs after FS, or controls (CTR24h) injected with saline 18 hrs before recordings. The graph reports the 

average (±s.e.m.) firing frequency of CTR24h (10 cells from 8 animals), FS24h (6 cells from 5 animals) 

and FSKet (9 cells from 5 animals) neurons recorded at -67±2 mV, vs stimulus current. Two-way 

ANOVA analysis does not reveal a main effect of the experimental group (p=0.051), however, there is 

a significant interaction between stimulus intensity and group (F(18,189)=1,70, p=0,0423). The post-

hoc Tukey's multiple comparisons test reveals a significant difference between FS24h and FSKet in the 

range 60-200pA (mean p=0.026). 

 

6b) Modulation of mEPSCs in L5 Pyrs by acute stress and ketamine 

Recordings of miniature currents (fig. R.11A) were performed as in L2-3, holding the cells at  

-60mV. After verifying the cell firing behaviour and passive properties in CC, we acquired for 

2 minutes sEPSC activity (see next paragraph), and immediately after we started bath perfusion 

with a cocktail of blockers (Picrotoxin (100μM), Strychnine (1μM) and TTX (500 μM)) 

dissolved in the ACSF solution. After confirming disappearance of firing in CC, the recording 

was switched to voltage-clamp (VC) and current traces containing mEPSCs were recorded for 

120s. The analysis of mEPSCs revealed the presence of fast events that were not detected by 

the template used in L2-3 analysis, forcing us to change the detection method. We used two 

templates (“fast” and “slow” templates, see Methods) for the simultaneous detection of faster 

and slower excitatory spontaneous currents. Statistical analysis of normalized cumulative 

histograms with 2-way ANOVA revealed that neither peak amplitudes, nor intervals nor rise 

times distributions were significantly different among the four groups analysed (CTR24h: n=10 

cells, 6 animals; FS24h: n=9 cells, 5 animals; FSKet: n=7 cells, 5 animals; CTRKet: n=7 cells, 
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3 animals). Moreover, no differences were present among mean values of mEPSCs peak 

amplitude (mean peak±s.e.m., CTR: 19.6±1.6 pA; FS24h: 16.3±0.8 pA; FSKet: 16.1±0.7 pA; 

CTRKet: 16.4±1.6 pA), inter-event intervals (mean interval±s.e.m., CTR: 476.5±113.8 ms; 

FS24h: 602.1±105.7 ms;  FSKet: 498.9±57.9 ms; CTRKet: 834.9±294.5 ms), and rise times 

(mean10-90% rise time±s.e.m., CTR: 2.2±0.1 ms; FS24h: 2.1±0.2 ms;  FSKet: 1.9±0.1 ms; 

CTRKet: 2.2±0.3 ms) across the studied groups (fig.R.11B-D). 

These data show that we could not confirm our initial hypothesis that acute stress produces 

sustained effects on miniature excitatory transmission in L5 Pyrs. Moreover, we could not prove 

that either ketamine per se or ketamine in stressed animals were able to modify mini 

transmission.  

 

 

 

 

 



RESULTS 73 

 

 

 

Fig.R.11. No effects of acute stress and ketamine on miniature excitatory transmission 24 hours 

after foot-shock in L5 neurons. Patch-clamp whole-cell recordings of mEPSCs performed 24hrs after 

foot-shock, from animals injected intraperitoneally (i.p.) with saline (FS24h) or ketamine (10mg/kg) 

(FSKet) 6hrs after FS, or from saline-injected (CTR24h) or ketamine-injected (CTRKet) controls. 

Tetrodotoxin (TTX, 1µM), picrotoxin (PTX, 0.1 mM) and strychnine (Str, 1 μM) present to block action 

potentials and inhibitory synaptic inputs through GABAa receptors. Holding potential: -60mV. (A) 

Representative mEPSCs traces from CTR24h (top), FS24h (middle-up), FSKet (middle-down) and 

CTRKet (bottom), showing mEPSCs as inward deflections. (B-D) Average (±s.e.m.) normalized 

cumulative histograms of mEPSC peak amplitude (left), inter-event interval (centre) and 10-90% rise 

time (right) from CTR24h (10 cells from 6 animals), FS24h (9 cells from 5 animals), FSKet (7 cells 

from 5 animals) and CTRKet (7 cells from 3 animals). Insets: individual values (dots) and group average 

