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Abstract

The prefrontal cortex (PFC) is a region in the frontal lobe of the cerebral 

cortex necessary for the proper execution of cognitive behaviors such as 

attention, memory, and the ordering of actions to accomplish a task.  In rodents, 

lesions of the medial prefrontal cortex (mPFC) impact short-term memory. 

Specifically, the mPFC is a critical component of the brain's system for 

implementing visiospatial working-memory (vsWM) functions.  vsWM is the 

ability to maintain an internal representation of the location of a visually-

presented stimulus over a delay period, on the order of seconds, where the 

stimulus is not immediately present for sensory experience to maintain. 

Neurons in the cerebral cortex are typically silent in alert animals but can 

become persistently active when brain networks engage them to participate in 

computations necessary to accomplish a task.   During vsWM tasks, neurons in 

mPFC become persistently active for the delay period of a WM task.  

Persistent activity events (PA events) are driven by reentrant collateral 

projections of local pyramidal neurons and can recorded from in vitro slices of 

mPFC.  The persistent activation of neurons in mPFC by local networks during 

the delay period of a working memory task in vivo has been suggested to 

represent a basic neural substrate for maintenance of an internal 

representation.  Stress can alter the performance of animals attempting working 

memory tasks, and its effects are dynamic over the span of days following a 

single exposure.  Immediately following stress, vsWM is negatively affected and 

performance on a vsWM task is hindered, while four to twenty-four hours 
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following exposure to stress, vsWM is enhanced.  However, the documented 

effects of exposure to stress on reentrant collateral networks and persistent 

activity is limited.  This work attempts to correlate stress-induced plasticity at 

glutamatergic synapses in mPFC with changes in the ability of neurons to 

remain persistently active, in vitro. 

It has been hypothesized that plasticity in local mPFC glutamatergic 

networks in vivo, driven by stress-response mediators, alters AMPA- and 

NMDA-mediated neurotransmission as a function of the number of stress 

exposures and that this plasticity affects persistent, network-driven activity.  A 

previous study has shown that both AMPA- and NMDA-mediated 

neurotransmission are upregulated twenty-four hours after exposure to mild FS 

stress (Yuen et al., 2009).  The following doctoral thesis supports this 

conclusion and extends this work to quantify the effects of multiple stress 

exposures, over several days, on mPFC plasticity and describes a correlation 

between enhanced glutamatergic synaptic drive and changes in persistent 

activity.  

In animals exposed to multiple days of ten-minute, forced-swim stress, 

NMDA-mediated glutamatergic neurotransmission was upregulated relative to 

unstressed, naïve animals while AMPA-mediated neurotransmission and 

intrinsic cellular phenomena remained unaffected.   Close examination of 

isolated NMDA currents from neurons in three-day stressed mice revealed a 

decrease in the decay rate of these currents relative to naive animals.  This 

augmentation of NMDA-ergic tone yields greater charge entry that could 
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potentially increase the impact of synaptic drive on neuronal activity as well as 

enhance synaptic integration.  The upregulation of NMDA-mediated 

neurotransmission in three-day stressed animals was found to occur via the 

upregulation of the NR2B subunits at synaptic NMDA receptors.  Together, a 

decrease in NMDA current decay rate via inclusion of NR2B subunits and the 

lack of evidence for stress-induced  AMPA current modulation resulted in an 

increase in NMDA-to-AMPA ratio (NAR) at synaptic mPFC networks.  These 

observed changes in glutamatergic neurotransmission, after a single or multiple 

exposures to forced swim, are paralleled by changes in persistent activity. 

Individual PA events were recorded from naïve, one-day and three-day 

stressed mice.  PA events recorded from both stressed groups were increased 

in duration relative to naïve animals.  

These data support the conclusion that stress regulates glutamatergic 

neurotransmission in the mPFC, affecting the ability of neurons to remain 

persistently active.  In vivo, persistently active neurons during the delay of a 

vsWM task are thought to participate in the maintenance of internal 

representations.  If stress-induced plasticity within these circuits yields an 

increased ability of neurons to remain persistently active, and thus stabilizes the 

internal representation within mPFC,  increased NMDA-ergic tone may 

represent a mechanism for stress-induced working memory enhancement as 

demonstrated by a previous study (Yuen et al., 2009).  Alternatively, the 

increased stability of these networks may represent an increased rigidity in 

mPFC functioning.  Rigidity in mPFC could yield perseverative behaviors that 
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are common to frontal lobe pathologies.
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 General Introduction 

 The cerebral cortex is a laminated brain structure that encapsulates deep 

brain nuclei.  Of particular importance to cognition is the prefrontal cortex (PFC) 

located at the most anterior part of the brain, in the frontal lobe (Miller, 2000).  

The PFC is largest and most developed in humans yet functionally homologous 

prefrontal regions are found throughout the mammalian family, including non-

human primates (Goldman-Rakic, 1987) and rodents (Shaw et al., 1993).  

Although the world is perceived as an uninterrupted, temporally bound 

experience, the brain processes information in a distributed manner, initially via 

anatomically segregated parallel circuitry.  As sensory information relays 

through the cerebral cortex, cortical regions become poly-modal with the 

convergence of sensory streams.  These associational cortical networks, found 

in the temporal and parietal lobe, are regulated by a functionally-

compartmentalized PFC.  These prefrontal cortical regions participate in 

commanding executive brain functions through top-down control on attention, 

short-term memory, and action-planning for goal-directed movements via direct 

reciprocal connectivity with poly-modal, associational sensory cortex and core 

brain regions responsible for motor control (Miller, 2000; Uylings and Van Eden, 

1990).   

 The PFC changes in response to interactions with the environment, 

adapting to novel conditions through plasticity in order to increase the likelihood 

of survival.  Plasticity can occur between connected brain areas via longitudinal 

projections as well as within the local circuitry of specific brain regions.  
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Plasticity in these circuits affects how information is processed within those 

networks.  A particularly strong influence on how the brain processes 

information is stress, and specific circuits in the brain are decidedly more 

sensitive (Shansky et al., 2009).  This specificity is likely due to region-specific 

hodology and to differential sensitivity to stress-mediating factors between 

neurons. 

   Networks in the medial prefrontal cortex (mPFC) are sensitive to 

mediators of the body's stress response.  Exposure to stress modifies 

glutamatergic neurotransmission in mPFC and, in parallel, can modify the 

performance of mPFC-dependent behaviors.  Specifically, stress can both 

increase proficiency in executing tasks requiring visiospatial working memory 

(vsWM) (Yuen et al., 2009) and decrease proficiency in vsWM task 

performance (Diamond et al., 1996; Mizoguchi et al., 2000) depending on the 

temporal relationships between exposure to stress and performance of a vsWM 

task.  It is currently theorized that excitatory glutamatergic networks in mPFC 

are largely responsible for implementing computations related to vsWM (Wang, 

1999; 2001), and plasticity within these networks is likely to alter the 

performance on vsWM tasks.  These characteristics make mPFC an important 

region for exploring how stress affects local cortical network circuits and the 

specific behaviors that are dependent on their integrity (Kolb, 1990).   
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mPFC Structure and Connectivity 

 The organization of mPFC in rodent differs from that of classical sensory 

or motor cortices.  First, while large portions of the cerebral cortex have six 

layers, including a granular layer 4 which receives much of its input,  the mPFC 

is agranular and does not contain a distinct layer 4.  Rather, the mPFC is 

divided into three major layers.  Layer 1 provides a major source of cortico-

cortical input to mPFC while constituent neurons are largely distributed between 

the superficial and deep layers.  The superficial layer of mPFC contains what 

would be layers 2 and 3 in classical depictions of neocortical structure, while the 

deep-layer contains layers 5 and 6.  mPFC afferents project directly into the 

superficial and deep layers. 

 The connectivity of mPFC places it in a central role for integrating poly-

associational inputs in order to exhibit top-town executive control of behavior 

(Kolb, 1990).  The mPFC is divided into two major subregions, ventral and 

dorsal mPFC.  Ventral mPFC is further divided into the infralimbic (IL) cortex 

and the prelimbic (PrL) cortex.  These two ventral mPFC subregions are unique 

in the neocortex in that they receive a direct projection from the hippocampus 

(Hipp) (Jay et al., 1991; 1992), they reciprocally innervate key neuromodulatory 

nuclei in the midbrain and brain stem which influence the neocortex as a whole 

(Sesack et al., 1989), and they have direct efferent projections to ventral 

striatum (Vertes, 2004) that influence goal-directed behaviors.   

 However, there are functional, hodological, and cytoarchitectonic 

differences between these ventral mPFC subregions (Peters et al., 
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2009;Vertes, 2004;Van De Werd et al., 2010).  The PrL cortex integrates 

sensory-motor information, primarily via PrL afferents from dorsal mPFC 

(medial agranular and anterior cingulate cortex), with afferent inputs from other 

subdivisions of the PFC (medial-orbital, ventral orbital, and IL cortex) and the 

entorhinal cortex (EC)/Hipp.  Alternatively, neurons in the IL cortex receive the 

preponderance of its cortical input from PrL cortex while receiving sparse input 

from neighboring cortical areas.  Functionally, the IL cortex has a pronounced 

influence on visceromoter and autonomic processes (Hurley-Guis and Neafsey, 

1986; Neafsey, 1990) while the PrL is strongly linked to regulation of cognitive 

processing such as vsWM (Brito and Brito, 1990; Seamans et al., 1995; 

Delatour and Gisquet-Verrier, 1996; 1999; 2000; Floresco et al., 1997; 

Ragozzino et al., 1998). 

 The efferent system of mPFC is mediated primarily by projections from 

pyramidal neurons.  Efferent projections of the PrL cortex place it in a unique 

position to influence brain processes such as memory and behavior.  Two 

efferent systems are of particular interest.  First, PrL feeds back to the Hipp 

through a direct and reciprocated connection with EC of the temporal lobe 

(Hoover and Vertes, 2007; Vertes, 2004).  This loop has been implicated in the 

consolidation and recall of long-term memories (Squire,  2009) and 

maintenance of short-term WM (Raffaele, 1988).  Second, unlike the typical 

reciprocated connections found between mPFC and other brain structures, PrL 

sends a direct, non-reciprocated projection to both the shell and core of nucleus 

accumbens (NAc)( Vertes, 2004).  These inputs to NAc provide context and 
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poly-associational information to classical basal ganglia motor circuits that drive 

goal-directed behavior.  Further, plasticity between mPFC efferent projections 

and medium spiney neurons (MSNs) of NAc has been associated with the 

perseveration of mal-adaptive behaviors such as seeking out addictive drugs of 

abuse (Kalivas, 2004). 

  

Behavior of Neurons in mPFC – Persistent Activity 

 A prominent theory of frontal lobe function states that the PrL region of 

mPFC, via its unique hodology, maintains internal representations in working 

memory for the proper selection of behavioral sequences to successfully attain 

a goal or reward (Ranganath, 2006).  Anatomical data support this conclusion, 

describing the heavily reciprocated fronto-parietal, fronto-inferiotemporal, and 

fronto-thalamic interconnections as well as direct, unreciprocated efferent 

output to the motor circuitry of the basal ganglia.  From this classical view of 

PFC functional anatomy, reciprocal feed-forward and feed-back loops between 

largely segregated brain systems drive persistent activity in PrL cortex 

(Funahash et al., 1989; Goldman-Rakic, 1987;1988).  Recordings from neurons 

in PrL of rodents demonstrate persistent activity during working memory tasks 

(Batuev et al., 1990).  Persistent activity of PrL neurons maintains the required 

attentional resources, semantic information, and abstract relations needed to 

preserve a bound, internal representation over time from a highly distributed 

network.  However, current theories are shifting, and a focus on the intrinsic 

properties of mPFC neurons and the re-entrant collateral networks of local 
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excitatory pyramidal neurons has moved into the spotlight as the minimum 

necessary circuitry required to sustain persistent activity in the neocortex 

(Wang,1999; 2001). 

 

Molecular and Cellular Mechanisms Sustaining Persistent Activity 

 While In vivo recordings of persistent neural activity in mPFC have 

revealed that PrL neurons play a role in the implementation of vsWM, in vitro 

recording techniques (due to both the increased access to neurons and their 

local networks) provide an ideal methodology for characterizing how pyramidal 

neurons embedded within PrL networks are driven to become persistently 

active.  Previous in vitro studies of neurons in the cerebral cortex have provided 

key insights into possible mechanisms for generating persistent activity.  

Although these studies have focused on various subdivisions of the cerebral 

cortex, basic principles can be extrapolated to build a general model of 

persistent activity and to generate hypotheses regarding the influence of stress.   

 Ionic mechanisms are present in mPFC neurons and have been 

suggested to be important regulators of persistent activity (Major and Tank, 

2004).  Specifically, hyperpolarization-activated/Cyclic Nucleotide-gated (HCN) 

channels and Ca2+-activated small conductance K channels (SK) are highly 

expressed in dendrites and in soma of PFC pyramidal neurons respectively 

(Lorincz et al., 2002; Brennan et al., 2008).  Inactivation of HCN channels in 

PFC prolongs persistent activity in vitro and strengthens functional connectivity 

of networks in vivo (Wang et al., 2007), whereas activation of SK channels 
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terminates persistent activity (Hagenston et al., 2008).  Voltage/Ca2+ 

dependent potassium channels also modulate neural activity by providing 

sensitivity to a neuron's history when driving further activity (Yuan et al., 2006). 

 Neurons are driven to become persistently active by the relatively 

synchronized activation of local excitatory neurons embedded within neocortical 

networks and are regulated by interneurons (Sanchez-Vives et al., 2000).  

These depolarizing events are heavily dependent on local reentrant collateral 

circuits of pyramidal neurons that are maintained, to a degree, intact within in 

vitro slice.  Excitatory glutamatergic neurotransmission in the brain is mediated 

primarily by AMPA and NMDA receptors.  NMDA receptors are critically 

involved with synaptic plasticity (Nicoll and Malenka, 1995) while also 

contributing an important synaptic component for driving persistent activity.  

Both computational modeling (Wang, 1999; Durstewitz et al., 2000) and in vivo 

recording studies (Steriade et al., 1993) have demonstrated that the synaptic 

drive needed to maintain persistent activity must be derived largely from NMDA 

currents.  Moreover, in vivo injection of MK-801, a NMDAR blocker, results in 

working memory deficits (Fadda et al., 2006).  Unlike AMPA receptors, NMDA 

receptors have a long decay time constant, producing an inward current that 

outlasts the period of agonist binding by up to ~1000 fold (Spruston et al., 

1995).  Consequently, NMDARs are capable of producing membrane 

depolarization for seconds rather than tens of milliseconds as in the case for 

AMPA receptors.  These nuances of NMDA-mediated glutamatergic 
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neurotransmission make NMDA receptors a likely candidate for regulation of 

persistent activity in vivo. 

 

Impact of Stress on mPFC Structure and Function  

 The body's response to stress is extremely diverse in the distribution of 

its constituent components throughout the body, the range of its influences over 

time, the number of systems involved, and the breadth of its influence on brain 

structures and behaviors (Conn and Freeman, 2000).  Encounters with stressful 

stimuli drive systemic corticosteroid release via activation of the classical 

hypothalamic-pituitary-adrenal axis.  They also drive systemic release of 

catecholamines from the adrenal medula via activation of the sympathetic 

nervous system and/or direct release of corticosteroids and catecholamines by 

specialized neurons within the brain.  Together, these systems integrate their 

influences over time to dynamically shape the brains circuitry in an attempt to 

optimize behavior in order to increase the probability of survival during critical 

periods. 

 It has been hypothesized that the precipitation of mental disorders 

characteristically associated with deficits in WM is due to the actions of stress 

on altered and/or dysfunctional glutamatergic networks in the PFC (de Kloet et 

al., 2005).  Two general, emerging theories on the dynamics of the impact of 

stress on the brain are relevant to understanding how the brain adapts to 

stress.  First, the effect of stress on the brain is dependent on the timing of 

stressful events relative to testing of performance on behavioral tasks (Diamond 
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et al., 2007;Joels et al., 2006b; Yuen et al., 2009).   Enhanced cognitive 

functioning requires that glucocorticoid levels in the brain remain within a range 

of concentrations (Joels, 2006a).  Events that drive glucocorticoid levels beyond 

this range, such as those that occur directly following exposure to stress, hinder 

cognitive performance, while a decrease in these levels, such as in Parkinson's 

disease, can be equally debilitating.  Second, glutamatergic systems in the 

brain are affected by stress, and exposure to stress can modify glutamatergic 

networks in the brain (Chaouloff et al., 2007; Karst et al., 2010; Flak et al., 

2009; Campioni et al., 2003; Yuen et al., 2009).  Mal-adaptive modification of 

glutamatergic systems in PFC is a leading theory behind mental disorders 

associated with impaired cognitive performance (Moghaddam, 2003). 

 A dramatic effect of an initial encounter with a stressful stimulus is the 

rapid shunting of cognitive processing toward a more reflexive and/or instinctive 

fight-or-flight response.  This is a widely accepted psychological principle, but it 

may overshadow many of the finer nuances of the body's stress response and 

the impact of that response on behavior.  Performance of cognitive tasks is 

negatively affected by concurrent stress, or the immediately adjacent 

occurrence of stress, and cognitive performance testing (Arnesten and 

Goldman-Rakic, 1998; Holmes and Wellman, 2009).  However, it has also been 

shown that acute, moderate stress facilitates classical conditioning and 

associative learning in rats (Shors et al., 1992; Joels, 2006) as well as improved 

performance on a working-memory task when tested at 4 and 24 hours after 

stress exposure (Yuen et al., 2009).  These converse data highlight the 
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dynamic nature of the brain's response to stress as well as the need for 

development of hypotheses questioning how these divergent effects are 

implemented at the level of local mPFC circuits. 
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Spontaneous Persistent Activity Recorded In Vitro from Medial Prefrontal 

Cortex 

 

Introduction 

 Research on the functioning of neocortical pyramidal neurons has 

observed that neurons embedded within local networks exist in one of two 

physiological states in vivo:  a hyperpolarized, typically-silent “down-state” and 

a depolarized, persistently-active “up-state (Sanchez-Vivez, 2000; Peterson et 

al., 2003; Aksay et al., 2001; Fuster, 1995; Goldman-Rakic, 1995).”  The axons 

from pyramidal neurons in the PrL cortex transmit excitatory glutamatergic drive 

via two diverging pathways (Shepherd, 2004).  First, axons from PrL pyramidal 

neurons serve as a source of feed forward excitation in the form of efferent 

projections to down-stream brain regions such as the nucleus accumbens 

(NAc).  Second, and of particular interest to persistent activity (PA), collateral 

axonal projections form reentrant loops and make excitatory synaptic 

connections back onto local pyramidal neurons.  These reentrant axonal 

collaterals function in parallel with feed-forward networks and maintain a feed-

back excitation that is hypothesized to drive PA within local cortical networks 

(Wang,1999; 2001).  The integration of activity within feed-back excitatory 

networks into the PA of pyramidal neurons in PrL could be hypothetically 

modulated by both the synaptic properties of these networks and/or the intrinsic 

properties of the pyramidal neurons themselves. 
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 The functional integrity of local reentrant cortical networks can be 

sufficiently maintained within cortical slices to support events of persistent 

changes in neurons' membrane potentials in vitro (Cossart et al., 2000; Mao et 

al., 2001).  Although evidence is available indicating the presence of cell-

autonomous mechanisms to generate and/or aid in maintaining a stable 

depolarized state in cortical neurons (Mao et al., 2001, Egerov et al., 2002), the 

principal hypothesis regarding the minimum requirements for driving sustained 

membrane depolarizations in cortical pyramidal neurons has been the 

coordinated activation of excitatory, re-entrant collateral networks of 

interconnected excitatory pyramidal neurons (Hebb, 1949; Hopfield and Tank, 

1986; Lorente de No, 1949; Hopfield 1982; Wang, 2001 ). 

