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Bundles of relatively long apical dendrites dominate the neurons that make up the
thickness of the cerebral cortex. It is proposed that a major function of the apical
dendrite is to produce sustained oscillations at a specific frequency that can serve
as a common timing unit for the processing of information in circuits connected to
that apical dendrite. Many layer 5 and 6 pyramidal neurons are connected to thalamic
neurons in loop circuits. A model of the apical dendrites of these pyramidal neurons
has been used to simulate the electric activity of the apical dendrite. The results of that
simulation demonstrated that subthreshold electric pulses in these apical dendrites can
be tuned to specific frequencies and also can be fine-tuned to narrow bandwidths of
less than one Hertz (1 Hz). Synchronous pulse outputs from the circuit loops containing
apical dendrites can tune subthreshold membrane oscillations of neurons they contact.
When the pulse outputs are finely tuned, they function as a local “clock,” which enables
the contacted neurons to synchronously communicate with each other. Thus, a shared
tuning frequency can select neurons for membership in a circuit. Unlike layer 6 apical
dendrites, layer 5 apical dendrites can produce burst firing in many of their neurons,
which increases the amplitude of signals in the neurons they contact. This difference in
amplitude of signals serves as basis of selecting a sub-circuit for specialized processing
(e.g., sustained attention) within the typically larger layer 6-based circuit. After examining
the sustaining of oscillations in loop circuits and the processing of spikes in network
circuits, we propose that cortical functioning can be globally viewed as two systems: a
loop system and a network system. The loop system oscillations influence the network
system’s timing and amplitude of pulse signals, both of which can select circuits that are
momentarily dominant in cortical activity.

Keywords: oscillations, apical dendrite, pyramidal neuron, thalamus, neural clock, loop circuits, network circuits

INTRODUCTION

The most numerous type of neuron in the cerebral cortex is the pyramidal neuron, which forms
70–80% of the neurons in the mammalian cortex (Feldman, 1984). Its distinguishing features are
a pyramid-shaped soma and a relatively long dendrite extending upward from the apex of the
soma. Owing to its vertical orientation (i.e., being perpendicular to the cortical surface) and its
considerable length, the apical dendrite can easily be observed in micro-photographs among the
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several shorter basal dendrites which leave the soma in many
other orientations. Although the considerable length of the apical
dendrite makes it stand out when one observes networks of
cortical neurons, its length apparently contributes no special
function that stands out when we try to explain how these
networks of neurons work. Thus, in the conventional view
the apical dendrite’s most distinct anatomical feature does not
correspond to a distinct functional feature.

Specifically, it is not clear to contemporary neuroscientists that
the apical dendrite does anything for cortical processing that is
not also done by the several shorter basal dendrites which arise
from the soma of the pyramidal neuron. The prevailing view of
the main function of the apical and basal dendrites of a pyramidal
neuron is the integration of incoming electric pulses at the tens
of thousands of synapses which dot the dendrite surface (e.g.,
Häusser et al., 2000; Spruston, 2008) The result of this integration
is a train of output pulses in the single axon which exits at the
base of the soma.

The present study is concerned with the influence of apical
dendrite activity on information processing in cortical networks.
Here, we propose that a major function of the long apical dendrite
in pyramidal neurons is the production of a stable oscillation at
a specific frequency. When apical dendrites in corticothalamic
loops oscillate, their oscillations are copied to networks of
pyramidal neurons, and all network pyramidal neurons that
are contacted will oscillate at a common carrier frequency into
which messages of temporally coded spikes may be inserted.
Only neurons whose membranes oscillate at the specific carrier
frequency will accept the spike signals: spike signals carried on
other frequencies will be blocked.

The synchronous rhythms of oscillations within cortical
circuits are currently being investigated in neuroscience at
several fronts with different techniques. A pervasive paradox
is the apparently high levels of randomness in spike discharge
and the apparently high levels of orderliness in oscillations.
A thorough review of relevant experiments and theories by
Wang (2010) provides a window onto a bewildering scene of
data and models about how circuits, neurons, and membrane
conductances can together or separately produce oscillatory
activity. Of particular relevance to the present study are
oscillations of the neuronal membrane at levels subthreshold
to action potentials, and the tendency of an apical or basal
dendritic membrane to oscillate at a particular peak resonant
frequency.

We use the term tuning to refer to operations that produce
a particular frequency of oscillation in an apical dendrite.
Fine-tuning produces a significant reduction in the frequency
bandwidth and noise levels. This refinement of the frequency
bandwidth is necessary in order to maintain a virtually constant
duration of each frequency cycle within the interconnected
circuit.

The corticothalamic loops operate as a clock in a computer,
which assures that electric signals in different locations within
a connected circuit of neurons change at the same time. In the
present theory, different bundles of apical dendrites can oscillate
at different frequencies, and therefore their connected circuits of
neurons can run on different clocks.

Adjustment of the temporal unit of the apical dendrite “clock”
is based on producing a steady train of subthreshold pulses
along the dendritic shaft of the pyramidal neuron. The durations
of intervals between pulses approaches a constant value as
frequencies reduce their variability toward zero. Reduction of
frequency variability therefore is one of the two central operations
of the present model of apical dendrite neuronal tuning. The
other central operation of the present model is the setting of
the modal frequency of oscillation, also termed the resonant
frequency of the oscillation.

Thus, the apical dendrite clock serves to coordinate the timing
of spike signals throughout the group of neurons having synaptic
contact with the pyramidal neuron that contains the apical
dendrite. Spike signals are typically of very short duration, and
the maintaining of high precision in the temporal coordination
of short-duration signals enables them to be effectively integrated
when they converge at sites on dendrites and somas. Without
fine-tuning of temporal intervals in wires and fibers that carry
information, computation as we know it today would not be
possible.

THE LONG APICAL DENDRITES OF
CORTICAL LAYERS 5 AND 6
PYRAMIDAL NEURONS

The longest apical dendrites in the cerebral cortex arise from
the apex of pyramidal neurons (pyramids) whose somas lie in
layer 5 or layer 6. Figure 1 shows the examples of pyramidal
neurons taken from each of these cortical layers. On the left side
of Figure 1, the pyramidal neurons are depicted diagrammatically
as oval shapes, and the relatively long line attached at the top
of an oval shape represents the apical dendrite. Thus, the axon
and the many basal dendrites of the pyramids are omitted in the
minicolumn diagram.

In Figure 1, the filled oval shapes located in layers 2, 3,
and 5 represent pyramidal somas whose apical dendrites cluster
together to form the center of a minicolumn, according to Peters
(1994). The unfilled oval shapes located in layer 6 represent
pyramidal somas whose apical dendrites join with layer 6 apical
dendrites of 80–100 other minicolumns to form the interior
area of a column. The minicolumn structure shown in Figure 1
serves as a convenient framework for positioning neurons in
circuit diagrams, while we postpone to the “Discussion” Section
an examination of how the current concepts of minicolumn,
column, and apical dendrite bundle correspond to a functional
unit of cortical action.

Visual inspection of Figure 1 gives the impression that
the considerable majority of neurons in the cerebral cortex
are pyramidal neurons, which is confirmed by Feldman’s
(1984) measurements, which estimate their percentage in the
cortex as approximately 70–80%. The remaining percentages of
stellate and inhibitory neurons (in area V1) are approximately
5–8% and 16–20%, respectively (Mountcastle, 1998). Under
the area of a dime placed on the human skull over the
parietal cortex there are approximately 18,000,000–20,000,000
pyramidal neurons, (based on a cell count of approximately 70
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FIGURE 1 | Pyramidal neurons with long apical dendrites from layers 5
and 6. (A) Minicolumn diagram adapted from Peters and Sethares (1991) of a
slice of monkey visual cortex, which shows locations of somas and apical
dendrites (basal dendrites and axons are omitted). Somas showing no
attached fibers are stellate neurons, which contain many short dendrites that
radiate from the soma in all directions (not shown here). The vertical length of
the minicolumn indicates the thickness of the cortical area in which the two
pyramids were observed. (B) Camera lucida drawing of a layer 6 pyramidal
neuron of the monkey from Figure 4 of Wiser and Callaway (1996);
(C) Camera lucida drawing of a layer 5 pyramidal neuron of the monkey from
Figure 24 of Valverde (1986).

neurons beneath surface patches of 25 × 30 microns for the
monkey).