(bar) for each group, of the mean peak mEPSC amplitude (left), mean inter-event interval (centre) and 

mean 10-90% rise time (right). No significant differences between the two groups were present in 

histograms or mean values. 
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6c) Modulation of sEPSCs in L5 Pyrs by acute stress and ketamine 

We finally performed an initial analysis aimed at verifying the sustained effects of acute stress 

and sub-anaesthetic ketamine on sEPSCs. The following data are preliminary, as they are based 

on just a few experiments. The sEPSCs were recorded at -60mV in the whole-cell configuration 

in slices bathed in ACSF in the absence of TTX (fig. R.12A). Detection of sEPSCs was 

performed using the detection strategy explained above, using two templates (fast and slow 

template, see Methods). We analysed 6 cells from 3 animals for CTR, 7 cells from 2 animals 

for FS24h, 3 cells from 2 animals for FSKet and 8 cells from 3 animals for CTRKet, 

respectively. As for mEPSCs, statistical analysis of normalized cumulative histograms 

(fig.R.12B-D) with 2-way ANOVA did not reveal differences among groups in peak 

amplitudes, intervals or rise times distributions. Moreover, no differences were found among 

mean values of sEPSCs peak amplitude (mean peak±s.e.m., CTR: 19.2±1.6 pA; FS24h: 

19.9±1.1 pA; FSKet: 24.4±6.6 pA; CTRKet: 21.6±3.1 pA), inter-event intervals (mean 

interval±s.e.m., CTR: 314±157 ms; FS24h: 278±65 ms;  FSKet: 504±266 ms; CTRKet: 

337±100 ms), and of rise times (mean10-90% rise time±s.e.m., CTR: 1.9±0.1 ms; FS24h: 

2.1±0.2 ms;  FSKet: 1.7±0.2 ms; CTRKet: 2.0±0.1 ms) across the studied groups (fig.R.11B-

D). 

The absence of foot-shock induced effect on both mEPSCs and sEPSCs in L5 Pyrs is in contrast 

with our working hypothesis that acute stress produces sustained effects on excitatory 

transmission in L5 Pyrs, and that ketamine could reverse these effects. However, the analysis 

presented is based on a very small sample and is therefore preliminary. Our sample should be 

increased in future experiments to reach more reliable conclusions. 
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Fig.R.12. Lack of sustained effects of foot-shock or ketamine on L5 sEPSCs. Patch-clamp whole-

cell recordings of sEPSCs currents performed 24hrs after foot-shock, from animals injected 

intraperitoneally (i.p.) with saline (FS24h) or ketamine (10mg/kg) (FSKet) 6hrs after FS, or from saline-

injected (CTR24h) or ketamine-injected (CTRKet) controls. Holding potential: -60mV. (A) Current 

traces show sEPSCs from CTR24h (top trace), FS24h (middle trace), FSKet (middle-down) and 

CTRKet (bottom) animals. (B- D) Average (±s.e.m.) normalized cumulative histograms of sEPSC peak 

amplitude (left), inter-event interval (centre) and 10-90% rise time (right) from CTR24h (6 cells from 3 

animals), FS24h (7 cells from 2 animals), FSKet (3 cells from 2 animals ) and CTRKet (8 cells from 3 

animals). Insets: individual values and group average, for CTR, FS 24h and FSKet, of the mean peak 

mEPSC amplitude (left), mean inter-event interval (centre) and mean 10-90% rise time (right). No 

significant differences between the three groups were present in histograms or mean values. 
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DISCUSSION 

The mPFC plays a central role in many pathological conditions derived from stressor exposure. 