 Previous studies of PA events described their occurrence as having a 

low probability in vitro (Maffie et al., 2004, Sanchez-Vives et al., 2000) and 

utilized various methods to increase the probability of recording events.  These 

generally included alterations in the ratio of external calcium and magnesium 

concentrations within the bath aCSF or incubation of slices in species-specific 

artificial cerebrospinal fluid (aCSF) that had been modified from standard aCSF 

to resemble more closely the species-specific, interstitial fluid that bathes 

neurons in vivo.  These strategies drive oscillating PA-like events reminiscent of 

the membrane potential oscillations that occur during non-REM sleep or under 

deep anesthesia (Steriade et al., 1993a,b).  The increased susceptibility of 

weak, local recurrent networks to recruitment during bouts of activity via a shift 

in excitatory and inhibitory balance is likely to drive these synaptic network-
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driven phenomena.  Furthermore, the extent of neurons driven to becoming co-

active lends credence to classifying these phenomena as possibly epileptiform.  

Otherwise, researchers have indirectly recorded PA events in populations of 

neurons in slice using activity-dependent fluorescent dyes in standard aCSF 

(Cossart et al., 2000, Mao et al., 2001).  Neurons identified as becoming 

persistently active were then targeted by their fluorescent signal and directly 

recorded using intracellular or whole-cell patch.   

 Although these methods have proven useful in the search for 

mechanisms underlying persistent activity, manipulation of aCSF further alters 

the properties of the networks under study in an already-reduced preparation of 

neocortex.  In vivo, recorded neurons in the prefrontal cortex of awake animals 

during a delayed-response task demonstrated that only a small sub-population 

of neurons are required to encode internal representations rather than a need to 

recruit many neurons at once (Baeg et al., 2003).  Further, as many as 30% of 

neurons were spontaneously becoming persistently active in vitro when activity 

was visualized utilizing calcium-dependent dyes in standard aCSF (Mai et al., 

2001).  The activity of these neurons was temporally structured, and multiple 

connected networks could be found in a single slice, occasionally with overlap 

in constituent neurons.  These data imply that small-scale, local networks of 

strongly interconnected neurons were maintained within a reduced slice 

preparation.  These strongly connected networks of local neurons may form the 

backbones of cortical networks implementing regionally-specific functions via a 

globally-conserved, cortical mechanism and are suggestive of synfire chains 
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(Abeles, 1991).  Large numbers of neurons were found to become persistently 

active in slice using standard aCSF in contrast to reports justifying the use of 

modified aCSF to increase the probability of recording a PA event.  These 

conflicting data drove the hypothesis that while recording a PA event from a 

neuron may be a rare event in vitro, PA events could be recorded from neurons 

in standard aCSF if given enough time.  Persistent activity in the medial 

prefrontal cortex was thus approached using whole-cell recording techniques in 

the standard aCSF described in Cossart et al. (2000).  In contrast to what has 

been done previously to record PA events, single neurons were continuously 

recorded for thirty to seventy minutes per cell in order to increase the likelihood 

of encountering PA events, rather than by experimentally stimulating the 

system.   

 It is probable that PA events recorded in this manner would allow for the 

study of only the strongest networks of interconnected cells in the most 

physiologically-relevant manner available in vitro.  The strongest networks 

would be isolated from weakly-connected networks of neurons due to the 

generally inhibited state of a reduced cortical slice recorded in standard aCSF 

relative to the recording conditions in a modified aCSF.  This state stems 

partially from hyperpolarized resting membrane potential of neurons in vitro 

relative to in vivo (Yang et al., 1996, Degenetais et al., 2002).  Recorded PA 

events obtained under these standard conditions may represent the functional 

output of only the strongest sparse networks in mPFC that would otherwise 
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have been obscured by co-activation of large numbers of weakly connected 

neurons in a system stimulated by altered magnesium and/or calcium levels. 

 

Methods 

 Ten-to-fifteen-week-old male 129SVE mice were used in this study, and 

treatment of the animals conformed to the University of Minnesota Standards of 

Animal Care.  Animals were anesthetized by a lethal dose of ketamine/xylazine 

and perfused through the heart with cutting solution containing (in mM) 240 

Sucrose 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 0.5 CaCl2, 7 MgCl2, 7 

Dextrose).  Coronal slices of PFC, 300 µM thick, were then prepared.  After 

incubation in normal aCSF as used in Cossart et al. (2000) (in mM): 123 NaCl, 

3 KCl, 26 NaHCO3, 1 NaH2PO4, 2 CaCl2, 2 MgSO4 and 10 dextrose at room 

temperature, slices were transferred into the recording chamber.  Low Mg2+ 

aCSF was similar to the standard aCSF but contained .1 mM Mg2+, while Ba2+ 

aCSF solution, ZD7288 aCSF solution, and D-serine solution were created 

using standard aCSF.  Internal pipette solution contained (in mM) 120 K-

gluconate, 20 KCl, 10 HEPES, 0.2 EGTA, 2 MgCl2, 4 Na2-ATP, 0.3 Tris-GTP, 

and 14 Phosphocreatine. 

 Recordings were made using a Zeiss Axioskop 2, fitted with 40X water-

immersion objective, and differential interference contrast (DIC) was used to 

view slices.  Infrared range light, in conjunction with a contrast-enhancing 

camera, was used to visualize individual cells.  
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 Data acquisition was done utilizing Axograph X software, while a 

Multiclamp 700B amplifier was used to record both current and voltage 

changes.  Analysis of evoked synaptic currents and intrinsic neural properties 

was also done in the Axograph X environment, while PA events were analyzed 

using custom-made scripts written in MATLAB and described in the Chapter 3 

Methods section.  Recording cellular properties was accomplished while holding 

the membrane potential at -70 mV via current injection.  However, neurons 

were not held at any particular membrane potential during continuous 

recordings. 

  

Results 

 Deep-layer, pyramidal neurons in dorsal prelimbic cortex (dPrL) were 

recorded in vitro using whole-cell patch clamp to gain a baseline understanding 

of spontaneous network activity under standard recording conditions in naive 

animals not exposed to experimental conditioning.  The medial prefrontal cortex 

(mPFC) was identified by its rostral position on the neuraxis, medial to 

striatum/corpus collosum and dorsomedial to nucleus accumbens.  These gross 

anatomical markers were compared to the Paxinos mouse atlas (Paxinos, 

2001).  Deep-layer dPrL pyramidal neurons were identified by four features.  

First, the dPrL region of mPFC was located by its proximity to the dorsomedial 

bend of the cingulum/corpus callosum as it moves laterally over the striatum 

(Fig 2-1A).   Second, deep-layer neurons within dPrL cortex were identified by 

their location medial to the cingulum in a region extending no farther than 150 
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µm in the direction of the mid-sagital plane (Fig 2-1A).  Third, pyramidal, deep-

layer dPrL neurons were selected visually by inspecting somatic/dendritic 

morphology and confirming a long apical dendrite extending medially through 

superficial layers towards layer 1.  Fourth, pyramidal neurons were 

distinguished from interneurons by their distinct firing properties (Fig 2-1 

B,C,D,E).   

 To observe a recorded neuron's firing properties, a series of currents 

were injected into neurons, ranging from -150 to 200 pA for 800 mSecs, while 

recording in current clamp mode.  Pyramidal neurons, whose membrane 

potential was experimentally maintained at -70 mV,  produced a series of action 

potentials most consistently at 150 pA of current.  81% (17 of 21) of these 

neurons (Fig 2-1B) displayed stereotypical, regular-spiking firing patterns at 150 

pA with action potentials occurring at a mean rate of 14.4±3.5 Hz (Fig 2-1C).  

Four of the cells displayed doublet or triplet action-potential bursts at the onset 

of current injection (3 of 4 showed doublet and 1 showed triplet at 150 pA 

current injections) but maintained a regular-spiking pattern thereafter (Fig 2-

1D).  These cells fired action potentials at 14.5±2.1 Hz, including all action 

potentials within the burst.  These patterns indicate a weak-bursting firing 

pattern that is characteristic of a sub-population of pyramidal neurons found in 

neocortex (Williams and Stewart, 1999).  Both regular-spiking and weak-

bursting pyramidal neurons were included in this study.  Recorded cells with 

firing rates that greatly exceed those typically recorded in pyramidal neurons 

(Fig 2-1E) were considered interneurons and were excluded from this study. 
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 To compensate for the low probability of PA events in normal aCSF, 

patched neuron were continuously recorded for a minimum of thirty minutes.  In 

normal aCSF, the rate of recording an event was 1.634 mHz and thus was 

typically silent for the majority of the recording with some exceptions (Fig 2-2A).  

87% of PA events recorded in normal aCSF did not express action potentials 

(Fig 2-2B), likely due to the hyperpolarized conditions of neurons in slice 

relative to the conditions of neurons in vivo as well as the decreased drive of 

severed connections inherent in a reduced preparation.  The majority of PA 

events occurred within the sub-threshold membrane potential domain.  The 

temporally-preceding event mean membrane potential baseline across all cells 

was -68.85±.93 mV.  During the PA event, the membrane potential depolarized 

on avg by 7.68±.55 mV to -61.17±1.07 mV (Fig 2-2C).  The global mean 

duration for all events, across all cells, was 1.593±.184 sec (Refer to Chapter 4 

Results section and Fig 4-2B).   

 Events could be divided into multiple components (Fig 2-2D).  First, at 

the up-stroke of the event, the membrane potential depolarized from baseline, 

reaching a semi-stable membrane potential.  Second, following the event up-

stroke, a period of depolarized membrane potential stability exhibited sub-

threshold synaptic activity or action-potential waveforms when the 

depolarization was driven supra-threshold.  Finally, following the period of 

depolarized membrane potential stability, there was an event down-stroke 

where the membrane potential fell back to baseline.  On average, recorded PA 

events reached a post-upstroke membrane potential plateau in 170 mSecs.  
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The event-terminating down-stroke of the PA event occurred on a slower time 

scale than the up-stroke with a mean time of roughly 300 mSecs from the final, 

stable, depolarized, membrane potential plateau to 95% of the baseline.   

 To observe the effects of modifying synaptic properties on the activity of 

deep-layer pyramidal neurons in dPrL cortex, neurons were recorded for up to 

seventy minutes and qualitatively compared to the continuously-recorded 

activity before and after switching aCSF types.  First, standard aCSF was 

switched to a low Mg2+ (.1mM Mg2+) aCSF (n=6).  Decreasing aCSF Mg2+ is 

known to increase excitatory glutamatergic drive via removal of the glutamate 

NMDA receptor, voltage-dependent Mg2+ block.  This manipulation was likely 

to affect the properties of neuron populations in parallel.  Neurons that exhibited 

either little or no activity prior to condition change increased their activity to an 

elevated level relative to slices maintained in normal aCSF (Fig 2-3A).  

Generally, neurons gradually became depolarized following the change in aCSF 

condition.  To focus on manipulation of synaptic tone in mPFC circuits, standard 

aCSF was changed to aCSF containing 100 µM D-serine (N=13), an NMDA 

receptor co-agonist that binds with great affinity to the NMDAR's glycine-binding 

site.  This manipulation produced a subtle increase in the probability of 

recording discrete PA events relative to standard aCSF and occurred without 

the generalized depolarizations typical of all other manipulations performed.  

Roughly half of the recorded neurons exhibited an increase in probability(n=5 of 

13).   
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 These experiments were followed by the recording of deep-layer dPrL 

pyramidal neurons and manipulation of their intrinsic properties.  First, 

potassium channels were blocked by application of 200 µM Ba2+.  As 

expected, generalized blockade drove neurons to become depolarized and 

persistently active in a non-discrete manner that is not typical of PA events 

(N=4).  Second, HCN channels of dPrL neurons were blocked via application of 

10 µM ZD7288, a HCN channel antagonist.  A mixture of results surfaced, likely 

due to the dually-contrasting effects that this channel has on neural function.  

Blocking HCN channels could increase network-driven activity by increasing 

neural excitability.  In the majority of cases, application of ZD7288 increased the 

activity of neurons (N=11 with n=4 washing out to pre-application activity 

levels).  However, blockade of HCN channels also led to a generalized 

hyperpolarization of neurons due to the depolarizing nature of 

hyperpolarization-activated h-currents that are mediated by HCN channels.  A 

generalized hyperpolarization of neurons in mPFC circuits would decrease the 

probability of recording network-driven PA events.  This was the case in the 

minority of ZD7288 applications (n=2).  In some cases, application of ZD7288 

did not have any effect on the activity of neurons (n=4).  These data indicate 

that manipulation of intrinsic neuron properties can affect the behavior of dPrL 

neurons.  Further, plasticity that affects synaptic neurotransmission or the 

intrinsic properties of neurons could potentially alter the functioning of dPrL 

neurons of the mPFC. 
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Conclusions 

 PA events were recorded from mPFC in vitro to study cortical functioning 

of circuits in the neocortex, and quantification of PA event properties was used 

as an indirect metric of cortical network functioning.  The mPFC provided an 

ideal model for this line of research due to its well-documented role in working 

memory, the correlation of persistent neural activity in vivo during the delay of a 

working memory task, and the degree to which the underlying mechanisms 

responsible for driving PA events are retained within an in vitro slice of mPFC.  

The dependence of PA events on structured local networks allowed the indirect 

quantification of functional changes in neocortical circuits resulting from 

manipulation of synaptic network and intrinsic neuron properties.  Neurons 

included in this study were targeted by their position in the brain relative to 

major anatomical landmarks.  Deep-layer neurons in the dPrL region of mPFC 

were located by their position within the slice, by visual inspection of the 

somatic and dendritic morphology, and by their electrophysiological properties.  

Neurons expressing regular-spiking or weakly-bursting action potential-firing 

patterns and action potential-firing rates close to 15Hz, when injected with a 

150 pA depolarizing current, were used in this study, whereas neurons 

demonstrating high-frequency firing rates were considered interneurons and 

discarded. 

 While the rate of PA event occurrence was quite low in recorded 

neurons, recording neurons for extended periods of time proved to be a 

successful strategy.  PA events were recorded in many targeted neurons.  
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These events typically remained sub-threshold and did not drive action 

potentials.  The low probability and lack of action potential generation of PA 

events was likely due to the hyperpolarized membrane potential recorded from 

neurons in slice relative to the membrane potentials recorded from neurons in 

vivo (Yang et al., 1996, Degenetais et al., 2002).   

 Recordings from selected neurons were further extended for comparison 

of a neuron's activity before and after aCSF condition change.  Manipulations of 

both synaptic properties and intrinsic properties affected neural activity.  

Enhancing NMDAR-mediated neurotransmission via low Mg2+ aCSF or 

application of NMDA receptor co-agonist D-serine increased the activity of 

neurons in mPFC.  The activity of recorded cells in the presence of low Mg2+ 

was at times discrete but typically yielded a generalized depolarization and 

increased activity.  However, application of D-serine increased the probability of 

discrete PA-like events without the globalized depolarizations found in the low 

Mg2+ recording conditions.  Application of aCSF containing Ba2+ to block the 

contribution of voltage-gated potassium channels or ZD7288 to block HCN 

contributions to neurons’ intrinsic properties yielded general increases in activity 

similar to application of low Mg2+ aCSF.  These data indicate that both synaptic 

network and intrinsic neuron properties affect the behavior of mPFC deep-layer 

neurons.   

 Of particular relevance to the predicted role of NMDA receptors in 

computational models generating stable events of persistent activity by 

reentrant collateral networks (Wang, 1999; Durstewitz et al., 2000) was the 
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effect of increasing NMDA-ergic tone on PA event probability in mPFC networks 

by the application of D-serine.  This augmentation of synaptic properties by 

enhanced NMDA-ergic tone yielded an increase in PA event phenomenon 

probability without generally depolarizing the neurons.  Manipulations that 

specifically target glutamatergic neurotransmission may be particularly 

important in regulating persistent activity.  The concentration of extracellular D-

serine has been found to be particularly high in mPFC relative to other brain 

regions, and the level of D-serine corresponds with the distribution of NMDARs 

in the brain (Hashimoto et al., 1995).  Although little is known regarding the 

functional role of D-serine in NMDAR networks, data from these experiments 

suggest that synaptic networks in mPFC containing synaptic NMDARs play a 

role in driving PA events by local circuits. 
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Figure 2-1:  Identification of Neurons.  Neurons were identified using 

anatomy, morphology, and physiological characteristics.  Targeted neurons in 

the deep layers of dorsal prelimbic cortex had an apical dendrite that extended 

medially into the superficial layers (A) and produced regular-spiking firing 

properties characteristic of pyramidal neurons (B, C) when injected with positive 

currents.  Occasionally, these neurons produced initial doublets or triplets at the 

onset of current injection (D).  Neurons producing high-frequency action 

potentials, characteristic of Interneurons, were not included in analysis (E). 
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Figure 2-2:  Persistent Activity Events. Persistent-activity events (PA events) 

were recorded from neurons in vitro via extended, continuous recordings in ten 

minute intervals (A).  Typically, PA events did not exhibit action potentials 

although some events drove the membrane potential supra-threshold (B).  PA 

events depolarized the membrane potential by 7.7 mV on average (C).  The up-

stroke of PA events reached a stable depolarized level within 70 mSecs and 

then fell back to baseline membrane potential in roughly 300 msec after the 

onset of the PA event down-stroke (D). 
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Figure 2-3: Modulation of Neuron Activity via aCSF Manipulation.  Synaptic 

networks in mPFC are mediated in part by NMDA receptors.  Increasing 

NMDAR-mediated glutamatergic tone by decreasing aCSF Mg2+ content to 

.1mM (A) or by application of 100 µM D-serine (B), an endogenous co-agonist 

of NMDA receptors, increases the activity of neurons.  Manipulation of intrinsic 

neuron properties via application of 100 µM Ba2+ (C) to block potassium 

channels and 20 µM ZD7299 (D) to block HCN channels increases the activity 

of neurons in slice. 
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Detection, Quantification, and Filtering of Persistent Events of Neural 

Activity 

 

Introduction 

 Visual inspection of continuously recorded, large time-series data for 

persistent activity events (PA events) is an inefficient and overly subjective 

methodology.  The range of event sizes (amplitude and duration), distinct 

waveforms of individual events, and the potentially confounding influence of 

fluctuations in membrane potential complicate the delineation of PA events.  

Furthermore, keeping track of delineated PA events and their associated 

variables for the later application of filters, such as minimum amplitude and 

duration, makes analysis of such variables a cumbersome task.  A 

computational approach was clearly needed.  A series of scripts, written in 

MATLAB, were implemented that formated raw data into manageable pieces, 

removed potentially confounding artifacts and/or phenomena, detected PA 

events, and compartmentalized events with associated quantifications.  

Detected events could then be reviewed and systematically masked, through 

the application of various filters, to focus on specific regions of event parameter 

space. 

 

Methods 

 Data were acquired as described in the Chapter 2 Methods section.  

Individual, continuous, ten-minute, current-clamp data recordings were saved in 
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a proprietary file format by the Axograph X data acquisition software that was 

conveniently imported into MATLAB via an existing MATLAB script provided by 

Axograph.  Imported data were then sequenced through a series of steps that 

included a pre-processing stage, an event detection stage, and an experimenter 

review stage.  Raw and analyzed data were stored together in MATLAB mat 

files, in a compartmentalized manner, such that each file contained the 

recorded data, all detected events, and all computed descriptive parameters 

associated with each event.  Finally, detected events were masked via a series 

of filters to reveal the distribution of events within detected-event parameter 

space and to observe the interdependence of these parameters.  The 

distribution of events within these parameters, and their interdependence, 

directed the establishment of optimal filter settings.  Together, these MATLAB 

scripts provided a sophisticated method of detecting and analyzing PA events in 

vitro. 

 

Pre-Processing 

 Following importation (Fig 3-1A), the entire ten-minute recording was 

presented to the experimenter (Fig 3-1B) with blue bars indicating a default 

arrangement of cut points that could be used to quickly separate the full data 

set into more manageable one-minute snips.  Due to the spontaneous nature of 

the PA event phenomena, these default cut points might have been located 

directly on top of an easily identified event.  To prevent the breaking up of 

events between two snips, thus eliminating the possibility of their being 
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delineated in the following event detection stage, a dialog box allowed the 

selection of an option for manual placement of cut points.  These points were 

visually represented on the full data trace by red bars as they were set.  This 

procedure resulted in 10 data structures of equal and/or variable length (Fig 3-

1C).   

 Before proceeding to the event detection stage, various non-relevant 

portions of the data set were removed in order to increase detection speed 

during the detection stage and to decrease the probability of false positives 

detection.  First, dry-weather-condition-induced static discharges were 

occasionally encountered during lengthy recordings, resulting in non-biological 

artifacts.  These static discharge artifacts were removed by zooming in on the 

artifact and clicking the time points directly before and after the discharge.  