When clusters of minicolumns are viewed in magnification,
the apical dendrites from layers 5 and 6 give a slice of cortex
its visual resemblance to a grove of tall, tightly packed tree
trunks. Among mammals, layer 5 apical dendrites in the parietal
area increase in length from mouse to human by a factor of
approximately 4.2, while the thickness of the parietal cortex varies
by a factor of approximately 4.0 (see Figure 2 of Rockel et al.,
1980). Hence, the increase of cortical thickness from mouse to
human appears to correlate closely with the length of the apical
dendrites arising from layer 5 pyramids.

The structure of the minicolumn is organized around the
central core of layer 5 pyramids (Peters and Sethares, 1991).
Layer 6 pyramids are not organized within the minicolumn
but instead are organized within the column, which is a
bundle of approximately 100 minicolumns (Mountcastle, 1998).

The minicolumn is regarded as the functional unit of the cortex
(Mountcastle, 1957), based on the observation that neurons in a
given minicolumn share many receptive field properties.

The axons of pyramidal neurons of layers 2 and 3 form an
information bridge from one minicolumn to other minicolumns
at locations both near and far. Axons of layer 5 pyramids contact
minicolumns near and far, so that oscillations of the long apical
dendrites positioned vertically at the center of a minicolumn can
be synchronized with oscillations of neurons throughout a broad
network of neurons. When membranes of network neurons
oscillate in synchrony the wave peaks of these oscillations are
separated by a constant time interval; so it can be said that these
neurons bind together and “talk to each other” (Fries, 2005, 2015;
Womelsdorf et al., 2007).

To summarize this section, the oscillations of layer 5 and 6
apical dendrites drive the output pulses of their pyramidal axons,
which are copied to the thalamus and sent back to the same
apical dendrite, forming a loop circuit. The thalamic axon also
sends these pulses to other neurons to which it is connected,
some located nearby, some located remotely. In this manner,
oscillations of the same frequency as those in the initiating apical
dendrites can be spread across the cortex.

MODELING THE ELECTRIC
OSCILLATIONS OF THE APICAL
DENDRITE

Brief Review of a Biophysical Model of
Apical Dendrite Oscillations
Two features of oscillations are prominent in the present
modeling of apical dendrite activity. The first is the peak
frequency of the resonance profile of oscillations, and the second
is the progressive narrowing of the resonance profile around
the peak frequency. When a neuron is induced to oscillate at a
particular frequency, we say that it is tuned at its peak frequency,
and when the distribution around the peak oscillation frequency
is made very narrow we say that it is fine-tuned.

The hypothesis that as the excitatory postsynaptic potential
(EPSP) (pulse surge) moves down the apical dendrite the
intensity profile is made more narrow was explored and described
graphically in an earlier paper (LaBerge, 2005). A detailed
quantitative description of the narrowing process for frequency
was subsequently presented by Kasevich and LaBerge (2011).

A basic assumption of the model is that biochemical properties
of the apical dendrite membrane narrow the resonance profile of
oscillations as pulse-like surges of electric current pass repeatedly
down the apical dendrite. The voltages of these pulse-surges are
presumed almost always to be subthreshold for the production of
action potential spikes. When an occasional action potential spike
does occur, it is assumed to arise from conditions external to the
surges of current in the EPSP delivered by the thalamic axon, for
example, back-propagation from a spike generated at the soma,
or by activation of calcium channels.

The compartmental model, shown diagrammatically in
Figure 2, describes how electrical energy is passed down the
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FIGURE 2 | Compartment model of the apical dendrite. Six
compartments correspond to the lengthy mid-range of the apical dendrite. An
additional seventh compartment corresponds to the transitional segment
located between the soma and the mid-range of the apical dendrite. The
width of the dendrite tapers from the large soma and adjacent locations of
basal dendrite attachments, and as it tapers it also loses inhibitory synapses
and begins gradually to add spines containing excitatory synapses. [Adapted
from Figure 1 of Kasevich and LaBerge (2011)].

apical dendrite of a pyramidal neuron to the soma, starting from
synaptic inputs located at the top of the dendrite. The pyramidal
axon connects with a thalamic neuron whose axon returns to
synapse at the top of the apical dendrite of origin.

The structure of the present model follows the compartmental
reconstruction of the apical dendrite by Destexhe (2001). Here,
Figure 2 shows six compartments representing the relatively
long mid-region of the apical dendrite, while the seventh
compartment is proximal to the soma. The diameter of this
transitional compartment gradually decreases to accommodate
the large difference in diameters of the soma and the mid-region
of the dendrite. The remaining six compartments maintain a
relatively constant diameter (Keren et al., 2005). The synapses
of the initial 40 µm part of the proximal seventh compartment,
like the soma, are inhibitory and excitatory spines are absent
(Valverde, 1967; DeFelipe and Fariñas, 1992). At the distance
from the soma where the six remaining compartments begin,
the synapses are mostly excitatory (Keren et al., 2009). In view
of these considerations it is presumed that the contribution to
frequency narrowing by the transitional compartment can be
ignored in the present treatment of the model.

One of the most important features of apical dendrites (and
dendrites in general) are the thousands of spines that crowd their
surfaces. Figure 3 shows two examples of segments of apical
dendrites taken of newborn children, one normal, and the other
with symptoms of an intellectual disability.

Long vertically oriented axons, similar to the apical dendrite
segment shown on the right side of Figure 3, have been found
running along apical dendrites of layer 6 pyramidal neurons.
An example from Sherman and Guillery (2011) is shown in
Figure 10.

To aid in the description of the biophysical operations within
the apical dendrite we use a schematic diagram of apical dendrite
segment in Figure 4. Oversized drawings of spines can be seen
piercing the apical dendrite membrane. The flow of ion charges
through these channels operates on the surges of current as they
pass down the apical dendrite to shape the resonance profile of
push–pause oscillations. Other membrane channels are omitted
for clarity. The description for the narrowing of the profile is
given by Equation [19] in Kasevich and LaBerge (2011).

The modeling of oscillations at any given location along the
apical dendrite is represented theoretically by a distribution of
resonance frequencies, which is visually depicted as a resonance
profile. Two features of the profile are evident and of main
interest: its peak and its spread. The peak frequency of the
resonance profile is customarily called the resonant frequency. As
it is most generally used, the term resonance denotes the ability
of a system to oscillate most strongly at a particular frequency. It
may be noted that the existence of resonance in this biophysical
model does not require inductance, in contrast with most classical
electrical circuitry that is tuned to a specific frequency.

Both the peak resonance frequency and the progressive
narrowing process are assumed to be influenced by many features
of the membrane, but chief among these features is the inward
flow of positive sodium ions by spines, the consequent outward
flow of positive potassium ions around the spines, the passive
outflow of potassium ions by the leak current, and to a lesser
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FIGURE 3 | Segments of apical dendrites of the newborn human
infants. (A) Normal; (B) intellectual disability probably related to abnormally
long spines. Remnants from an axon contacting the spines suggests a
general vertical orientation consistent with the axons shown in Figure 10B.
Adapted from Marin-Padilla (1972).

extent the activities of many other types of channels in the
dendritic membrane.

