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ABSTRACT 

 

Modern theories of synaptic plasticity, central to understanding learning and memory, 

suggest that synapses undergo activity-dependent changes in strength. However, traditional 

models like spike-timing-dependent plasticity (STDP), with their reliance on nearly coincident and 

repetitive neural activity, fall short of capturing the extended temporal dynamics integral to 

behavioral learning. This discrepancy presents a notable challenge in synaptic plasticity research, 

often referred to as the "temporal credit assignment problem," which requires linking actions to 

outcomes that are temporally separated. Behavioral timescale synaptic plasticity (BTSP) was first 

discovered in the hippocampus and more recently in the prefrontal cortex of mice. Utilizing a 

combination of optogenetics and whole-cell electrophysiology experiments we sought to 

determine BTSP across pathway-specific inputs to layer 5 pyramidal neurons from key brain 

regions including the ventral hippocampus, basolateral amygdala, mediodorsal thalamus, and 

contralateral PFC. Our results reveal that BTSP can be selectively induced in the ventral 

hippocampus-PFC and mediodorsal thalamus-PFC pathways. Additionally, adjustments to ex vivo 

experimental conditions to mirror physiological calcium levels reveal the need for a Hebbian 

eligibility trace in order to induce plasticity. These findings pave the way for future research that 

bridges cellular mechanisms with behavioral outcomes, offering potential pathways for 

therapeutic interventions in conditions like Alzheimer's disease, where such synaptic mechanisms 

are disrupted. 
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GENERAL INTRODUCTION 

 

Learning, a cornerstone of adaptive behavior, is not solely a human trait but a 

fundamental biological process that has evolved across species to enhance survival, growth, and 

environmental adaptation. At the core of this transformative process lies synaptic plasticity, a 

dynamic and intricate mechanism within the neural architecture that underpins our ability to 

learn and remember. Despite the paramount significance of learning for survival and everyday 

functioning, the nature of synaptic plasticity— the very engine driving our capacity to learn—

remains elusive. 

The notion that neural connections are subject to modification in response to behavioral 

experiences traces its roots back to the late 19th century. In 1872, Alexander Bain proposed the 

coordination of sensations and movements through specific growths in cell junctions (Bain, 1872). 

This idea gained further traction when American psychologist William James introduced a 

learning rule akin to Donald Hebb's later hypothesis, emphasizing the propagation of excitement 

between “active brain processes”(James, 1890). Towards the end of the 19th century, Santiago 

Ramón y Cajal suggested that memory might be stored through strengthened connections 

between neurons, a concept later termed synapses by Charles Scott Sherrington in 1897 (Bliss et 

al., 2018; Ramon Cajal, 1894; Sherrington, 1906).  

Alexander Bain proposed that concurrent actions or sensations tend to cohere, facilitating 

their recall when one is later presented to the mind (Bain, 1855). This early insight laid the 

foundation for the speculation by future neuroscientists that brain function is governed by 

associating information(Markram et al., 2011), contributing to our understanding of synaptic 

plasticity and its role in associative learning. 

Synaptic plasticity, the activity-dependent modification of neuronal connections or 

synapses (Hebb, 1949), forms the basis for learning and memory. According to Hebb’s postulate, 

when axon A is consistently responsible for postsynaptic firing of cell B, the synaptic strength of 

this connection is increased (Hebb, 1949). Experimental confirmation came in 1973 through Bliss 

and Lomo's work on the rabbit hippocampus, introducing the concept of long-term potentiation 

(LTP) (Bliss & Lømo, 1973a). LTP increases synaptic strength and serves as a potential mechanism 
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for learning and memory storage. The bidirectional modulation of synaptic strength includes long-

term depression (LTD), induced by low-frequency stimulation (Dudek & Bear, 1992). LTD occurs 

when presynaptic neurotransmitter release doesn't lead to postsynaptic firing, allowing 

reversibility and preserving information storage capacity (Kennedy, 2016).  

Experimental induction of LTP or LTD often involves spike-timing dependent plasticity 

(STDP) protocols (Markram, Lubke, et al., 1997). However, STDP's temporal requirements (on the 

order of milliseconds) and repetition rates (50-100) deviate from behavioral associative learning, 

highlighting a gap between experimental models and real-world scenarios. The concept of an 

eligibility trace was proposed to address this issue. The eligibility trace is elicited by presynaptic 

activation and is transformed into LTP by postsynaptic firing, allowing synapses to remain eligible 

for potentiation over a longer period of time (~1-2 seconds) (Klopf, 1972). 

Recent studies by Bittner et al.(Bittner et al., 2017) introduce Behavioral Timescale 

Synaptic plasticity (BTSP) with temporal delays resembling associative learning at longer 

timescales (1-2 seconds). Their non-Hebbian model, closer to real-world associative learning, 

suggests that even without postsynaptic spiking, presynaptic inputs create an eligibility trace that, 

upon postsynaptic firing within a 2-second time window, transforms into LTP. This physiological 

mechanism aligns with behaviorally relevant contexts, providing insights into synaptic plasticity 

within a timeframe consistent with associative learning. 

Novel findings by Caya-Bissonnette et al. (Caya-Bissonnette et al., 2023) reveal BTSP in 

layer 5 pyramidal neurons of the mouse prefrontal cortex, showcasing synaptic potentiation with 

behaviorally relevant temporal separations (0.5 s - 1 s). This ground-breaking discovery challenges 

conventional synaptic plasticity models, adapting to behavioral timescales and introducing a 

novel mechanism for associative learning, achievable even with a single pairing, resembling one-

shot learning. Furthermore, the identification of a distinctive form of short-term and associative 

plasticity of calcium dynamics (STAPCD) in apical oblique dendrites enhances our understanding 

of the rules governing BTSP induction.  

In this thesis, I extend the groundwork discussed above by delving into the synapse 

specificity of BTSP within the mouse prefrontal cortex. 
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1 SYNAPTIC PLASTICITY 

 

In unraveling the complexities of synaptic plasticity, it is paramount to recognize that the 

brain's function is intricately determined by the connectivity and adaptability of its underlying 

neurons (Bassi et al., 2019; Kauer & Malenka, 2007). These neural connections possess the 

remarkable ability to undergo changes and strengthen in response to various experiences, 

consequently shaping subsequent thoughts and behaviors (Turrigiano & Nelson, 2004). 

Disruptions in such plasticity have been implicated in the pathogenesis of neuropsychiatric 

disorders (Kauer & Malenka, 2007).  

 

1.1 SHORT TERM SYNAPTIC PLASTICITY 

 

Short term forms of synaptic plasticity manifest on the order of milliseconds to minutes, 

reflecting transient alterations in behavioral experiences (Zucker & Regehr, 2002). There are two 

fundamental facets of short-term plasticity (STP): paired-pulse facilitation (PPF) and paired-pulse 

depression (PPD) (Katz & Miledi, 1968; Zucker & Regehr, 2002). PPD, often occurring at short 

interstimulus intervals (ISI <20 ms), is attributed to the transient depletion of the readily 

releasable pool of vesicles at the presynaptic terminal (Dobrunz & Stevens, 1997). Changes in 

neurotransmitter release probability or receptor desensitization can also contribute to PPD at 

longer intervals (~100 ms). On the other hand, PPF, observed at longer ISI’s (20 ms-500 ms), is a 

consequence of residual calcium contributing to additional release upon the second pulse 

(Dobrunz & Stevens, 1997; Kauer & Malenka, 2007). The occurrence of PPF or PPD is contingent 

upon the recent synaptic history, driven by changes in release probability (P). Notably, high initial 

release probability results in PPD, while low probability leads to PPF. 

  

1.2 LONG TERM SYNAPTIC PLASTICITY 

 

Long-term plasticity (LTP) represents a pivotal mechanism in understanding how synaptic 

strength alterations contribute to behavioral modifications, particularly in learning and memory 
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formation(Kauer & Malenka, 2007). This phenomenon involves the enduring modification of 

synaptic weights within a neural circuit, facilitating the storage of information over extended 

periods. Santiago Ramon y Cajal laid the groundwork for this concept, which was later formalized 

by Canadian neuroscientist Donald Hebb in 1949 (Hebb, 1949). LTP is characterized by sustained 

enhancement in synaptic efficacy following high-frequency or repeated stimulation (Bliss & Lømo, 

1973a; Martin et al., 2000). 

 

1.2.1 HEBBIAN PLASTICITY 

 

At the core of synaptic plasticity lies the widely acknowledged Hebbian framework, 

notably illustrated by LTP (Andersen et al., 2017). According to Donald Hebb's postulate, 

persistent activation of axon A leading to the firing of cell B enhances the synaptic efficacy 

between the two cells (Hebb, 1949; Figure 1). This implies that presynaptic firing consistently 

contributing to postsynaptic neuron activation strengthens the synaptic connection over an 

extended duration. Hebbian LTP and LTD manifest within seconds to minutes, responding to brief 

episodes of synaptic stimulation, and their effects can endure for hours to days (Abraham & 

Williams, 2003). 