Second, although various thresholds were set during event detection to limit 

inappropriate activation of portions of the detection function used for 

determining the end of an event after detection of a possible event start point, 

the data were passed through a function designed to detect spontaneous post-

synaptic potentials (sPSPs).  This script detected sPSPs via differentiation of 

the membrane potential with time to find the potential start point, then the 

following membrane potential data were fitted to an alpha function.  Positive 

detection of sPSP was determined by setting a range of acceptable, fitted 

values for the alpha function such as the maximum amplitude and the minimum 

and maximum taus.  Doublet sPSPs were also detected, and all detected 

sPSPs were removed from the data set.  Until this point, recordings were 
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snipped, clear of artifacts, devoid of large sPSPs, and stored in data structures 

for next event detection step. (Fig 3-1D). 

 

Event Detection Stage 

 Following data pre-processing, the ten snips of data contained in saved-

data structures were passed to the event-detection function (Fig 3-2A).  At its 

core, detection of the start and end points of a PA event were computed via the 

combination of 1) depolarizing and hyperpolarizing changes in membrane 

potential, respectively, occurring within a range of kinetics and by 2) finding the 

time points where the membrane had depolarized or hyperpolarized by a 

specific percentage of a baseline value.  Two windows of defined length, the 

pre-window for start detection and the post-window for start detection, were 

created with a defined, inter-window time length (Fig 3-2B).  Following 

experimentation with various combinations of pre-window, post-window, and 

inter-window time length, events were most reliably detected using pre- and 

post-window time length of 5 mSec and an inter-window time length of 160 

mSec.  These components of the start point thresholding algorithm slid across 

the data in 3 mSec increments, and the pre- and post-window membrane 

potentials were determined by the mean of the constituent data within these 

time windows.  Membrane potential depolarizations that occurred within a 

kinetic bound by the inter-window time length, and that had a magnitude of at 

least 2 mV (the event detection start threshold), triggered the event-end 

detection component of the event detection script. 
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 Determining the end of an event was accomplished using a similar 

arrangement of pre- and post-windows having a defined inter-window time 

length.  Using the data obtained to establish the optimum values for these 

variables, a 5 mSec pre- and post-window, with an inter-window time length of 

100 mSec, was used.  The end of an event was determined as the time point 

where the membrane potential returned to 95 percent of the original baseline 

(Fig 3-2C).  These end-point-determining components were moved over the 

data by 200 µSec increments until the end of an event was detected.   

 Occasionally, a transient hyperpolarization in the membrane potential 

occurred which triggered the end point-seeking portion of this algorithm.  

Specifically, when the pre-window averaged the data over the negative going 

peak of this hyperpolarizing event, and the post-window encompassed the data 

at the baseline resting membrane potential after the event, no end of the event 

was detected unless another hyperpolarizing event was found in the data snip.  

This was considered a false positive.  Such cases could waste processing time 

and would confound the data.  To avoid this, limitations on the duration of an 

event were placed in the detection algorithm.  Previously published data 

(Sanchez-Vives and McCormick, 2000; McCormick et al., 2003), and personal 

communications with researchers studying this phenomenon, have described 

these events as occurring on the order of seconds, with a very low probability of 

recording PA events longer than 30 seconds.  Thus, if the end-point detection 

component of the PA event detection script did not find the end of a potential 
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event within 30 seconds, the function returned to the incorrect start point and 

continued scanning for the next potential start point. 

 In the specific case where a PA event surpassed the neuron's threshold 

for driving action potentials, extra data pre-processing was carried out in order 

for the start and end point detection algorithm to work.  In the presence of an 

action potential, an initial start point could still be computed, but problems would 

arise when computing the end point.  Due to the large changes in membrane 

potential, characteristic of action potentials, the end of event function was easily 

triggered as the pre-window incorporated the data at the peak depolarization, 

and the post-window contained the data after the AP or during an 

afterhyperpolarization potential (AHP).  If a second action potential was 

generated, a second start point was generated as was a second end point.  

This continued repeatedly for each action potential found during the event and 

led to a potentially-detected PA event becoming chopped up between each 

action potential rather than at points capturing the entire event.  In order to 

overcome this limitation, action potentials across an entire snip were detected 

prior to the data passing through the detection algorithm.  The action potential 

was removed from the point of reaching threshold to the trough of the AHP.  

Removed data were replaced via interpolation of the data points between the 

neighboring data points, and the  modified data were then passed on to the rest 

of the detection function.   

 Following the determination of start and end points for a detected PA 

event, quantification of event amplitude and duration were computed.  Each 
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detected PA event was then incorporated within data structures next to its 

associated quantifications, indices describing location of the event within the 

data set, and other detected events in the same snip.  These detected events 

were then ready to be reviewed by the experimenter. 

 

Experimenter Review Stage 

 In the review stage, the experimenter moved sequentially through data 

snips to screen detected events for false positives, missed events, improper 

computation of amplitude and start/end points.  These errors were easily 

remedied via an accessible interface. 

 Following initialization of the review script, the full length on an individual 

snip was displayed across the top half of the screen (Fig 3-3A).  This data 

layout overlayed arrows delineating each detected PA event's start and end 

points.  The detected events were presented six at a time, moving from the right 

side of the data snip to the left and containing a letter designator that 

corresponded to its enlarged representation in the bottom half of the screen (Fig 

3B).  If the experimenter decided that all of the presented events had been 

delineated properly, and that everything was in order to continue to the next set 

of detected events, the experimenter hit ENTER.  At this point, either the next 

set of detected PA events, in the same snip, was displayed, or the next data 

snip was loaded into the display in the top half of the screen.  The experimenter 

could thus continue on to examine all post-detection data. 
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 Occasionally, detected events were falsely detected or not detected due 

to false positive (type 1) or false negative (type 2) errors.  If an event had been 

missed, the experimenter could click on the zoom-in and zoom-out buttons in 

the top data snip review pane to have better access to the PA event's start and 

end points.  After start and end points were determined, the experimenter could 

click the 'manually select event' button, also found in data snip review pane, 

and that event was then highlighted in red and cued for review after all other 

events in the ten data snips had been examined.  If an event was falsely 

detected or the experimenter felt that the start and end points had not been 

properly defined by the detection algorithm, various functions were available in 

the panes in the bottom half of the screen showing the expanded versions of 

detected events.  If a false positive had occurred, the event could be deleted by 

clicking the delete button. 

 If an event had been properly identified but not well delineated, the 

experimenter could adjust the start and end points.  Clicking on the 'Alter 

start/end times' button on the individual event's depiction pane would bring up 

crossbars controlled by the mouse.  Clicking on either side of the event at the 

proper start and end point would change these variables and would update the 

event's depiction in the individual review pane.  To guide this process, three 

lines were presented along the bottom length of the individual event pane.  The 

bottom-most blue line indicated the baseline membrane potential found at the 

start point.  Placing an end point at the position where the membrane potential 

crossed this line would set the end point at 100 percent return to baseline 
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relative to the computed amplitude (depicted as the blue line across the top of 

the event in its individual pane).  The two red lines above the blue baseline 

indicator marked the 90 percent and 95 percent return-to-baseline points.  In 

practice, a 95 percent return to the starting baseline point was strived for 

although, due to the combined influence of random membrane potential 

fluctuations and noise, this could not always be reached.  In such a 

circumstance, the membrane potential closest to the baseline was used while 

maintaining a position near the end of the PA event's downward stroke.  After 

any adjustments to the start and end times, the event's amplitude and duration 

were recomputed.  Occasionally, during detection of events containing action 

potentials, computation of a reasonable approximation of the correct amplitude 

did not occur.  The correct amplitude could only be precisely computed in an 

event not containing action potentials due to the complexity of the resulting 

waveform.  This happened because an action potential, which was typically 

masked by substituting interpolated data, was not removed during the event-

detection stage due to misdetection.  In this situation, the computed amplitude 

would be at the reversal potential for the action potential.  The experimenter 

could force the stored amplitude to a reasonable approximation of the event 

amplitude by clicking the 'set amp manually' button and setting the mouse cross 

hairs along the X axis at a time point that had a corresponding membrane 

potential roughly equal to the event's amplitude.  In practice, the point that 

approximates the action potential threshold for the neuron was used.  Setting a 

new amplitude would update the event's depiction in the individual event pane. 
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 Following review of all detected events, the experimenter then carried 

out the review process again but regarding only missed events that were 

manually selected by the experimenter.  These manually-detected events were 

inserted within the data structure stack of detected events in chronological 

order.  Once the experimenter had reviewed all individual events, PA event 

quantification was ready for grouping, filtering, and export to alternative 

statistical packages for further analysis and/or grouping and graphing within the 

MATLAB programming environment. 

 

Event Filtering 

   Event filters were used to constrain the data set within specific bounds 

of event parameters' quantifications.  The effects of these constraints on group 

parameter means were computed, essentially exploring the distribution of data 

within parameter space and the interdependence of event parameters.  These 

filters were also important to aid in removal of erroneously-detected events that 

remained in the data set.  Specifically, detected events were filtered based on 

minimum event duration, maximum event duration, minimum event amplitude, 

and event signal-to-noise ratio.  First, detected events were contained within 

individual cell data structures that included detected events' descriptive 

parameters (e.g.- event duration, event amplitude).  Filtering of detected events 

was implemented by masking those events whose parameters existed outside a 

specified range of acceptable values while holding all other filtering variables 

constant at their most inclusive values.  Descriptive statistics were computed for 
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unmasked events at the individual cell level, including cell event mean 

amplitudes, mean baseline membrane potentials at event start times, mean 

event durations, event counts, and frequency of events.  Following computation 

of single cell averages, the remaining post-filtered events were pooled so as to 

compute pooled group descriptive statistics.  Experimental data were used to 

optimize data filters on the basis of their ability to remove outliers and their 

limited effect on other event parameters. 

 The objective in recording PA events in vitro was to observe a functional 

readout of strongly-connected networks, previously described in behaving 

monkeys as sparse in vivo (Fuster, 1991; Goldman-Rakic, 1995; Constantinidis 

et al., 2001), which were capable of spontaneously driving PA events.  To focus 

analyses on sparse, network-driven PA events, uncharacteristically long events 

(which may be the result of unbalanced epileptiform activity) should not be 

included in data sets.  The effects of narrowing the focus of analysis to events 

within the range of physiologically-relevant durations was explored by 

systematically decreasing the maximum duration limit setting from 30 seconds 

to 5 seconds and recomputing descriptive parameter statistics.  Reducing the 

maximum duration limit had little impact on computed descriptive statistics (Fig 

3-4).  The pooled mean amplitude and duration were minimally affected (Fig 3-

4A,B).  Importantly, decreasing the filter limit also did not decrease the number 

of cells contributing to the group (Fig 3-4C).  This indicated to us that computed 

descriptive statistics are not highly dependent on long-duration events and that 

the distribution of events in recorded cells is skewed to shorter-duration events.  
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However, one valuable effect of decreasing the maximum-event-duration filter 

was the concordant decrease in the variability of the event duration data (Fig 3-

4B).  With no change in the number of cells included to calculate the mean 

group event duration, there was a 72 percent reduction in event duration 

variability between a 30-second and a 20-second maximum-event-duration 

filter.  This indicated that the events found within the domain of 20-to-30-second 

durations included a few outliers which were dramatically larger than the 

remaining events.  These data provided the bases for setting the optimal 

maximum-event-duration filter limit to 20 secs and thus focusing analysis of 

events on those below this limit. 

 Small-amplitude events were highly represented in the unfiltered data 

set.  The preponderance of small-amplitude PA events was likely due to the lost 

synaptic drive that followed slice preparation.  Thus, the filter type exhibiting the 

most impact on the number of cells containing events post-filtering was the 

minimum-event amplitude filter (Fig 3-5).  To outline any relationships between 

event amplitude and event duration, the minimum-amplitude filter limit was 

systematically increased, and descriptive parameter statistics were computed.  

Initially, during the event detection stage, the minimum threshold for detection 

was set at 2 mV, and thus this value was the minimum setting of the minimum-

event amplitude filter. The impact of increasing the minimum amplitude filter on 

parameter means was assessed by increasing the minimum allowable 

amplitude from 2 mV to 15 mV.  The minimum and maximum durations were 

held at 300 mSec and 30 secs, respectively.  No filtering by signal-to-noise was 
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done.  Increasing the minimum-amplitude filter exhibited a strong influence on 

the event mean group amplitude (Fig 3-5A), as expected.  This was not 

paralleled by a sizable change in mean event duration (Fig 3-5B).  Together, 

these data indicated that event duration was not dependent on the amplitude of 

the event and confirmed that detected-PA-event amplitude data were skewed 

towards smaller-amplitude events.   

 To ensure that detected events are not artifacts of noisy recordings, 

detected PA events were filtered based on their signal-to-noise ratio (SNR) (Fig 

3-6).  Filtering was carried out using the minimum and maximum settings on the 

duration filter and no minimum amplitude filter.  The SNR was calculated as 

follows:  Data buffers containing 5 mSecs of recorded data before and after a 

detected event were created, and the buffer having the lowest standard 

deviation was used as the noise index of the event.  The SNR was then 

calculated as the event amplitude divided by the buffer standard deviation.   

 Events were filtered by increasing the minimum-event SNR from 2 to 30 

and computing the data set's descriptive statistics.  The effect of SNR filtering 

on the detected-event amplitude was minimal within the range of 2 to 10 (Fig 3-

6A).  Increasing the minimum SNR filter setting beyond this range had a greater 

impact on event amplitude.  This was not surprising due to the skewed nature of 

detected-event amplitudes toward smaller events.  Smaller events were first 

removed from the data set given that the mean noise level remained similar 

across the range of amplitudes.  Filtering events by SNR had little effect on 

event duration (Fig 3-6B).  These data were in line with data acquired by 
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increasing the minimum amplitude filter, and they indicated that the duration of 

an event was not dependent on event amplitude.  Increasing the filter setting 

also had little to no impact on the number of cells contributing events to the 

group mean (Fig 3-6C).  Together, the minimum amplitude filtering data and the 

minimum SNR filtering data indicated that although detected-event amplitudes 

were skewed towards small events, these events were above the local 

background noise level temporally adjacent to individual events.  Based on 

these conclusions, the optimal minimum amplitude filter was set to 2mV. 

 Finally, sPSPs that were not detected and removed during the pre-

processing stage of event detection could be retained in the data set.  To avoid 

confounding the data, inclusion of these events into the final data set had to be 

avoided.  Misdetection of events could have resulted from sPSPs that were 

misshapen due to cable filtering or via random fluctuations of the membrane 

potential and thus were not easily fit by an alpha function having fitted values 

within the range specified during the pre-processing stage.  Inclusion of this 

type of non-PA event was prevented by setting the minimum duration filter to a 

value longer than that of typical sPSPs. 

 The impact of filtering data, based on minimum duration of detected 

upstate parameters, was explored by systematically increasing the minimum 

duration limit.  Detected events were not filtered by amplitude, SNR, or 

maximum duration.  The minimum event duration was bound by the minimum 

permitted during the event detection stage (300 msec), and so the minimum 

duration filter was incremented from 300 msec to 1 sec.  Increasing the 
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minimum filter setting from 300 msec to 1 sec had no significant effect on event 

amplitudes (Fig 3-6A).  This supported the above data showing that event 

amplitude was independent of event duration.  As expected, the mean duration 

was affected by filtering out short-duration events (Fig 3-6B).  Yet this effect 

was linear, and did not become significant until the 1-sec filter setting, the 

maximum value used and outside the range of sPSP kinetics.  Increasing the 

minimum duration cutoff had a minimal effect on the number of cells containing 

detected events.  The optimal minimum duration filter was thus set to 500 

msecs because this duration was outside the range of typical sPSPs within our 

data, and at this value, there was little impact on mean event amplitude, 

duration, and the number of cells containing detected events.  These filters 

optimized the focus of analyses to detected events by removing the potentially 

confounding influence of outliers and noise. 

Method Summary 

 A set of scripts in MATLAB was built with the goal of having a robust 

software package for the systematic and objective detection of PA events in 

cells recorded continuously in current-clamp configuration.  Recordings were 

passed through a pre-processing stage to format the acquired data into 

manageable pieces for the subsequent PA event-detection stage.  Detected 

events were reviewed and compartmentalized with their computed descriptive 

parameters (ie. duration, amplitude) into data structures.  The distribution of 

detected events across the computed descriptive parameters was explored to 

establish a set of optimal filter settings that would remove outliers while 
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exhibiting minimal effect on the parameter means.  These filters provided a 

method of focusing analyses on those events most likely to be associated with 

strongly-coupled, sparse networks of neurons retained within an in vitro slice 

rather than global events that may have stemmed from uncontrolled 

epileptiform activity that indiscriminately recruited neurons to become active.  

Specifically, we masked detected events by systematically changing the filter 

limits across minimum event duration, maximum event duration, minimum event 

amplitude, and event SNR while recomputing parameter means.   

 Decreasing the maximum duration limit had negligible effects on group 

mean duration, amplitude, and frequency but dramatically decreased event-

duration variability when set to a maximum of 20 sec.  Systematically increasing 

the minimum duration limit to exclude fast events (300 msec to 1 sec) also had 

minimal effect on these parameter means and variability although a progressive 

increase in mean duration was evident.  These data were interpreted to indicate 

that the distribution of detected-event durations was skewed towards short-

duration events yet not overly dependent on event durations less than 1 

second.   Thus, to decrease the likelihood of including uncontrolled epileptiform 

activity and to remove the few outlying long-duration events, events with 

duration longer than 20 seconds were excluded from data analyses.  

Furthermore, sEPSPs within the data set typically have durations of less than 

500 msec.  To decrease the probability of including a misclassified sEPSP into 

the data set, the optimal minimum-duration limit was set to exclude events 

faster than 500 msecs. 
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 Events were filtered by minimum amplitude by systematically increasing 

the minimum amplitude limit and by excluding those events whose amplitudes 

were smaller than this limit.  While increasing the minimum limit heavily affected 

group mean amplitude, there was almost no effect on event duration.  The 

dependence of mean-event amplitude on small events indicated that event 

amplitudes are skewed towards small-amplitude events while the lack of 

change in duration indicated that there was no dependence of event duration on 

event amplitude.  To avoid being overly conservative regarding the minimum 

amplitude of included events, we set the optimal, minimum limit of event 

amplitude to 2 mV, the most inclusive level.  Finally, to ensure that small 

amplitude events included in the dataset were not the result of random noise, 

events were filtered by SNR.  There was little effect on group means when 

increasing the minimum allowable event SNR until large SNR values were 

reached.  This indicated that detected events were well above background 

noise levels and thus we did not use SNR filtering in further analyses.  