The initial surge of charge consists of action potentials which
are delivered by a thalamic axon at the top of the apical dendrite.
The quantity of positive ions in a single EPSP (excitatory
postsynaptic potential) can vary according to the number of
momentarily contributing synapses (spatial summation) and/or
by the number of pulses delivered to a synapse in a very short
time period (temporal summation), as from a burst of action
potentials. This variable level of voltage amplitude of a current
surge in the apical dendrite contrasts with the discrete, all-or-
none voltage amplitude of an action potential spike propagating
along an axon of the neuron.

As successive EPSPs pass along the shaft of the apical dendrite
(shown in Figure 4), the thin membrane located on the walls
of the apical dendrite oscillates electrically with these successive
surges of current flowing down the center of the dendritic shaft.
Owing to the biophysical features of the membrane, the intervals
between surges of current may be modified slightly as they move
down the dendrite. As the interval between pulse-surges changes
so does the momentary frequency of oscillation. Longer intervals
correspond to lower frequencies and shorter intervals correspond
to higher frequencies.

Local Control of the Peak Frequency of
Apical Dendrite Oscillations by
Membrane Channel Activities
As current surges flow down the apical dendrite their oscillation
frequency is assumed to change slightly when local potassium
channels change their rate of releasing potassium ions from
the dendrite. According to the equations given in Kasevich and
LaBerge (2011) the rate of outward flow through a particular
potassium channel is regulated by the momentary level of
voltage on the inside surface of the membrane surrounding
the channel. This level of internal voltage is maintained by
the synaptic discharges from local spines, which inject positive
sodium ions onto the internal surface of the dendrite. The
synaptic discharges in the spines, in turn, are triggered by
trains of electric pulses from local axons that contact the
spines.

The relationship between spine-delivered voltage and peak
frequency is graphically illustrated in Figure 5. Three levels of
outward flow of potassium ions are shown in Figure 5.

In Figure 5, the outward flow of potassium ions is represented
in the model by the parameter, gr, which denotes the value
of the potassium channel radial conductance. Movement of
potassium ions out of the dendrite lowers the voltage inside
the dendrite, which contrasts with the movement of sodium
into the dendrite (via the spine) which increases the voltage
inside the dendrite. Two kinds of potassium channels are
featured in the present model of apical dendrite activity: the
leak current and the voltage-gated current. The leak current
is represented in Figure 5 by the smallest plus signs moving
outward across the membrane, and the voltage-gated current
is represented by the larger plus signs moving outward across
the membrane. The rate of outward flow for the leak current
is assumed to be small and constant; the rate of outward
flow for the voltage-gated current depends upon the local
voltage inside the membrane, which is determined by the
sodium ions entering through the neighboring spines. Low spine
voltage produces low outward potassium flow and low values
of oscillation frequency, and high spine voltage produces high
potassium flow and high values of oscillation frequency. Thus,
the present model predicts that the rate of outward potassium
flow through the apical dendrite membrane determines the
peak frequency of the dendrite’s oscillations. Measurements
of these oscillations can be obtained from the local electric
field potentials that they produce; and as the field potentials
of clusters (bundles) of thousands of apical dendrites radiate
to the scalp their combined voltage can be measured as
EEGs.

Narrowing the Resonance Profile by
Repeated Movements of Current Pulses
Down the Apical Dendrite
When the corticothalamic loop shows oscillatory activity, pulse
surges of current repeatedly pass along the membrane (see
Figure 4). After each complete pass along the dendrite, the
resonance profile narrows only slightly, so that many cycles of
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FIGURE 4 | Schematic diagram of the interior of an apical dendrite located near the sites of the thalamocortical axon input. The border of the interior
region is formed by a thin membrane containing a high density of channels (gates) including the inward sodium (Na++) channels in the spines and the outward
potassium (K+) channels in the membrane. The flow of ion charges through these channels operates on the surges of current as they pass down the apical dendrite
to shape the resonance profile of push–pause oscillations. Other membrane channels are omitted for clarity. The description for the narrowing of the profile is given
by Equation [19] in Kasevich and LaBerge (2011).

surges are needed to sharpen the profile to the point where
the frequency of surges are fine-tuned close to one specific
frequency.

As the pulse-surges move repeatedly down the apical dendrite
the outflow of potassium ions changes the shape of the resonance
profile, compartment after compartment. The narrowing of the

profile comes about by increasing the occurrences of specific
resonance frequencies near the peak resonance frequency region
of the profile and decreasing the occurrences of specific resonance
frequencies remote from the peak frequency. In Kasevich
and LaBerge (2011) Equation [19] describes this change in
shape.
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FIGURE 5 | Profile peak frequency and activity of local spines. A schematic diagram of the hypothesized relationship between the peak frequency of a profile
curve and the internal voltage level produced by subthreshold activity of an increasing number of local dendritic spines. The rate of outward (radial) potassium flow is
denoted by gr. Levels of spine voltage are low, medium, and high; number of active channels are small, medium, and large; and levels of gr are low, medium, and
high (Kasevich and LaBerge, 2011).

RESULTS OF THE SIMULATION
EXPERIMENT

Peak Frequency as a Function of Rate of
Ion Outflow
Four equally spaced frequencies in the 0–100 Hz range were
selected, 20, 40, 60, and 80 Hz, and the outward flow of potassium
ions, gr, was calculated for each frequency using Equation [1]
of Kasevich and LaBerge (2011), which is based on a single
compartment. Iterative calculations converged to a value of gr
that maximized the energy transfer from one compartment to
the next compartment. Appropriate geometric parameters of the

underlying leaky cable theory and electrical parameters of the
membrane were obtained from the relevant literature and entered
into Equation [12] of the Kasevich and LaBerge (2011) study.

The measure of energy transfer was transfer impedance. The
relationship between the obtained gr conductance and each of the
four frequency points is graphed in Figure 6.

The first result of the simulation is that the iterative
calculations of the main equation revealed an orderly relationship
between peak frequency and outward potassium conductance, gr.
Increasing the outward conductance increases the frequency of
the peak of the frequency profile, but the peak frequency appears
to approach a limit as outward conductance increased toward
higher values. This result confirms the first tuning hypothesis,
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FIGURE 6 | Simulated relationship of profile peak frequency as a
function of the rate of outward conductance of potassium ions. The
obtained outward potassium conductances were 105, 310, 627, and 1056 nS
for the curves with peaks at 20, 40, 60, and 80 Hz, respectively. The resonant
frequency in radians per second is approximately the radial conductance
divided by the radial capacitance. For a constant radial capacitance the peak
frequency is directly proportional to the potassium ion leak conductance.
[Adapted from Kasevich and LaBerge (2011)].

which is that the peak frequency of an apical dendrite oscillation
can be set by adjusting the rate of outward flow of potassium ions
through the apical dendrite membrane.

Narrowing the Frequency Profile
The second main result of the simulation concerns the stability of
the peak resonance frequency during repeated cycling of pulses
within the corticothalamic loop circuit. Using Equation [19] in
the study by Kasevich and LaBerge (2011), we simulated this
cyclic activity in an attempt to discover whether or not the profile
of pulse frequency revealed a progressive sharpening around a
peak frequency that reached an asymptote of zero or near zero.
The four peak frequencies, 20, 40, 60, and 80 Hz and their
respective values of gr (the outward voltage-gated conductance)
were entered into the difference equation (Equations [16] and
[19]) which describes the compartment-by-compartment change
in the frequencies that make up the resonance profile.

The four sets of profile curves produced by simulating
the profile changes are shown in Figure 7. These curves are
numbered first by each of the six compartments that the current
surge first traverses, and then by the successive movements
through all six compartments as the looping activity continues.
Observation of the family of resonance profiles reveals that
the amount of narrowing produced by moving pulses over the
initial six compartments is very small, and hence there is scant
indication of a peak in the curves. However, as the pulses move
repeatedly through all six compartments a narrowing of the
resonance profile is clearly observed, along with a distinct and
consistent frequency peak located near the center of each profile.
Also, by the seventh loop the width of the profile becomes less

than 1 Hz for all four sets of profiles. The main difference in
the four profile sets appears to be the number of loops needed
to achieve a given width or spread of the profile. The profiles
showing higher frequencies require more loops through the
apical dendrite to narrow to a specific width.