Hebb’s postulate was demonstrated experimentally for the first time by Bliss and Lomo’s 

studies on the rabbit hippocampus in 1973 (Bliss & Lømo, 1973b). They induced high frequency 

(tetanic) stimulations of the perforant path in the dentate area of the hippocampus of 

anesthetized rabbits. They used recordings of field potentials to measure synaptic responses. This 

approach allowed them to observe a long-lasting enhancement in the strength of synaptic 

transmission and larger population spike amplitudes. The phenomena they discovered, termed 

long-term potentiation (LTP), demonstrated a significant increase in field potential amplitude, 

which persisted for hours and even weeks, suggesting its potential role in learning and memory 

processes. 
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Figure 1. Hebbian plasticity. A) Hebb’s postulate: Presynaptic cell A taking part in firing 
postsynaptic cell B results in strengthening the connection between them. B)  Schematic of 
synaptic connection between two neurons. C) Schematic representation of Spike-Timing-
Dependent-Plasticity (STDP) highlighting 1. The short temporal separation between pre and 
postsynaptic firing, and 2. The order of activation: if presynaptic cell fires before the postsynaptic 
cell, long-term potentiation (LTP) occurs, and reversing the order results in depression (LTD). D) 
Synaptic weight is increased during LTP (black) and decreased during LTD (grey). E) Close-up 
illustration of a synapse showing glutamate release and binding to AMPAR and NMDAR 
postsynaptically. The coincidence of glutamate binding with postsynaptic depolarization (bAPs) 
relieves the Mg2+ block and allows Ca2+ entry into the postsynaptic neuron, activating a signaling 
cascade that results in AMPAR insertion at the synapse, allowing for enhanced synaptic response 
upon subsequent activity. 
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1.2.2 NMDAR-DEPENDENT LTP 

 

LTP induction is dependent on N-methyl-D-aspartate receptors (NMDARs), which detect 

the coincidence of pre- and postsynaptic spiking (Abraham & Williams, 2003; Bock & Stuart, 

2016). NMDARs typically consist of two GluN1 and two GluN2 subunits, though this composition 

can vary as they sometimes also contain GluN3 (Bock & Stuart, 2016). At resting membrane 

potentials, NMDARs are blocked by a Mg2+ ion, preventing the passage of any other ions (Lü Scher 

et al., 2012). The specific composition of NMDARs determines their biophysical features. For 

instance, GluN2A- and GluN2B-containing receptors are blocked by Mg2+ more strongly than 

other subunits (Retchless et al., 2012). NMDARs usually have slower kinetics ranging from 40 ms 

(GluN1/GluN2A) to 2 s (GluN1/GluN2D) (Vicini et al., 1998). NMDAR are activated upon the 

coincidence of presynaptic inputs (glutamate release) with postsynaptic depolarization. Despite 

the fact that EPSPs can induce robust postsynaptic depolarization, it is not sufficient for LTP 

induction (Caya-Bissonnette et al., 2023). Backpropagating action potentials (bAPs) or dendritic 

spikes are often required to relieve the Mg2+ from the NMDAR ion pore (Lisman & Spruston, 2005, 

2010; Markram, Lubke, et al., 1997). 

The coincidence of glutamate binding to NMDAR with the removal of the Mg2+ allows Ca2+ 

ions flow into the postsynaptic cell (Abraham & Williams, 2003). Ca2+ influx activates Ca2+-

calmodulin-dependent kinase II (CaMKII), resulting in the insertion of more α-amino-3-hydroxy-

5-methyl-4-isoxazole propionate receptors (AMPARs) at the postsynaptic dendritic spines 

(Herring & Nicoll, 2016; Lisman et al., 2002, 2012; Malinow & Malenka, 2003). This increase in 

AMPAR allows the postsynaptic neuron to be more responsive to subsequent glutamate release, 

producing a larger postsynaptic response relative to that prior to AMPAR insertion.   

AMPARs are tetrameric structures made of combinations of 4 different subunits (GluA1-

GluA4) (Castellani et al., 2001; Collingridge et al., 2009). These types of receptors are responsible 

for the fast synaptic signaling in response to glutamate binding (Dingledine et al., 1999; Llinás et 

al., 1992; Traynelis et al., 2010). AMPARs mainly conduct sodium (Na+) and potassium (K+) ions 

and are usually impermeable to Calcium (Ca2+) ions-the GluA2 composition governs their Ca2+ 

permeability (Seeburg & Hartner, 2003). The number/composition of AMPAR on the postsynaptic 
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membrane is often used to assess modifications in synaptic plasticity (LTP/LTD) (Castellani et al., 

2001). 

LTP demonstrates four compelling properties that make it an appealing mechanism for 

learning and memory: persistence, cooperativity, associativity, and input specificity (Nicoll et al., 

1988). Synaptic connections exhibiting long-lasting modifications are particularly important for a 

cellular model of learning and memory storage. Additionally, cooperative interactions between 

synapses are imperative, necessitating the simultaneous activation of a specific number of 

presynaptic inputs. Notably, LTP enables the potentiation of weak inputs when paired with strong 

inputs, emphasizing its role in associativity. Moreover, LTP only occurs in response to the tetanized 

input and is not found at untetanized inputs to the same cell, which is an optimal feature for 

information storage (Bliss & Lømo, 1973a; Citri & Malenka, 2007). However, it's essential to 

acknowledge that while LTP facilitates learning processes, it can also lead to excessive excitability. 

In this regard, LTD acts as a balancing mechanism, stabilizing synaptic weight to mitigate 

hyperexcitability induced by LTP (Mulkey & Malenka, 1992; Turrigiano & Nelson, 2004). Despite 

the elusive nature of the exact mechanism underlying LTD induction, one approach involves low-

frequency stimulation (LFS) (Dudek & Bear, 1992). 

 

 

1.3 SPIKE-TIMING DEPENDENT PLASTICITY (STDP) 

 

Spike-timing-dependent plasticity (STDP) is one proposed mechanism as a cellular model 

for associative learning (Markram, Lübke, et al., 1997). STDP induction protocols typically involve 

50-100 near-simultaneous firing of the pre- and postsynaptic neurons (Bi & Poo, 1998; Debanne 

et al., 1998; Magee & Johnston, 1997; Markram, Lübke, et al., 1997). Markram et al. (1997) found 

that presynaptic or postsynaptic bursts alone were not sufficient to produce measurable changes 

in EPSP amplitude (Markram, Lübke, et al., 1997). Their results showed that pairing dendritic/ 

bAPs with excitatory postsynaptic potentials (EPSPs) is essential for inducing persistent changes 

in EPSP amplitudes. bAPs therefore serve as a feedback signal to the synaptic input region that 

an AP had just been fired at the output region (axon) (Magee & Johnston, 1997; Markram, Lübke, 
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et al., 1997). Bi & Poo, (1998) and Debanne et al., (1998) hypothesized that LTP induction is 

dependent on the coincidence of NMDAR-mediated EPSP and bAP by postsynaptic 

depolarization, as opposed to simply the temporal coincidence of pre and postsynaptic firing. This 

involvement of NMDAR likely gates the critical time window of 50 ms between pre- and 

postsynaptic activation. 

 

1.3.1 FUNDAMENTAL ISSUES WITH STDP AS A MODEL OF ASSOCIATIVE LEARNING 

 

While the STDP mechanism discussed above seems to be a promising candidate for 

associative learning, it possesses two fundamental disparities compared to learning observed at 

behavioral levels (Drew & Abbott, 2006; Suvrathan, 2018). STDP induction protocols require 50-

100 pairings, but associative learning rarely takes more than a few repetitions pairing an action 

with a given outcome. Moreover, the required time window between pre- and postsynaptic 

activation is on the order of milliseconds, whereas learning at behavioral timescales occurs over 

seconds, and can be extended to minutes or even hours (Friedrich et al., 2011). 

 

1.3.2 THE ELIGIBILITY TRACE AS A POTENTIAL SOLUTION 

 

Inspired by computational work, a theoretical construct known as an eligibility trace has 

been proposed to address this temporal mismatch, although its biological identity still remains to 

be identified (Gerstner et al., 2018). This trace is elicited by presynaptic inputs and is transformed 

into LTP by postsynaptic firing, allowing synapses to remain eligible for potentiation over 1–2 

seconds, a timescale consistent with action-reward temporal contingencies observed at the 

behavioral level (He et al., 2015). He et al. (2015) hint at the presence of eligibility traces in the 

cortex. Their results show that classic STDP protocols used to induce LTP can leave an eligibility 

trace lasting up to 10 seconds by the neuromodulatory action of norepinephrine (NE) (Gerstner 

et al., 2018; He et al., 2015). 
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1.4 BEHAVIORAL TIMESCALE PLASTICITY (BTSP) WITHIN THE HIPPOCAMPUS AND CORTEX 

 

Recent experimental studies by Bittner et al. (2017) investigating CA3 to CA1 inputs 

demonstrate LTP induction even with a temporal separation between pre- and postsynaptic 

activation on the order of seconds (Bittner et al., 2017; Figure 2A). Their experiments showed 

that pairing 10 subthreshold presynaptic pulses with postsynaptic depolarization (calcium plateau 

potential) can induce LTP. This phenomenon is thus thought to be non-Hebbian due to the 

extended temporal window between pre- and postsynaptic activation, and because presynaptic 

inputs do not cause postsynaptic output. Interestingly, their protocol seems to resemble 

associative learning more closely as LTP was successfully produced after only 5 pairings, as 

opposed to the 50 – 100 required by traditional STDP protocols. Additionally, this induction 

protocol produced LTP even when the temporal delay between pre- and postsynaptic inputs was 

increased to 1 or 2 seconds. This suggests that, even without eliciting postsynaptic spiking, 

presynaptic inputs produce an eligibility trace that decays over 2 s. If the postsynaptic cell 

happens to fire within this timeframe, this eligibility trace is transformed into LTP. Therefore, this 

study provides a physiologically plausible mechanism that addresses associative learning at 

behaviorally relevant contexts (timescale and pairing repetitions). 

Caya-Bissonnette et al. (2023; Figure 2B) unveil a variant form of BTSP in layer 5 (L5) 

pyramidal neurons in the mouse prefrontal cortex (PFC) through methodologies combining 

whole-cell recordings, calcium imaging, and biophysical modeling (Caya-Bissonnette et al., 2023). 