Our study aimed to characterise the putative alterations on local synaptic transmission in this 

region induced by a single session of unescapable foot-shock stress (FS), both at early and late 

time, in order to reveal possible maladaptive mechanisms that could lead to the development of 

psychopathological conditions. Given the presence of some common morphological 

characteristics between chronic stress and sustained effects of acute stress, such as dendritic 

retraction in the mPFC prelimbic (PL) area (Nava et al, 2017), we decided to investigate the 

alterations in synaptic transmission in the PL of the mPFC of adult rats, 1 day after exposure to 

the stressor. Moreover, given that in chronic stress models the NMDAR antagonist ketamine, 

used at low, anti-depressant doses, has already reached its peak 1 day after the injection (Li et 

al, 2011), this time point was also chosen to assess the possible effects of ketamine on acute 

stress-induced alterations. Intending to devise a rapid therapeutic intervention after acute stress, 

we examined the ketamine effect on synaptic transmission of stressed animals when injected 6 

hours after the stress.  

Focusing at first on layer 2-3 (L2-3) of the PL region in the mPFC, we have demonstrated that, 

in adult rats, foot-shock stress transiently induces the intermittent activation of strong excitatory 

synapses onto regular spiking (RS) pyramidal neurons (Pyrs), that could increase the amount 

of glutamate (Glu) released under action potential guidance, in accordance with the notion of 

an early increase in depolarization-evoked Glu release. Despite the fact that, 24 hours after 

acute stress, we could not demonstrate any acute stress-induced alteration in the spontaneous 

or miniature excitatory transmission (sEPSCs, mEPSCs) in RS Pyrs, we have shown that, in a 

mixed population of L2-3 neurons (E/I experiments, fig.R9), the total excitatory conductance 

increases, in parallel with a possible increase in the frequency of excitatory currents, as 

suggested by the difference in the inter-event interval distribution, that might contribute to the 

increased E/I ratio. Moreover, we have shown that ketamine injection increases the frequency 

of spontaneous excitatory inputs in RS Pyrs of stressed animals 1 day after the traumatic insult. 

Neither acute stress nor ketamine after stress could be confirmed to change either frequency or 

amplitude of miniature excitatory synaptic transmission in RS pyramidal neurons, contrary to 

previous shreds of evidence in other acute or chronic stress models (see below). Finally, a clear 

effect of ketamine at sub-anaesthetic doses on L5 neurons of the PL region of the mPFC from 

naïve or chronically stresses animals was reported by Liu et al. (2015), and for this reason, we 

started to explore the ketamine effects in this layer in the acute stress foot-shock model. In our 
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preliminary L5 analysis, we could not find yet any alteration provoked by FS and/or ketamine 

in the excitatory transmission recorded 1 day after the acute stress.  

Acute stress effects on firing 

Stress morphological and functional effects in the mPFC may vary according to the neuronal 

subcircuit affected (e.g., in chronic stress: Shansky et al., 2009; Liu et al., 2015; Liu et al., 

2020). Prefrontal projection neurons characterised by different firing patterns may be involved 

in the activity of distinct local and long-range circuits in the mPFC, similarly to what happens 

in other cortical regions (somatosensory cortex: Hattox and Nelson, 2007; Le Be´ et al, 2007; 

frontal cortex: Morishima and Kawaguchi, 2006; Otsuka and Kawaguchi, 2008, 2011; visual 

cortex: Kasper et al., 1994; Christophe et al., 2005; Brown and Hestrin, 2009). Furthermore, it 

was reported that different firing patterns correspond to different morphological features of 

pyramidal neurons (van Aerde and Feldmeyer, 2015), including a different extension of the 

dendritic tree that could influence the number of synaptic connections and consequently the 

frequency of the post-synaptic current. For all these reasons, we aimed at selecting a uniform 

neuronal population, which in our hands was done by selecting neurons according to their firing 

pattern upon current injection, and to their input resistance (see Methods). By only allowing RS 

neurons with low input resistance in our sample, we could exclude the most prominent 

population of interneurons, the PV+ fast-spiking interneurons, as well as other interneurons 

(Wang and Gao, 2009) and bursting or adapting pyramidal neurons.  

Given the mPFC role as the hub of stress response coordination, a stress-induced firing 

alteration can be expected to regulate communication between the mPFC and other brain areas. 

There are very few published studies of neuronal excitability in the PL region after acute stress 

exposure. The work of Varela et al. (2012) suggests that deeper layers (L5-6) of this area are 

involved in the so-called behavioural immunization phenomenon, consisting in the individual 

perception of control over the stressor, that allows blunting of the behavioural and 

neurochemical stressor impact. This study reports a change in action potential dynamics, 

leading to an increase in neuronal excitability (gain of the f-I curve), only in rats exposed to 

acute escapable stress, but not to inescapable stress.  