We emphasize that the sets of profile curves shown in Figure 7
are idealizations of the operations of the present model because
synaptic noise is ignored in the simulations. The corticothalamic
loop is assumed here to contain two synapses, one located where
the pyramidal neuron’s axon contacts a thalamic neuron, and the
other located where the thalamic axon contacts the pyramidal
neuron at the top of the apical dendrite (see Figure 2).

If we assume that neural noise at each synapse, on average,
adds a constant amount of impedance (opposition) for each
frequency across the 1–100 Hz range, then each synapse will
dampen or flatten the shape of the oscillation frequency profile.
While every cycle of the corticothalamic circuit adds noise to
flatten the shape of the profile curve, the next cascade through
the apical dendrite compartments narrows the shape of the
profile. If the total noise in the corticothalamic loop is sufficiently
large relative to the number of apical dendrite compartments,
then the resonance profile cannot be narrowed to the maximum
asymptotes shown in Figure 7.

Therefore, increasing the number of compartments in the
apical dendrite provides a means for effectively offsetting the
synaptic noise in the corticothalamic circuit. Hence, longer
apical dendrites (e.g., in primates) should produce more narrow
frequency profiles, while very short apical dendrites (e.g., in
mice) should show a limit on the narrowness of the resonance
profile. For a comparison of apical dendrite lengths of layer 5 and
layer 2/3 pyramidal neurons across five mammalian species see
Figure 1 in LaBerge (2005).

In view of these considerations, it would seem that neural
processing would be more precise when the number of
compartments in an apical dendrite is large, so that the operations
of profile sharpening can quickly produce a very small and stable
profile spread around the peak frequency.

To summarize the main findings of the present simulation
experiment, the relationship between outward potassium current
and the peak frequency of apical dendrite oscillation is shown
in Figure 6 as a curve in which the peak frequency increases
toward an asymptote as outward current increases. In Figure 7,
the four sets of resonance profile curves show the establishment
of four peak oscillation frequencies in the apical dendrite during
early cycles of current in the corticothalamic loop. Moreover, they
show that each profile around these peak resonance frequencies
is sharpened to a width of less than 1 Hz by repeated cycling of
electric surges through the apical dendrite.

TWO TUNING NEURONS

The Pyramidal Neuron of Layer 6
The present simulation findings suggest that pyramidal neurons
that set the oscillation frequencies of other neurons have somas
that are located in layers 5 and 6 of the cerebral cortex. However,
we regard the long pyramids in layer 6 as the main tuning neurons
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FIGURE 7 | Simulated narrowing of resonance curves. (A–D) Resonance profile curves with peaks at 20, 40, 60, and 80 Hz are narrowed by cycling current
repeatedly through six compartments of the apical dendrite via a circuit loop through the thalamus. The profile curves for the first six compartments are shown at the
top of each of the four sets of curves (for clarity, the curves for the third, fourth, and fifth compartments are omitted for the 60 and 80 Hz conditions). The remaining
curves in each of the four conditions show the effects of subsequent loops through the six compartments via the thalamus. Each curve that is labeled a loop is
actually the output of the sixth compartment of each successive loop. [Adapted from Kasevich and LaBerge, 2011].

because their axons contact the spines of layer 5 apical dendrites,
while the axons of layer 5 pyramids apparently do not contact the
spines of layer 6 apical dendrites (Thomson, 2010). The diagram
in Figure 8 shows axons of layer 6 pyramids contacting the spines
of apical dendrites of layer 5 and layer 6 pyramids. Moreover,
layer 5 pyramids with long apical dendrites can deliver bursts of
axon spikes while layer 6 pyramids rarely produce bursts (Mercer
et al., 2005; Llano and Sherman, 2009). Taken together, these
considerations support the present hypothesis that the layer 6
pyramidal neurons serve as the basic tuning neurons.

The pyramidal neurons of layer 6 are widely diversified in
area V1 into at least eight different types, which are defined
by their patterns of dendritic inputs and axon outputs (Briggs,
2010). Sherman and Guillery (1998) described particular layer 6
pyramidal neurons whose axons appear to modulate, as opposed
to driving, the processing of neurons they contact (Figures 9, 10).

Examples of driver axons are the output fibers arising from
thalamic neurons which directly contact stellate neurons of layer
4, and whose axons presumably produce spikes. Examples of
modulatory axons arise from layer 6 pyramidal neurons and
contact apical dendrites of layers 2/3, 5, and 6 pyramidal neurons
as well as the stellate neurons of layer 4 (Figure 9).

Thalamic neurons that project to the cortex are of two
main types, called “core” neurons and “matrix” neurons, which
are distinguished by their immunoreactivity for the calbindin
calcium-binding protein and the parvalbumin calcium-binding
protein, respectively (Jones, 1998, 2007). The core thalamic
neurons project to middle layers of the cortex, as illustrated
diagrammatically in Figure 9, and the matrix thalamic neurons
project to superficial layers 2 and 3 of the cortex (Figures 13, 14),
not only within a minicolumn or column but more widely across
the cortex (Jones, 2002).
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FIGURE 8 | Layers 5 and 6 pyramidal neurons and their axons. Axons of layer 6 pyramidal neurons contact spines of layer 6 and layer 5 apical dendrites.
Adapted from Nieuwenhuys et al. (2008, p. 564).

The findings of Sherman and Guillery (1998) support the
view that the direct connection between the thalamus and
a stellate neuron carries a series of spikes that codes the
information arising from sensory receptors (e.g., in the retina),
and in higher-order thalamic neurons codes the information
arising from other cortical areas (Mitchell et al., 2014). In
the context of the present theory, the connection between
the layer 6 tuning-neuron and a stellate neuron provides the
precisely timed intervals which adjust the series of spikes
into a stable temporal code, although the details of this
connection may not be as simple as the diagram in Figure 9
suggests (see Mitchell et al., 2014). The temporally coded
series of spikes is then sent to layer 2/3 where it contacts
neurons in the cortical pathways of the horizontal network
circuit. In this way, the information in the sensory receptor is

transmitted to cortical networks in the form of a precise temporal
code.

The presence of stellate neurons in layer 4 of a minicolumn
serves as a marker of incoming fibers that send information-
bearing signals from the thalamus, in the case of primary
sensory areas, or in the case of higher order areas from layer
2/3 neurons of lower cortical areas (Anderson and Martin,
2009). These signals are then relayed to networks that pass
horizontally across the receiving minicolumn. Some areas of
the cortex contain many stellate neurons in layer 4 of their
minicolumns and are called granular cortical areas, e.g., the
primary sensory areas (Nolte, 1988). Some cortical areas have
little or no stellate neurons in layer 4 and are called agranular
areas, e.g., the motor area, some parts of area 6 (Brodmann,
1909/1994), and the anterior insular area (Morel et al., 2013).
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FIGURE 9 | Targets of cortical projections of thalamic core axons. Direct thalamic projections target layer 4 stellate neurons with signals from sensory
receptors. Indirect thalamic projections to the same stellate neurons are routed through the apical dendrites of layer 6 pyramids before they contact the stellate
neurons (Sherman and Guillery, 2011). Minicolumn from primary sensory area of vision (Peters and Sethares, 1991).

Other cortical areas that show intermediate quantities of stellate
neurons in layer 4 are called dysgranular areas, e.g., the area
8 frontal eye field (Amiez and Petrides, 2009) and parts of the
orbitofrontal area (Wallis, 2012). It would seem that cortical
areas which are agranular support mainly loop activity (for the
more complex motor area, see Shipp, 2005), and cortical areas
which are granular support both network and loop activity. In
particular, agranular areas which lack the horizontal network
which passes through layer 2 (the Band of Bechterew, to be
described in the next section), may function entirely in the
loop mode (e.g., the anterior insula, Morel et al., 2013). These
anatomical findings suggest that the presence of stellate neurons
in layer 4 could serve as a marker of network processing
in that area, and the absence of stellate neurons in layer 4
could serve as a marker for exclusively loop processing in that
area.