Synaptic potentiation was observed with temporally separated pre- and postsynaptic events, 

irrespective of order. The endoplasmic reticulum (ER) is presented as a key player in the latent 

eligibility trace. This trace retains the memory of the initial stimulation preceding the arrival of 

the second stimulation by elongating the decay time constant of calcium. These findings elucidate 

a novel mechanism for synaptic weight updates upon delayed instructive signals, providing a 

cellular model of reinforced learning.  
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Figure 2. The initial reports of behavioral timescale plasticity (BTSP). A) The first documentation 
of BTSP in the hippocampus by Bittner et al. (2017). Top panel shows the BTSP induction protocol 
of 10 synaptic stimuli (20 Hz), followed by current injection (300 ms) to mimic plateau potentials. 
The plot on the right shows average EPSP amplitudes during baseline (first 10 minutes) and 
following 5 pairings of BTSP induction protocol. Bottom panel shows the bidirectional temporal 
profile of BTSP. B) The first documentation of BTSP in the prefrontal cortex by Caya-Bissonnette 
et al. (2023). Top panel shows a similar BTSP induction protocol (10 synaptic stimuli @ 20 Hz 
followed by current injection for 300 ms) on Layer 5 pyramidal neurons. This induction protocol 
results in 41% increase in EPSC amplitude relative to baseline. Bottom panel shows two-photon 
uncaging experiments paired with calcium imaging. Results reveal a boost of calcium influx when 
bAPs are preceded by activation of clustered synaptic inputs in a timescale that is consistent with 
BTSP.  
 

2 THE PREFRONTAL CORTEX AS AN ASSOCIATION CORTEX 

 

The PFC is crucial for orchestrating the top-down control of various cognitive functions to 

support adaptive behavior (Euston et al., 2012; Twining et al., 2020). It is also a vital hub 

interconnecting various brain regions, including sensory association cortices, the limbic system, 

other cortical areas, and the dorsomedial nucleus of the thalamus (Rose & Woolsey, 1949). As a 

principal integration center, the PFC processes somatosensory inputs from these diverse sources. 

Structurally, it comprises three main regions: the dorsal, medial, and ventral segments, with the 

dorsolateral region specializing in higher-order cognitive processing, while the medial and ventral 
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regions regulate emotions and memory via communication with the limbic system (Anastasiades 

& Carter, 2021). Within the medial PFC, divisions along the ventral-dorsal axis delineate distinct 

areas, including the infralimbic (IL), prelimbic (PL), and anterior cingulate cortex (ACC) 

(Anastasiades & Carter, 2021; Van De Werd et al., 2010). Its distinct architecture is characterized 

by the absence of a thalamo-receiving layer 4 (L4) and the presence of input-receiving layers L1, 

L2/3, L5, and L6 (Anastasiades & Carter, 2021). Importantly, the mPFC receives a variety of long-

range excitatory inputs from several brain regions and integrates association inputs. "These inputs 

notably include connections from the ventral hippocampus (vHIP), basolateral amygdala (BLA), 

and mediodorsal thalamus (mdTh) (Collins et al., 2018; Hoover & Vertes, 2007; Kelly & Martina, 

2018; Liu & Carter, 2018a; Manoocheri & Carter, 2022). Understanding how synaptic inputs from 

diverse afferents are integrated within the mPFC is essential for elucidating the cellular 

mechanisms that govern its function, especially as a higher-order cognition and association area. 

 

2.1 BLA-mPFC 

 

The basolateral amygdala (BLA) is integral to the limbic system, which regulates emotional 

processes, including anxiety and fear (Yang & Wang, 2017). The BLA, particularly its subregions, 

directly projects to the medial prefrontal cortex (mPFC), a critical area for emotional response 

regulation, decision-making, and cognitive control (Herry et al., 2008; Little & Carter, 2013). 

Studies have highlighted strong reciprocal connectivity between these regions, with BLA inputs 

preferentially targeting L5 pyramidal neurons in the mPFC, affecting both the prelimbic (PL) and 

infralimbic (IL) areas differently (Manoocheri & Carter, 2022). 

They found that BLA inputs targeted L5 CA neurons more proximally than CC neurons. 

Experiments focused on anatomic labeling suggest differential targeting from the BLA to PL or IL 

regions of the PFC (Kim et al., 2016). Manoocheri et al. (2021) further found that the rostral region 

of the BLA (rBLA) preferentially targets the PL and the caudal BLA (cBLA) projects to the IL. They 

also utilized ex vivo recordings and optogenetics to study this connectivity in more detail. Their 

results showed that rBLA projects to both L2 and L5 of the PL and cBLA afferents are restricted to 

IL L5. rBLA inputs target basal dendrites and the cBLA target peri-somatic dendrites of PL L2 and 
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IL L5 neurons, respectively. There was no rBLA projections to apical or basal dendrites of PL L5 

neurons. 

The primary function of the amygdala is to process emotional information, especially in the 

context of fear (Gale et al., 2004). Various behavioral studies revealed the BLA’s role in both 

acquisition and expression of conditioned fear response and associative fear memories (Dilgen et 

al., 2013; Gale et al., 2004). The BLA-mPFC pathway has been implicated in mediating anxiety, 

goal-directed social behavior, and the formation of emotional memories (Bechara et al., 1999; 

Felix-Ortiz et al., 2016; Gale et al., 2004; Ghods-Sharifi et al., 2009). The study by Felix-Ortiz et al. 

(2016) demonstrates the role of BLA projections to the mPFC in regulating anxiety-like 

phenotypes as well as social behavior in mice. While activating the BLA-mPFC pathway was found 

to produce anxiogenic effects and reduce social interaction, photoinhibition of BLA terminals in 

the mPFC elicited the opposite effects where it reduced anxiety-like behavior and increased social 

behavior. 

In clinical contexts dysfunction of these connections contributes to a number of 

neuropsychiatric disorders, such as PTSD and depression (Felix-Ortiz et al., 2016; Gilboa et al., 

2004; McTeague et al., 2020). Neuroimaging studies in humans further show heightened activity 

in the BLA in a number of anxiety conditions  (Rauch et al., 2003). Zhang et al. examined the BLA-

PFC functional connectivity in depressed patients and found that the diseased group had a 

statistically stronger connectivity between the two regions compared to the healthy counterparts 

(Zhang et al., 2020). This increase was even reduced following 8 weeks of antidepressant 

treatment.  This intricate network between the BLA and mPFC underscores its significance not 

only in normal cognitive and emotional processing but also in the pathology of mental health 

disorders, highlighting its potential as a target for therapeutic interventions. 

 

2.2 cPFC-mPFC 

 

Neurons within the prefrontal cortex project contralaterally to the other hemisphere, 

facilitating interhemispheric communication critical for coordinating complex behaviors 

(Anastasiades & Carter, 2021). These projections target intratelencephalic-type (IT) cells across all 
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layers, with a notable bias towards layer 5 pyramidal tract (PT) over layer 5 intratelencephalic (IT) 

cells, similar to inputs from the amygdala (Lee et al., 2014; Little & Carter, 2013).  Despite 

extensive contact, cPFC axons exhibit no preferential connectivity between callosal-associational 

(CA) and corticocortical (CC) cells, suggesting a versatile role in integrating and relaying 

information across the cortex (Anastasiades & Carter, 2021). 

Disruptions in these commissural connections have been implicated in various 

neuropsychiatric disorders. For example, abnormal activity and structural changes in these 

pathways have been observed in conditions such as schizophrenia and bipolar disorder, where 

they may contribute to cognitive dysfunctions and altered interhemispheric communication 

(Parnaudeau et al., 2018). Neuroimaging studies often show altered activation patterns in these 

regions during tasks that require interhemispheric coordination, underscoring their importance 

in maintaining cognitive and emotional balance. 

Understanding the role of cPFC-mPFC pathways not only illuminates aspects of cognitive 

processing and behavioral regulation but also highlights potential therapeutic targets for 

enhancing interhemispheric communication in mental health disorders. 

 

2.3 vHIP-mPFC 

 

The ventral hippocampus (vHIP) provides significant long-range glutamatergic inputs to layer 

5 (L5) pyramidal neurons in the medial prefrontal cortex (mPFC), originating primarily from the 

CA1/subiculum regions (Barbas & Blatt, 1995; Gabbott et al., 2005; Hoover & Vertes, 2007; Liu & 

Carter, 2018a; Thierry et al., 2000). Those unidirectional connections are crucial for memory 

formation and storage and are disrupted in neuropsychological disorders such as schizophrenia 

(Dembrow et al., 2010; Godsil et al., 2013; Siapas et al., 2005; Thierry et al., 2000). Neural 

synchrony studies between these regions have demonstrated theta rhythm phase locking, 

highlighting a temporal lag that suggests the directionality of this pathway (Siapas et al., 2005). 

Intriguingly, most hippocampal inputs to the mPFC originate almost exclusively from its ventral 

region, targeting both L2/3 and exclusively L5 of the IL and PL regions of the mPFC, respectively 

(Kelly & Martina, 2018; Liu & Carter, 2018b). 
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Projections to the IL cortex are thought to be important for the recall of fear memory 

extinction(Brockway et al., 2023; Marek & Sah, 2018; Milad & Quirk, n.d.; Peters et al., 2010) . Liu 

& Carter (2018) demonstrate that these inputs undergo facilitation at higher frequencies, 

indicating enhanced activation within the cortex. It’s worth noting that the hippocampus shares 

with the PL cortex the function of contextual processing and working memory (Twining et al., 

2020). As such, it is hypothesized that the prelimbic cortex integrates inputs from the vHIP to 

regulate the expression of fear memories based on contextual cues (Burgos-Robles et al., 2009; 

Twining et al., 2020) Twining et al. (2020) suggest that the vHIP continuously updates the PL of 

the animal’s state, allowing for aversive memory contextual associations. Tripathi et al. (2015) 

further demonstrate the induction of LTP following high frequency stimulation of this pathway, 

results that were also found by Laroche et al. (1990) in anesthetized and awake rats. 