 Guided by our data, optimal levels for data filtering were established and 

were used in all subsequent analyses .  The minimum amplitude filter was set at 

2 mV, the minimum duration filter was set to 500 msec, and the maximum 

duration filter was set to 20 seconds. 
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Figure 3-1: Data Pre-processing. Ten-minute run of continuous current clamp 

recording data was imported into Matlab (A) and divided into more manageable 

data snips (B) either automatically or manually (C).  Snips were then scanned 

for spontaneous EPSPs (sEPSPs).  Detected sEPSPs were removed (D).
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Figure 3-2: Event Detection.  Individual data snips were imported for data file 

(A).  Events were detected by changes in membrane potential between a pre- 

and post-window.  If a voltage change occurred that was greater than a set 

minimum, and within a temporal range set by the time between the pre- and 

post-window, a potential start point was set (B).  Detection of an end point was 

accomplished by locating the point where the membrane potential returned to a 

specified percentage of the original baseline membrane potential (C). 
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Figure 3-3: Detected Event Review.  Detected events were presented to the 

experimenter in two views.  The entire data snip was laid out on the top of the 

screen, and six potential events at a time were delineated.  Individual events 

were then presented in a compartmentalized format with the computed start 

point, end point, and amplitude indicated (B).  The experimenter had the option 

of adjusting any incorrectly-detected event quantifications.  This step was 

repeated until all events were reviewed. 
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Figure 3-4: Filtering Data by Maximum Duration.  The maximum detected 

event duration limit was decreased from 30 to 5 secs.  There was little effect on 

the mean amplitude (A) or duration (B) of detected events.  There was also no 

change in the number of cells included in the analysis (C).  The greatest effect 

was a sizable decrease in the variability of event duration when the maximum 

duration filter cutoff was set to 20 sec.   
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Figure 3-5: Filtering Data by Minimum Amplitude.  Increasing the minimum 

amplitude filter cutoff from 2 mV to 15 mV, without other filters, had a dramatic 

effect on mean amplitude (A). Increasing the minimum amplitude had little effect 

on mean event duration (B) but dramatically reduced the number of cells 

containing detected events (C).  This indicated that PA event duration was 

independent of PA event amplitude.  Further, these data indicate that the data 

were skewed towards small amplitude events. 
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Figure 3-6: Filtering Data by Signal-to-Noise Ratio.  Increasing the signal-to-

noise ratio (SNR) from 2 to 30 had minimal effect on mean event amplitude 

within the range of 2 to 10 (A).  This indicated that the majority of events were 

of small amplitude yet had amplitudes that were larger than the background 

noise level.  Large minimum SNR cutoff values began to remove small 

amplitude events and thus began to affect the amplitude mean.  Increasing the 

minimum SNR filter cutoff had little effect on mean event duration (B) or the 

number of cells containing detected events (C). 
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Figure 3-7: Filtering Data by Minimum Duration.  Filtering data by minimum 

event duration had minimal effect on mean amplitude (A).  As, expected, 

increasing the minimum duration filter did impact the mean duration (C) yet had 

a minimum effect on the number of cells containing detected events. 
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Exposure to Stress Affects Persistent Activity in Medial Prefrontal Cortex 

 

Introduction 

 Regional specificity of function within the neocortex is a broadly accepted 

principal in neuroscience, and general neocortical phenomena (i.e. oscillations, 

event-related potentials, persistent activity) are found across functionally-

distinct regions of the neocortex.  Understanding the role of general phenomena 

within the scope of a local neocortical network that has a defined function, 

which can be directly quantified via performance on a behavioral task, would 

provide deep insights into the mechanisms that underlie specific aspects of 

brain functioning.  Studying the effects of experimental conditioning on the 

expression of these phenomena and the correlation of observed 

phenomenological differences with cellular and synaptic plasticity would lead to 

the emergence of theories regarding how interactions with the environment alter 

brain function.  Ultimately, these initial correlations may lead to defined methods 

for countering pathological brain states that arise from organic and/or 

psychological mental disease.    

 It is theorized that neurons within the medial prefrontal cortex (mPFC) 

become persistently active largely by excitatory glutamatergic drive from 

functionally-connected pyramidal neurons.  In vivo, persistent neural activity in 

mPFC is correlated with the short-term maintenance of internal visio-spatial 

representations in the absence of external sensory stimulus during a working 
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memory test (Batuev et al., 1990).  This form of short-term, visio-spatial working 

memory (vsWM), is susceptible to stress, and the resultant effects on behavior 

are highly dynamic.     

 Environmental stress can be reproduced in the laboratory.  Historically, 

forced swim (FS) has been a particularly useful means of stressing rodents.  

The effects of FS stress on active and passive behaviors have been 

stereotyped (Porsolt et al., 1977a,1977b).  Animals exposed to environmental 

stress prior to exercising vsWM are either compromised in their ability to 

respond correctly during a delayed-response task or, interestingly, can show 

augmented performance.  The direction of these changes depends on the 

animal's previous history of stress exposure.  Specifically, an animal tested on a 

working-memory task directly after or during a stressful encounter will have a 

decreased capacity for vsWM (Arnsten et al., 1998).   However, if the same task 

is given four or twenty-four hours following FS stress, it has been shown that 

vsWM is enhanced (Yuen et al., 2009).  Together, reports of stress-mediated 

alterations in vsWM, the correlation of persistent activity in mPFC with vsWM, 

and the driving of persistent activity by local networks fostered the hypothesis 

that stress affects vsWM via its influence on local-network-driven persistent 

activity and its underlying circuits.  Experiments exploring the co-expression of 

stress-induced plasticity with circuit functioning in the context of how plasticity 

alters circuit driven phenomena are needed. 

 It is probable that the local networks participating in the necessary 

computations underlying vsWM in the mPFC are equally dynamic in response 
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to stress as are their consequences on behavior.  Components of the body's 

stress response are known to affect glutamatergic networks in a region-specific 

manner.  In the hippocampus, stress enhances metabotropic, glutamate 

receptor-dependent depression of shaffer collateral synapses onto neurons in 

CA1 (Chaouloff et al., 2007).  In contrast, exposure to stress increases the 

excitability of networks within the amygdala by upregulating presynaptic 

glutamate-release probability (Karst et al., 2010).  In the paraventricular nucleus 

(PVN) of the hypothalamus, corticotrophin-releasing factor (CRF), released by 

exposure to stress, drives an increase in the number of glutamatergic synapses 

and noradrenergic synapses onto CRF-expressing neurons (Flak et al., 2009), 

a theorized mechanism for  stress-induced priming of the body's stress 

response to a second stressor.  Within the ventral tegmental area (VTA), a 

region containing dopamine neurons critical for proper vsWM functioning, 

exposure to forced-swim stress decreases the NMDA-to-AMPA ratio at 

glutamatergic synapses via the upregulation of the AMPAR component 

(Campioni et al., 2009), while stress has been shown to upregulate AMPA 

receptor and NMDA receptor subunit proteins in mPFC (Yuen et al., 2009).  

These effects are blocked by corticosteroid receptor antagonists. 

 Forced-swim stress has a well-documented effect on glutamatergic 

neurotransmission across multiple limbic systems but also influences 

modulatory neurotransmitter systems such as the serotonergic nuclei in dorsal 

Raphe (DR) (Kirby et al., 2007).  Serotonergic projections from DR to the 

neocortex are as diffuse and widespread throughout the brain as are their role 
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in maintaining stable mental health and alertness.  The hippocampus, 

amygdala, VTA, PVN, and DR represent many of the core limbic and/or core 

limbic-affecting brain regions.  These brain regions are all either directly or 

indirectly innervated by the mPFC.  Stress-induced plasticity in mPFC circuitry 

could profoundly influence circuit functioning in mPFC, and ultimately cognition, 

via its regulatory influence on these downstream brain structures.  Further, 

evidence that plasticity occurs in mPFC after a single exposure to forced swim 

has been published (Yuan et al., 2009).  Changes in mPFC circuit functioning 

could have longitudinal effects on memory formation, emotional affect, reward, 

the body's stress response, and how the brain regulates consciousness and, by 

extension, attention, via its executive influence on downstream limbic brain 

regions. 

 These data support the hypothesis that circuits in mPFC will be affected 

by exposure to forced-swim stress and that phenomena associated with the 

functioning of these circuits will also be affected.  Persistent activity of neurons 

has been described as a circuit-driven phenomenon, dependent on 

glutamatergic, excitatory drive (Sanchez-Vives and McCormick, 2000).  This 

phenomenon is quantifiable and can be used to indirectly measure changes in 

the functioning of its underlying circuitry.  Events of persistent activity (PA 

events) can be recorded from slices of mPFC in vitro (chapter 2), and therefore, 

computational methodology for the systematic detection and quantification of 

these PA events was created (chapter 3).  It was hypothesized that FS stress 

influences vsWM by inducing a form of plasticity in mPFC that correlates with 
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the ability of neurons to remain in a persistently active state.  Specifically, in the 

following experiments, PA events recorded from unstressed animals in a naive 

group should express different characteristics relative to those exposed to FS 

stress.  Furthermore, as animals are exposed to multiple sessions of forced 

swim, there may be differences in the effects of stress on PA events between a 

single versus three daily exposures to FS stress.  Preliminary impressions of 

behavioral data from daily, ten-minute FS exposure between one and three 

days demonstrated that there was a plateauing of behavioral immobility as mice 

were progressively exposed to more days of FS stress.  Large differences in 

behavioral immobility were expected between the first and second exposure to 

forced swim.  The plateauing of this behavior and a similar period of immobility, 

after the forced-swim session was terminated, indicated a similar level of affect 

to the stressor between day two and day three.   

 To test these hypotheses, PA events were recorded from deep-layer 

pyramidal neurons in dorsal prelimbic (dPrL) cortex of animals either not 

exposed to stress (naive group) or animals exposed to one day (FS1D group) to 

three days (FS3D group) of FS stress.  The PA event descriptive parameters, 

such as event amplitude, duration, and frequency, were then compared 

between groups. 
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Methods 

 Ten-to-fifteen-week old mice were split into three groups consisting of 

two stressed groups and a naive group (non-stressed).  Animals in the stressed 

groups were housed individually for two days prior to beginning the stress 

protocol.  The cage of the stressed-group animal was opened, and the animal 

was placed into water and inescapably forced to swim for ten minutes before 

being returned to the home facility overnight.  Animals in the FS3D stress group 

were exposed to ten minutes of daily forced-swim stress for three consecutive 

days whereas animals in the FS1D group were only exposed to a single stress 

treatment.  Animals in the FS3D group were also housed in the home facility for 

twenty-four hours prior to making slices.  

 The experimenter was kept blind to the prior conditioning of animals 

during data acquisition and analysis.  Whole-cell current clamp recordings were 

performed as described previously in chapter 2.  In brief, animals were 

anesthetized by a lethal-dose mix of ketamine/xylazine and perfused through 

the heart with cutting solution, and 300-micron thick coronal slices of PFC were 

prepared according to University of Minnesota standards.  aCSF utilized for 

recording spontaneous PA events contained (in mM) 123 NaCl, 3 KCl, 26 

NaHCO3, 1 NaH2PO4, 2 CaCl2, 2 MgSO4 and 10 dextrose.  Internal pipette 

solution contained (in mM) 120 K-gluconate, 20 KCl, 10 HEPES, 0.2 EGTA, 2 

MgCl2, 4 Na2-ATP, 0.3 Tris-GTP, and 14 Phosphocreatine.  
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 Recordings were made using a Zeiss Axioskop 2, fitted with 40X water-

immersion objective, and differential interference contrast (DIC) was used to 

view slices.  Infrared range light, in conjunction with a contrast-enhancing 

camera, was used to visualize individual cells. 

 Analysis of PA events was accomplished using custom analysis scripts 

written in the MATLAB scientific computing environment as described in detail  

in Chapter 3.  ANOVA and Fisher LSD tests for differences between groups 

were computed in OriginLab Pro Version 8.5. 

 

Results 

 To look for evidence of functional plasticity in mPFC following exposure 

to stress, mice were exposed to forced-swim (FS) stress regimes, and PA 

events were recorded in vitro using whole-cell patch.  Detected PA events 

recorded from stressed animals were compared to PA events recorded from 

unstressed naive animals (naïve group).  Mice were exposed to one to two days 

of daily, ten-minute forced swim (FS1D group; Fig 4-1A) or three to four days of 

daily, ten-minute forced swim (FS3D group; Fig 4-1B).  Recordings were 

performed twenty-four hours after the final stress exposure.  

 The durations of PA events recorded from neurons in the three groups 

were compared.  There was a significant difference between groups (F=5.37, 

p<.01 by cell; F=12.00, p<.01 by event).  The mean duration of recorded PA 

events from animals in the naive group was 1.87±.274 sec (N=17) when events 
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were averaged over each cell and then by group (by cell; Fig 4-2A).  The mean 

duration was 1.59±.184 sec (N=50) when all events across all cells within a 

group were pooled and averaged (by event; Fig 4-2B).  Animals in the FS1D 

group, exposed to one to two days of ten-minute forced swim, had an increased 

duration of PA events to 4.58±1.07 sec (N=8) by cell and to 5.46±.661 sec by 

event (N=44).  This was a significant increase relative to the naïve group 

(p=.003 by cell; p<<.001 by event).  Daily exposure to ten-minute forced swim 

for three to four days in the FS3D group also increased the duration of PA 

events to 3.34±.574 secs (N=15) by cell and to 3.94±.648 sec (N=56) by event, 

relative to the naïve group.  While the increase in PA event duration from FS3D 

group neurons was not significantly different from PA events in the FS1D group 

(p=.175 by cell; p=.052 by event), it was significantly increased relative to the 

naïve group (p=.044 by cell; p=.002 by event).  Thus, a single exposure to 

stress increased the duration of PA events recorded in vitro, and while there 

appeared to be a strong trend towards a smaller increase in PA event duration 

with continued day's exposure to stress, this trend was insignificant, and PA 

event duration in the FS3D group remained significantly elevated relative to the 

naïve group.  

 Next, the amplitude of PA events was compared between groups.  By 

cell, neurons in the naïve groups had an amplitude of 7.47±.552 mV (N=17), 

while PA events in the FS1D and FS3D group had amplitudes of 8.24±1.66 mV 

(N=8) and 8.4±.99 mV (N=15), respectively (Fig 4-3A).  When averaged over all 

the events per group, the mean amplitudes were 7.68±.551 mV (N=50) in the 
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naïve group, 7.44±.92 mV (N=44) in the FS1D group, and 6.9 mV (N=56) in the 

FS3D group (Fig 4-3B).  No significant differences between the amplitudes 

across the three groups were found (F=.314, p=.73 by cell; F=.377, p=.69 by 

event). 

 Finally, the frequencies of PA events across the three stress groups 

were compared to explore any effects of stress on the probability of recording 

an event in vitro.  There was no significance difference between groups 

(F=1.61, p=.214 by cell).  The frequency of event occurrence in the naïve group 

was .00163± .00034 Hz (N=17).  After exposure to a single forced-swim stress 

treatment, there was a strong trend towards an increase in frequency to 

.00306±.00098 Hz (N=8), but this difference in frequency remained statistically 

insignificant (p=.08).  In the FS3D group, the frequency of events was 

.00213±.00044 Hz (N=15).  There was not a significant change in the rate of PA 

event occurrence (p=.45).   

 

Conclusion 

 To test the hypothesis that plasticity has occurred at a functional level in 

mPFC in vivo following exposure to FS stress, changes in PA event duration, 

amplitude, and frequency were compared between naïve and stressed mice ex 

vivo.  It was found that twenty-four hours after exposure to mild, ten-minute 

forced-swim stress, PA events recorded from neurons in the FS1D group were 

significantly longer in duration relative to un-stressed control neurons from the 
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naïve group (Fig 4-2).  PA events recorded from neurons in the FS3D group 

were similar to PA events recorded after one day of ten-minute forced-swim 

stress, and remained significantly longer than the PA events recorded from the 

naïve group.  Although an increase in PA event duration was found following 

exposure to FS stress, the same trend in PA event amplitude and event 

frequency was not observed. 

 These data suggest that some form of plasticity was induced in the 

mPFC after being exposed to FS stress which impacted the expression of PA 

events recorded in vitro.  An increased ability of neurons to remain persistently 

active during network activity could be interpreted as an enhancement of 

network stability.  While the impact of increased network stability on mPFC 

functioning in vivo is unknown and cannot be assessed using in vitro 

techniques, the correlation of persistent activity in vivo with vsWM and the 

enhanced ability to use vsWM twenty-four hours after stress, supports the idea 

that a network with greater stability following stress exposure will demonstrate 

enhanced functioning.  Alternatively, the increased stability of these networks 

may instill a rigidity to the network.  This rigidity could correlate with 

perseverative behaviors typical of frontal lobe pathologies.  While these 

experiments demonstrated that a change in mPFC circuit functioning had 

occurred, this altered functioning could be the result of plasticity at the level of 

intrinsic cellular properties and/or at the level of synapses of local circuits.
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Figure 4-1:  Outline of Forced Swim Protocol.   Animals in the FS1D group 

(A) and the FS3D group (B) were placed into a cylindrical container (C) for daily 

sessions lasting ten minutes.  Following exposure to forced-swim, animals were 

returned to the housing facilities.  Animals in the FS1D group were used for 

experiments twenty-four hours following exposure to forced-swim, while animals 

in the FS3D group were treated for two more days.  FS3D animals were also 

given twenty-four hours in the housing facility prior to experiments. 
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Figure 4-2:  Duration of Persistent Activity Events.  The duration of 

persistent activity events (PA events) was increased after exposure to forced 

swim stress when computed as averages across the individual cells and then 

averaged across groups (A) or when all events were averaged within the (B) . 
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Figure 4-3: Amplitude of Persistent Activity Events. The amplitudes of 

persistent activity events (PA events) were not changed with exposure to 

forced-swim stress as measured both by averages over individual cells (A) or 

when all events were averaged within groups (B). 
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Figure 4-4: Frequency of Persistent Activity Events. The frequency of 

persistent activity events (PA events) did not change with exposure to forced-

swim stress although there appears to be a trend towards an increased 

frequency in FS1D group neurons although this remains insignificant in our data 

set. 
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Effects of Forced Swim Stress on Network and Cellular Properties of 

mPFC 

 

Introduction 

 Plasticity in the brain can occur at various levels ranging from individual 

neurons, their connections (synapses), to neural networks.  Plasticity at 

excitatory, glutamatergic synapses can be expressed as alterations in function 

at various points between pre- and post-synaptic neurons.  This leads to either 

an increase or a decrease in the efficacy with which pre-synaptic neurons drive 

post-synaptic neurons.  At the level of single cells, plasticity may take the form 

of increased and/or decreased membrane ion channel function that affects 

cellular excitability.  These alterations can affect how neurons integrate the 

impinging influences of active synapses.  Further, if a neuron becomes active, 

alterations in neurons' intrinsic properties can affect how this activity influences 

the neuron's probability of becoming activated again. 

 The Intrinsic properties of neurons may influence persistent activity 

through modulation of synaptic-potential integration from neural networks or by 

regulation of a neuron's sensitivity to its previous history of activity.  Reports 

have demonstrated the regulation of neural activity by HCN channels in the 

prefrontal cortex (Day et al., 2005; Wang et al., 2007;Barth et al., 2008; Li et al., 

2010).  HCN channels influence resting membrane potential and the excitability 

of neurons in the sub-threshold domain (Day et al., 2005).  A decrease in HCN 



   85 

 

channel contribution in pyramidal neurons augments the influence of synaptic 

drive by increasing cellular integration of synaptic potentials.  The attenuation of 

HCN channel contributions in the prefrontal cortex has also been shown to 

increase persistent activity of neurons during the delay of a working memory 

task yielding enhanced performance (Wang et al., 2007). 

 Alternatively, intrinsic potassium channels play a role in both the 

integration of synaptic inputs and the ability of neurons to remain active.  

Regulation of these conductances would dramatically affect the ability of 

synaptic potentials to integrate and drive neural activity.  During action 

potentials in deep-layer pyramidal neurons of mPFC, the dramatic voltage 

changes, and resulting increase in internal Ca2+ concentrations, activate 

intrinsic Ca2+/voltage-dependent potassium channels such as the SK channel 

(Faber et al., 2010) or the slowly activating M-type potassium channels (Santini 

et al., 2010).  SK channels influence synaptic networks by shunting excitatory 

neurotransmission at dendritic spines (Ngo-Anh et al., 2005) and altering the 

probability of future action potential generation by driving after-hyperpolarization 

potentials (AHPs) (Brown and Passmore, 2009).  Large increases in pyramidal 

neuron internal Ca2+ concentration by bursts of action potentials lead to 

activation of sustained outward currents mediated by SK channels and M-

currents that prolong the post-action potential refractory state via generation of 

fast AHPs, which immediately follow single action potentials, as well as 

temporally extended medium and slow AHPs, which require multiple action 

potentials within a burst.  Stress-mediated plasticity within the domain of these 
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activity-driven potassium channels could have a significant effect on the ability 

of networks to maintain persistent activity. 

 Finally, generation of action potentials can elicit after-deporatization 

potentials (ADPs) in mPFC pyramidal neurons.  Previous reports have 

described two ADP currents that activate following action potential-driven 

calcium influx within these neurons, a fast (Haj-Dahmane et al., 1997) and a 

slow (Haj-Dahmane et al., 1998) ADP.  In a small minority of recorded neurons 

in this study, a fast ADP was present yet the slow AHP was never recorded.  

This may be due to washout of modulatory neurotransmitters that regulate this 

form of ADP (Zhang et al., 2005).  These ADPs could increase the probability of 

a neuron firing by providing activity-dependent excitatory drive.  Stress-induced 

changes in either HCN channel, activity-dependent potassium channel, or ADP-

generating channel function could impact synaptic integration and/or the ability 

of neurons to contribute to periods of sustained activity.  Changes in these 

intrinsic neuron properties may account for the observed stress-induced 

increase in PA event duration. 