Figure 10 shows an axon that projects directly from the
thalamus to layer 4 stellate neurons and it shows another axon
that projects from a layer 6 pyramidal neuron to apical dendrites
of layer 6 pyramidal neurons. In Figure 9, one can observe the
different patterns taken by these axons as they make contact with
their stellate or apical dendrite targets.

The axons in Figure 10B are vertically oriented, long and
comparatively thin, which apparently enables them to fit between
and follow the outside surfaces of the long, vertically oriented,
apical dendrites as the dendrites extend toward layer 1. In
contrast, the axons in Figure 7A are apparently configured to
contact the scattered grouping of stellate neurons in layer 4.

Because the membranes of neurons that form a specific circuit
in the networks of information processing oscillate at the same
frequency, the neurons can receive coded pulse trains from each
other. Thus, the frequency of oscillation acts like a frequency

Frontiers in Systems Neuroscience | www.frontiersin.org 11 June 2017 | Volume 11 | Article 37

http://www.frontiersin.org/Systems_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Systems_Neuroscience/archive


fnsys-11-00037 June 12, 2017 Time: 17:24 # 12

LaBerge and Kasevich Tuning of Oscillations

FIGURE 10 | Axons of core thalamocortical neurons. (A) Axon projecting
to layer 4 stellate neurons directly from the thalamus. (B) Two layer 6
pyramidal axons projecting to apical dendrite spines of layer 6 pyramidal
neurons. Drawings made from light microscopic tracings by Sherman and
Guillery (2011).

“channel” in two-way radio communications. The preference of
these neurons for one particular frequency implies that spike
communications coded at a different frequency will be blocked
at the membrane.

Therefore, given these considerations, it would seem plausible
that the frequency of coded pulses can serve as the basis
for selecting particular cortical circuits, and for selecting the
corresponding cognitive function(s) that they provide. In short,
the layer 6 apical dendrites of a column cluster of minicolumns
may serve to group neurons into functional circuits.

Although separate sets of layer 6 pyramids that oscillate
at different frequencies select different circuits within the
horizontal cortical network, many of these layer 6 pyramids
and their selected circuits are presumably active at the same
time. For example, retinal activity that registers the details
of an entire visual scene eventually reaches visual cortex by
parallel sensory (core) thalamic pathways, and each pathway is
given its temporal code frequency by axon fibers from thalamic
neurons both directly (via stellate neurons) and indirectly
by way of apical dendrite oscillations of layer 6 pyramids
(Figure 9).

For areas above the primary visual area (in which the thickness
of layer 4 is reduced) the inputs to the core thalamic neurons
include layer 6 axon inputs from lower areas (e.g., V2, A2, and
S2) and axon inputs from frontal areas. This confluence of inputs
to core as well as to matrix thalamic neurons is illustrated in
Figures 12, 13 and treated in more detail below.

However, it is commonly assumed that cognitive processing of
a visual scene usually requires that a part of the scene is selected
for special processing by an appropriate circuit or a part of a
circuit. This more restrictive selective activity is commonly called
attention. The particular form of attention being treated here is
called sustained attention, which can be contrasted with brief-
acting forms of attention, such as typically found in visual search
and orienting (LaBerge, 2002).

Here, we are treating the sustained activity as a basic function
of corticothalamic loop circuits. However, when sustained
activity functions as sustained attention, additional neural
mechanisms appear to be involved. Here, we describe one of those
neural mechanisms.

The Bursting Pyramidal Neuron of
Layer 5
As described in the previous section, an apical dendrite in a layer
6 pyramid loop communicates its particular oscillation frequency
to a group of cortical neurons, which are then able to interact
with each other by signals traveling on that particular “carrier
frequency.” More specifically, when the membranes of dendrites
and somas of two or more neurons oscillate at a common
frequency (but at subthreshold voltages), only incoming axon
spikes at that frequency will be accepted by the neurons.

We assume that the typical set of circuits selected by a layer
6 apical dendrite provides neural substrates for an array of
operations related to a specific task, e.g., to a search task, a
response planning task, or a perceptual preparation task. At any
given moment during the execution of one of these tasks only a
particular stage of the task may dominate processing, in which
the corresponding circuit within the horizontal network shows
increased amplitude.

One way to enable one neuron to dominate another neuron
has already been described here for layer 6 axons. When two
layer 6 axons compete for dominance at a dendritic or somatic
membrane, the one whose spike frequency matches that of
the membrane’s ongoing oscillation succeeds in delivering its
series of spikes; if the other axon responds at some other spike
frequency its input will be blocked. Conventional metaphors for
this blocking type of selective mechanism are a filter or gate.

Another way to enable a particular axon to dominate other
axons that synapse on a common dendritic segment is by shifting
to the mode of bursting. When the signal amplitude of the target
axon is sufficiently greater than that of other axons in the synaptic
vicinity the signal inputs from other axons will be blocked. In
electrical physics an appropriate metaphor is gain (or voltage)
control, corresponding to the term enhancement in psychology.
Another cognitive metaphor for this amplifying type of selection
is a spotlight.

Axon inputs to a neuronal membrane can vary in amplitude
if more than one spike can be delivered in a very short interval
of time, e.g., bursts of spikes at 200 Hz, at intervals of 50 ms.
In practice, detecting a burst in a recording of axon spike
trains is a complex process, owing to the great variety of burst
patterns involving both inter-burst and intra-burst time intervals
(Cotterill et al., 2016). The lower part of Figure 11 shows
examples of axonal spikes in neurons of both major types of layer
5 pyramidal neurons: regular-spiking neurons (RS) and intrinsic
bursting neurons (IB).

Many diagrams of cortical circuits include pyramidal neurons,
and it would seem convenient to use a graphic symbol or icon
to indicate when the apical dendrite of a pyramidal neuron
is oscillating, along with an indication of the amplitude of its
oscillation. Use of this kind of graphic symbol would parallel the
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FIGURE 11 | Proposed graphic descriptions of regular spiking and intrinsic bursting neurons. Layer 6 pyramidal neurons produce regular spiking, which is
represented by a narrow carrot-shaped icon (intended to resemble the electric field of the active apical dendrite). The tapering carrot shape reflects the diminishing
electrical effect of the persistent leak current, by which positive ions of potassium flow out of the dendrite. Layer 5 pyramidal neurons produce regular spiking, but
also intrinsic bursting, which is a series of brief groups of very rapid spikes. As the number of spikes in a burst increase, the voltage of the burst pulse increases. To
represent these differences in burst intensity the carrot-shaped icon varies in width.

existing convention of representing the spike activity of an axon
as a line containing a series of hatch marks.

Shown in the upper part of Figure 11 are graphic
representations of the oscillating apical dendrites of regular-
spiking and bursting neurons. The typical electric oscillation
activity of apical dendrites is represented as a carrot-shaped
smearing of current surges along the apical dendrite. Thicker

carrot-shapes correspond to higher amplitudes of oscillation in
the apical dendrite.

The graphic shapes which depict the apical dendrite
oscillations of Figure 12 (upper part) are outlines of the series of
current surges shown in Figure 11. Each pulse represents a surge
of current that is injected at the top of the apical dendrite by axons
arising from the thalamus. For the layer 6 pyramidal neurons,
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FIGURE 12 | Illustrative graphics of regular-spiking and bursting neuronal activity. The figure shows the carrot-shaped graphics of apical dendrite activity,
which depicts the shape of the electric field surrounding the apical dendrite. To the left of each carrot-shape is a vertical line with hatch marks which displays
traditional recordings of axon spikes in regular spiking modes and bursting modes, weak and strong.

the source of the axon inputs is a core thalamic neuron; for the
layer 5 pyramidal neurons the source is a matrix thalamic neuron
(Jones, 2002, 2007). Axons of thalamic matrix neurons tend to
contact pyramidal neurons within the minicolumn that originally
sent axons to the thalamic matrix neurons, but they also contact
pyramidal neurons in minicolumns that are located at adjacent
cortical areas. Axons of core thalamic neurons tend to contact
neurons located within the cortical column of origin, which is
a large bundle of ∼100 minicolumns in primates (Mountcastle,
1998).