The PFC is often considered responsible for controlling executive functions such as working 

memory and decision making (Miller & Cohen, 2001). Additionally, it is important for long term 

memory consolidation and regulation of emotional responses, especially those linked to fear and 

anxiety (Euston et al., 2012; Heidbreder & Groenewegen b, 2003; Tovote et al., 2015). This allows 

the animal to not only adaptively anticipate danger but also extinguish the fear response when 

the threat is gone. The hippocampus is also classically involved in the formation of new memories 

(Squire, 1992). vHIP projections to the mPFC are implicated in encoding memory and emotional 

valence (Padilla-Coreano et al., 2016; Spellman et al., 2015). Spatial working memory (SWM) is 

the ability to store spatial locations in short term memory, which also requires coordination 

between both the hippocampus and the PFC (Dudchenko, 2004). This was further confirmed by 

lesion studies that demonstrated hippocampus and PFC interactions during SWM (Yoon et al., 

2008). 

One human study recorded neural activity from the hippocampus and PFC of a patient during 

epilepsy surgery. Interestingly, the authors found that hippocampal-prefrontal synchrony was 

strengthened during a facial working memory task, and it got even stronger as the working 

memory load was increased by adding the number of items to be remembered (Axmacher et al., 

2008). fMRI studies also confirm this finding that working memory tasks are correlated with 

increased functional connectivity between the two regions (Finn et al., 2010). 
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In a broader context, this interaction between the hippocampus and the prefrontal cortex has 

been implicated in a number of psychiatric disorders (Tripathi et al., 2016). Benetti et al. (2009) 

found that disruptions of this pathway could indicate vulnerability to developing psychosis, 

hinting that defective connectivity between the hippocampus and the prefrontal cortex might 

contribute to the cognitive symptoms seen in schizophrenic patients(Benetti et al., 2009). Its role 

in contextual fear cues also makes it an interesting pathway to study when looking at trauma 

recovery in post-traumatic stress disorder (PTSD) patients (Yehuda & LeDoux, 2007). 

 

2.4 mdTh-mPFC 

 

The mediodorsal thalamus (mdTh) is a key thalamic nucleus projecting primarily to the 

prefrontal cortex (PFC), playing a crucial role in cognitive processes beyond traditional sensory 

relay functions (Parnaudeau et al., 2018; Schmitt et al., 2017; Thierry et al., 2000). The thalamus 

has classically been viewed as the brain region responsible for relaying sensory information from 

the periphery to the cortical areas (Guillery & Sherman, 2002). However, it is worth noting that 

the mdTh has limited connectivity with sensory areas and is rather more heavily connected to the 

PFC (Parnaudeau et al., 2018). Interestingly, the PFC and the mdTh both play a role in cognitive 

processing as shown by similar cognitive dysfunctions following lesions of either region (Bradfield 

et al., 2013; Mitchell & Chakraborty, 2013). 

This connectivity has been hypothesized to mediate working memory and behavioral 

flexibility as seen by a number of lesion studies (Chauveau et al., 2005; Floresco et al., 1982; Hunt 

& Aggleton, 1991; M’harzi et al., 1991; Parnaudeau et al., 2013; Young et al., 1996). Another 

function the mdTh-mPFC pathway has been implicated in is behavioral flexibility. This defines an 

animal’s ability to modify their behavior and adjust to constant changes within their environment 

(Parnaudeau et al., 2018). An example of this function is seen in set-shifting tasks where subjects 

shift back and forth between a variety of mental tasks (Irwin et al., 2019). Another one is during 

reversal learning, where reward related contingencies are reversed, requiring individuals to adjust 

their behavior accordingly (Izquierdo et al., 2017). 
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Collins et al. (2018) studied the long-range connectivity between the mediodorsal and the 

ventral thalamic nuclei and the PFC. They found that mdTh axons target distinct cell types in 

superficial and deeper layers in the PFC. It is well known that the mPFC and the mdTh are 

reciprocally connected. Moreover, the researchers explored whether mdTh inputs also connect 

with other neuronal populations beyond the corticothalamic (CT) neurons. Another group is the 

corticocortical (CC) neurons which span multiple layers and project to the contralateral PFC 

(cPFC). They first confirmed that the CT and CC groups do in fact represent two distinct cell groups 

by recording from those cells in L5. They performed optogenetic experiments and recorded 

thalamic inputs in CT and CC neurons and, to their surprise, found stronger inputs at L5 CC 

neurons. It is also hypothesized that mdTh-CT inputs are likely more distal, as evident by slower 

EPSC decay kinetics (Marlin & Carter, 2014; Spruston et al., 1994). mdTh inputs preferentially 

target the soma and proximal dendrites of L5 CC neurons, whereas mdTh-L5 CT projections peak 

at distal apical dendrites. 

Clinically, disruptions in this pathway are implicated in neuropsychiatric disorders like 

schizophrenia, where deficits in working memory and behavioral flexibility are prominent 

symptoms (Forbes et al., 2009; Parnaudeau et al., 2013). Human imaging studies demonstrate 

decreased mdTh activity when performing cognitive tasks (Minzenberg et al., 2009). The 

extensive reciprocal connections between the PFC and the thalamus render the mdTh an 

interesting candidate to study cognitive symptoms. The main symptoms seen by disrupting this 

connection are deficits in working memory and behavioral flexibility (Forbes et al., 2009; 

Parnaudeau et al., 2018). Thalamocortical functional connectivity is also impaired in major 

depressive disorder (Brown et al., 2017). As such, enhanced understanding of this pathway can 

enhance clinical knowledge about certain disorders and cognitive deficits and potentially serve 

as the starting point for promising therapeutic approaches for patients with mental disorders.  
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Figure 3. Experimental methods. A) AAV-mediated delivery of ChR2 in the brain region of 
interest, followed by a waiting period of 2-4 weeks for viral expression. Acute slices were then 
prepared for whole-cell electrophysiology experiments. B) Schematic of the optogenetic 
stimulation approach and electrophysiological recording setup. ChR2-expressing axons (teal) 
respond to LED stimulation, eliciting EPSCs. The recording electrode allows for the measurement 
of neuronal responses to optogenetic stimulation. Non-ChR2 containing axons (black) do not 
respond to LED stimulation. C) Schematic of the electrical stimulation approach where a 
stimulating electrode is placed proximal to L5 neuron apical dendrites and a whole-cell patch 
electrode is used to record activity from neurons. D) BTSP induction protocol. A train of 10 
synaptic inputs (pre; 20 Hz) is delivered prior to bAPs (post) induced via current injection (usually 
600 pA for 300 ms). ΔT refers to the temporal window separating pre and post inputs. 
 

2.5 BTSP rules under physiological conditions 

 

Despite robust evidence supporting the role of Long-Term Potentiation (LTP) in learning and 

memory, many electrophysiology experiments employ conditions that do not mimic the in vivo 

environment, particularly concerning calcium (Ca2+) levels (Bi & Poo, 1998; Debanne et al., 1998; 

Markram et al., 2011; Markram, Lübke, et al., 1997; Tse et al., 2007). Typically, artificial 

cerebrospinal fluid (ACSF) used in ex vivo experiments contains abnormally high Ca2+ 

concentrations (2-3 mM), compared to the physiological levels observed in vivo (1.2 – 1.8 mM) 

(Jones & Keep, 1988; Silver et al., 1990). It is important to note that these concentrations do vary 
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with the sleep-wake cycle and with age. Inglebert et al. (2020) demonstrated that under 

physiologically relevant Ca2+ concentrations, traditional STDP was absent, only to be restored by 

high-frequency bursting, not by single spike pairings.  

Given that long-term potentiation (LTP) induction protocols rely on backpropagating action 

potentials, calcium plays a pivotal role in these mechanisms  (Bi & Poo, 1998; Debanne et al., 

1998; Markram, Lübke, et al., 1997). Elevated levels of extracellular calcium are advantageous as 

they stabilize synaptic recordings and inhibit intrinsic bursting, which could otherwise disrupt 

spike-timing-dependent plasticity (STDP) induction (Forsberg et al., 2019). However, such 

experimental enhancements could distort our understanding of synaptic plasticity dynamics as 

they naturally occur, potentially overestimating the magnitude of plasticity observed during 

actual learning processes. This discrepancy raises important considerations for interpreting 

experimental data in the context of natural neural function. 

 

 

 

3. Objective 

 

Given the complex architecture and functional diversity of the prefrontal cortex (PFC), it is 

crucial to investigate how different synaptic inputs, originating from distinct brain regions with 

varied functions, comply with or diverge from established Behavioral Timescale Synaptic Plasticity 

(BTSP) rules. Achieving this understanding is essential if we want to elucidate how the brain 

integrates and processes information at a cortical level. This exploration will allow us to dissect 

the mechanisms by which the PFC coordinates higher cognitive functions such as decision making, 

emotional regulation, and problem-solving, revealing how synaptic integration and plasticity 

within these networks shape behavioral outputs. 
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4. Results 

 

4.1 Amygdalar inputs onto mPFC L5 neurons do not undergo BTSP 

 

Building on prior research by Caya-Bissonnette et al. (2023), we explored pathway-specific 

BTSP rules within the mPFC. Acute mPFC brain slices were prepared for whole-cell 

electrophysiology recordings from L5 pyramidal neurons in both male and female mice. Picrotoxin 

(PTX) was added to the potassium (K)-Gluconate intracellular solution to isolate excitatory 

postsynaptic currents (EPSCs) and inhibit GABAA currents. 

For targeted study of the BLA-mPFC pathway, AAV-ChR2-mCherry was bilaterally injected 

into the BLA of SERT-CRE mice. Following a 2-4 week period for viral expression, we performed ex 

vivo slice recordings. Optogenetic stimulation with brief light pulses (1-2 ms) resulted in 

glutamate-driven EPSCs (Figure 3). 

To confirm that these connections were monosynaptic, we applied Tetrodotoxin (TTX), 

which blocked all sodium-dependent action potentials, effectively silencing all synaptic activity. 

This intervention resulted in the disappearance of these EPSCs, indicating their reliance on action 

potential propagation. Subsequent application of 4-aminopyridine (4-AP), which blocks 

potassium channels and enhances depolarization, restored these EPSCs upon light stimulation. 