Our results suggest that immediately after foot-shock there is no alteration of the firing pattern 

of RS neurons in L2-3 of the prelimbic mPFC. This is in contrast with the reported dopamine 

D4R-dependent increase in spontaneous firing after acute mild restrain stress in adolescent 

animals (Yuen et al., 2013). It is also in contrast with the effect of acute mild stress used in the 
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study of working memory performance (Arnsten, 2015). Indeed the L2-3 layer is connected to 

the amygdala (Gabbot et al, 2005), which upon acute mild stress is thought to be disinhibited 

by the silencing of the mPFC. This would result from high levels of noradrenergic α1-

adrenoceptor and dopaminergic D1 receptor stimulation, activating feedforward calcium–

protein kinase C and cyclic AMP–protein kinase A signalling, which open HCN and KCNQ 

channels to weaken synaptic efficacy in spines and ultimately inhibiting neuronal firing 

(Arnsten, 2015). While foot-shock stress is known to acutely increase NA and DA release in 

the mPFC (Dazzi et al., 2001), the pattern of expression of adrenergic and dopaminergic 

receptor subtypes in the mPFC is complex (Santana and Artigas, 2017), and it is possible that 

the neurons analysed in our work were not endowed with the receptors required to participate 

in this pathway. Moreover, this modulation might not be preserved in the slice preparation.  

Our analysis of neuronal excitability 1 day after foot-shock suggests on one side a lack of stress 

effects in L2-3 and on the other a stress-induced increase in the excitability of L5 principal 

neurons. These differences could mirror a different regulation of distinct neuronal microcircuits 

connecting the mPFC subregions to other areas (Gabbot et al, 2005). In particular, L5 neurons 

receive dopaminergic and glutamatergic connections from cells of the ventral tegmental area 

(VTA) (Gabbot et al, 2005; Douma and de Kloet, 2020), regions involved in stress adaptation. 

A study on D1R+ and D2R+ neurons in mice reported distinct changes in the firing activity of 

these neurons in L5 of PL after a chronic unpredictable stress paradigm (CUS; Anderson et al, 

2019), with D2R+ neurons displaying a decrease in the f-I gain, and D1R+ neurons exhibiting 

an initial small gain increase followed by sudden firing arrest for more intense stimuli; overall 

in no case a gain increase for intense stimuli was reported, contrary to our results. This evidence 

suggests that 24 hours after acute stress the mPFC PL area is not affected in the same way as 

with chronic stress.  

We found that injection of ketamine decreased the excitability of L5 neurons in stressed rats. 

This effect could be the consequence of the increased activity of interneurons, as suggested by 

a study of Ng et al. (2018), where it was demonstrated that ketamine under chronic stress 

conditions increased the excitability of PV+ fast-spiking interneurons of the frontal cortex.  

Acute stress effect on L2-3 miniature excitatory synaptic transmission 

Miniature excitatory transmission is due to spontaneous, action potential (AP)-independent 

vesicle release. A change in mEPSCs can be taken as a clear indication of regulation of pre- or 

post-synaptic molecular mechanisms, while regulation of spontaneous EPSCs, occurring in the 

presence of spontaneous APs, might be secondary to an increase in neuronal firing. On the other 
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side, a regulation affecting the probability of AP-evoked release could in principle leave 

unaffected the probability of AP-independent vesicle fusion, i.e. miniature release (Kaeser and 

Regehr, 2014). It is also unclear whether or not the molecular machinery giving rise to mEPSCs 

is at least partially molecularly distinct from the machinery governing AP-dependent release 

(Kavalali, 2015). These considerations explain why it is not surprising that mEPSCs and 

sEPSCs might be distinctly regulated by stress. 