Small bundles of layer 5 pyramids form the central core of
the minicolumn, and Figure 13 shows the major connections of
one bursting pyramidal neuron. The major input to the apical

dendrite of this layer 5 pyramid is the thalamic axon, which enters
at the distal segment at the top. Here, the axon branches and the
branches leave the layer 5 loop and make contact with the top
of apical dendrites of layer 2/3 pyramids. As a consequence, the
apical dendrites of layer 2/3 pyramids will engage in oscillating
activity that matches the oscillation frequency of the layer 5
pyramids. The oscillations of the layer 2/3 pyramidal neurons will
also be fine-tuned, because they received the outputs of the long
layer 5 neurons, whose longer apical dendrites have produced the
refinement process of fine tuning. When two layer 2/3 pyramidal
neurons, separated by small or large cortical distances, oscillate
in synchrony, they can effectively communicate with other. In
this way, the layer 5 pyramidal axons (shown in Figure 13)
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FIGURE 13 | Intersections of inactive layer 5 loops and an inactive network system within a minicolumn. The thalamocortical input to the networks system
is itself influenced by loops located near and far, as shown in the bottom-up and top-down arrows that contact the thalamic neuron shown in this figure.
Informational pulse inputs to the networks system are indicated by axons from stellate neurons. On the left side of this figure, the diagram for minicolumns in higher
order cortical areas indicates the vertical extent of layer 4, which is considerably shorter than in previous figures based on the primary sensory cortex of vision.

can increase the spatial spread of a synchronous circuit of layer
2/3 neurons within the horizontal network. Layer 2/3 neurons
which show high-frequency bursting activity have been named
chattering cells (Gray and McCormick, 1996).

With the apical dendrites of layer 2/3 pyramids oscillating
at the same frequency as the layer 5 pyramids, and with the
layer 6 pyramids setting the oscillation frequency of the layer 5
pyramids, all of the pyramidal apical dendrites of the minicolumn
apparently oscillate in synchrony. The layer 4 stellate neurons
emit spikes within the frequency band of the minicolumn
oscillation frequency because their neural membranes receive
subthreshold pulses originating from layer 6 axons. Hence, it
would appear that under typical conditions membranes of all of
the excitatory neurons of a minicolumn oscillate in synchrony at
a particular frequency. Moreover, since the column is defined by

being activated by the same group of layer 6 pyramidal axons,
the entire column of excitatory neurons oscillates at a specific
frequency.

The “horizontal” fibers in Figure 13 (and in the figures
that follow) represent the cross-cortical connections in the part
of lower layer 2/upper layer 3 called the Band of Bechterew
(Gray, 1918). Another cross-cortical line of fibers observed at
the minicolumn level is the Band of Baillarger (Gray, 1918),
which has two parts, one lying in layer 4 and one lying in
layer 5. Other cross-cortical fibers are the many long-distance
fibers that appear to “jump” between locations separated by large
distances, which gives a two-dimensional map of the brain the
appearance of a map of airline routes across the United States
or Europe. For purposes of presenting a clear description of the
network connections of long apical dendrites, we restrict our
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FIGURE 14 | Intersections of active layer 5 loops and networks systems within a minicolumn. The loop and network diagrams in Figure 13 are shown here
with patterns of burst firing. Loop inputs and outputs are presumed to be rate-coded, while network inputs and outputs are presumed to be mostly temporally
coded.

present treatment of the horizontal network fibers to the Band
of Bechterew lying in lower level 2/upper layer 3.

The excitatory neurons in the networks within the Bechterew
Band consist of pyramidal axons whose somas lie in layer 2 and
3. Unlike the taller pyramidal neurons of layers 5 and 6, the layers
2 and 3 pyramidal neurons are not part of a loop circuit. Instead
they act as extensions of the layers 5 and 6 loops that enable the
oscillations within a minicolumn to influence the spike signaling
in the horizontal networks (Figures 9, 13). Clearly, when an axon
from a layer 5 loop shifts a layer 2/3 pyramid from regular-spiking
to bursting the input–output of that layer 2/3 pyramid will be
enhanced (see Figure 14). Thus, oscillations in a minicolumn
can affect the input–output operations within layer 2 and layer
3 pyramids.

In a previous publication (LaBerge, 2005), this interaction
between apical dendrite activity and soma input–output
processing was described as a modulatory action in which
amplitude of the apical dendrite changes the threshold of firing at
the soma. Higher amplitude oscillations at the soma allow weaker
input signals to evoke spikes in the axon, while low amplitude
oscillations require strong input signals to evoke spikes. In effect,
higher amplitude oscillations in layer 2/3 pyramids increases the
signal-to-noise ratio of an input at basal dendrites. As a result,
the latency of the input–output response is lowered and a given
signal input can be effective when neural noise is increased.

Sufficiently high amplitudes of oscillations in layer 2/3
pyramids often represent a high level of preparatory attention,
as for example arises from a high expectation that one particular
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event will be followed by another event (e.g., LaBerge et al.,
2000). A high level of preparatory attention sometimes produces
premature responses (“jump the gun” responses), which are
based on axon outputs that occur without the associated input.
A familiar example is the driver who starts to move a car at an
intersection just before the green light appears.

Attention-based upward adjustments of amplitudes of
oscillations in layer 2/3 pyramidal neurons apparently are not
needed for an input in the basal dendrites to evoke a response in
the axon when a task is learned to a high level. We customarily
label the performance of these tasks as “automatic,” requiring
little or no attention. Examples are writing one’s name, tying
shoelaces, and adding single-digit numbers. Adding numbers
of 2 or more digits usually requires attentional assistance, and,
according to the present model, this involves amplifying the
oscillations in the layer 2/3 pyramidal neurons so that their somas
are more sensitive to weaker inputs at their basal dendrites. The
amplification is assumed here to be produced by axons arising
from layer 5 loops and terminating on apical dendrites of layer
2/3 pyramidal neurons (see Figure 14).

Thus, the transfer of neural activity from layer 5 amplifying
loops to the horizontal network circuits results in adjustments
of response thresholds at the somas of layer 2/3 pyramids, while
the transfer of neural activity from layer 6 tuning loops to apical
dendrites of layers 2/3, 5, and 6 pyramids involves only tuning
adjustments of spike frequency at synapses of spines located along
the apical dendrites of these pyramids.

The transfer of neural activity from loops of oscillating layer 5
pyramids to action potentials in circuit networks (via oscillations
in layers 2/3 pyramids), may be made more explicit in Figure 14
with the addition of spike trains to the diagram in Figure 13.

The patterns of spikes within a burst are apparently highly
stereotyped and very robust to noise (Kepecs and Lisman, 2003).
Compared to the timing of isolated spikes in regular-spiking
neurons, the timing between bursts is much more reliable (Silva
et al., 1991). This difference may be expected because, according
to the present theory, the fine-tuning of layer 5 apical dendrites
during looping activity is based on axons of layer 6 neurons,
which have already received fine-tuning by their own looping
activity. Therefore, the layer 5 pyramidal neuron is expected to
be particularly successful in maintaining a relatively constant
interval between bursts.