 Computational models using re-entrant excitatory collaterals of pyramidal 

neurons describe persistent activity as changes in synaptic drive that push a 

neuron into one of two stable, attractor states (Wang, 2001).  Neurons exist in a 

hyperpolarized, quiescent state or are driven to a stable, depolarized 

membrane potential by continuous synaptic inputs.  Maintaining a stable 

depolarized state in these models of cortical neuron networks is particularly 

dependent on the relative amount of NMDA-mediated to AMPA-mediated 
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glutamatergic neurotransmission (Wang, 1999; Compte et al., 2000).  The 

greater the NMDAR contribution to recurrent synaptic neurotransmission, the 

greater the stability of the depolarized attractor state.  It has also been found 

that perisomatic synapses in the medial prefrontal cortex, which contain the 

majority of reentrant collateral synapses, have a particularly high NMDA-

mediated component during glutamatergic neurotranmission relative to the 

amygdala or hippocampus (Faber et al., 2005; Ngo-Anh et al., 2005; Faber et 

al., 2010).  Together, the high presence of NMDARs during glutamatergic 

neurotranmission in mPFC and NMDAR-stabilized computational models of 

collateral network driven persistent activity predict that synaptic plasticity in the 

neocortex may impact PA events recorded in vitro and in vivo.  Due to limited 

access to synapses in vivo, it has only been shown that local blockade of 

NMDARs does negatively affect the ability of animals to use working memory 

(Verma and Hoghaddam, 1996; Romanides et al., 1999).  These models would 

predict that NMDA antagonists decrease persistent activity by decreasing 

attractor stability of neurons driven to become persistently active.    

 We hypothesized that if it is the local excitatory networks that drive 

persistent activity in slices, increased duration of persistent activity events (PA 

events), delineated in chapter 4, may reflect these changes in local 

glutamatergic networks.  Stress-induced plasticity in mPFC local networks may 

alter the synaptic input required to drive PA events, and in vivo, this plasticity 

may underlie the augmented capacity to use working memory in rodents 

twenty-four hours after exposure to forced-swim stress (Yuan et al., 2009).  In 
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chapter 2, it was demonstrated that manipulation of glutamatergic 

neurotransmission via application of D-serine impacted the expression of 

persistent activity.  To test local synapses for stress-induced plasticity following 

forced-swim (FS) stress ex vivo, NMDA-to-AMPA ratios of synaptic populations 

at deep-layer pyramidal neurons in mPFC were computed and compared 

between naive-group and animals exposed to one or three days of daily, ten-

minute FS stress sessions.   

 As an alternative to changes in synaptic networks, plasticity at the level 

of intrinsic properties of neurons may play a parallel role in this process.  

Therefore, we have also measured various forms of phenomena related to 

cellular excitability, as an indication of ion channel function.  These properties 

were also compared between naïve and stressed groups.  

 

Methods 

Preparation of Mouse Prefrontal Cortex Slices 

 Treatment of all animals followed standards set forth by the University of 

Minnesota Standards for Animal Care.  Coronal slices containing mPFC were 

prepared from ten- to fifteen-week-old mice.  Animals were anesthetized by 

lethal dose of a mix of ketamine and xylazine and perfused through the heart 

with ice-cold cutting solution containing the following (in millimolar): 240 

sucrose, 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 0.5 CaCl2, and 7 MgCl2, 

saturated with 95% O2/5% CO2.  Coronal slices containing PrL and IL regions 
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were cut at 300-µm in thickness using a Microm tissue slicer.  After incubation 

in a holding chamber containing normal artificial cerebrospinal fluid (ACSF) for 

at least 30 min at room temperature (RT), slices were transferred into the 

recording chamber.  A Zeiss Axioskop 2 FS, fitted with 403 water-immersion 

objective and differential interference contrast (DIC), was used to view slices.  

Light in the near infrared range (740 nm), in conjunction with a contrast-

enhancing camera, was used to visualize individual dendrites.  For all voltage-

clamp recordings, the bath solution (ACSF) contained (in millimolar) 125 NaCl, 

2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 2.0 CaCl2, 1.0 MgCl2, and 10 dextrose.  

To block evoked GABAA-mediated currents, 100 µM picrotoxin was added to 

the bath solution.  Current-clamp recordings were performed using the aCSF 

solution described in the Chapter 2 Methods section. 

 

Electrophysiological Recordings and Focal Stimulations 

 A Multiclamp 700B amplifier was used to record both cellular potentials 

and currents. When recording synaptic currents, whole-cell recording pipettes 

(5-8 MΩ) contained (millimolar) 120 K-gluconate, 20 KCl, 10  HEPES, 0.2 

EGTA, 2 MgCl2, 4 Na2ATP,0.3 Tris-GTP, and 14 phosphocreatine (pH 7.25 

with KOH).  8mM QX-314 was included in the internal pipette solution to 

prevent generation of action currents.  When recording cellular potentials, the 

internal solution outlined in the Chapter 2 Methods section was used.  Biocytin 

(0.2-0.4%) was occasionally included for morphological confirmation. Pulse 

generation and data acquisition were done using the Axograph X experimental 
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environment and an ITC-18 digital acquisition board.  Stimulation of the local 

network was driven by a WPI stimulus isolation box via a monopolar glass 

microelectrode placed 75-100 um perisomatically within the same layer as the 

recorded neuron.  Analysis of evoked currents and intrinsic neural properties 

was also done in the Axograph X environment, while miniature EPSCs 

(mEPSCs) were analyzed using standard Minianalysis software package.  

mEPSCs and cellular properties were recorded while held at a membrane 

potential of-70mV via current injection.  However, during experiments to 

compute NMDA-to-AMPA ratios, neurons were held at +40mV to relieve the 

voltage-dependent Mg2+ block of NMDARs.  In order to isolate AMPA currents, 

100 µM picrotoxin, 50 M of APV, and 1 M TTX was included in aCSF to block 

GABAa, NMDA and sodium currents, respectively.  Subtraction of a post-APV 

application mean waveform from the pre-APV total glutamate current mean 

waveform was used to compute the NMDA-mediated component of the total 

glutamatergic current. 

 Fittings of current decay were done in the Axograph X environment.  

NMDA current decay was best fit using a double exponential equation.  Due to 

the multiple fitting constants, a weighted tau was computed to compare current 

decay between groups.  The formula used to compute the weighted tau was: 

Tw = ((A1*T1)+(A2*T2)).  This methodology has been shown to properly 

represent current decay for the purpose of comparing between experimental 

groups.  ANOVA,Fisher LSD, and ttests for differences between groups were 

computed in OriginLab Pro Version 8.5.  All within group comparisons following 
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an ANOVA were done using Fisher LSD tests for significance while non-

ANOVA qualifying comparisons were done using ttests.  

 

Results 

Multiple Exposures to Stress Affect Intrinsic Properties of L5 pyramidal neurons 

 How could mPFC networks be altered to produce different durations of 

PA events?  One possibility was that constituent, deep-layer pyramidal neurons 

undergo experience-dependent plasticity of intrinsic cell properties.  The 

differences in cellular excitability between naïve and stressed animals were 

examined via comparison of cellular-input resistance.  There was a significant 

difference between groups (F=3.08, p<.05).  The input resistance of a cell was 

computed as the voltage difference between the steady state voltage at 750 

mSecs after commencement of the -10 pA current step and the pre injection 

baseline voltage divided by the current step while recording neurons in current-

clamp mode at -70mV.  Neurons from the naive group had a mean input 

resistance of 242±11.98 MΩ (N=50).  While neurons in the FS1D group were 

significantly less excitable than naïve group neurons (P=.0158), with a mean 

input resistance of 181.67±20.60 (N=14), the input resistance of neurons in the 

FS3D was 235.8±12.43 MΩ (N=43).  This was not statistically different from the 

input resistance of naive group neurons (P=.68; Fig 5-1A). 

 As an alternative measure of membrane excitability, the rheobase 

between neurons in the naïve and FS3D groups was compared.  There was a 
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significant difference between groups (F=3.5, p<.05).  Superimposed current 

ramps at 100pA per second for 2 seconds were injected into neurons held at  -

70mV by a baseline level of current injection.  A neuron's rheobase was defined 

as the current at which it fired its first AP during the current ramp.  An increase 

in excitability was indicated by a decrease in rheobase.  The mean rheobase of 

neurons in the naive group was 81.18pA±4.69 pA (N=52).  Paralleling the 

decrease in mean input resistance, the mean rheobase of neurons in the FS1D 

group increased to 103.052±9.02 pA (N=12), while the FS3D group's mean 

rheobase remained similar to that of the naive group at 75.71±3.95 pA (N=41).  

Despite the fact that changes in rheobase were significant between the naive 

group and the FS1D group (P=.026), a significant change between naïve group 

neurons and neurons in the FS3D group was not found (P=.502; Fig 5-1B).  

Together, the changes in excitability, as measured by input resistance and 

rhoebase, indicate that while there seems to be a decrease in excitability after 

one exposure to forced swim, this difference is no longer present after three 

consecutive days of forced swim and represents a transient change. 

 HCN channels have a documented role in driving neural activity and may 

be particularly relevant to neurons in slice due to the relatively hyperpolarized 

resting membrane potential in vitro compared to that recorded in vivo.  HCN 

channels are activated by hyperpolarization, resulting in an inward current.  This 

inward current subsequently depolarizes the membrane potential, creating a 

voltage sag.  The sag amplitude, although measured in voltage, reflects the 

function of HCN channels and currents passing through.  Therefore, we 
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hypothesized that changes in HCN channel function, following exposure to 

stress, may contribute to the generation of PA events.  

 Sag potentials were calculated by the membrane potential difference 

between the peak of hyperpolarization at the onset of -150 pA current injections 

and the steady state membrane potential (Fig 5-2A).  There was no significant 

difference between groups (F=1.372, p=.258).  Neurons in the naïve group had 

a mean sag potential of 1.50±.12 mV (N=50).  A single exposure and three 

repetitive exposures to stress increased the voltage sag to  1.72±.21 mV (N=14) 

and 1.75±.16 mV (N=43), respectively.  However, these increases in sag 

potential did not reach statistical signficance (naïve v FS1D: p=.461; naïve v 

FS3D: p=.104), suggesting that HCN channel function are not altered by single 

or multiple daily encounters with forced-swim stress.   

 Finally, after-hyperpolarization potentials (AHP), mediated by Ca/voltage-

activated potassium channels, were examined due to their involvement in 

repetitive neuron firing.   Neural activity, especially a train of action potential, 

activates voltage-gated Ca2+ channels and the subsequent increase in 

intracellular, free Ca2+ leads to opening of Ca2+/voltage-activated potassium 

channels, resulting in AHPs.  Although a cell expressing PA events is likely to 

remain sub-threshold and would not generate action potentials, excitatory 

neurons that drive PA events may be influenced to increase or decrease their 

activity and thus their contribution to PA event synaptic drive.  A change in 

intrinsic AHP contributions within a neuron population will impact the probability 

of these neurons remaining active and driving synaptic inputs.  To obtain AHPs, 
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ten discrete currents were injected into neurons at a high frequency in order to 

elicit a burst of eight and ten action potentials (Fig 5-3A).  On the basis of the 

waveform of the membrane potential, neurons were classified into four main 

groups with both fast and slow AHP, fast AHP-only, ADP only, and neither AHP 

nor ADP (Fig 5-3B).    

 The percentage of neurons expressing AHPs was compared between 

groups (Fig 5-3C).  In the naïve group, 82% of neurons (42 of 51) demonstrated 

an AHP after the AP burst, while 18% (9 of 51) of these neurons showed either 

no AHP or produced an after-depolarizing potential (ADP) that resulted in a 

small depolarization following an action-potential.  In the FS1D group, 100% (14 

of 14) of these neurons demonstrated a post-burst AHP.  None of the neurons 

in the FS1D group exhibited an ADP following the AP burst.  Finally, 64% of 

neurons recorded from the FS3D group (34 of 53) displayed an AHP following 

the AP burst while 36% (19 of 53) of these neurons expressed either an ADP or 

neither phenomenon (Fig 5-3C).   

 The amplitude (Fig 5-3D) and area (Fig 5-3E) of AHPs were then 

compared between naïve, FS1D, and FS3D groups.  Neurons in the naïve 

group had a mean AHP amplitude of -1.64±.16 mV (N=41).  Twenty-four hours 

following a single ten-minute forced-swim session, neurons in the FS1D group 

showed a marginal increase to -1.97±.35 mV (N=14).  The change in AHP 

amplitude, however, remained insignificant (p=335).  The AHP amplitude of 

neurons in the FS3D group was -1.77±.20 mV (N=34), showing no significant 
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difference from the amp AHP of the naïve group (p=.604).  Overall, there was 

no significant difference between groups in AHP amplitude (F=489, p=.615).   

 These measures of AHP amplitudes were limited in scope because of 

the temporal profile of AHPs following action potentials.  The fast AHP occured 

directly following the action potential and was approximated in this study via the 

AHP amp, whereas the AHP can actually extend for hundreds of milliseconds.  

The full temporal profile of the AHP can be decomposed into medium and slow 

components that are mediated by separate types of potassium channels (Yuan 

et al., 2006).  To explore possible stress-mediated changes in intrinsic 

functioning by potassium channels that are involved in different phases of AHP, 

total AHP area was calculated and compared among groups.  The total AHP 

area was then split into the initial medium-AHP domain and the temporally 

extended slow-AHP domain that followed.  There was no significant difference 

between groups (F=.145, p=.865, by total area; F=.55, p=.579, by medium area; 

F=277, p=.759, by slow area).  The total AHP in the naïve group was 

761.8±99.4 pA*mSec and broke down into 215.1±21.3 pA*mSec medium-AHP 

area and 546.7±81.2 pA*mSec slow-AHP area components.  In the FS1G, the 

total AHP area was 691.4±96.7 pA*mSec with a 253.9±50.4 pA*mSec medium-

AHP area and a 437.5±68.4 pA*mSec slow-AHP area.  The difference in AHP 

area between naïve and FS1D group neurons was statistically insignificant 

along all three AHP dimensions (p=.720, by total area; p=.447, by medium area; 

p=.489, by slow area).  Finally, the total AHP area for FS3D group neurons was 

688.6±121.0 pA*mSec with medium and slow AHP areas of 199.2±31.5 
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pA*mSec and 489.4±96.8 pA*mSec, respectively.  None of the parameters was 

significantly different from that of the naïve group (p=.618, by total area; p=.670, 

by medium area; p=.628, by slow area; Fig 5-3D).  Taken together, potassium 

channels mediating AHPs did not seem to be the target of stress and thus did 

not contribute to stress-induced changes in persistent activity. 

 

Repetitive Exposures to Stress Affect Synaptic Properties 

 To record synaptic properties of neurons embedded into mPFC 

networks, a mono-polar stimulation electrode was placed ventral within the slice 

and perisomatically (~75 to 100um away) from patched neurons within the 

same deep layers of PrL (Fig 5-4A).  Evoked glutamatergic potentials were 

recorded from patched neurons held at +40 mV in voltage clamp mode using a 

bath aCSF containing 100 µM picrotoxin to block evoked GABAergic potentials.  

A total glutamate evoked current baseline was established and decomposed 

into AMPA currents via application of 50 µM D-APV to block the NMDA-

mediated currents.  The NMDA component of the total evoked glutamatergic 

current was computed by subtraction of the average post-APV application trace 

from the average pre-APV application trace (Fig 5-5A).   

 A comparison of the area and amplitude NMDA-to-AMPA ratios (NARs), 

recorded ex vivo between groups, was used to explore plasticity occurring in 

vivo following exposure to stress within mPFC networks.  There was no 

significant difference between groups using NAR by amplitude (F=1.045, 
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p=.36).  The naïve group NAR by amplitude was 2.35±.24 (N=22) and 2.51±.48 

(N=9) in the FS1D group.  This was only 7% larger than in the naïve group and 

was not significantly different (p=0.8).  The NAR by amplitude from the FS3D 

group was 3.04±.44 (N=21).  Although this group exhibited a 30% larger trend 

relative to naïve groups, this increase in NAR was also not statistically 

significant (p=.16). 

 The comparison of area NAR is a more sensitive measure of plastic 

change due to an increased influence of current decay.   Thus, the area NAR 

was further compared between groups due to the proximity to significance of 

the increase in NAR by amplitude of FS3D neurons relative to the naïve group.  

A strong trend was found between groups (F=2.38, p=.1).   The mean NAR by 

area of neurons in the naïve group was 5.99±1.04 (Fig 5-4b).  The mean NAR 

by area of cells from the FS1D group was 8.51±2.84.  The NAR by area of the 

FS1D group trended toward an increase relative to the naïve group but 

remained insignificantly different (p=.39; ttest for unequal variance) from those 

in the naïve group.  However, this was not the case for neurons in the FS3D 

group.  After three days of forced-swim, there was an 83% increase in the NAR 

by area of neurons to 10.95±1.98.  This NAR was significantly larger (p=.034) 

than the NAR of neurons in the naïve group.   

 Since stress effects were more significant on area NAR than amp NAR, 

and because area NAR is impacted greatly by the tail of the evoked current, the 

decay rates of the NMDA components were compared between the stressor 

groups in an attempt to link the differences in NMDA current kinetics with 
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exposure to stress (Fig 5-6A).  The decay of the individual NMDA tail currents 

was fitted to double exponential equations, and a weighted decay time constant 

was calculated.  There was a significant difference between groups (F=4.977, 

p=.0107).  The weighted tau of the naïve group NMDA tail current was 

249±12.36 mSec while the weighted decay tau in the FS1D group was 

increased by 7% to 264±20.2 mSec.  The increased decay time in the FS1D 

group was not significantly larger than the naïve group (p=.637).  This was not 

the case in the FS3D group whose weighted tau increased by 21% relative to 

the naïve group to 326±23.44 mSec.  The increase in weighted decay tau of 

FS3D group NMDA-mediated currents, relative to the naïve group, was  

significantly larger (p=.004).  These data suggest that following repeated 

exposure to forced-swim stress, glutamatergic currents undergo synaptic 

plasticity and increase the proportion of the evoked current mediated by 

NMDARs relative to AMPARs.  

 

Stress Effects on AMPA-Mediated Miniature EPSCs 

 While the computed increase in FS3D NAR, relative to naïve group NAR 

by area, is attributable to an increase in the NMDA-mediated component to the 

total glutamatergic current, an increase in ratio could also be partially mediated 

by a decrease in AMPA-mediated neurotransmission.  To test this hypothesis, 

AMPA-mediated miniature EPSC's (mEPSCs) were recorded from deep-layer 

pyramidal neurons in mPFC in the presence of TTX.  The mean amplitude of 
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mEPSCs in the naïve group was 9.87±1.10 pA (N=8) compared to 9.46±0.83 

pA (N=9) in the FS3D group. The difference between these groups was 

statistically insignificant (p=.76; ttest).  This comparison was followed by 

examination of mEPSC frequency between groups.  mEPSCs occurred in naïve 

neurons at a rate of 1.06±.33 Hz while in the FS3D group, mEPSCs occurred at 

1.83±.26 Hz.  The increased rate of mEPSC occurrences in FS3D neurons just 

missed becoming statistically significant (p=.08; ttest).  These data indicated 

that following three days of exposure to ten minutes of forced swim, there was 

no change in post-synaptic AMPAR contribution to glutamatergic 

neurotransmission in the mPFC but that stress may have been influencing 

synaptic mechanisms by augmenting neurotransmitter release probability, a 

phenomenon associated with pre-synaptic machinery.  

 

Conclusion 

 The experiments described above were designed to isolate a form of 

stress-induced plasticity in mPFC neurons responsible for the increased 

duration of PA events recorded in vitro.  It was hypothesized that either the 

intrinsic properties of participant neurons were altered, the local networks of 

pyramidal neurons were affected, or both.  To test this hypothesis, the 

excitability of neurons, the functional HCN contributions to intrinsic neuron 

properties, the functional contributions of activity-regulating potassium 

channels, and the constituent contributions of glutamate receptors to synaptic 
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transmission in mPFC networks were compared between naïve and stressed 

animals.  No differences in excitability were found between neurons in the naïve 

group and the FS3D group, as measured by input resistance or rheobase.  In 

contrast, there was a decrease in excitability between the naïve group and 

FS1D group when comparing input resistance, which was consistent with 

rheobase changes.  No functional differences in the HCN channel-mediated, 

hyperpolarization-activated membrane potential sag was found among groups.  