In our study, we could not detect any acute stress-induced modulation of miniature transmission 

in L2-3 Pyrs, nor immediately (1 hour) after stress, or 1 day later. This is in contrast with the 

hypothesis suggested by morphological studies demonstrating a larger density of spines in L2-

3 dendrites 1 hour after FS (Nava et al, 2014), as well as 1 day after FS (Nava et al., 2017), that 

should correlate with an increase in mEPSCs frequency. However, it is possible that the newly 

formed synapses reported in those studies were non-functional silent synapses, as they were 

mainly small, non-perforated, or axo-shaft synapses (Nava et al., 2014), or small volume spine 

synapses (Nava et al., 2017). It can be argued that an increase in mEPSCs frequency might go 

undetected if due to activity in newly formed synapses at the far end of distal dendrites, because 

of dendritic filtering. However, the possibility that our detection might not see these new 

synapses is challenged by the fact that the newly formed spines are distributed across the L2-3 

(Nava et al, 2014), and should not be confined to the distal part of the dendritic tree. 

Previous studies in mPFC L5 Pyrs of juvenile (3-4 weeks) male rats have shown that mEPSC 

amplitude is enhanced after mild acute stress, and depressed after chronic stress exposure, due 

to an increase or decrease in the expression of postsynaptic AMPA and NMDA receptors, 

respectively (Yuen et al, 2009, 2012). Several factors may explain the differences between the 

studies of Yuen and colleagues and our result, including the young age of the animals and the 

milder stressor. Of notice, improved performance of young, mildly stressed rats in mPFC-

mediated tasks was demonstrated (Yuen et al, 2009), suggesting that the increase in mEPSCs 

amplitude could be a pro-adaptive mechanism. mEPSCs in our work do not seem to be altered 

1 day after FS, neither in L2-3 nor in L5. This seems quite different from what happens in 

chronically stressed adult mice, where mEPSCs frequency is enhanced in a subpopulation of 

L5 neurons expressing D1 receptor, while it is reduced in L5 neurons expressing D2 receptor 

(Anderson et al, 2019). Our results could be reconciled with these chronic stress results in the 

hypothesis that our sample included both D1R+ and D2R+ cells, which are altered by stress in 

opposite ways. 
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Acute FS effects on spontaneous AP-dependent transmission 

Coming to AP-dependent transmission, in the present study we observed, in L2-3 neurons at 

early times after exposure to the stressor, the appearance of intermittent clusters of large-

amplitude sEPSCs. This is consistent with previous results obtained for sEPSCs in younger 

animals (Musazzi et al., 2010; 175-200g rats weight). This is also consistent with the 

demonstration of an increase in Glu release from synaptosomes prepared from the mPFC/FC, 

1 hour after foot-shock (Musazzi et al, 2010), which was paralleled by the increase of the 

(functionally defined) readily releasable pool of synaptic vesicles, of vesicle docked to the 

presynaptic plasma membrane, and of phosphorylated-Ser9 synapsin 1 (Treccani et al, 2014). 

The clusters of large EPSCs might arise from an enhanced release probability at perforated 

spine synapses in L2-3, where it was shown that presynaptic compartments facing the 

perforated spine have an increased number of docked vesicles after FS (Nava et al, 2015).  It is 

also possible that these events arise from randomly generated bursts of action potentials in the 

afferent neuronal network. This bursting could be secondary to synaptic changes elsewhere in 

the network and/or to a change of membrane excitability, possibly occurring in non-RS Pyrs or 

in interneurons since we could not detect this phenomenon in our analysis of firing. An 

increased firing of afferent neurons could synchronize release from multiple sites, explaining 

our detection of large amplitude sEPSCs. Currently we cannot distinguish between regulation 

of presynaptic release mechanisms, postsynaptic responsivity, or regulation of network 

excitability as causal mechanisms generating the stress-related clusters of large amplitude 

sEPSCs. 

Since we showed an increase in the excitatory transmission in the prelimbic L2-3, we next 

investigated the presence of an increase in the ratio of average excitatory to inhibitory 

conductance (E/I ratio) in L2-3 neurons, inspired by a recent study in adult mice showing an 

increase in the E/I ratio selectively in L2-3 neurons of the PL area in animals exposed to acute 

stress (predator odour) 90 minutes before the recordings (Hwa et al, 2019). Even if we recorded 

from putative pyramidal neurons, as visually identifyed by their morphological aspect, we could 

not confirm the identity of the neurons in these experiments, which were performed with an Cs-

based intracellular solution not allowing the recording of firing activity. In our hands, even if 

the clustered large events were still visible 1 hour after stress, the statistical comparison of 

sEPSC amplitudes did not confirm the peak increase observed with K-based internal solution. 