In addition to increasing the reliability of signals, the spike
pattern of a multi-spike burst carries a large amount of
information. Bursts in thalamic axons occur during waking
states (Marlinski and Beloozerova, 2014) and they could transmit
information about external stimuli (Sherman, 1996; Lesica
and Stanley, 2004) which apparently is based on the n-spike
burst code (Elijah et al., 2015). This n-spike coding may be
a general property of thalamic neurons and it is possible
that interspike frequencies could resonate with subthreshold
membrane oscillations of a postsynaptic neuron (Izhikevich et al.,
2003), which would enable the kind of selective communication
between neurons described in the present paper. However,
the present model treats issues of the tuning and tuning-
refinement by describing the underlying neural mechanisms in
apical dendrites. For example, these apical dendrite mechanisms

respond to layer 6 axon inputs to set the resonant frequency value
of their oscillations, and they also refine that value to less than
1 Hz by repeatedly passing EPSPs along the apical dendrite via
the thalamocortical loop.

We have described how bursting in axon inputs to the distal
segment of apical dendrites of layer 2/3 pyramidal neurons could
increase the tonic level of voltage at the soma so that only a
small increase in current from a basal dendrite is required to
produce a discharge into the axon This amplification effect at the
soma resulting from facilitating basal dendritic input has been
recently described as the Apical Amplification (AA) hypothesis
by Phillips (2017). The dendritic tuft apparently represents a
separate segment of the apical dendrite that functions as a
subthreshold integrator of tuft inputs which has an augmenting
effect on synaptic inputs located on basal dendrites.

The idea that synaptic inputs at the apical dendrite tuft can
produce a modulating effect on synaptic inputs throughout the
layer 5 pyramidal neuron was put forth by Schwindt and Crill
(1995). They examined the effect of specific channel blocking
agents on the current arriving at the soma during iontophoresis
of glutamate at a distal site on the apical dendrite and found
evidence for amplification of input current at dendritic synapses.

Schiller et al. (1997) reported that local calcium action
potentials, which were subthreshold, can amplify the tufts of the
distal apical dendrite. They concluded that layer 5 neocortical
pyramidal neurons have a functionally separate dendritic zone
enriched with active conductances for integrating and amplifying
distal synaptic inputs. Because this tufted segment of the layer 5
pyramidal neuron contains active conductances for integrating
and amplifying synaptic inputs it therefore serves a function
separate from the rest of the apical dendrite. That function
appears to be modulating the effectiveness of other synapses
in the pyramidal on the subthreshold activity in the dendritic
membranes of the dendrite. In the present theory, it is assumed
that this layer 1 amplification function operates not only in
the long layer 5 pyramidal neurons but also in the neighboring
shorter layer 2/3 apical dendrites whose tufts interweave closely
with those of the layer 5 tufts. Zhu (2000) also found that active
calcium synapses contributed to the amplification effect in layer
5 pyramidal neurons.

The close interweaving of the tufts of layer 5 apical dendrites
with tufts of many layer 2/3 apical dendrites surrounding each
layer 5 tuft, plus the relatively wide horizontal spread of each
layer 5 apical dendrite tuft implies that together the tufts extend
over many minicolumns and even columns. This clustering of
tufts may resemble a canopy, under which many more layer 6
pyramidal neurons have room to stand, given that their apical
dendrites are shorter than those of their neighboring layer 5
pyramidal neurons.

Up to this point in the present study, the only excitatory
inputs to the layer 1 segment of the apical dendrite are axons
arising directly from the thalamus within the corticothalamic
loop circuit. The foregoing descriptions of a possible function of
the apical dendrite adds another source or sources for excitatory
inputs to layer 1 of the apical dendrite.

The tufted top layer of layer 5 pyramidal neuron receives
axon fibers from many cortical sources, most of them (90%)
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as connections from distant locations and less of them (10%)
as connections from locations nearby (Hubel, 1982). An early
study by Cauller et al. (1998) confirmed that layer 1 of the
somatosensory area (S1) received fibers from a variety of areas
located at a distance from area S1, including the primary motor
area, the lateral parietal areas, and the agranular insular cortex.
In a survey of relevant studies of this topic, Larkum (2013)
claimed that the pyramidal neuron acts to couple feed-forward
and feedback information at the cellular level of the cortex. This
additional function of the apical dendrite is compatible with the
present model if the set of inputs to tufts of a particular pyramidal
apical dendrite share the same carrier frequency provided by
axons of layer 6 pyramidal neurons.

To summarize the main points of this section, the thalamic
inputs to the top of the long apical dendrites of layer 5 pyramids
can consist of trains of bursts, unlike the inputs to the top of
long layer 6 apical dendrites, which almost always consists of
the regular firing of single spikes. Each burst is regarded as
a surge of current, but its voltage is higher than the voltage
of the current produced by a single spike input to the apical
dendrite. As these high-voltage surges repeatedly pass down the
apical dendrite via the corticothalamic loop, the apical dendrite
oscillates at a high voltage. While being fine-tuned by passing
repeatedly down the apical dendrite, these oscillating pulses are
transmitted to the adjacent pyramids of layer 2/3. There, they
produce an elevated tonic level of voltage at the somas, which
effectively lowers the amount of voltage at basal dendrite synapses
needed to evoke a spike response at the soma. This lowering of the
response threshold allows inputs at basal dendrites to evoke spike
responses in the layer 2/3 neurons when they previously could
not. In this way, burst-firing of layer 5 pyramidal neurons can
selectively enhance the processing of particular circuits within the
horizontal network.

The circuit effects of burst firing in layer 5 pyramids can
be illustrated by the cognitive example of the “hidden image”
of a Dolmatian dog in a degraded scene of light and shadows.
Typically, an observer reports an array of black forms within
a white background, but soon the figure of the dog suddenly
appears in the foreground. The present theory claims that the
first perception is produced by outputs from layer 6 loops, which
produce trains of single spikes to neighboring apical dendrites
of layer 2/3 pyramids. The enhanced spikes of the layer 2/3
neurons are then transmitted to their axons within the horizontal
network of cortical processing. The second perception (the shape
of the dog) is produced by inducing a group of layer 5 neurons,
representing a part of the whole scene, to fire bursts of spikes.
Without accounting for the detailed way that this selection is
made, one can infer that the selection of the dog’s shape and the
location of the dog’s shape occurs at virtually the same time, and
one can infer that the supporting circuits for these two events
dominate other circuits that might be concurrently active.

CONTROL OF FREQUENCY TUNING

The selection of particular circuits to dominate momentary the
ongoing neural cognitive activity is necessary for the selection

of an effective adaptive response to a situation. One reason
for circuit selection is that the nervous system can produce
many alternative responses and many of these responses have
topologies that conflict with each other.

The present model describes two major types of visual circuits
that are typically selected during the waking state. One is broad
in scope and the other is narrow in scope. The first type of
selected circuit addresses the broad visual scene when its neurons
are activated by core thalamic neurons that evoke oscillations in
apical dendrites of layer 6 pyramids; the second type addresses a
part of the ongoing visual scene when its neurons are induced by
matrix thalamic neurons to fire in bursts, which evokes higher-
amplitude oscillations in apical dendrites of layer 5 pyramids.

The first selection (of the broad scene) involves selecting a
particular frequency at which the large (column-wide) set of layer
6 pyramids oscillate. The second selection (a part of the scene)
consists of a nesting set of layer 5 pyramids, that will oscillate at
the same frequency, because they are regulated by the same large
set of layer 6 pyramids. In this way, the processing of the “whole”
aspect of a topic is shifted to processing of a “part” of that topic,
whether that topic is a sensory perception, an action plan, or a
conceptual issue.

An example of processing a part of a conceptual topic is given
by the diagrams in Figures 13, 14. At the bottom of the two
diagrams is shown two inputs to the thalamus from two different
sources. One input arises from axons located within columns of
earlier cortical areas, the other arises from axons located within
columns of the frontal cortex areas of executive control. It is the
input from the frontal control areas that mediates higher-order
selection of the frequency with which apical dendrites of layer 5/6
pyramids will oscillate within their corticothalamic loops shown
in Figures 13, 14. These frontal cortical areas also control the
burst-firing modes (number of spikes in each burst) of layer 5
pyramids.

