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Abstract:
Each local region of the cortex contains a dense plexus of divergent and convergent recurrent excitatory and inhibitory connections.  During slow wave sleep, and in cortical slices in vitro, these local recurrent networks generate 1-4 seconds of persistent activity (UP states) interspersed with inactivity (DOWN states).  During the UP state, the amplitude of recurrent inhibitory conductance is directly proportional to the recurrent excitatory conductance, revealing a remarkable balance between local feedback excitation and inhibition in cortical networks.  The barrages of excitatory and inhibitory synaptic potentials associated with the persistent activity of the UP state enhance the response of cortical neurons to small inputs, but enhance less their response to larger depolarizations.  This enhancement of responsiveness to small inputs results from both the depolarization and the increase in membrane variance (noise) associated with synaptic activity of the UP state.  We hypothesize that local recurrent excitatory and inhibitory interactions may underlie persistent discharge during working memory tasks and may mediate some of the facilitatory affects of attention and arousal.
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1. introduction

A basic feature of cortical networks is a large degree of divergence and convergence, both locally and between cortical areas.  Each cortical pyramidal cell receives approximately 10,000 synaptic inputs, of which about 75% are excitatory1-3. The vast majority of these excitatory inputs arise from other cortical neurons, with each presynaptic cell donating only a few synapses, leading to a very large degree of convergence of synaptic input onto each cortical cell.  Since cortical pyramidal cells typically give rise to a dense innervation of the local region in which they reside, a high degree of local, recurrent connectivity is generated.  Pyramidal to pyramidal cell recurrent connectivity is expressed within a cortical lamina as well as between cortical laminae, resulting in a local horizontal and vertical interconnected network.  Interposed between this recurrent excitatory network of pyramidal cells are a large variety of GABAergic inhibitory interneurons4,5.  One prominent pattern of connectivity in the cerebral cortex is that local axons from pyramidal cells innervate not only other pyramidal cells, but also GABAergic interneurons, which in turn innervate local pyramidal cells.  This pattern of connectivity places GABAergic neurons in the role of regulator of excitatory communication within the cortex.  Indeed, reduction or loss of this inhibitory control quickly results in the generation of the abnormal and powerful synchronized cortical discharges of epilepsy6.

This basic pattern of cortical connectivity suggests that there is a functional balance between recurrent excitation and inhibition in the cortex, although the precise nature of this balance is only recently coming to light.  Computational modeling studies have predicted a strong relation between the amplitude of recurrent excitation and inhibition in cortical networks, resulting in a proportionality of these two feedback signals7.  Such a proportionality may result in a relatively stable network in which large swings in neuronal activity (e.g. seizures) are prevented.  So-called “balanced” networks have been proposed to account for a large variety of observations of cortical activity including the stochastic properties of discharge rates8,9, the generation of persistent activity for seconds or longer10-12, and the modulation of neuronal excitability with attention13,14 or sensory-motor transformations15.  

Here we examine the nature of proportionality and balance between local recurrent excitation and inhibition in the cerebral cortex and how this may be used to rapidly control neuronal excitability.

2. Cortical Networks Generate Two States of Activity in vivo and in vitro 

Extracellular and intracellular recordings in vivo in anesthetized animals revealed the presence of two states of cortical activity which alternated with a period of approximately 4 to 10 seconds (0.1 to 0.25 Hz)17-23.  During the active or “UP” period of the activity, cortical neurons were depolarized (by about 10 mV on average) and received strong barrages of synaptic potentials
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Figure 7-1. The prefrontal cortical slice in vitro spontaneously generates prolonged periods of activity through synaptic bombardments.  A.  Simultaneous intracellular and extracellular recordings in layer 5 of the ferret prefrontal cortex.  The network enters into the “UP” state for approximately 3 seconds prior to a rapid transition to the DOWN state.  B.  Hyperpolarization of the intracellularly recorded pyramidal cell reveals the barrage of PSPs arriving during the UP state and the reduction of PSPs during the DOWN state.  Note that hyperpolarization or depolarization does not affect the duration of the UP state, which is the same as the duration of action potential discharge in the local network.  From ref. 16. 