The restoration of EPSCs specifically by 4-AP, even in the presence of TTX, confirms that the EPSCs 

were indeed due to direct, monosynaptic glutamatergic inputs from BLA axons to L5 neurons, as 

4-AP allows direct depolarization of presynaptic terminals to release neurotransmitter without 

action potential propagation (Figure 4B). 

We then evaluated the plasticity rules associated with these excitatory inputs using a 

protocol similar to those employed by Bittner et al. (2017) and Caya-Bissonnette et al. (2023) 

(Figure 4C). Baseline EPSCs were measured under voltage clamp for 10 minutes using a paired 

pulse stimulation protocol. The BTSP induction involved a train of synaptic inputs (10 EPSPs at 20 

Hz; pre) followed by a burst of backpropagating action potentials (bAPs) via a 300 ms current 

injection (post), with a 500 ms delay between pre- and post-stimulation, repeated five times.  
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Contrary to previous findings with electrical stimulation, we observed no significant LTP following 

the BTSP induction protocol (94.05% of baseline). The paired-pulse ratio (PPR) of EPSCs remained 

unchanged post-induction (Figure 4D). 

Despite evidence supporting the ability of L5 pyramidal neurons to integrate pre- and 

postsynaptic cues, our results indicate that amygdalar inputs to these neurons do not follow the 

same plasticity rules observed in other pathways. 

 

 
Figure 4. BLA inputs onto mPFC L5 neurons do not undergo BTSP. A) Schematic showing AAV-
ChR2 injection followed by optogenetic stimulation and whole-cell electrophysiology. B1) TTX was 
applied to block all synaptic transmissions, followed by the application of 4-AP to selectively 
restore the currents from monosynaptic inputs. The trace shown in teal is baseline EPSC in 
response to LED stimulation. Orange trace is following TTX application. Black trace shows 
restoration of presynaptic release following 4-AP addition. B2) Quantification of EPSC amplitudes. 
Response was reduced upon TTX application, indicating the cessation of synaptic transmission. 
Subsequent application of 4-AP resulted in the recovery of EPSC amplitudes, confirming the 
restoration of currents specifically from monosynaptic inputs. C1) BTSP induction protocol. 10 LED 
pulses are given at a frequency of 20 Hz, followed by bAPs (600 pA for 300 ms). The pairing 
protocol is repeated 5 times and the temporal delay between pre and post is ΔT= 500 ms. C2) 
Normalized change in EPSC amplitude over time (n=6; 94.05% of baseline).  D1) Paired pulse EPSCs 
of baseline and post-BTSP induction traces. D2) PPR of baseline traces (blue) and post-induction 
(magenta). 
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4.2 Commissural inputs onto mPFC L5 neurons do not undergo BTSP 

 

To begin characterizing commissural inputs onto layer 5 pyramidal neurons in the medial 

prefrontal cortex (mPFC), we evaluated the role of AMPA receptors in mediating synaptic 

responses. This involved the application of NBQX, a selective antagonist of AMPA receptors. The 

administration of NBQX completely abolished EPSCs thereby confirming that these synaptic 

responses are indeed mediated by AMPA receptors (Figure 5B). 

Next, we evaluated BTSP induction in this pathway. ChR2 was delivered via AAV only to 

the right hemisphere, enabling specific stimulation of axon terminals projecting to the opposite 

side. We employed the established BTSP induction protocol, consisting of 10 light-induced EPSPs 

at 20 Hz followed by a 300 ms current injection, with a 500 ms interval between pre- and post-

stimulation (Figure 5). Similar to our findings with BLA inputs, the paired-pulse ratio (PPR) 

remained unchanged before and after the induction protocol. 

 

 
Figure 5. Commissural inputs onto mPFC L5 neurons do not undergo BTSP. A) Schematic showing 
AAV-ChR2 injection followed by optogenetic stimulation and whole-cell electrophysiology. B1) 
EPSC traces before (red) and after (grey) the addition of NBQX to confirm AMPA receptor-
mediated transmission. B2) Quantification of the EPSC amplitudes shown in B1. C1) BTSP induction 
protocol. 10 LED pulses are given at a frequency of 20 Hz, followed by bAPs (600 pA for 300 ms). 
The pairing protocol is repeated five times and the temporal delay between pre and post is ΔT= 
500 ms. C2) Normalized change in EPSC amplitude over time (n=5; 95.04% of baseline). D1) Paired 
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pulse EPSCs of baseline and post-BTSP induction traces. D2) PPR of baseline traces (blue) and post-
induction (magenta). 

 

 

 

4.3 Hippocampal inputs onto mPFC L5 neurons undergo BTSP, with one shot induction 

 

We first established baseline synaptic transmission characteristics. Using optogenetic 

activation, we triggered monosynaptic ChR2-induced EPSCs recorded from layer 5 pyramidal 

neurons. This baseline data confirmed the functional integrity and responsiveness of the synapses 

to controlled stimulation (Figure 6A). In exploring the vHIP-mPFC pathway, we modified the 

standard BTSP induction protocol to assess the impact of the number of action potentials on 

synaptic plasticity. Specifically, we injected 2500 pA of current for a 2 ms duration at 20 Hz, 

generating a total of 5 spikes, a notable adjustment from the typical 400-600 pA current injection 

for 300 ms used in previous experiments (Figure 6C).  

We were also interested in seeing whether those inputs would undergo one-shot BTSP. 

That is, can vHIP synapses with L5 pyramidal neurons potentiate following one pairing of 

induction instead of 5? Surprisingly, this minimalistic induction protocol (one pairing vs five; and 

5 postsynaptic spikes at 20 Hz vs 300 ms current injection) induced robust potentiation (Figure 6; 

139.60% of baseline). Similar to previous findings, PPR did not change after BTSP induction. The 

ability of the vHIP-mPFC pathway to exhibit potentiation from just a single pairing highlights the 

unique synaptic characteristics of this connection, suggesting a capacity for rapid synaptic 

adjustments that may underpin one-shot learning. 
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Figure 6. vHIP inputs onto mPFC L5 neurons undergo BTSP, with one shot induction. A) schematic 
showing general outline of optogenetic experiments. AAV-ChR2 is injected in the brain region of 
interest (ventral hippocampus; vHIP). Following a waiting period of 2-4 weeks for viral expression, 
whole-cell electrophysiology experiments are conducted. B) Hippocampal brain slice stained with 
DAPI. Injection site shown in red (mCherry). C1) BTSP induction protocol. 10 LED pulses are given 
at a frequency of 20 Hz, followed by 5 postsynaptic spikes (2500 pA for 2 ms, 20 Hz). The pairing 
protocol is repeated once and the temporal delay between pre and post is ΔT= 500 ms. C2) Paired 
pulse EPSCs of baseline and post-BTSP induction traces. C3) Normalized change in EPSC amplitude 
over time (148.21% of baseline; n=5; p-value=0.0029). 
 

 

4.4 Thalamic inputs onto mPFC L5 neurons undergo BTSP 

 

We next examined long-range projections from the mediodorsal nucleus of the thalamus. 

Employing the standard BTSP protocol with 5 pairings and a 300 ms current injection, we 

observed a significant long-term potentiation (LTP) that was notably more robust than that 

induced by hippocampal inputs (179.29% of baseline, Figure 7).  

Notably, the response of L5 neurons to LED-induced stimulation of thalamic terminals often 

exhibited polysynaptic activity, necessitating adjustments in our approach. Typically, only a single 

light pulse was used unless EPSCs were sufficiently clear to distinguish between sequential pulses. 
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When feasible, a paired pulse was administered, enabling a detailed assessment of synaptic 

dynamics. Consistent with results from other tested pathways, the paired-pulse ratio (PPR) 

remained stable, suggesting a postsynaptic locus of expression. 

 
Figure 7. mdTh inputs onto mPFC L5 neurons undergo BTSP. A) Schematic showing AAV-ChR2 
injection followed by optogenetic stimulation and whole-cell electrophysiology. B1) BTSP 
induction protocol. 10 LED pulses are given at a frequency of 20 Hz, followed by bAPs (600 pA for 
300 ms). The pairing protocol is repeated five times and the temporal delay between pre and post 
is ΔT= 500 ms. B2) Normalized change in EPSC amplitude over time (n=5; 179.29% of baseline). 
C1) EPSC of baseline and post-BTSP induction following LED stimulation (pulse width= 1 ms). C2) 
PPR of baseline traces (blue) and post-induction (magenta). 
 

4.5 BTSP induction protocol does not induce plasticity under physiological conditions 

 

In our previous experiments, elevated Ca2+ concentrations (2.5 mM) were used in the artificial 

cerebrospinal fluid (ACSF). To explore BTSP under more physiological conditions, we conducted 

slice electrophysiology experiments with Ca2+ concentrations adjusted to biological levels (1.2, 

1.5, and 1.8 mM).   

 

4.5.1 Induction of BTSP at [Ca2+] = 1.8 mM 

In our first set of experiments within the physiological range, we tested the BTSP protocol at 

the highest calcium concentration ([Ca2+] = 1.8 mM) used in the aCSF. Contrary to expectations 
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and previous results at [Ca2+] = 2.5 mM, five pairings of our standard BTSP protocol—10 

presynaptic stimulations at 20 Hz followed by backpropagating action potentials (bAPs, 600 pA 

for 300 ms or 500 ms) with a 500 ms delay—did not induce long-term potentiation (LTP) (113.06% 

of baseline; p-value=0.33; n=13; Figure 8A). Additionally, when we increased the number of 

protocol repetitions from 5 to 20, robust LTP was also observed (131% of baseline; p-value= 0.005; 

n=4; Figure 8B). 