Lastly, regarding measures of intrinsic properties, no difference in AHP 

amplitude, total AHP area, fast AHP area, or slow AHP area was found 

between the stressor groups.   

 Together, these data supported the conclusion that intrinsic properties of 

deep-layer pyramidal neurons were not altered by the FS stress-protocols.  

While neurons in the FS1D group were less excitable than neurons in the naive 

group, this change would not have contributed to the increased duration of PA 

events, and an alternative mechanism must have been responsible for the 

increased duration of PA events.  

 Change in mPFC synaptic transmission that has occurred in vivo 

following exposure to conditioning,  such as environmental stress, can be 

detected by measuring NDMA-to-AMPA current ratios (NARs) in slices, ex vivo 

(Ungless et al., 2001).  The NARs of neurons computed using evoked current 

amplitude demonstrated a trend toward an increased NAR in the FS3D group 

relative to the naïve group. When NARs were recomputed by current area, 

there was a significant increase in FS3D animals.  
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 These data, together with a lack of evidence for post-synaptic AMPA-

mediated changes, implied that increased NMDA currents, rather than 

decreased AMPA currents, underlied the NAR augmentation.  Analysis of the 

NMDA components between groups demonstrated that the decay of NMDA 

currents in the FS3D group was slower than that of both the Naive and FS1D 

group.  

 We did not find a decrease in the NMDA current decay rate from FS1D 

neurons relative to the naive group, and thus alteration in NMDAR subunit 

composition cannot explain the increased duration of PA events in the FS1D 

group.  Yuen at al described an increase in both AMPA and NMDA subunits 

expression in mPFC following a single exposure to forced swim (Yuen et al., 

2009).  That study also approximated computation of NARs via averaging the 

maximum amplitude of evoked mPFC currents in the presence of either 

AMPAR or NMDAR pharmacological antagonists across slices.  Although that 

technique does not describe the NAR of a single cell as done in this study, the 

previously published study suggested an increase in both the maximum evoked 

AMPA and maximum NMDA currents in the twenty-four hours following 

exposure to FS stress.  In this study, an insignificant increase in NARs was 

revealed as calculated via a cell-by-cell methodology.  An increase in both 

AMPA and NMDA components in parallel would yield little to no change in the 

NAR when computed on a cell-by-cell basis, as done in this study, rather than 

using maximum amplitudes of pharmacologically-isolated glutamate current 

components, as done in the Yuen et al. paper.  However, the increased 
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synaptic drive from enhanced total glutamatergic neurotransmission could 

explain the increased PA event duration found after a one exposure to FS 

stressing regime.
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Figure 5-1: Neuron Excitability and Stress.  Two complimentary measures of 

neural excitability were computed between Naive, FS1D, and FS3D groups to 

look for possible stress-mediated changes.  While changes in excitability were 

not found between neurons in the naive and FS3D group, as measured by input 

resistance (A) or rheobase (B), there was a significant decrease in excitability in 

the FS1D group relative to both the naive and FS3D groups. 
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Figure 5-2: HCN Channels and Stress.  The functional contribution of HCN 

channels in neurons was measured indirectly by comparing the HCN-channel-

mediated sag potential between naive, FS1D, and FS3D groups via injection of 

a -150 pA hyperpolarizing current pulse and comparing the difference between 

the peak hyperpolarization potential and steady-state potential (A) between 

groups.  While there was a trend towards an increased HCN mediated sag, this 

trend was not significant (B).
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Figure 5-3: Stress and Activity-Dependent Potentials.  The possible role of 

activity-dependent currents in stress-induced plasticity was tested by injection 

of ten action potential-generating, somatic current injections and measuring the 

AHP (A).  Neurons displayed a variety of phenomena after the last action 

potential (B,C).  Neurons that displayed AHPs were not significantly different in 

regard to AHP amplitude (D), total AHP area, fast AHP area, or slow AHP area 

(E). 



109

NMDA Current

AMPA Current
(post APV application)

Total Glutamate Current

(INMDA = ITOTAL - IAMPA)

B

A

NAcc
L M

recording

PrL

recording

Deep layer rentrant 
synaptic input

CC
cg

Striatum

Deep-layer (LV / LVI)
Superficial layer (LII / LIII)

Layer 1

PrL

stimulation
electrode

Total Glutamate
Current

Slow
Component

Fast
Component

100 mSec

50 pA

Figure 5-4:  Recording Setup and Glutamate
 Current Components



   110 

 

Figure 5-4:  Recording Setup and Glutamate Current Components.  Evoked 

synaptic currents were recorded from local networks via perisomatic stimulation 

within the same deep layers of mPFC (A).  The AMPAR-mediated portion of the 

total synaptic current was isolated by application of the NMDA-receptor 

antagonist APV.  NMDA current was calculated as subtraction of the post-APV 

application average waveform from the pre-APV average waveform (B). 
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Figure 5-5: NMDA-to-AMPA Ratios (NARs).  NARs were computed using both 

current amplitudes (A) and current areas (B).  No significant change in amp 

NAR was found, but a trend towards an increased NAR between naive and 

FS3D neurons existed.  NARs, when recomputed by area, are more sensitive to 

the decay of currents.  The area NAR was significantly increased in FS3D 

neurons relative to neurons in the naive group. 
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Figure 5-6: NMDA Current Decay.  A decreased rate of decay in the NMDA-

mediated currents was found from FS3D neurons relative to naive group.  This 

was visually evident by comparison of the group average decays (A).  After 

fitting the individual currents to a double exponential equation, the weighted 

decay tau was calculated from the fitted fast and slow components.  There was 

a significant increase in the decay tau, indicating a slower decay of the NMDA-

mediated component in FS3D neurons relative to naive group. 
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Figure 5-7:  Miniature EPSCs.  To look at possible changes in AMPA-

mediated contributions to the increase in area NAR, the amplitude (A, B) and 

frequency (C) of miniature EPSCs (mEPSCs) was compared between groups.  

There was no change in mEPSC amplitude between naive and FS3D groups.  It 

was found that the frequency of mEPSCs was elevated in neurons from the 

FS3D group. 
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Stress Affects NMDA Receptor Subunit Composition 

 

Introduction 

 NMDA receptors (NMDARs) in the brain are tetrameric, ligand-gated 

receptor complexes composed of four subunits belonging to at least one of five 

gene families (Ozawa et al., 1998).  Of particular importance to the mammalian 

central nervous system are the NR1, NR2A, and NR2B subunits.  While 

expression of NR1 NMDAR subunits in the brain is ubiquitous, the expression 

of NR2A and NR2B subunits is particularly high in the neocortex relative to 

other brain regions (Mori and Mishina, 1995; Monaghan et al., 1989, Petralia et 

al., 1994, Scherzer et al., 1998).  Furthermore, NMDAR expression in the 

prefrontal cortex is augmented relative to other cortical brain regions (Fitzgerald 

et al., 1996).  Studies have shown that decreased radio-ligand binding to 

NMDARs, as well as decreased NR2B mRNA in the frontal lobe, are correlated 

with impaired spatial memory (Magnusson, 1998; 2000).  This is evidence of a 

strong role for NMDARs in PFC functioning, a hypothesis bolstered by studies 

linking disruption of NMDARs to pathological cognitive functioning (Desai and 

Grossberg, 2005; Wenk et al., 2006; Marek et al., 2010).  Further, various forms 

of memory are enhanced in mice by the selective over-expression of NR2B 

subunits in the forebrain, possibly through facilitation of NMDAR-mediated long-

term potentiation (Tang et al., 1999).  This form of plasticity is theorized to be 

an underlying mechanism for learning.  Thus, it is possible that enhanced 
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working memory- dependent performance, after exposure to forced-swim (FS) 

stress (Yuen et al., 2009), is due to upregulation of synaptic NR2B in the 

mPFC.         

 While NMDARs require two NR1 subunits to form functional channels, 

the exact kinetics and pharmacology of NMDARs are established by the 

presence of NR2A and/or NR2B subunits within each receptor complex (Vicini 

et al., 1998).  Expression of NMDARs, with specific combinations of NR1/NR2A 

and NR1/NR2B in HEK-293 cell lines, and use of ultra-fast glutamate 

application technology to mimic synaptic glutamate release, demonstrates how 

NR1/NR2A NMDARs are characterized by their high speed activation by 

glutamate binding and their weak affinity to the NMDA antagonist ifenprodil.  

Contrarily, NMDARs containing NR1/NR2B subunits have currents that decay 

at a slower rate compared to NR1/NR2A-containing NMDARs, and have a high 

affinity for ifenprodil.  The slower decay rate of currents mediated by NR2B-

containing NMDARs thus yields greater charge flow into neurons as well as 

enhanced integration of synaptic inputs. 

 Data presented in Chapter 5 indicate that changes in glutamatergic 

transmission in the dorsal prelimbic (dPrL) region of mPFC have taken place  

following three days of daily exposure to ten-minute forced-swim (FS) stress 

(FS3D group).  A trend was quantified that demonstrated an increased NMDA-

to-AMPA ratio (NAR), when computed by amplitude, in neurons recorded from 

the FS3D group relative to neurons recorded from unstressed animals (naive 

group).  However, this increase in amplitude NAR did not reach significance.  
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Interestingly, analyzing the data by recomputing the NAR by current area, 

rather than by NAR current amplitude, yielded a significant difference in NARs 

between the naive and FS3D groups.  The conflict in these measures of 

synaptic transmission within glutamatergic mPFC networks was resolved by 

focusing on the decay of the NMDAR currents.  NMDAR-mediated currents had 

a significantly slower decay rate when recorded from neurons in the FS3D 

group relative to neurons in the naive group, and this difference drove the 

differences in NAR area between groups.  To test if plasticity in glutamatergic 

networks of mPFC was mediated by a functional up-regulation of synaptic 

NMDARs expressing the NR1/NR2B configuration, relative to the NR1/NR2A 

configuration, the contribution of NR1/NR2B NMDARs to the total NMDA-

mediated current was compared between naive and FS3D neurons. 

 

Methods 

 Ten- to fifteen-week-old week old mice were split into two groups 

consisting of a stressed group (FS3D group) and an unstressed naive group.  

Animals in these two groups were treated, as previously described in the 

chapter 4 Methods section.  Briefly, stressed group animals were brought to the 

forced swim cylindrical container and exposed to forced swim for ten minutes 

daily for three days.  After the final treatment, animals were housed for 24 hours 

prior to making brain slices and recording.  
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 Whole-cell, voltage clamp recordings were performed as described in 

chapter 5 Methods.  During establishment of a baseline for total NMDA-

mediated, evoked currents, recording CSF contained 20 µM CNQX and 100 µM 

picrotoxin to block AMPA-mediated and GABAA-mediated currents, 

respectively.  3 µM ifenprodil was introduced into the recording aCSF to block 

NR2B subunit containing NMDA receptors after establishment of the baseline. 

 Currents mediated by NR1/NR2A and NR1/NR2B were differentiated 

using ifenprodil, a specific antagonist for NR2B-containing NMDA receptors.  A 

stable NMDA-mediated evoked current was maintained while a neuron was 

held at +40mV via current injection and pharmacological blockade of AMPA and 

GABAA channels.  Once a stable baseline was established, recording aCSF 

was switched over to the same recording aCSF plus ifenprodil to 

pharmacologically block NR2B subunit containing NMDARs.  Once a new 

stable evoked response was established, data collection was continued.  

Average pre-ifenprodil and average post-ifenprodil application waveforms were 

created.  Subtraction of the post-waveform from the pre-waveform computed 

the NR2B subunit-containing NMDAR component, and the post-ifenprodil 

average represented the NR2A-subunit-containing, NMDAR component.  The 

percent change between the total NMDA-mediated evoked current and the 

NR2A subunit-containing NMDAR component was calculated and tested for 

significance using a ttest between the mean percent change of in the naive and 

FS3D groups.  
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Results 

 It was hypothesized that changes in the functional contribution of 

NR1/NR2B to NR1/NR2A NMDARs available for binding to glutamate at local 

network synapses could underlie the increased decay time of the NMDA 

currents recorded from neurons in the FS3D group relative to naive group 

neurons.  To test this, we obtained stable NMDA currents in the presence of  20 

µM CNQX and 100 µM picrotoxin (PTX) to block AMPA-mediated and GABAA-

mediated currents, respectively.  Application of  3 µM ifenprodil partially blocked 

NMDA currents, resulting in a smaller amplitude and a faster current decay.  

Therefore, the ifenprodil-sensitive NMDA component reflects the contribution of 

NR2B-containing NMDA receptors.  

 A functional up-regulation of NR1/NR2B receptors contributing to the 

total NMDA-mediated current at synapses onto deep-layer pyramidal neurons in 

mPFC would result in a larger percentage decrease in current amplitude and 

charge (area) following application of ifenprodil (Fig 6-1A).  NMDA-mediated 

evoked currents recorded from the naive group had a mean reduction of 

43.68% (N=8) in peak current amplitude and a 52.46% reduction in area 

following application of ifenprodil  (Fig 6-1B).  This contrasted with the decrease 

in amplitude and area of NMDA-mediated evoked currents from the FS3D 

group.  Currents recorded from neurons in the FS3D group decreased by 

62.45% in evoked current amplitude and 72.88% (N=7) in area (Fig 6-1C).  

Ifenprodil-induced change in NMDA current amplitude and area from FS3D 
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group neurons was significantly larger (p=.03; ttest) than the naive condition, 

indicating a larger contribution of NR2B subunits.. 

 

Conclusion 

 NMDARs in the prefrontal cortex are primarily constructed of NR1/NR2A 

or NR1/NR2B subunits, and these subunits exhibit differential activation and 

deactivation characteristics.  The actual kinetics of the total evoked, NMDA-

mediated current are the weighted sum of the individual NMDAR subtype 

kinetics, having characteristics of both these channel configurations.  Thus, a 

change in the relative proportions of functional NR1/NR2A and NR1/NR2B 

channels in the total synaptic population of NMDARs governs both changes in 

NMDA current kinetics and its pharmacology as well as the ratio of NMDA-to-

AMPA receptors contributing to glutamatergic neurotransmission.  Application 

of the NR2B-specific antagonist ifenprodil blocked the NMDA currents to a 

greater extent in the FS3D group relative to the naive group (Fig 6-1).  This 

indicated an increased NR1/NR2B to NR1/NR2A ratio at synapses exposed to 

the swim-stress protocol (Fig 6-2).  These data led to the conclusion that 

exposure to environmental stress drove the functional up-regulation of 

NR1/NR2B type NMDARs in the total synaptic NMDAR population and that this 

functional up-regulation augmented the NMDAR contribution to evoked network 

glutamatergic currents.  Slower decay of NMDA currents will allow more charge 

influx into a neuron, resulting in a prolonged depolarization in post-synaptic 

neurons, and leading to a  longer time window for synaptic integration.  
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Integration of synaptic inputs impinging on post-synaptic neurons is 

hypothesized to mediate persistent activity (PA) events in the neocortex.  Thus, 

an increased NMDAR-mediated synaptic drive by upregulation of NR2B 

functional contributions in FS3D animals could provide a mechanistic 

explanation for the increased duration of PA events due to stress.  

  As demonstrated previously, AMPA and NMDA receptor upregulation 

occurs in mPFC after a single exposure to forced swim (Yuen et al., 2009).  We 

have extended these findings to multiple days of forced-swim exposure and 

demonstrated that while NMDA-mediated neurotransmission in mPFC is still 

maintained at an elevated level relative to the naive group, the form of this 

augmentation is dynamic over time.  Global upregulation of glutamatergic 

neurotransmission is replaced by a persistent upregulation of NMDARs via 

upregulation of NR2B-containing receptors.  Under both of these stress-induced 

conditions, NMDAR-ergic tone is upregulated and temporally correlated with an 

increased duration of PA events.  The dynamic upregulation of NMDARs at 

mPFC synapses may serve as a mechanism for network stability as predicted 

by computational modeling. 
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Figure 6-1:  Percent NR2B of Total NMDA Current.  Application of NR2B-

specific antagonist ifenprodil reduced the total NMDA-mediated current (A). The 

total amount of current reduction provided an indirect measure of NR2B 

content.  There was a significantly larger decrease in NMDA-mediated current 

amplitude (B) and area (C) from animals exposed to three days of forced-swim 

stress relative to unstressed, naive animals following application of ifenprodil to 

pharmacologically-isolated, total evoked NMDA-mediated currents.  These data 

indicated a larger NR2B-mediated current in stressed animals relative to 

unstressed animals. 
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Figure 6-2: NR2B to NR2A Ratio.  NR2B-to-NR2A ratios were increased in 

stressed animals relative to naive animals when computed by either current 

amplitude (A) or current area (B). 
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 General Discussion

It has been well established that chronic stress can have negative effects 

on cognitive abilities (de Kloet et al., 2005; McEwen, 2007).  However, what is 

generating increased interest in the popular press (Carmichael, 2009) and in 

current scientific research (Yuen et al., 2009) are circumstances where stress 

can augment cognitive abilities.  The dynamic regulation of brain function was 

investigated in this doctoral work by correlating stress-induced changes in 

cortical functioning with synaptic plasticity in the medial prefrontal cortex 

(mPFC) of rodents, a neocortical brain region where persistent activity of 

neurons in vivo is correlated with maintenance of internal representations 

during performance of visiospatial working memory (vsWM) tasks.  Novel 

approaches were developed to record, detect, and quantify persistent activity 

(PA) events in vitro, a phenomenon driven by local cortical circuits.  PA events 

served as an indirect readout of local circuit functioning to quantify and compare 

circuit behavior from in vitro slices between naïve and stressed animals. 

Stress-induced changes in cortical circuit functioning were determined by 

comparison of PA event descriptive parameters, computed using a custom-

made detection algorithm, between unstressed animals (naive group) and 

animals exposed to either one day (FS1D group) or three days (FS3D group) of 

daily, ten-minute, forced-swim (FS) stress.  Changes in circuit functioning by 

exposure to stress were positively correlated with alterations in glutamatergic 

neurotransmission at synapses onto pyramidal neurons in mPFC.  In its 
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entirety, this doctoral work adds to the growing scientific literature regarding the 

mechanisms underlying experience-dependent plasticity in the brain and the 

consequences of stress on brain function.  

Spontaneous Persistent Activity Recorded In Vitro from Medial Prefrontal  

Cortex 

Previous studies recording circuit-driven PA events from neocortical 

pyramidal neurons in vitro have reported a low probability of PA event 

occurrence (Maffie et al., 2004, Sanchez-Vives et al., 2000) and have utilized 

various methods to overcome this logistical problem.  These methods, while 

providing critical data on general circuit functions, are not ideal for studying 

sparse networks consisting of a small number of neurons in adult animals.  A 

common method of increasing the probability of recording PA events involves 

manipulation of slice recording solution calcium, magnesium, and potassium 

concentrations.  This results in PA event phenomena that are difficult to 

differentiate between phenomena emerging from strong sparse networks and 

phenomena associated with uncontrollable synchronous depolarization of a 

large neuron population.  The latter phenomena may be related to pathological 

brain states such as epilepsy or those cortical oscillations recorded in vivo 

during anesthesia or sleep.  In contrast, sparse network activation may 

represent a core component of local cortical circuits involved with regional 

neural computations.  To date, these have only been investigated via the 

utilization of activity-dependent dyes to locate active constituent neurons in slice 
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for recording.  This method, while quite suitable to the task, requires the use of 

neurons from young animals that can readily absorb the requisite dyes, a 

treatment that in itself can decrease the number of active neurons due to cell 

death.  Furthermore, this method entails the substantial costs of equipment 

necessary to record population fluorescence.  

On the other hand, by recording single pyramidal neurons for long 

durations of time, in order to catch low-probability PA events, it can be assumed 

that these recorded events arise from the functioning of only the strongest 

networks of interconnected neurons from adult mice maintained in an in vitro 

slice.  When recorded in standard artificial cerebro-spinal fluid (aCSF), PA 

events were assumed to arise from the coordinated activity of the strongest 

sparse networks maintained intact within the slice rather than from the 

uncontrolled depolarization of large neuron populations.  This is due to the 

generally-hyperpolarized, and thus generally-inhibited, condition of pyramidal 

neurons imbedded within an in vitro slice preparation when recorded using 

standard recording artificial cerebral spinal fluid (aCSF) relative to neurons 

recorded in vivo (Yang et al., 1996, Degenetais et al., 2002).  PA events were 

dependent on glutamateric neurotransmission because the probability of their 

occurrence was increased in the presence of D-serine, a strong co-agonist for 

the glutamate NMDA receptor (NMDAR) co-agonist binding site.  This occurred 

in the absence of the generalized depolarization of neuron populations 

associated with alternative methods of increasing the probability of recording 

PA events (e.g.- manipulation of aCSF concentrations of Mg2+, Ca2+, 
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Ba2+,etc.).  