These UP states were relatively stable in that the membrane potential did not deviate substantially from its mean value (SD of approximately 2-4 mV)17, 23.  During UP states, cortical pyramidal cells discharge at a low to moderate rate (average rates of between 5 and 20 Hz).  Between UP states, the network of cortical cells is relatively quiet with individual cells exhibiting a hyperpolarized membrane potential, a marked reduction in synaptic bombardment, and relatively little action potential activity.  This period of inactivity became known as the DOWN state17.  This recurrent pattern of UP and DOWN states is promoted by certain anesthetics (e.g. urethane) but can also be observed during natural sleep17, indicating that is more than a curio of anesthesia. 

While studying the mechanisms of synaptic depression, Maria Sanchez-Vives24 observed that the so-called slow oscillation between UP and DOWN states occurred in cortical slices in which the composition of the ionic medium was changed to more closely match that found in situ (namely, extracellular Ca2+ and Mg2+ were reduced to 1 – 1.2 mM).  In this medium, cortical networks undergo recurring transitions between hyperpolarized DOWN states and depolarized UP states approximately once every 4-10 seconds (Figure 7-1).  The occurrence of this activity in cortical slices indicates that it can be generated by a restricted local cortical network, and therefore does not require large scale corticocortical interactions.  

Intracellular recordings in both pyramidal and non-pyramidal (fast spiking interneurons) cells in vitro revealed that the UP state was associated with strong barrages of synaptic potentials that caused the membrane potential to depolarize by an average of 8 mV24,25 (Figure 7-1).  We hypothesize that the transition to the UP state is initiated by the progressive recruitment of neurons, through recurrent excitation initiated by spontaneously active neurons, following recovery from refractory mechanisms.  The spontaneous transition to the DOWN state appears to result from the build up of a refractory mechanism24.  For example, initiating an UP state with the local excitation of neurons by the application of glutamate results in UP states whose duration lengthens with increasing delays from the cessation of the previous UP state.  Intracellular recordings in pyramidal cells reveal that the DOWN state is associated with an afterhyperpolarization, presumably generated by a Ca2+ or Na+ activated K+ current24.  Therefore, we propose that the buildup in many networked cells of this intrinsic hyperpolarizing current, from the entry of Ca2+ and Na+ during synaptic and action potential activity of the UP state, may be responsible for the spontaneous transition into the DOWN state (Figure 7-2).  During the DOWN period, the reduced level of synaptic and action potential activity results in a gradual dissipation of the afterhyperpolarization, priming the network for the generation of the next UP state (Figure 7-2). 

3. UP period Activity is Strongest in Layer 5

Placement of several multiple unit recording electrodes between layer 1 and the white matter of the cerebral cortical slice revealed that the UP period activity occurred earliest and was strongest in layer 524.   Preparation of slices in which layers 2/3 were isolated from layer 5 revealed that the deeper layers still robustly generated the slow oscillation, while layers 2/3 did so much less frequently24.  Thus, although the supragranular layers could generate the UP state, the infragranular layers did so much more strongly, at the shortest latency, and with the longest discharge.  
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Figure 7-2. Summary diagram of the proposed mechanisms for the spontaneous generation of the UP and DOWN states in cortical networks.  Cortical pyramidal and local GABAergic interneurons are highly interconnected through local axonal connections such that activity in pyramidal cells excites both other pyramidal cells as well as local interneurons.  The inhibitory feedback from the local interneurons controls the level of the UP state.  Activation of an afferent input can trigger the transition from the DOWN to the UP state.  Build up of intracellular levels of Ca2+ and Na+ can activate K+ currents, which eventually tip the balance back to the DOWN state, during which time the levels of Ca2+ and Na+ inside the cell decrease, thus allowing the network to spontaneously generate another UP state.  Another mechanism for making the transition from the UP to the DOWN state is the activation of afferent inputs25.