 
 

 
Figure 8. BTSP protocol does not induce plasticity under physiological conditions: [Ca2+] = 1.8 
mM. A) Pairing 1: pre: 10 synaptic inputs (20 Hz) and post (400-600 pA for 500 ms) with a 
temporal delay of ΔT= 500 ms. Protocol is repeated 5 times. Representative trace of baseline 
(black) and post-induction (red) EPSCs is shown (top left). Pairing 2: pre: 10 synaptic inputs (20 
Hz) and post (400-600 pA for 300 ms) with a temporal delay of ΔT= 500 ms. Protocol is repeated 
5 times. Representative trace of baseline (black) and post-induction (red) EPSCs is shown (top 
right). Plot of PPR is shown for all cells. Bottom plot shows Normalized EPSC change of both 
protocols shown in top panel. Arrow represents time of BTSP induction (113.06% of baseline; p-
value=0.33; n=13). B) Pairing of pre: 10 synaptic inputs (20 Hz) and post (400-600 pA for 300 ms) 
with a temporal delay of ΔT= 500 ms. Protocol is repeated 20 times. Bottom plot shows 
Normalized EPSC change of both protocols shown in top panel. Arrow represents time of BTSP 
induction (131% of baseline; p-value= 0.005; n=4). Representative trace of baseline (black) and 
post-induction (red) EPSCs is shown (top right) 
 
 

 

 

 20 X 
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4.5.2 Induction of BTSP at [Ca2+] = 1.5 mM 

 

Further investigating the role of physiological calcium concentrations, we examined the 

effects at [Ca2+] = 1.5 mM. Employing our standard protocol, we induced a train of 10 presynaptic 

stimulations at 20 Hz, followed by a burst of 10 action potentials (APs) delivered at 100 Hz (2500 

pA current injection for 2 ms), with a 500 ms delay (ΔT). This arrangement did not result in any 

significant change in EPSC amplitude (118.16% of baseline; p-value= 0.17; n=5) 

Lastly, we examined whether pairing the 15 stimulations (50 Hz) with bAPs (600 pA of current 

injection for 300 ms) for 10 times instead of 5 would have an effect. Indeed, following this pairing 

protocol, we observed stronger LTP (143.31% of baseline; p-value= 0.03; n=3; Figure 9). 

 
Figure 9. BTSP protocol does not induce plasticity under physiological conditions: [Ca2+] = 1.5 
mM. A) Pairing of pre: 15 synaptic inputs (50 Hz) and post (400-600 pA for 500 ms) with a 
temporal delay of ΔT= 500 ms. Protocol is repeated 5 times. Representative trace of baseline 
(black) and post-induction (red) EPSCs is shown. Plot of PPR is shown for all cells. Bottom plot 
shows Normalized EPSC change (118.16% of baseline; p-value= 0.17; n=5). Arrow represents time 
of BTSP induction. B) Pairing of pre: 15 synaptic inputs (50 Hz) and post (400-600 pA for 300 ms) 
with a temporal delay of ΔT= 500 ms. Protocol is repeated 10 times. Representative trace of 
baseline (black) and post-induction (red) EPSCs is shown (143.31% of baseline; p-value= 0.03; 
n=3). Plot of PPR is shown for all cells. 
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4.5.3 Induction of BTSP at [Ca2+] = 1.2 mM 

 

In the lowest [Ca2+], we started by slightly modifying the BTSP protocol. Following the 10 

synaptic inputs, we gave 5 (20 Hz; n=6; Figure 10C) or 10 (100 Hz; n=8; Figure 10A) postsynaptic 

spikes, using the same temporal delay of ΔT= 500 ms. This reversed the previously observed LTD 

to mild LTP (5 spikes: 130.75% of baseline, p-value= 0.0167; 10 spikes: 126% of baseline; p-value= 

0.00268).  

We examined whether reversing the order of pre- and post- stimulations within the standard 

BTSP protocol would show any modifications in lower calcium concentrations. We found that 

following 5 pairings of post-pre,  mild LTP was produced (127% of baseline; p-value= 0.038; n=4; 

Figure 10B) 

Next, we assessed the potential for one shot learning, using a protocol that consisted of a 

train of synaptic inputs (10 stimulations at 20 Hz) followed by 500 ms with either 5 (n=8) or 10 

(n=3) postsynaptic spikes (2500 pA current injection for 2 ms). Contrary to expectations, this 

protocol elicited mild Long-Term Depression (LTD) rather than potentiation (84.62% of baseline; 

p-value= 0.045; n=11; Figure 10D). 
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Figure 10. BTSP protocol does not induce plasticity under physiological conditions: [Ca2+] =1.2 
mM. A) Pairing of pre: 10 synaptic inputs (20 Hz) and post:10 postsynaptic spikes (100 Hz), with 
a temporal delay ΔT= 500 ms. Protocol was repeated 5 times. Normalized EPSC change shown in 
the plot at the bottom (126.00% of baseline; p-value= 0.000268; n=8).  B) Pairing of post: bAPs 
(400-600 pA for 300 ms) and pre: 10 synaptic inputs (20 Hz), with a temporal delay ΔT= 500 ms. 
Protocol was repeated 5 times. Normalized EPSC change shown in the plot at the bottom (127% 
of baseline; p-value= 0.038; n=4). C) Pairing of pre: 10 synaptic inputs (20 Hz) and post: 5 
postsynaptic spikes (20 Hz), with a temporal delay of ΔT= 500 ms. Protocol was repeated 5 times. 
Normalized EPSC change shown in the plot at the bottom (131% of baseline; p-value= 0.0167; 
n=6. D) One shot btsp induction. Left: pairing of pre: 10 synaptic inputs (20 Hz) and post: 5 spikes 
(20 Hz), with a delay of ΔT= 500 ms. Right: 10 synaptic inputs (20 Hz) and post: 10 spikes (20 Hz) 
with a delay of ΔT= 500 ms. Normalized EPSC change shown in the plot at the bottom (both 
protocols grouped; 84.62% of baseline; n=11). All arrows indicate time of BTSP induction. All 
paired pulse traces show baseline (black) and post-induction (red) EPSCs. 
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4.6 BTSP induction with a Hebbian eligibility trace leads to potentiation under physiological 

conditions 

 

All previous BTSP induction protocols employed a train of 10 synaptic inputs (EPSPs) 

followed by an instructive signal (bAPs or individual postsynaptic spikes) with a temporal delay of 

ΔT= 500 ms. Care was taken to ensure that EPSPs did not trigger spiking during the pre-train 

phase. In our subsequent experiments, we aimed to investigate whether postsynaptic spiking 

during the train would influence the magnitude of the observed LTP. Initially, we used a high 

physiological concentration of calcium ([Ca2+] = 1.8 mM). When postsynaptic cells were allowed 

to spike during the EPSP train, we observed robust LTP, with an increase to 176.56% of baseline 

after 5 rounds of pairing (p-value = 0.0007; n=8; Figure 11A). 

We extended this investigation to the lower end of the physiological calcium range ([Ca2+] = 

1.2 mM). Similar to higher calcium levels, postsynaptic spiking during the presynaptic train led to 

a significant increase in EPSC amplitude (172.27% of baseline; p-value=1.04 x 10-5; n=8; Figure 

11B) after 5 repetitions. Intriguingly, this LTP was bidirectional; when postsynaptic 

backpropagating action potentials (bAPs) preceded the synaptic inputs by 500 ms, robust LTP was 

also achieved (151.76% of baseline; p-value=0.017; n=5; Figure 11C). Consistent with earlier 

findings, the paired-pulse ratio (PPR) remained unchanged. 

To further explore this bidirectional plasticity, we reduced the number of pairings to one, 

assessing the potential for one-shot plasticity. Our results show no significant change in plasticity 

(94.94% of baseline; p-value=0.34; n=4; Figure 11D). 

Building on these findings, we considered the work of Caya-Bissonnette et al. (2023), which 

revealed an absence of plasticity at intermediate timescales (ΔT=250 ms). Our next steps involved 

evaluating whether similar outcomes occur when the postsynaptic cell spikes during the pre train 

in the protocol. Interestingly, even though we observed more robust LTP at ΔT=500 ms with 

spiking during the synaptic train, reducing the ΔT to 250 ms abolished the LTP regardless of the 

order (pre-post: 97% of baseline, p-value= 0.45, n=4, Figure 12A; post-pre: 93% of baseline, p-

value 0.14, n=5, Figure 12C), consistent with findings observed by Caya-Bissonnette et al. (2023).  
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We further reduced the temporal window to 0 ms (ΔT=0 ms) to determine whether the 

absence of plasticity is exclusive to intermediate timescales. During the pre-post protocol (5X), 

the average EPSC amplitude did increase from baseline, but the change is not significant (111.19% 

of baseline, p-value=0.16, n=5, Figure 12B). Interestingly, this protocol did not display the same 

bidirectionality observed with the other protocols at ΔT=500 ms and 250 ms. When we reversed 

the order to post-pre, we observed dramatic increase in EPSC amplitude relative to baseline, 

though not as robust as that observed at ΔT= 500 ms (138% of baseline, p-value=6.07x10-5, n=6, 