This might be related to a better resolution in the EPSC detection due to improved signal-to-
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noise ratio, which might have increased the fraction of smaller amplitude EPSCs, lowering the 

statistical impact of FS-related large EPSCs.  

It should be noticed that miniature currents are present in sEPSCs recordings because there is 

no way to isolate AP-dependent and AP-independent release. It is possible that minis account 

for a large proportion of the synaptic events in our recordings, as also observed in other studies 

(Malkin et al, 2014). This preponderance of minis is probably enhanced in the slice preparation, 

where the spontaneous firing of the local network tends to be down-regulated. If a specific stress 

effect on the mechanisms of AP-dependent release occurs, the “contamination” by minis in our 

recordings would decrease the ability to detect this effect, contributing to explain why the 

sEPSCs analysis failed to detect early amplitude increases. It could be argued that the recording 

of evoked EPSCs (eEPSCs) would avoid the difficulty of contamination by minis. In our study, 

we did not take the approach of studying eEPSCs for detecting stress effects, because 

experimental stimulation in our condition can only address a specific subgroup of axonal fibres 

and thus a subgroup of neuronal subtypes, which we could however not specifically control, in 

the absence of targeted approaches, such as optogenetic or chemogenetic tactics, allowing to 

precisely identify the stimulated afferent. Therefore, in the attempt to obtain a more balanced 

sampling of all possible neuronal afferents, allowing to identify any possible change in synaptic 

inputs, we decided to limit our study to sEPSC recordings. 

Nevertheless, we observed a non-significant tendency to increase for the total excitatory charge, 

measured as the integral of current traces at the reversal potential of IPSCs (proportional to the 

average excitatory conductance). We observed a similar tendency also in the total inhibitory 

charge, (proportional to the average inhibitory conductance). There are no previous reports of 

acute stress effects on inhibitory GABA release in prelimbic neurons, neither in studies 

involving the early effect of FS in PFC/FC synaptosomes (Musazzi et al, 2010) nor of mild 

acute stress effects on inhibitory transmission in L5 PL neurons of juvenile rats (Yuen et al, 

2009), while in the infralimbic mPFC of adult rats exposed to chronic stress, it was shown that 

inhibitory mini (mIPSC) frequency was selectively enhanced vs mEPSC frequency, in parallel 

with an increased number of inhibitory synaptic contacts (McKlveen et al., 2016). Whether or 

not FS increases inhibitory conductance in adult PL neurons should be explored in more detail. 

Interestingly, the E/I ratio was unaltered in stressed animals vs controls, suggesting that the 

local network was able to maintain an unaltered balance of excitation and inhibition 

immediately after the end of the stress protocol. Our result differs from the increased E/I ratio 

reported in the study of Hwa et al (2019) in the prelimbic L2-3. This could derive from the use 
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of different rodent species and/or from different acute stress protocols (the predator odour stress 

lacks physical component). Interestingly, our data show a significant FS-induced increase in 

the E/I ratio in L2-3 neurons, 24 hours after FS. This was due to a significant increase in the 

total excitatory charge, not accompanied by an increase in the total inhibitory charge. This result 

confirms the previously reported increase in the evoked Glu release 24 hours after FS from 

mPFC/FC synaptosomes of stressed animals (Musazzi et al, 2017).  When separately comparing 

sEPSCs and sIPSCs in Cs-based recordings, we could only detect a tendency to increased 

sEPSC frequency, suggesting a lower statistical power of the analysis of individual 

EPSCs/IPSCs, which is subjected to errors deriving from missed events during detection. A 

similar consideration may explain the lack of stress effects, vs control, observed in sEPSCs 

recorded with the K-based intracellular solution 24 hours after FS (fig.R.7B-D). 