Placement of electrodes horizontally along the length of the slice within layer 5 revealed that the slow oscillation propagated, typically in a preferred direction, at a speed of approximately 11 mm/sec24.   Recordings of the slow oscillation in vivo suggest that it may propagate at a significantly higher velocity, and in more complicated patterns, presumably owing to preserved connectivity18.  Either way, the propagation of the slow oscillation is a natural consequence of the induction of anatomically connected cells (either locally or distally connected) into the UP state through recurrent excitation.
4. Persistent Activity of the UP state is generated Through a Mixture of Recurrent Excitation and Inhibition

To investigate the cellular mechanisms of generation of the persistent activity of the UP state, we examined the effect of changing membrane potential on the amplitude of PSP barrages arriving during the UP state either with (Figure 7-3) or without the reduction of voltage dependent Na+ currents and K+ currents through the inclusion of QX314 and CsAc in the intracellular recording electrode.  The ionic currents arriving in cortical pyramidal cells during the generation of the UP state revealed a consistent reversal potential of approximately -35 mV throughout its duration (Figure 7-3).  Calculation of the changes in membrane conductance during the UP state revealed a steady increase followed by decrease (Figure 7-3).  Since the reversal potential is constant despite large changes in membrane conductance, the excitatory and inhibitory conductances must increase and decrease in precise proportion25.  Plotting the inhibitory conductance as a function of excitatory conductance reveals a relatively linear relation, again indicating that these increase and decrease with each other in precise proportion during this type of cortical activity.  This proportionality yields an impressive “reversal potential clamp” in which the reversal potential of the synaptic response is relatively constant (Figure 7-3).  Computational models of recurrent activity in the cortex have typically assumed such a proportionality between recurrent excitation and inhibition in the cortex7-12, although it has not previously been directly demonstrated.

5. Barrages of Synaptic Potentials Enhance Neuronal Responsiveness

Cortical neurons are under the constant influence of barrages of synaptic potentials.  How do so-called “background” barrages of synaptic potentials influence the neurons response to other synaptic inputs?  We utilized the UP and DOWN states of the cortical slice in vitro to address this question.  The UP state was associated with an increase in the probability that a synaptic input will cause action potentials in both pyramidal cells and fast spiking interneurons25.  To address the mechanisms of this increase in responsiveness, we used the dynamic clamp technique to inject into single 
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Figure 7-3.  Recurrent activity is generated by a balanced barrage of inhibitory and excitatory postsynaptic potentials.  A.  Average currents during the UP state under voltage clamp.  Each trace is an average of 9-17 trials.  Several raw traces at +30 mV are shown with the average for comparison.  The average synaptic currents reverse around –37 mV in this cell.  Electrode contained 2 M CsAc and 50 mM QX-314 to minimize the contribution from K+ and Na+ currents.  Similar results were obtained with electrodes containing KAc only.  B.  Calculation of the reversal potential of the average synaptic currents over time.  C.  Illustration of the amplitude-time course during the UP state of the average multiple unit activity, the total increase in conductance (as measured by the change in slope of the IV plot) and the calculated conductance of excitatory and inhibitory currents.  D.  Plot of the inhibitory conductance as a function of the excitatory conductance in 5 different neurons.  E.  Relationship between the average intensity of neuronal activity in the local network, as measured by multiple unit activity, and the amplitude of the calculated excitatory and inhibitory conductances.  In this cell, as the network transitioned into the UP state, the inhibitory conductance lagged the excitatory conductance.  Following the onset of the UP state the excitatory and inhibitory conductances were proportional and strongly correlated with the intensity of activity in the nearby (< 100 m) layer 5 multiple unit recording.   From ref. 25.  