Although, PA events occurred with low probability and are visually 

evident by examination of continuous, whole-cell-voltage traces, a method of 

systematic detection, quantification, and storage of computed PA event 

descriptive parameters was needed.  Therefore, a simple voltage-difference 

thresholding algorithm was developed in order to detect PA events and quantify 

these events via computed descriptive parameters.

Exposure to Forced-Swim Stress Affects mPFC Network Activity

To quantify changes in mPFC circuit function following exposure to 

stress, PA events recorded from FS1D and FS3D group neurons were 

compared to PA events recorded from naive group neurons.  No change in 

either the PA event amplitude or frequency of event occurrence was found 

between these groups.  However, exposure to forced-swim stress increased the 

duration of PA events in both the FS1D and FS3D groups relative to naive 

animals.  The increased duration of PA events in stressed animals suggests 

that either these neurons are embedded within an active population of neurons 

that either produce an enhanced synaptic drive, relative to unstressed animals, 

or that recorded neurons are more capable of maintaining a depolarized 

membrane potential given a similar level of synaptic drive due altered intrinsic 

properties.  A combination of these changes could also yield the same results. 

We tested these possibilities by comparing the excitability of neurons between 

groups as well as testing stress-induced synaptic plasticity in mPFC.
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Intrinsic Mechanisms Underlying Stress-induced PA Changes

The intrinsic excitability of neurons was examined over several critical 

parameters.  To explore the possibility that exposure to stress alters these 

intrinsic properties in a manner that explains how stress may increase the 

duration of PA events, these measures of intrinsic excitability were compared 

between naive, FS1D, and FS3D group neurons.  The level of neural 

membrane excitability was quantified by calculation of neurons' input resistance 

and rheobase.  Neurons in the FS1D group underwent a decrease in excitability 

as demonstrated by a significant decrease in FS1D group input resistance 

which was paralleled by a significant increase in rheobase.  These data cannot 

explain the increased duration of PA events recorded from FS1D neurons and, 

in fact, should result in a decreased ability of FS1D neurons to depolarize 

relative to naive group neurons if provided a constant level of synaptic drive. 

The decrease in excitability, after a single exposure to forced swim, did not 

persist and returned to naive group levels after three to four days of daily 

exposure.

Another examined possibility was that neurons becoming active during a 

PA event are more likely to remain active due to either a decreased level of 

activity-driven AHP or an increased level of activity-driven ADP.  Activity-driven 

potentials were evoked by somatic current injections, producing a series of 

action potentials.  A comparison of the resulting activity-dependent potentials 

observed after the final action potential demonstrated that stress did not 
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significantly change AHPs in AHP-containing neurons.  Further, it was found 

that FS1D neurons demonstrated an increased percentage of neurons 

exhibiting AHPs compared to neurons expressing ADPs or no activity-

dependent potential at all.  Together, these data did not provide any foundation 

for explaining the increased duration of PA events in stressed group neurons.

H-current, a current mediated by HCN channels, has previously been 

shown to regulate PA events in vitro (Day et al., 2005; Wang et al., 2007;Barth 

et al., 2008; Li et al., 2010).  To determine if exposure to stress alters HCN 

channel function, the h-current mediated sag potential was compared between 

groups.  No differences were found between naive and stressor groups in the 

sag potential.  Together, these data indicate that changes in neuronal 

excitability cannot be responsible for the increased duration of PA events 

following exposure to stress.  However, network plasticity which augments 

synaptic drive onto pyramidal neurons could still explain effects of stress on PA 

event duration.  

Dynamic Changes in AMPAR- and NMDAR-Mediated Transmission During  

Short-term, Repetitive Stress Exposure

To focus on a possible mechanism underlying the increased duration of 

PA events in vitro, evidence for experience-dependent plasticity within the local 

networks of mPFC was explored by comparing NMDA-to-AMPA ratios (NARs) 

at synapses onto deep-layer pyramidal neurons between naive group, FS1D 

group, and FS3D group animals.  Neurons in the FS1D group demonstrated a 
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slight increase in NARs relative to naïve group neurons, but this increase 

remained statistically insignificant.  At first glance, these data would appear to 

contradict the hypothesis that altered glutamatergic neurotransmission within 

mPFC networks drives the increase in duration of persistent activity of 

pyramidal neurons.  However, the data are in fact congruent with such a 

hypothesis given previously published results (Yuen et al., 2009).  In the Yuen 

et al study, both NMDA and AMPA receptor subunits were up-regulated 

following exposure to a single session of FS stress.  The increased expression 

of both glutamatergic subunits suggests enhanced neurotransmission, which 

was confirmed as approximately a doubling of AMPA- and NMDA-mediated 

evoked currents from mPFC slices.  These currents were compared between 

groups, using identical stimulation electrode placements relative to the recorded 

cell bodies and identical stimulation current injections between naive and FS1D 

groups.  Logically, if both of these glutamatergic components were unregulated 

proportionally, then from the perspective of NARs recorded from single 

neurons, an increase in both components would yield slight or no change in 

their ratio between naive and FS1D group animals.  This was confirmed by data 

contained in this research.  The temporally-correlated increase in AMPA- and 

NMDA-mediated neurotransmission, with the increased duration of PA events in 

FS1D group animals, suggested that augmented total glutamatergic 

neurotransmission at synapses onto pyramidal neurons may underlie the longer 

duration of PA events following one day of forced swim.  However, a global 

enhancement of both glutamatergic components was not the case for FS3D 
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group neurons.  Neurons in the FS3D group demonstrated a significantly 

elevated NAR, when computed by area, relative to naive group neurons.  A 

difference in NAR between groups cannot be interpreted as a proportional 

change in both AMPA- and NMDA-mediated neurotransmission, as was found 

in the previous study, yet can be interpreted as experience-induced network 

plasticity.

An attempt was made to determine what changes in AMPA and/or 

NMDA currents had occurred following exposure to stress in order to isolate 

how NARs were altered by stress.  To quantify possible stress-induced changes 

in AMPA-mediated neurotransmission, AMPA-mediated miniature excitatory 

post-synaptic potentials (mEPSPs) were recorded between naive and FS3D 

group neurons.  A previous study has shown that a single exposure to forced-

swim stress induces an increase in AMPA-mediated mEPSCs (Yuen et al., 

2009) whereas no data has been published on the effect of three days of 

repetitive exposure.  Neurons in the FS3D group demonstrated no change in 

post-synaptic, AMPA-mediated neurotransmission as indicated by similar 

mEPSPs amplitudes between naive and FS3D groups.  On the other hand, a 

possible source of enhanced glutamatergic drive in mPFC networks of FS3D 

animals may have been found presynaptically.  It was discovered that FS3D 

animals demonstrated a possible increase in AMPA-mediated mEPSC 

frequency relative to the naive group.  Although this increase remained 

insignificant, a trend is visible in the data 

 A close inspection of isolated NMDA currents revealed that three days 
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of repetitive forced-swim stress yielded NMDA-mediated currents that have a 

prolonged decay phase.  The slower decay rate of NMDA currents in FS3D 

neurons may account for the stress-induced increase in NAR when computed 

by area (or total charge influx).  A slower decay of NMDA currents during 

glutamatergic neurotransmission would inevitably permit an increased entry of 

charge into neurons during excitatory synaptic activity, augmenting network-

driven membrane potential depolarizations.  An increased synaptic drive, due to 

enhanced NMDA-mediated neurotransmission, provides a framework for the 

increased duration of PA events in FS3D neurons.

Stress-Induced Changes in NMDAR Subunit Composition

NMDARs in the neocortex are predominantly composed of NR1/NR2A 

and NR1/NR2B subtypes, and these subtypes have distinct decay rates. 

NMDARs containing NR2B subunits decay at a slower rate than those 

containing NR2A subunits (Vicini et al., 1998).  Dissecting these components 

via application of the NR2B-specific antagonist ifenprodil and comparing the 

percentage of the total NMDA current mediated by NR2B containing NMDARs 

between naive and FS3D group neurons revealed that a larger fraction of the 

NMDA current was mediated by NR2B-containing NMDARS in 3DFS group. 

These data support the notion that repetitive stress exposure enhances 

expression of NR2B-containing receptors.  Furthermore, the lack of change in 

current decay rate by a single exposure to stress indicates that the shift in 

subunit composition may be achieved via slow processes such as gene 
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expression or relatively long-distance translocation of these receptor subtypes 

into the synapse.

Final notes

The results contained within this doctorial dissertation work demonstrate 

that plasticity in mPFC occurred in vivo following exposure to forced-swim 

stress and that the nature of this plasticity was dynamic over multiple 

exposures. The emergence and direction of this stress-induced plasticity is 

temporally correlated with the increased ability of PA events to remain 

depolarized following exposure to stress, a phenomenon dependent on network 

activity.  This correlation suggests that augmented NMDA-ergic tone within the 

mPFC may underlie enhanced circuit properties in FS stressed animals.  

The emerging model of the effects of repetitive stress on mPFC circuits 

has been expanded recently, in part by the contributions of the current study. 

This model, as it currently stands, can be described by the following:  Both 

AMPA and NMDA currents are proportionally up-regulated following one to two 

days exposure to stress.  The insignificant but trending increase in NAR 

indicates that stress may enhance NMDA currents slightly more than AMPA 

currents.   While NMDAR-mediated neurotransmission remains facilitated via an 

increase in NR2B-containing NMDARs located at the synapse, AMPA-mediated 

transmission quickly returns to baseline by the third to fourth day of forced 

swim.  The temporal profile of NMDAR-mediated neurotransmission strength is 

reminiscent of the PA event duration temporal profile, raising the possibility that 
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NMDAR-ergic tone may predict the enhancing effects of stress on the 

persistence/duration of network activation.

Although the increased ability of animals to use vsWM has only been 

demonstrated up to twenty-four hours following a single exposure to FS stress 

(Yuen et al, 2009), this time frame overlaps with the time period in this study 

during which the FS1D group displaying an increased duration of recorded PA 

events and is correlated with an overall increase in glutamatergic 

neurotransmission.  Data within this study indicate that after three days of 

stress exposure, the duration of PA events is maintained at an elevated level 

relative to naive, unstressed animals and continue to demonstrate augmented 

synaptic drive.  These data predict that animals in the FS3D group should 

continue to have increased vsWM capabilities.

In vivo, persistent activity has been recorded from neurons in mPFC 

while animals are utilizing vsWM (Batuev et al., 1990).  The increased ability of 

neurons to remain depolarized during PA events in vitro may represent a 

mechanism for augmented vsWM capabilities in vivo via the generalized ability 

of neurons in mPFC to remain persistently active during vsWM-dependent 

tasks, a form of stress-induced network stability.  It has been hypothesized that 

neuron circuit assemblies become active over a period of time in mPFC to 

maintain an internal representation and that the degradation of the internal 

representation is prevented by the transfer of activity between multiple local 

circuit assemblies (Hebb, 1949; Abeles, 1991; Cossart et al., 2000; Fujisawa et 

al., 2008).  The increased stability of persistently-active circuit assemblies could 
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be observed as a generalized increase in the duration of persistent activity of 

neuronal ensembles in vivo during the performance of vsWM-dependent tasks. 

Such a comparison of persistently-active neurons in vivo during vsWM-

dependent tasks has not yet been published and would bolster support for this 

theory.
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Identification of Hippocampal Input to Medial Prefrontal Cortex In Vitro

Introduction

The research outlined in the current dissertation concerned principally 

the characterization of stress-mediated plasticity of local mPFC networks, in 

vivo, via perisomatic stimulation of synaptic connections to recorded neurons. 

Perisomatic stimulation indiscriminately activates synapses that arise from both 

local and systems-level networks, with the preponderance of activated 

synapses arising from local networks within the neocortex.  However, of 

particular importance to the proper functioning of mPFC during cognitive tasks 

are afferents originating from the ventral hippocampus (vHipp) (Ferino et al. 

1987).  Stress may also influence mPFC function via plasticity at these 

synapses, and development of a technique to isolate these synapses in an in 

vitro slice preparation would be ideal.

Previous work has shown that the CA1 and subicular subdivisions of 

vHipp send ipsilateral, unidirectional, and glutamatergic projections to mPFC 

(Jay et al. 1992, 1995). This hippocampal--mPFC pathway has been described 

as projecting anteriorly through the fornix.  It ultimately ascends dorsally to 

terminate on neurons within the nucleus accumbens (NAcc) and within a 

spatially-restricted region of the mPFC that includes the infralimbic (IL) and 

prelimbic (PrL) cortices (Jay and Witter 1991; Jay et al. 1992).  The functional 

integrity and flow of information between the hippocampus and mPFC are of 

critical importance to the proper functioning of the mPFC (O’Donnell and Grace 
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1995; Seamans et al. 1995; O’Donnell et al. 2002; Goto and O’Donnell 2003; 

Goto and Grace 2008).  For example, simultaneous recordings in the 

hippocampus and in mPFC of freely moving animals demonstrated that 

correlated activity in these two structures was phase-locked at theta rhythm 

(Siapas et al. 2005).  Interestingly, correlated firing activity between the 

hippocampus and mPFC was enhanced during specific behaviors that recruit 

spatial working memory (Jones and Wilson 2005a). 

Generally, two approaches have been taken to obtain synaptic 

responses in cortical slices.  First, two synaptically-connected neurons were 

recorded simultaneously (Sjostrom et al. 2001, 2003, 2004; Gao and Goldman-

Rakic 2003).  Stimulating one neuron yielded monosynaptic responses in the 

other.  However, such paired recordings have been limited to studying local 

circuits because the contribution of synaptic input from outside the mPFC was 

completely excluded.  The other frequently-used method was to place 

stimulation electrodes in different layers of the mPFC because pyramidal 

neurons have elaborate dendrites that extend into superficial and deep layers of 

the cortex (Matsuda et al. 2006).  However, like other cortical regions, the 

mPFC contains local circuits and receives innervations of afferents that are not 

spatially segregated.  Consequently, synaptic responses resulting from general 

laminar stimulation arise from a mixed population of axonal fibers and include 

complex polysynaptic responses from local circuit neurons.  The inability to 

activate specific inputs in a slice preparation represents a technological 

limitation and has prevented investigations into the unique nature of information 
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processing by different synapses in the mPFC. 

In this study, a slice preparation was developed with the objective of 

preserving the hippocampal afferent fibers projecting to the mPFC, especially to 

the PrL region, in order to study plasticity occurring independently between 

local and systems level synapses.  Using a combination of anatomical and 

electrophysiological approaches, it was demonstrated that hippocampal afferent 

fibers could be identified outside the mPFC.  Thus, this new preparation holds 

great potential for studying detailed cellular properties and mechanisms located 

at a systems level of interaction previously unattainable except from work done 

in vivo.  Future work will focus on plausible stress-induced plasticity occurring at 

these synapses. 

Methods

In Vivo Injection of Anterograde Tracers

An approach was employed that was similar to that described previously 

for in vivo injections of various brain regions of mice (Wong et al. 1999).  Adult 

male mice (eight to ten weeks old) were anesthetized intraperitoneally with 

ketamine (90 mg/kg)/xylazine (10 mg/kg) and placed in a stereotaxic frame 

(Stoelting Instrument, Stoelting Co., Wood Dale, IL).  Additional doses of 

anesthetic were administered periodically.  Coordinates for targeting the brain 

regions were obtained from a mouse brain atlas (Paxinos and Franklin 2001). 

For vHipp CA1 region: bregma –3.88 mm, lateral: 3 mm, depth: 2.5 mm from 

the cortical surface; amygdala (bregma [B]: –1.6, lateral [L]: 3.2, depth [D]: –
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4.2); mediodorsal nucleus (MD) of thalamus (B: –1.2, L: 0.5, D: 2.9- 3); and 

lateral hypothalamus (LH) (B: +0.6, L: –0.9, D: 5.6).  The dura mater was 

carefully removed to expose the brain surface.  Quartz micropipettes with a 

filament (Sutter Instruments, Invitrogen, Carlsbad, CA) were beveled to a tip 

size of 5-10 um.  Microliter injections of Texas Red- or fluorescein-conjugated 

dextran anterograde tracer (Invitrogen) were made using either pressure 

injection, via a picospritzer, or current pulse injection through the micropipette. 

Mice were allowed to recover for 4-15 days before euthanasia. The brains of 

injected mice were cut into slices and fixed (4% paraformaldehyde) prior to 

being mounted onto glass slides.

Calcium Imaging and Analysis

Three to five-week-old mice were used for Ca2+ imaging experiments. 

To load the calcium-sensitive AM-ester dyes, Calcium Green Fura-2 or Oregon 

Green, 7 lL of 1 mM dye and 1.4% Pluronic F-127 in dimethyl sulfoxide were 

applied directly to the slice bathed in 2.5 mL ACSF aerated with 95%/5% 

O2/CO2 at RT (MacLean and Yuste 2005).  After twenty-to-sixty min staining, 

slices were placed directly into the recording chamber and continuously bathed 

in 34 C circulating ACSF bubbled with 95%/5% O2/CO2.  Calcium imaging was 

carried out with a Red Shirt imaging/Neuroplex SM256 system on an Olympus 

BX51WI microscope.  Slices were imaged using a low-magnification, 

highaperture objective (203, numerical aperture [NA] = 0.95) with individual 

frames of 256 x 256 pixels.  Imaging frames were acquired for 100 ms prior to 

stimulation and for up to four seconds post-stimulation at 100Hz.  Stimulation 
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was carried out using a Grass stimulator providing a stimulation pulse of 100-

150 uA for 0.1 ms.

Imaging data were analyzed using custom code written in MATLAB. 

Change in fluorescence was calculated as DF/F by subtracting each post-

stimulation imaging frame from a pre-stimulation baseline reference frame 

divided by the baseline reference frame.  (DF/F = [post stimulation frame – 

baseline reference frame]/baseline reference frame)  When imaging adjacent 

spatial domains on a single slice to reconstruct the neuronal activity along the 

entire mPFC slice surface, each constituent frame’s baseline level of 

fluorescence was set to the pre-stimulation baseline level.  The quantification of 

fluorescence changes across the mPFC spatial domain was calculated by a 

linear sum of all pixel values across a single dimension of the image (horizontal 

axis or vertical axis).  Comparisons of fluorescence change were made within a 

single-image frame or within combined frames of multiple mPFC spatial 

domains.

Results

The objective was to develop a modified coronal slice preparation of 

mouse forebrain that would capture the transition point where the ventrally-

projecting hippocampal fibers leaving the fornix turn dorsally to innervate the 

NAcc and mPFC (Fig. A-1A).  The ideal slice, with the highest probability of 

retaining functional connectivity, was found rostral to the crossing of the anterior 

commissure and caudal enough within the prefrontal cortex (PFC) to contain 
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the most rostral portion of the cingulum and the lateral ventricle (Fig. A-1B). 

The coronal slices used throughout experiments were cut at an angle of ~10 to 

12 degrees caudal from a tangential axis through the dorsal plane of the brain. 

These slices contained the most posterior PrL and IL cortices as well as dorsal 

tenia tecta (DTT) according to the mouse brain atlas of Paxinos and Franklin 

(2001).

When looking along the ventromedial surface of the PFC slice under 

bright-field microscopy, various boundaries can be identified from the 

midsagittal fissure to the lateral ventricle/NAcc area (Fig. A-1B, right panel). 

Most evident, at a level ventral to cingulum, were well-identified layer 1 and 

layer 2/3 (Fig. A-1B, position 1 and 2, respectively), a medial (3) and more 

lateral (4) portion of a large fiber bundle system, an unidentified region of white 

matter between the fiber bundle system and the lateral ventricle (Fig. A-1B, 

position 5), and finally the lateral ventricle (Fig. A-1B, position 6) and NAcc. 

Although axons in the medial aspect of the fiber bundle system were cut, fibers 

that lay in the more lateral portion of this area appeared to be intact (position 5). 