Figure 12D). 
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Figure 11. BTSP induction with a Hebbian eligibility trace at ΔT= 500 ms. A) Pairing of pre: 10 
synaptic inputs (leading to postsynaptic spiking; 20 Hz) and post (400-600 pA for 300 ms) at a 
temporal delay of ΔT= 500 ms. Protocol is repeated 5 times. Representative trace of baseline 
(black) and post-induction (red) EPSCs is shown (top right). Normalized EPSC change shown in the 
plot at the bottom (176.56% of baseline; p-value= 0.0007; n=8). Experiment done at [Ca2+] = 1.8 
mM.  B) Same protocol as that shown in A. Experiment done at [Ca2+] = 1.2 mM. (172.27% of 
baseline; p-value=1.04 x 10-5; n=8). C) Pairing of post (400-600 pA for 300 ms) and pre (10 
synaptic inputs leading to postsynaptic spikes; 20 Hz) at a temporal delay of ΔT= 500 ms. Protocol 
is repeated 5 times. Representative trace of baseline (black) and post-induction (red) EPSCs is 
shown (top right). Normalized EPSC change shown in the plot at the bottom (148.39% of baseline; 
p-value= 0.0052; n=6). Experiment conducted at [Ca2+] = 1.2 mM. D) Same protocol as that shown 
in C; with one pairing instead of 5. Experiment done at [Ca2+] = 1.2 mM. Arrows represent the 
time of BTSP induction (94.94% of baseline; p-value= 0.34; n=4). 
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Figure 12. BTSP induction with a Hebbian eligibility trace at [Ca2+] = 1.2 mM. A) Pairing of pre 
(10 synaptic inputs leading to postsynaptic spikes; 20 Hz) and post (400-600 pA for 300 ms) at a 
temporal delay of ΔT= 250 ms. Protocol is repeated five times. Representative trace of baseline 
(black) and post-induction (red) EPSCs is shown (top right). Normalized EPSC change shown in the 
plot at the bottom (97.13% of baseline; p-value= 0.45; n=4). B) Same protocol as that shown in A 
but with no temporal delay (ΔT= 0 ms). (111.19% of baseline; p-value= 0.16; n=5). C) Pairing of 
post (400-600 pA for 300 ms) and pre (10 synaptic inputs leading to postsynaptic spikes; 20 Hz) 
at a temporal delay of ΔT= 250 ms. Protocol is repeated 5 times. Representative trace of baseline 
(black) and post-induction (red) EPSCs is shown (top right). Normalized EPSC change shown in the 
plot at the bottom (93.10% of baseline; p-value= 0.14; n=5). D) Same protocol as that shown in C 
but with no temporal delay (ΔT= 0 ms). 137.50% of baseline; p-value= 6.07x10-5; n=6. Arrows 
represent the time of BTSP induction. 
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Figure 13. Resulting normalized changes in synaptic weight at different temporal delays. Left: 

Resulting mean synaptic weight change induced at different timing intervals from 0 ms to 500 ms 

for the post-pre order of BTSP induction (0 ms= 137.50%; 250 ms= 93.10%; 500 ms= 148%). Right: 

Resulting mean synaptic weight change induced at different timing intervals from 0 ms to 500 ms 

for the pre-post order of BTSP induction (0 ms= 111%; 250 ms= 97%; 500 ms= 172%). 

 

 

5. Discussion 

 

Exploring the neural mechanisms that underlie learning and memory represents a 

fundamental quest in neuroscience. Central to this inquiry is the question of why we learn. To 

delve into this question, it is essential to first define learning. In the context of this work, learning 

is defined as the acquisition of neuronal representations of new information, which can be stored 
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in short or long-term memory, thereby influencing our decisions and behaviors. From an 

evolutionary perspective, learning plays a crucial role in enabling organisms to adapt to their 

environments, acquire new skills, and enhance survival prospects. Despite the pivotal role of 

learning in shaping our everyday experiences, the precise cellular mechanisms underlying this 

process remain to be fully elucidated 

Synaptic plasticity has long been proposed as a key mechanism underlying learning and 

memory formation. However, the current cellular model of STDP falls short in addressing 

fundamental features of associative learning at the behavioral level. This Hebbian form of 

plasticity necessitates the activation of pre- and postsynaptic neurons within a narrow time 

window of less than 50 ms, which contrasts with the broader time window separating behavioral 

associations. Additionally, the number of repetitions required to induce LTP is considerably higher 

than what is typically observed during associative learning tasks. For example, consider a gamer 

who learns to associate hearing a specific sound cue in a video game with imminent danger or an 

opportunity to gain points. It takes only a few rounds for them to adapt their behavior upon 

hearing this tone again. In this case, the time window between the tone and the outcome is at 

least a few hundred milliseconds long (200 ms – 2 s). This simple association deviates from the 

rules dictated by STDP protocols. 

Recent research by Caya-Bissonnette et al. (2023) has tackled these challenges using a diverse 

array of experimental techniques, including whole-cell recordings of L5 PFC neurons, two-photon 

BTSP in the mouse prefrontal cortex, addressing the temporal delay and repetition frequency 

issues previously unaccounted for in the STDP model. 

The mouse PFC serves as a convergence point for inputs from many brain regions, including 

the amygdala, thalamus, hippocampus, and the contralateral side of the PFC. Each of these 

pathways relays distinct types of information to the cortex, potentially leading to different 

plasticity rules within these circuits. For instance, inputs from the amygdala are known for their 

involvement in emotional processing; thalamic inputs play a role in working memory; the 

hippocampal inputs provide the cortex with contextual updates of the animal’s state; and inputs 

from the contralateral side contribute to cognitive functions such as executive control and 
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decision-making, potentially involving plasticity mechanisms linked to cognitive flexibility and 

adaptation. 

Previous cell electrophysiology experiments by Caya-Bissonnette et al. (2023) relied on 

electrical stimulation that activated synapses of unknown identity. This approach limited the 

ability to discern specific synaptic connections undergoing BTSP. To address this, we focused on 

elucidating which synaptic pathways arriving to the PFC undergo BTSP. By employing optogenetic 

techniques to study each pathway in isolation, we were able to determine that only two out of 

the four inputs tested display the same plasticity rules previously reported by Caya-Bissonnette 

et al. (2023). This discussion delves into the significance of these findings, attempts to explore the 

factors contributing to the differential plasticity observed among the tested synaptic inputs, and 

proposes avenues for future experimental work to build upon and expand our understanding of 

synaptic plasticity mechanisms in the PFC. 

 

5.1 BTSP rules of different inputs arriving to the PFC 

 

We tested inputs arriving from four different brain regions and making synapses with L5 

pyramidal neurons in the mouse PFC: the basolateral amygdala (BLA), the ventral hippocampus 

(vHIP), the mediodorsal thalamus (mdTh), and inputs arriving from the other hemisphere (cPFC). 

Our initial hypothesis was that these inputs, despite relaying different information to the PFC, will 

exhibit similar plasticity rules since this form of BTSP is thought to have a postsynaptic locus of 

expression. This is further confirmed by the fact that PPR did not change between baseline and 

post-induction protocols. PPR is a measure of short-term plasticity dynamics that reflect changes 

in neurotransmitter release probability. A decrease in PPR reflects an increase in release 

probability and vice versa. Thus, the relatively constant PPR observed in these experiments 

suggests that the observed effects are more likely to be mediated by postsynaptic modifications. 

Surprisingly, only projections from the vHIP and mdTh showed similar BTSP profiles to those 

documented by Caya-Bissonnette et al (2023). It is worth noting that both vHIP and mdTh 

preferentially contact L5 neurons in the PL region, whereas the BLA and cPFC are more likely to 

synapse onto those cells in the IL cortex. The two divisions of the PFC have been proposed to 
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underlie different, often opposing roles at the behavioral level, and thus might integrate 

information in such a way that accounts for the different plasticity rules seen in the results 

presented here. 

In order to determine whether the inputs under study make monosynaptic connections to L5 

pyramidal neurons, we utilized TTX and 4-AP in our optogenetic approaches. TTX is a Na+ channel 

blocker, preventing the propagation of action potentials along the axon, which then ultimately 

blocks polysynaptic activity. Bath application of TTX completely abolished optogenetically evoked 

EPSCs. This means that AP firing and propagation down the BLA axons is required. It also indicates 

that light stimulation is insufficient to induce neurotransmitter release from ChR2-expressing 

axons. 4-AP blocks K+ channels and thus increases depolarization, making direct depolarization 

by ChR2 sufficient to trigger glutamate release even in the presence of TTX.  

Overall, our results show that all four inputs tested make monosynaptic connections with L5 

pyramidal neurons in the mouse prefrontal cortex. Of those four pathways, only projections 

arriving from the ventral hippocampus and the mediodorsal thalamus can bind temporally 

separated signals in a manner consistent with BTSP rules. This suggests that there are pathway 

specific plasticity rules unique to vHIP-mPFC and mdTh-mPFC connections, indicating their 

capacity to integrate inputs separated by behavioral timescales. 

One avenue for subsequent investigation entails exploring the potential instructive role of 

non-plastic pathways following BTSP induction, such as the BLA-mPFC and cPFC-mPFC 

connections. Rather than being eligible for potentiation according to BTSP rules, these pathways 

could serve as instructive signals, allowing other pathways to undergo plasticity upon the delayed 

instructive cue. Moreover, considering that the remaining two pathways are implicated in relaying 

information related to memory, including spatial (vHIP) and short-term (mdTh) working memory, 

future studies could shed light on how plasticity profiles differ in pathological contexts. For 

instance, investigating synaptic plasticity dynamics in mouse models of Alzheimer's disease, 

which fundamentally affects memory function, may offer valuable insights into the underlying 

mechanisms of memory impairment in dementia contexts. 
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5.2 BTSP under physiological conditions 

 

The experimental conditions utilized to investigate the aforementioned inputs involved the 

use of elevated concentrations of Ca2+ (2.5 mM) in the artificial cerebrospinal fluid (ACSF). Such 

elevated concentrations are conventionally employed due to their experimental feasibility and 

their ability to enhance neurotransmitter release and facilitate synaptic transmission, which are 

essential considerations when studying novel inputs. However, this practice raises concerns 

regarding the reliability of the results obtained and their correlation with the mechanisms 

underlying learning at the behavioral level. 

To address this concern, we conducted BTSP slice electrophysiology experiments under 

varying Ca2+ concentrations within the physiological range (1.2, 1.5, and 1.8 mM), in parallel with 

the optogenetic experiments. Due to the considerable time and resources involved in optogenetic 

experiments, which necessitated surgery, a waiting period of two to four weeks post-surgery, and 

subsequent electrophysiological recordings, we decided to not incorporate the physiological 

calcium experiments directly into the optogenetic protocol. Instead, we focused on establishing 

physiological BTSP rules using control mice, which can serve as a robust foundation for 

subsequent optogenetic investigations. This approach not only provides insights into how calcium 

dynamics influence synaptic function and plasticity but also lays the groundwork for establishing 

a physiological BTSP protocol to be utilized in optogenetic experiments to investigate synapse 

specific plasticity rules. 