pyramidal cells artificial synaptic conductances, or simply injected depolarizing current pulses of varying amplitudes (Figure 7-4).  During the UP state, the neuron’s response to both of these inputs was facilitated considerably, such that previously subthreshold inputs could become suprathreshold (Figure 7-4).  There are three factors that may be involved in this enhancement associated with the UP state: depolarization of the membrane potential, increase in membrane conductance, and increase in membrane variance (noise).  By varying each of these independently, we found that depolarization of the membrane potential during the UP state was largely responsible for the increase in neuronal responsiveness16.  Increases in membrane conductance had the opposite effect, decreasing the number of action potentials generated by each current pulse or artificial synaptic conductance, while increases in membrane variance resulted in a decrease in the slope of the input-output relation (by facilitating the response to small inputs more than those to large inputs; see refs 13, 14).  Interestingly, the UP state also had strong effects on spike timing, which depended upon the characteristics of the current or conductance waveform injected into the neuron studied.  The latency to generate an action potential and jitter of spike timing to small, short duration inputs that mimicked single, small amplitude EPSPs were both decreased in response to the addition of moderate noise, or during the UP state.  In contrast, the UP state or the addition of membrane potential variance resulted in an increase in the variance of action potential timing in response to constant current pulses (Figure 7-4).  Thus barrages of synaptic potentials that depolarize cortical cells during the UP state can have a profound facilitatory influence on the response of these cells to other depolarizing inputs and can increase spike precision to high frequency, while decreasing spike precision to low frequency, components of synaptic barrages.

6. Implications of Balanced Recurrent Excitation and Inhibition: Arousal, Attention, and Memory

Our results indicate that a basic operation of the cerebral cortex is the generation of self-sustained periods of activity mediated by a proportional and balanced relation between recurrent excitation and inhibition.  These intracortically generated UP states are most commonly observed during slow wave sleep or anesthesia17-22.  However, the mechanisms by which they are generated has important implications for our understanding of the cellular basis not only of sleep rhythms, but also potentially of working memory, attention, and arousal.
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Figure 7.4  The UP state is associated with a marked increase in neuronal excitability.  A.  Intracellular injection of depolarizing current pulses during the UP and DOWN states reveal a marked increase in neuronal responsiveness during the UP in comparison to the DOWN state.  Two different amplitudes of current pulses are illustrated.  B.  Stimulus histograms of the action potential response of the cell to repeated injections of the same current pulse (0.7 nA) in the DOWN and UP states.  The cell responds with more action potentials in the UP state, and the timing of these action potentials varies from pulse to pulse.  C.  Response of the neuron to different amplitude current pulses in the UP and DOWN states.  Note the marked increase in neuronal responses, especially to smaller amplitude inputs.  From ref. 16.

Stimulation of ascending activating systems in the brainstem results in activation of the EEG (e.g. a pattern of EEG activity similar to waking), even in anesthetized animals.  Intracellular recordings in cortical pyramidal cells during the slow oscillation reveal that brainstem stimulation results in an abolition of the DOWN state and a maintenance of the membrane potential at a level and noisiness that is similar to the UP state20.  This result suggests that the UP state is similar to the resting state of the waking brain. However, intracellular recordings in vivo during natural sleep and waking reveal that the input resistance of pyramidal cells in the waking state my be significantly higher than during the UP state17 and that the membrane potential may still exhibit significant depolarizing and hyperpolarizing jumps in the waking state.  The mechanisms underlying the apparent increase in input resistance during the natural waking state in comparison to the UP state remain to be uncovered.  This difference suggests that the UP state may be distinct from simply the resting state of the cell in the waking state.  The UP state therefore has some, but not all, properties of several aspects of cortex function in the waking animal, including a maintained depolarization and persistent activity, an increase in neuronal excitability, and spontaneous low frequency discharge.


Recordings in multiple regions of the brain reveal that working memory tasks (in which a feature of a stimulus must be remembered for several seconds) result in the persistent discharge at rates of 5-40 Hz of selected cortical (and subcortical) neurons during the “memory” or delay period26-34.  This persistent activity has been hypothesized to be generated either through recurrent excitatory and inhibitory interactions11,12,35-39 or through the activation of intrinsic membrane mechanisms40,41, although these mechanisms are not mutually exclusive.  Our results demonstrate that local recurrent networks within the cortex are perfectly capable of generating second long periods of sustained activity mediated through the properties of recurrent excitation controlled by inhibition.  We have not yet found a strong role for intrinsic membrane properties in the generation of the UP period.  For example, hyperpolarization of the recorded neuron does not result in an abolition of the UP state nor does it change its duration or rate of recurrence.  In addition, neuronal discharge during the delay period exhibits a broad distribution of interspike intervals, which is not seen when persistent activity is generated through intrinsic membrane mechanisms (Hasenstaub, Shu, Ghandi, McCormick, unpublished observations). Intracellular recordings in vivo, or the analysis of spike trains during delayed memory tasks, may help to resolve the issue of how this persistent activity is generated.