Our data show that 24 hours after acute stress there is a significant increase in the rise times of 

the sEPSCs when using K-based internal solutions (fig.R.7D), and a tendency to increased rise 

times with Cs-based solutions (fig.R.9D), which is not present in recordings obtained 1 hour 

after stress. This kinetic change may arise from several factors, including differences in 

postsynaptic AMPA receptor composition, or in the shape of the postsynaptic spine, which may 

affect the propagation of electrical signals, or in the electrotonic distance of active synapses 

from the somatic recording electrode. It is interesting to notice that, whatever the underlying 

mechanism, this increase reflects a dynamical change in the excitatory transmission 

mechanisms occurring 1 day after a single traumatic event. This change might be related to a 

possible compensatory mechanism accompanying the dendritic retraction occurring 24 hours 

after FS (Nava et al, 2017).  

Ketamine effect on synaptic transmission of L2-3 and L5 neurons 

We found that the frequency of sEPSCs recorded in L2-3 Pyrs in stressed animals is enhanced 

after ketamine treatment. This is in accordance with the notion that, at this low dosage, ketamine 

systemic injection induces an increase in the density of synaptic spines in the prelimbic mPFC, 

as demonstrated 1 day after injection in naïve (Li et al, 2010; Liu et al, 2015) and chronically 

stressed animals (Li et al., 2011; Liu et al, 2015; Moda-Sava et al, 2018; Ng et al, 2018), and 

up to 2 weeks after injection in naïve animals (Phoumthipphavong et al., 2016). Moreover, our 

data parallel results found for L5 principal neurons, where an enhancement by ketamine of 5-

HT-evoked sEPSCs, both in naïve (Li et al., 2010; Aguilar-Valles et al., 2018) and chronically 

stressed (Li et al., 2011; Liu et al., 2015) animals, was reported. Moreover, we found that 

ketamine reverted the increase of sEPSC rise time induced by FS. One possible explanation for 
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this kinetic change is that ketamine activates synapses located near the soma, that disappeared 

or were inhibited by the acute stress reaction. Indeed, it was reported that ketamine induces re-

formation of spines close to spines eliminated by previous chronic restraint stress (Ng et al, 

2018) or chronic corticosterone treatment (Moda-Sava et al, 2018).  

In our preliminary experiments, we could not show an effect of ketamine on sEPSCs in L5 

neurons, contrary with previously published observations in naïve or chronically stressed 

animals (Li et al., 2010; Aguilar-Valles et al., 2018; Li et al., 2011; Liu et al., 2015). This could 

be determined by the fact that, in the latter studies, ketamine effects were demonstrated after 

intensely activating specific inputs by stimulation with various hormones (5-HT, hypocretin, 

CRF), while in our results we did not discriminate among specific subpopulations of neuronal 

afferents. Moreover, our results are based on a very small sample, and further investigations 

should address the ketamine effects on specific inputs to L5 Pyrs in the prelimbic mPFC of 

foot-shock stressed animals. 

We were not able to detect any ketamine-related alteration of mEPSCs in L2-3 Pyr cells of 

acutely stressed animals (1 day after stress and 18 hours after ketamine treatment). Similarly, 

our preliminary analysis did not suggest a ketamine effect on minis in L5 Pyrs. As far as we 

know, it was never reported whether excitatory minis are affected by low-dose ketamine 

systemic injection in the mPFC or elsewhere, while it was reported that ketamine acute bath 

perfusion in slices or cultured neurons inhibits (hippocampal cultures, +40 mV; Autry et al., 

2011) or has no effect (lateral habenula, slices, -60 mV; Yang et al., 2018) on mEPSCs. 

Summarizing, these results suggest that ketamine systemic injection leads to an increase in the 

frequency of excitatory inputs to L2-3 pyramidal neurons in stressed animals, 1 day after 

exposure to the stressor, without changes in spontaneous AP-independent release. 

 

In conclusion, our data confirm an early FS stress-induced enhancement of Glu transmission in 

L2-3 Pyr in the prelimbic mPFC. This enhancement is due to the activation of a few strong 

synaptic contacts and/or the synchronization of inputs from afferent neurons undergoing 

increased firing, and is not paralleled by a detectable increase in the E/I balance in single 

neurons. On the contrary, 1 day after FS, the excitatory Glu conductance is increased in parallel 

with an increase in the E/I balance. Ketamine at this time increases the frequency of sEPSCs, 

consistent with the synaptogenic effect reported in naïve and chronically stressed animals. 
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