When conducting experiments under the lowest [Ca2+] within the physiological range (1.2 

mM), we found that without postsynaptic spiking during the synaptic train stimulations, BTSP 

experiments show no change in synaptic weight, which was observed at higher calcium 

concentrations. Interestingly, this novel protocol with a “Hebbian eligibility trace” follows similar 

temporal profile to that observed by Caya-Bissonnette et al. (2023). That is, at intermediate 

timescales (ΔT=250 ms), we observed a lack of plasticity. Interestingly, this observation was 

bidirectional. We then shortened the temporal delay to ΔT= 0 ms. The post-pre order revealed 

potentiation, similar to findings by Caya-Bissonnette et al. (2023), and unlike the extended and 

intermediate temporal delays, this plasticity was not bidirectional at short timescales. 
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In conclusion, this work has provided significant insights into the synaptic mechanisms that 

underpin learning and memory, particularly through the lens of Behavioral Timescale Synaptic 

Plasticity (BTSP). By employing optogenetic techniques, we have isolated and analyzed synaptic 

inputs from various brain regions to layer 5 pyramidal neurons in the mouse prefrontal cortex 

(PFC), uncovering distinct plasticity rules that are specific to the ventral hippocampus and the 

mediodorsal thalamus. These findings highlight the potential for BTSP to integrate neuronal 

signals over timeframes that align with behavioral experiences, thereby providing a more 

accurate model of how learning occurs in natural settings. 

Moreover, our approach using optogenetics has profound implications for future behavioral 

studies, suggesting that manipulating these pathways could directly influence learning and 

memory outcomes, providing a powerful tool for exploring the functional significance of synaptic 

connections in cognitive processes. 

As we move forward, it is essential to integrate these findings with behavioral models to 

further elucidate the functional relevance of BTSP in learning and memory. Exploring these 

synaptic mechanisms in pathological models, such as Alzheimer's disease, could also reveal how 

disruptions in BTSP may contribute to the cognitive deficits observed in such conditions, offering 

new avenues for therapeutic interventions. Ultimately, this thesis not only advances our 

understanding of the synaptic basis of learning but also sets the stage for future research that 

bridges the gap between cellular mechanisms and behavioral outcomes. 

 

6. Methodology 

 

6.1 Slice Preparation 

 

Male and Female C57BL/6 P20-P35 mice were used for slice electrophysiology experiments in 

accordance with procedures approved by the University of Ottawa Animal Care and Veterinary 

Services. Mice were anesthetized by inhalation of isoflurane (Baxter Corporation) before being 

euthanized by decapitation. The mouse brain was immediately removed into ice-cold Choline 

dissection buffer containing (in mM): 119.0 choline chloride, 2.5 KCl, 4.3 MgSO4, 1.0 CaCl2, 1.0 
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NaH2PO4, 1.3 Na ascorbate, 11.0 glucose, 26.2 NaHCO3 saturated with 95% O2/5% CO2 (pH =7.3; 

295-300 mOsm/L). For optogenetic experiments, or electrical stimulation experiments with older 

mice (>P35), NMDG solution was used for transcardial perfusion in accordance with the protocol 

discussed by Ting et al., (2018). A Leica VT1000S vibratome was used to obtain 300 µm sections 

of the PFC in the choline (or NMDG solution). After sectioning, slices were transferred to a 

recovery chamber containing artificial cerebrospinal fluid (aCSF) containing (in mM): 119 NaCl, 

2.5 CaCl2*, 1.3 MgSO4-7H2O, 1 NaH2PO4, 26.2 NaHCO3, and 11 glucose, at a temperature of 34 

℃ bubbled with 95% O2, 5 CO2. *Note CaCl2 concentration listed here only applies to 

optogenetic experiments; 0.9 mM MgSO4-7H2O and 1.2, 1.5, and 1.8 mM CaCl2 concentrations 

were also used to study BTSP under more physiological settings. NaCl was added to the aCSF to 

reach 295-300 mOsm when lower [CaCl2] and [MgSO4-7H2O] are used. 

 

6.1.1 Solutions 

 

Before obtaining acute brain slices, the following solutions will be prepared and stored for up 

to 1 week before recording: 

- High [Ca2+] ACSF solution, (in mM): 119.0 NaCl, 2.5 KCl, 1.3 MgSO4-7H2O, 2.5 CaCl2-2H2O, 

1.0 NaH2PO4, 26.0 NaHCO3, 11.0 Glucose. Water is added to obtain a final osmolality 

(osm) of 295-300mmol/kg. 

- Low [Ca2+] ACSF solution, (in mM): 119.0 NaCl, 2.5 KCl, 1.0 MgSO4-7H2O, [1.2, 1.5, or 1.8 

mM CaCl2-2H2O], 1.0 NaH2PO4, 26.0 NaHCO3, 11.0 Glucose. NaCl is added to obtain a 

final osmolality (osm) of 295-300mmol/kg.   

- NMDG solution: as described in Ting et al (2018). 

- NMDG-HEPES solution: as described in Ting et al (2018). 

- Internal solution: (in mM): 115 potassium gluconate, 20 KCl, 10 sodium phosphocreatine, 

10 HEPES, 4 ATP(Mg2+), and 0.5 GTP (pH adjusted with KOH). pH= 7.25 and osmolality of 

280-290 mOsmol/L 
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6.2 Optogenetic viral injections 

 

For Channelrhodopsin (ChR2) expression, 200nL of AAV-CAG-ChR2 (H134R)-WPRE-SV40-

mCherry will be injected in the target brain region (i.e., vHIP, BLA, mdTh). Injection volume and 

rate= 200nL @ 33nl/min. Titer= 3.3E13. Mice were allowed to recover for at least 2-4 weeks 

before obtaining ex vivo recordings (Figure 3). 

cBLA= AP: –1.7 mm; ML: –3.0; DV: –5.1 

vHIP coordinates= AP: -3.0; ML: +/-3.3; DV: -3.6 and -4.2. 

mdTh= AP: –1.5; ML: -/+ 0.4; DV: –3.2 

cPFC= AP: +1.7; ML:  0.3; DV: -2.3 

 

6.3 Whole-Cell Electrophysiology 

 

PFC slices were placed in a recording chamber, heated at 30-32℃, and L5 pyramidal neurons were 

visualized under differential interference contrast (DIC) with 40X submersive objective. 

Borosilicate glass recording electrodes (4 – 6 MΩ) were pulled using a Narishige PC-10 pipette 

puller (Narishige, Japan), filled with potassium-gluconate (K-Gluc) internal solution 

(supplemented with picrotoxin (PTX; Abcam), a Gamma-aminobutyric acid (GABA-A) receptor 

blocker to isolate excitatory currents) will be used for obtaining whole cell recordings. Internal 

solution was prepared in advance and stored at -80℃ until the day of the experiment 

Whole-cell recordings were performed using an Axon Multiclamp 700B amplifier; current and 

voltage were low-pass filtered at 2 kHz filter and sampled with an Axon Digidata 1440A at 10 kHz. 

Slices were constantly supplied with aCSF (of varying [Ca2+], depending on the experiment). For 

optogenetic stimulation, light (465 nm) was delivered through Colibri.2 LED Light Source (Zeiss) 

applied to acute PFC slices through a 40× water-immersion objective. Light intensity and pulse 

width (1 – 5 ms) were adjusted accordingly to elicit measurable EPSCs. 

Access resistance was monitored on each sweep using a 200 ms, 5 mV hyperpolarizing pulse, 

for voltage clamp recordings, or with a 400 ms, -25 pA current injection for current clamp 

recordings, each induced at least 800 ms prior to electrical synaptic stimulations. Recordings with 
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large Ra fluctuations (>30%) were not included in analysis. When performing experiments in 

current-clamp, small direct current injection was sometimes used to maintain the cell between -

75 and -65 mV. 

 

6.4 BTSP experiments 

 

A stimulation electrode (4 – 6 MΩ) filled with Ringer was positioned proximal to L5 neurons 

in PFC slices. An iso-flex ULC stimulation box was used to control the stimulating electrode. 

electrical stimuli were 0.1 ms in duration (for some experiments, a longer duration of 0.2 – 0.3 

ms was used to induce post-synaptic spiking during the pairing protocol, see section 3.6). The 

intensity of electrical stimulation was adjusted to obtain EPSCs of ~20 – 100 pA during baseline 

recordings. A paired pulse (ΔT= 50 ms) was given every 20 s for 10 minutes during baseline and 

20 minutes for post-induction voltage-clamp recordings. Each minute on BTSP plots is an average 

of 3 time points (or less if some sweeps were polysynaptic, which were then deleted and not 

included for analysis). The BTSP induction protocol was carried out in current-clamp. The pairing 

protocol consist of 10 electrical stimulations (pre) at a frequency of 20 Hz (unless otherwise 

stated), followed by 400 pA – 600 pA of current injection for 300 ms (bAPs; post). The time delay 

between pre and post is usually 500 ms (unless otherwise stated; see section 3.6). For most 

experiments, this pre-post pairing was repeated 5 times every 15 seconds, except when testing 

for one-shot learning, where pairing was only repeated once. 

For optogenetic experiments, viral injections were performed on P20-P35 mice. Following a 

waiting period of 2-4 weeks for viral expression, whole-cell electrophysiology experiments were 

done as explained above. Light pulses were used in lieu of electrical stimulation to activate ChR2-

expressing axons. 

 

6.5 Data Analysis 

 

Recordings were stored and analyzed on Clampfit 10.7 (Molecular Devices) and python 

programming language (Numpy and Scipy libraries). n refers to the number of neurons recorded 
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per experimental protocol. All experiments were conducted on different cells. The first EPSC of 

the paired pulse was used to assess plasticity pre and post BTSP induction. All EPSC values were 

normalized to the last 5 minutes of baseline amplitudes. The mean change was calculated using 

baseline amplitudes and the last 5 minutes of post-induction recordings. The amplitude of the 

second pulse relative to the first in the paired pulse was used to calculate PPR for baseline and 

post-induction. 
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