6.1 Possible Contribution of Neuronal Barrages to Attention Mechanisms

Attention to specific regions of sensory space, or specific features of an object, can be rapidly shifted at will or in response to a stimulus and results in a significant increase in signal detectability (e.g. salience) and decrease in reaction times.  Extracellular recordings in the visual system often reveal attention to be associated with an increase in neuronal responsiveness, especially to less salient stimuli (such as a low contrast grating)42,43.  Through what mechanisms could attention result in a rapid change in the excitability of cortical neurons?  The release of neuromodulatory agents, such as acetylcholine or norepinephrine, is unlikely to be responsible since these have far too slow of a time course to underlie the rapid changes in excitability associated with shifts in attention. The leading hypothesis is that attentional mechanisms involve the rapid reconfiguration of neuronal networks through shifts in the synaptic bombardment of key elements of the network that corresponds to the stimulus region or feature that is being attended to. Our results suggest that increasing the synaptic bombardment of a cortical cell with a depolarizing barrage of EPSPs and IPSPs may result in enhancements of neuronal excitability that are similar to those observed in some attentional paradigms43.  These shifts in responsiveness are naturally stronger for weak, versus strong stimuli (see Figure 7-4).  


Attention can also result in an increase in neuronal “gain” for all stimuli, meaning that the spike rate output for each stimulus is increased by the same percentage, regardless of the magnitude of the input42.  How might such an increase in neuronal gain be achieved?  It has been proposed that the rapid removal of barrages of synaptic potentials may underlie attentional changes in gain: if the incoming PSPs are perfectly balanced between excitation and inhibition then there will be no net change in membrane potentials, and the reduced neuronal conductance will make the cell more responsive to its other inputs14.  However, this proposal has two unusual features.  First, it implies that the neurons representing all of the large parameter space that is unattended are constantly bombarded with synaptic activity so as to keep their responsiveness low.  Second, this model of attention requires a precise and ongoing balance of incoming EPSPs and IPSPs so that the membrane potential of the cell is unaffected by changes in background PSP rate (even though the membrane potential itself is constantly changing).  It is difficult to imagine exactly how this precise balance between EPSPs, IPSPs, and membrane potential, even as it fluctuates, could be so precisely obtained.  Rather, we propose that the network dynamics of neurons representing the attended object or attended spatial location are altered to facilitate a “pop-out” effect (Figure 7-5).  We envision a dynamic interaction of a facilitatory attentional template of the attended with the neurons that represent that object leading to an increase in response to the attended object. This results in an increase in its apparent salience in a manner similar to that recently proposed with computational models44.  

[image: image5]
Figure 7.5  Hypothetical involvement of synaptic barrages and recurrent excitation in the facilitatory effects of selective attention.  In a highly interconnected network of cells, many possible configurations are possible.  A “top down signal” may select a configuration of cells that roughly matches the form that is being attended.  These cells may go into the UP state (or a similar depolarized state) through lateral interactions in response to the attentional signal. The arrival of a complex input to the network will then result in the selective transfer of neurons representing the attended signal if the subnetwork is in the UP state.  In the DOWN state, cells are equally unresponsiveness (dashed lines in middle, right).
7. Summary

Our results demonstrate that local cortical networks have the ability to generate recurrent periods of relatively low firing rate activity mediated by precisely balanced increases in both recurrent excitation and inhibition.  This is exactly the type of activity that is expected from the basic architecture of the cortex: wide divergence and convergence with strong local recurrent excitation and disynaptic inhibition.  The spontaneous recurrence of periods of locally generated UP states interspersed with periods of relative inactivity (DOWN) states resembles the transition between states observed in vivo during slow wave sleep and anesthesia.  Although UP and DOWN states have not yet been observed in the waking brain, we hypothesize that similar mechanisms may underlie rapid changes in neuronal activity or excitability.  The generation of local recurrent activity may be used to form temporary “memories” or to control neuronal responsiveness – computationally advantageous modifications that may serve multiple functions in the brain.
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