These intact fibers paralleled the medial fiber system and followed the cingulum 

along the dorsoventral extent of this slice preparation.  Under the DIC 

microscope, it was possible to identify what looked like intact axonal fibers 

traveling directly between DTT and the lateral ventricle to more dorsal areas of 

the frontal pole.  IT was hypothesized that this unidentified white matter region 

contained fibers that originated from the hippocampus and projected to the 

mPFC.
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Characterization of Excitatory Responses in the mPFC by Extracortical  

Stimulation

Using monopolar electrodes positioned along the presumable 

hippocampal afferents (Fig. A-2A, open circles marked 10,11, and12), focal 

stimulations were delivered and EPSPs were recorded from neurons located in 

the PrL region of mPFC (Fig. A-2B, marked 10,11, and 12).  The distance 

between the stimulation and recording sites was usually 550--700 um to avoid 

stimulation of local networks (Fig. A-2B).  EPSPs recorded in layer 5 pyramidal 

neurons exhibited a short delay between stimulation and the onset of the EPSP 

(3.98 ± 0.09 ms, n = 101).  This delay was short enough to exclude polysynaptic 

responses.  A binned histogram of delay times recorded from all neurons was 

best fit with a Guassian curve, which exhibited a normal but not bimodal 

distribution (Fig. A-2C).  EPSPs recorded from layer 2/3 pyramidal neurons 

showed similar synaptic delay (4.18 ± 0.06 ms, n = 208). Synaptic delays for a 

given cell remained consistent at around 4-5 ms when the stimulation intensity 

was manipulated while maintaining a constant distance between the recorded 

neuron and the stimulation site.  Calculation of the conduction velocity of APs 

was based on placing stimulation at two different positions along the 

hippocampal bundles while recording EPSPs in the same postsynaptic neuron. 

The conduction velocity measured in this in vitro preparation as the distance 

between stimulation electrodes divided by the difference of synaptic delay (0.18 

± 0.05 m/s, n = 3) was on the same order of velocity measured in vivo (0.6 m/s) 

(Ferino et al. 1987; Jay et al. 1992).



 162
To rule out the possibility that the stimulated fiber bundles were 

projecting axons leaving the mPFC, the probability of obtaining antidromic APs 

was investigated under different conditions.  In several hundred cases, a single 

case of antidromically-induced AP was never observed when the stimulus 

electrode was positioned at the region where the presumed hippocampal 

afferents were located, >550 um from the recorded neuron (Fig. A-2A, open 

circles marked 10, 11, 12).  As a control, the exiting axons located between PrL 

layer 6 and the cingulum, as well as regions in the cingulum, were targeted for 

stimulation (Fig. A-3A, filled circles marked 13), according to the previous 

descriptions of the mPFC efferent fiber distribution (Sesack et al. 1989).  In the 

presence of glutamate receptor blockers 6-Cyano-7-nitroquinoxaline-2,3- dione 

(CNQX) (20 µM) and 2-amino-phosphonovaleric acid (APV) (50 µM), antidromic 

APs were recorded with high probability (7/7 cells, Fig. A-2C marked 13).  The 

sharp contrast in encountering antidromic APs between these two conditions 

strongly suggests that the identified fiber bundle does not contain mPFC 

efferents.

Anterograde Tracing of Identified Fiber Bundles In Vivo

With the above physiological recordings indicating monosynaptic 

connections, the hypothesis that the longitudinal fibers projecting to the PrL 

cortex in the slice preparation originated from the vHipp and Sub (vHipp/Sub) 

was tested.  In addition to vHipp/Sub, mPFC also receives inputs from cortical 

and other subcortical regions.  A series of retrograde and anterograde track-
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tracing studies suggest that major noncortical regions projecting to the mPFC 

include the vHipp, the MD of the thalamus, the amygdala, and the LH/medial 

forebrain bundle (Saper 1985; Sesack et al. 1989; Hoover and Vertes 2007). 

However, information on the spatial relationship between these projections, as 

they course toward the mPFC, was not explicitly described; yet, these details 

were necessary for designing slice preparations that preserve specific afferent 

fibers.

Therefore, in this study, direct iontophoretic injection of dextran 

anterograde tracers into the vHipp (n = 8), amygdala (n = 3), MD (n = 2), and 

LH (n = 2) was carried out to determine the spatial trajectories of major afferent 

fibers into the mPFC.

Ventral Hippocampus

Fluorescently-labeled projection fibers exited the vHipp via the alveus 

proximal to the site of tracer injection (Fig. A-3A).  These fibers coursed around 

the hippocampus to join the fimbria.  Labeled fibers were found in the dorsal 

aspect of the fimbria and proceeded rostrally through the brain via the fornix 

system.  Upon reaching the columns of the fornix, fibers coursed rostroventrally 

toward the anterior commissure.  Rather than continuing toward the mammillary 

bodies in a posteroventral direction similar to the classical route of fibers within 

the columns of the fornix, hippocampal efferent fibers destined to innervate the 

mPFC proceeded anteroventrally toward the medial  portion of the ventral 

striatum (Fig. A-3B).  These data confirmed previous observations by others 
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(Jay and Witter 1991) and provided basic anatomic knowledge for the proper 

targeting of the tracer into the vHipp/Sub.  Furthermore, labeled fiber bundles 

turned dorsally and ran medial to the striatum yet lateral to the adjacent DTT. 

At this rostral position within the mouse brain, hippocampal efferent fibers were 

longitudinally parallel to, or slightly deviated from, the coronal plane.  In the slice 

preparation designed to preserve these hippocampal axons, labeled fibers were 

indeed present directly within the region of stimulation (Fig. A-3C, arrow), 

specifically coursing dorsally between the deepest layers of the mPFC and the 

cingulum prior to innervating their target mPFC laminations.

MD of the Thalamus

Following injection of the anterograde tracer into the MD, labeled efferent 

fibers en route to mPFC traversed the thalamus via a series of anteroventral 

radiations that extended laterally and entered the internal capsule (Fig. A-4A). 

Labeled fibers from the MD retained a fasciculated appearance as they traveled 

through the dorsal striatum and finally crossed through the corpus callosum to 

innervate the overlying cortex.  Specifically,  strong, positive signals in layer 2/3 

of both PrL cortex and the orbital frontal cortex (OFC) (Fig. A-4G, arrow) were 

observed.  In addition, cell bodies of layer 5/6 neurons in the OFC were also 

labeled (Fig. A-4G, arrowhead). Because one of the original defining 

characteristics of the PFC was its reciprocal innervation with the MD (Krettek 

and Price 1977; Gabbott et al. 2005), projecting neurons in the OFC may be 

labeled retrogradally by dye injected into the MD.  Although slices containing 
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the OFC were more anterior than our slice preparation, it was clear that fibers 

from the MD project to the frontal cortex but do not pass the region of stimulus 

electrode placement in our slice preparation (Fig. A-4B).

Amygdala

The basolateral and lateral nuclei of the amygdaloid complex have been 

identified as major areas that project to both PrL and IL cortices (Kita and Kitai 

1990; Bacon et al. 1996; Verwer et al. 1996).  Fluorescent tracer was 

consistently targeted into these regions (Fig. A-4C, arrow).  Following the major 

fibers exiting the amygdala and projecting anteriorly, labeled fiber pathways 

were found that innervated the ventral striatum and initially coursed dorsally 

through the brain, medial to the dorsal striatum (caudate /putamen), and 

entered into the stria terminals (Fig. A-4H).  At this caudal level, labeled fibers in 

the stria terminalis were found to embrace the medial surface of the dorsal 

striatum as the fibers move rostrally toward more anterior structures in the 

stereotypical manner described in previous reports (Kita and Kitai 1990). 

However, no signal was found in the stimulation region of the slice preparation 

(Fig. A-4D).  None of the amygdala pathways passed through the region of 

interest.

Lateral Hypothalamus

Although it has been shown that the hypothalamus provides only a 

limited afferent input to the mPFC (Hoover and Vertes 2007), the LH was 
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characteristic of bed nuclei in the brain.  The LH contributes to the medial 

forebrain bundle which itself courses throughout the extent of LH (Nieuwenhuys 

et al. 1982).  Furthermore, the medial forebrain bundle contains a variety of 

fibers including monoaminergic and cholinergic fibers that originate from various 

nuclei in the midbrain and brain stem, such as the ventral tegmental area, the 

substantia nigra, the dorsal and medial raphe, the locus coeruleus, as well as 

efferent LH fibers (Nieuwenhuys et al. 1982).  Thus, it was very possible that 

tracer injected into the LH labeled nonglutamatergic fibers passing through this 

region.

Tracer was injected into the LH, and positive but weak signals in the 

region of interest (Fig. A-4E,F) were found.  However, unlike the hippocampal 

efferents that form a bundle in this region, fluorescently labeled axons from the 

LH were very sparse (Fig. A-4I, arrow).  Furthermore, these sparely labeled 

fibers were spatially segregated from those arising from the vHipp (Fig. A-4F,I, 

asterisk).  Specifically, they were located slightly medial to the hippocampal 

axon bundle.

In summary, our track-tracing results, in combination with previous 

anatomic descriptions, support the notion that an extracortically-located fiber 

bundle contains axons from the vHipp but not the MD, amygdala, LH, or fibers 

passing through LH via the medial forebrain bundle.

Activation of Hippocampal Afferents Resulted in Patterned Activity in the mPFC 

Recording synaptic responses from individual neurons in the mPFC 
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demonstrates the connectivity of these neurons with the identified hippocampal 

afferent fibers.  However, these data, obtained from recording a single neuron 

at a time, lack information on the spatial distribution of mPFC network activity 

resulting from hippocampal afferent stimulation.  In order to obtain specific 

spatial information, multiple neurons would have to be recorded simultaneously. 

To this end, Ca2+ responses were monitored as an index of the 

synaptic/neuronal activity in a population of neurons (Fig. A-5).  This approach 

has been used for a similar purpose in the visual cortex (MacLean et al. 2006). 

The stimulus electrode was positioned at three locations, representing different 

fibers projecting to the mPFC.  First, the identified hippocampal afferents were 

stimulated at >550 um ventral to the dorsal aspect of the cingulum (Fig. A-5A), 

as described earlier.  Neurons surrounding the stimulus electrode became 

activated due to activation of local network.  Imaging within the PrL and dorsal 

IL cortices demonstrated that neurons located distal from the point of 

stimulation exhibited a laminated pattern of activation that was restricted to 

layer 5/6 without extending laterally (n = 7).  The punctate pattern of activated 

neurons may represent single or clustered groups of neurons that were 

activated by stimulating hippocampal axons.  Within the superficial layers of the 

PrL cortex (medial to the deep layers), there was a minimal level of activation 

with the exception of a few neurons located in layer 2/3.

Next, similar experiments were conducted by placing the stimulus 

electrode in layer 5/6 (Fig. A-6A) or layer 1 (Fig. A-7A) of the mPFC. 

Stimulation of layer 5/6 only activated neurons surrounding the stimulation 
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electrode indiscriminately without the obvious punctate patterns (Fig. A-6B,C). 

Change in fluorescence declined in all directions to ~20% of the peak signal at 

120 um from the stimulation site (n = 2).  Alternatively, stimulation of layer 1 

yielded robust neural activation that extended across all layers down to the 

most lateral aspect of layer 5/6 (Fig. A-7B,C, n = 2).  A mixture of diffuse and 

punctate fluorescent signal patterns was observed that were not restricted to a 

specific layer. Both layer 5/6 and layer 1 stimulation exhibited characteristics 

that indicate the gross involvement of local networks.

Discussion

A modified coronal slice of mPFC was developed on which an 

extracortically-located fiber bundle could be visually identified.  Stimulation of 

these fibers at a distance from the PrL region of the mPFC, to exclude 

contamination from the local circuitry, resulted in monosynaptic responses. 

Further track-tracing results supported the hypothesis that this fiber bundle 

contains axons primarily from the vHipp but not from other major mPFC-

projecting regions including the MD, amygdala, and LH.  Although most of what 

was known about the hippocampal pathway projecting to the PFC comes from 

in vivo experiments, this carefully-designed in vitro preparation holds promise 

for studying, in great detail, the synaptic properties and plasticity mechanisms 

pertaining to this important pathway.
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Validation of the Tracing Approach Employed

To probe the origin of the fiber bundle identified in the slice preparation, 

fluorescently-conjugated dextran was injected into multiple brain regions that 

were believed to project to the mPFC.  These regions included the vHipp, 

LH/medial forebrain bundle, amygdala, and the MD.  In previous track-tracing 

studies, biotinylated dextrans or Phaseolus vulgaris--leucoagglutinin were used 

(Saper 1985; Jay and Witter 1991; Gabbott et al. 2005; Hoover and Vertes 

2007).  These tracers require post hoc processing to amplify signals and 

visualize the terminal distributions of afferent inputs.  The current study was 

primarily interested in demarking the relative spatial profiles of afferent bundles 

as they project through the brain from their origins to the final destination in the 

mPFC.  Moreover, the advantage of avoiding tissue post processing makes it 

possible to combine in vivo tracing and in vitro recording.  Due to the primary 

focus of previous tracing studies on the synaptic terminal distribution of mPFC 

afferents, gaps exist in the fine details of how fibers move out of their major 

fiber bundles (fornix, stria terminals, internal capsule, and medial forebrain 

bundle) and into their regions of innervation.  Our data provided detailed 

information on how mPFC afferent fibers project through the brain in a 

characteristic manner, leading to the successful design of a slice preparation 

that permits for identification and activation of the hippocampal projection.

Hippocampal Specificity of the Identified Fiber Bundle

In addition to other neocortical regions, it was generally agreed that the 
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mPFC-projecting regions include hippocampus, amygdala, the midline 

thalamus, the medial basal forebrain, and monoaminergic nuclei of the brain 

stem (Saper 1985; Conde et al. 1995; Hoover and Vertes 2007).  Tracers were 

injected into four of these regions, and a positive signal was obtained in the 

region of stimulation but only following injections of anterograde tracer into the 

hippocampus.  How homogeneous in composition was the fiber bundle that was 

stimulated in vitro?  It cannot be ruled out that brain regions not picked up by 

previous retrograde tracing studies, but possibly projecting into the mPFC, may 

contribute to the identified fiber bundle.  Furthermore, in addition to the areas 

considered as major contributors projecting to mPFC, many small nuclei 

scattered throughout the brain may send a relatively small number of projection 

fibers to the mPFC that converge with the hippocampal input.  However, the 

primary hippocampal origin and the lack of a second large contributor to the 

fiber bundle confirmed the interpretation of the data from this study as 

reasonable.

Given the relatively large size of the fiber bundle identified under DIC 

imaging, and the spatial isolation of the stimulation region that elicits 

postsynaptic responses, it was possible that fibers from other brain regions and 

those projecting to neocortex were present along with this fiber pathway. 

However, this was irrelevant to recordings that required functional connections 

between presynaptic fibers and postsynaptic neurons.  Fibers from other 

regions may become activated by stimulation, but they do not project to, or 

were relatively sparse innervators of, the mPFC.  Thus, it was likely that they 
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did not contribute, or contributed very slightly, to the cellular responses of 

neurons located in the mPFC.

Another valid concern was whether the stimulated fiber bundles were the 

axons of mPFC projection neurons rather than the axons from hippocampus. 

This was believed to be unlikely on the basis of the probability of obtaining 

antidromic APs.  Antidromically-induced APs were obtained with high probability 

in expected regions of mPFC efferents (Sesack et al. 1989) but were entirely 

absent in the region of hippocampal afferents among several hundred cases so 

far.  This observation indicated that axons projecting from the mPFC either do 

not pass through the region where the hippocampal afferents were identified or 

they were severed before reaching this region.

Potential Use of This Preparation

Two established in vitro slice preparations containing the thalamocortical 

projection have been valuable for physiological studies of this pathway (Agmon 

and Connors 1991; Cruikshank et al. 2002).  Recent effort has focused on 

developing preparations for studying other inputs into cortex, such as amygdala 

to mPFC (Orozco-Cabal et al. 2006) and lateral geniculate nucleus to the visual 

cortex (MacLean et al. 2006).  Our success in preserving the hippocampal--

mPFC connection in vitro provides opportunities for extensive studies of these 

synapses.

Cellular work on the hippocampal--mPFC pathway began with in vivo 

extracellular recordings of mPFC neurons following stimulation of the vHipp. 
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These studies demonstrated that hippocampal synapses were glutamatergic 

(Thierry et al. 2000) and had the capacity to undergo potentiation (Laroche et 

al. 1990; Jay et al. 1995), depression (Takita et al. 1999), and depotentiation of 

previously potentiated synapses (Burette et al. 1997).  However, in vivo 

experiments were somewhat restrictive and did not allow the full 

characterization of cellular mechanisms.  An in vitro preparation, on the other 

hand, allowed access to regions and cellular manipulations that were not 

possible with in vivo work. 

Finally, it was observed that in addition to those fibers projecting to the 

mPFC, a large portion of labeled hippocampal fibers turn ventrally and enter 

directly into NAcc in this slice preparation.  Given the involvement of all three 

regions, the mPFC, NAcc, and hippocampus, in reward and addiction 

processes, further characterizations of these pathways would make this in vitro 

preparation an appealing model for studying multi-pathway integration and 

interactions.
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Figure A-1:  Anatomy of Modified Coronal Slice Preparation.  The slice 

preparation used to isolate the ventral hippocampal input to mPFC was roughly 

10 degrees off from the tangent of the dorsal plane and included prelimbic and 

infralimbic cortex (A).  In the brightfield views of the slice, major anatomical 

markers delineated the region of stimultion just lateral to precommisural axons 

(B). Recordings were done in dorsal Prelimbic cortex.
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Figure A-2: Electrophyiological Isolation of Ventral Hippocampal Afferents 

into mPFC.  Stimulation of regions demarked by open circles, just lateral to the 

cingulum (A), will elicited an EPSP from neurons recorded in prelimbic cortex. 

Stimulation at such a long distance from the recorded neuron provided an 

isolated EPSP that was evoked independently of the local network (B).  Evoked 

responses have a very short delay that ruled out the possibility of poly-synaptic 

involvement (C).
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Figure A-3:  Injection of Antergrade Tracer into Ventral Hippocampus. 

Injection of tracer into the ventral hippocampus (A) demarked the path taken by 

these fibers as they coursed through the brain ventrally (B) and traveled within 

the region of stimulation within the slice preparation.
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Figure A-4:  Alternative Injection Sites.  The dorsal medial nucleus of the 

thalamus (MD), the amygdala (Amy), and the lateral hypothalamus/medial 

forebrain bundle (LH/MFB) all send cortical afferent projections through the 

brain.   Injection of antergrade tracer into these regions (A,C,E) demonstrated 

that their projections to mPFC did not innervate the region of stimulation used in 

the slice preparation (B,D,F).  A fluorescent signal was found in orbitofrontal 

cortex following tracer injection into MD (G).  Fibers coursing through the stria 

terminals were seen following injection of tracer into the amygdala (H).  Finally, 

following injection of tracer into the VH/BFN, It was seen that fibers, while 

coursing through the medial aspect of the slice preparation, did not course 

through the region of stimulation (I).
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Figure A-5:  Activity Patterns of the mPFC Following Stimulation of 

Hippocampal Input to mPFC Revealed by Population Ca2+ Imaging. 

Stimulation within the region containing inputs to mPFC from ventral 

hippocampus (A) drove a fluorescence change that exhibited a punctate pattern 

restricted to layer 5 of the PrL (B).  Peak DF/F between pixels in the blue box 

and the red box were significantly different (C).
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Figure A-6:  Activity Patterns of the mPFC Following Stimulation of the 

Deep Layers as Revealed by Population Ca2+ Imaging.  Stimulation of the 

deep layers (A) yielded activation of neurons across the plane of the slice in a 

diffuse manner surrounding the electrode without any isolated puncta of neural 

activation (B).  Peak DF/F between pixels in the blue box and the red box were 

significantly different (C).
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Figure A-7:  Activity Patterns of the mPFC Following Stimulation of Layer 

1 as Revealed by Population Ca2+ Imaging.  Stimulation of the layer 1 (A) 

yielded a dramatic activation of neurons across the entire slice.  This activity 

was diffuse and extended across a large portion of the mPFC network, 

indescriminately, indicating substantial activation of local networks.  Peak DF/F 

between pixels in the blue box and the red box were significantly different (C).
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