Support for this pattern of linking two cortical sites, one
serving as the “controller” and the other as the “controlled,” is
provided in a study by Zikopoulos and Barbas (2007). The two
cortical sites used in this study were the prefrontal cortex and
the premotor cortex, which contain areas known for attentional
control and planning of cognitive and motor actions, respectively.
Combining the diagrams of layers 5 and 6 pyramid linkages to
the thalamus (Figures 9, 13) produces a diagram in which each
of these two pathways connects the thalamus to the prefrontal
cortex and each connects the thalamus to the premotor cortex
(see Figure 15).

In the Zikopoulos and Barbas (2007) study, bidirectional
chemical tracers were injected into prefrontal and premotor
areas, and also into their common thalamic projection area,
the ventral anterior nucleus. Separation of layer 5 and
layer 6 projection neurons was possible owing to their
neurochemical markers calbindin and parvalbumin (Jones,
2002), respectively. The results showed that in the ventral
anterior thalamic nucleus the terminals of layer 5 and layer
6 axons emerging from the prefrontal and premotor areas
intermingled or had overlapping sites. It may therefore be
concluded that the prefrontal control areas are connected to
premotor areas of action planning through the ventral anterior
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FIGURE 15 | A summarizing diagram of the loop and networks systems and some of their interactions. The network system depicted is only one of the
many linkages that extend across cortical minicolumns and columns. Within this figure is a diagram showing connections between the prefrontal area of voluntary
control and the premotor area containing circuits for action plans. Within the thalamus are shown the axon connections of each layer 5 pyramidal neuron to 2
thalamic neurons. Axon connections of layer 6 pyramidal neurons show a similar pattern but are omitted here for the purpose of clarity.

thalamic nucleus, as shown within the thalamus diagram of
Figure 15.

In the context of the present model these results suggest that
prefrontal areas can control which action plan is momentarily
selected by projecting specific spike frequencies to premotor areas
along layer 6 axons. Following the selection of an action plan,
specific components of the plan can be selected to receive special
processing by projecting bursts of spikes along layer 5 axons to
the circuits in the part of the pre-selected premotor area that serve
a component of the action plan. Womelsdorf and Everling (2015)
describe specific ways that components of a plan can be selected
(e.g., in the prefrontal cortex) with low frequency oscillations
which are then projected onto high-frequency circuits in distant
areas (e.g., in the parietal cortex), for appropriate processing.

Evidence for the influence of thalamic axons on transmission
of sensory information to the cortex is usually based on
anatomical connections between relevant regions (e.g., see
Saalmann and Kastner, 2011). However, detailed descriptions of
the in vivo neural effects of these connections have been given
only recently. Two articles, Mease et al. (2015) and Castejon et al.
(2016), report thalamic axons that amplify and prolong sensory
inputs to areas S1 and S2 of rodents. The controlling thalamic
axon that they studied originates from the posteromedial
thalamic nucleus (POm) of the rodent, which is believed to
correspond to the anterior pulvinar nucleus of the monkey.
The primary sensory pathway arises from whisker barrel cortex.
Mease et al. (2015) used optogenetic techniques to control the
POm pathway and Castejon et al. (2016) used electrophysiolocial
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and pharmacological techniques. In particular, Mease et al. (2015)
found that single pyramidal neurons in layer 5 integrate the
outputs of the POm and the sensory pathways. The foregoing
results appear to be consistent with the present theoretical
hypothesis that the burst-firing of layer 5 pyramidal neurons
enhances both oscillations and pulse signals (see Figure 14).

Layer 5 burst-firing and burst-synchronization may provide
ways to coordinate attention across brain areas. A study by
Womelsdorf et al. (2014) recorded cellular activity in anterior
cingulate cortex and lateral prefrontal cortex (ACC/PFC) of
macaque monkeys during a selective attention task. When the
subjects began to attend to the task, neurons in the ACC/PFC
increased their firing of brief 200 Hz spike bursts. Burst spikes
showed synchrony over long cortical distances; indicating, in
particular, that circuits in area 24 (in ACC) and 46 (in PFC),
important to attentional control, were synchronized. These
results support the hypothesis that burst-firing can produce the
selection operation of attention by amplifying neuronal activity.

DISCUSSION AND SUMMARY

Neurons of the cerebral cortex appear to be temporally regulated
in two important ways. The first way sets the frequency with
which the membrane of the neuron oscillates. Circuits of these
neurons can then communicate with each other on that “carrier”
frequency, while incoming signals on other frequencies are
blocked. The second way of tuning refines the frequency setting
so that the momentary variability of frequency is near zero,
thereby assuring that the duration of each oscillation cycle (clock
cycle unit) is very close to constant. This fine-tuning produces a
stable time unit that supports the use of temporal coding in spike
trains sent between neurons. The temporal regulation of signaling
in circuits of neuron resembles the effect of a clock that regulates
the timing of operations within a computer.

The first tuning hypothesis concerns the initiation or setting
of the oscillation frequency. In a recent publication (LaBerge
and Kasevich, 2013) it was proposed that the regulation of the
frequency of oscillation is produced by the long axon of a layer 6
pyramidal neuron through its synapses on the spines of the apical
dendrite. The spike frequency of the layer 6 pyramidal axon at
apical dendrite spines determines the average level of voltage on
the inside of the membrane. This local voltage in turn regulates
membrane gates that release potassium ions from the interior of
the apical dendrite.

Support for this tuning (or resonance) hypothesis was
provided by results of the simulation study of the model
(Kasevich and LaBerge, 2011). The results showed that
for oscillation frequencies of 20, 40, 60, and 80 Hz, the
rate of outward potassium flow at the membrane increased
monotonically with frequency.

This finding supports the first tuning hypothesis, which
states that the setting of peak resonance frequency level in the
apical dendrite can be produced by the spike rate of the layer
6 pyramidal axon which contacts the spines along the apical
dendrite.

Peak resonance, indicated by a maximum in the impedance
amplitude curve, is derived in the present model without
using the inductive component featured in traditional electronic
circuitry. However, in an earlier model of apical dendrite activity
(Narayanan and Johnston, 2008) an induction-like component
is provided by the operations of the membrane h channel.
They supported their model by measuring impedances from
the apical dendrite of a hippocampal neuron. However, owing
to the timings of the h channel operations, their predicted
peak resonances are restricted to the range of frequencies less
than 20 Hz (which is appropriate for the range of typical
measurements of hippocampal frequencies). For the present
apical dendrite model, the range of predicable peak resonance
ranges from 0 to 100 Hz and higher, which is appropriate for
measurements of neocortical frequencies.

The second tuning hypothesis, which concerns the stability of
the oscillation frequency (or the equivalent cycle duration), was
also confirmed by the simulation findings. With each consecutive
passage of the current surges around the corticothalamic loop, the
distribution or profile of oscillation frequencies becomes more
narrow. With a few additional loops the width of the profile
became less than 1 Hz for each of the 20, 40, 60, 80 Hz oscillation
conditions.

These simulation results are based on an idealized model
in which there is no consideration of the effects of noise in
the corticothalamic loop. The two main synapses in the loop
presumably insert noise into the current surges, which perturbs
the process of narrowing the resonance profile. Noise will have
the effect of damping the oscillations, which flattens the profile.
However, we reason that longer apical dendrites perform more
narrowing operations on the moving surges within the dendrite
without adding the noise from more synapses. Hence, longer
apical dendrites should result in less noise and more profile
narrowing with each cycle through the corticothalamic loop. But
when synaptic noise is sufficiently high relative to the profile
narrowing in each loop cycle, then no progress toward narrowing
can take place, and consequently the clock time unit may remain
unstable.

The present treatment of the functions of long apical
dendrites of pyramidal neurons lead us to propose a separate
neural system that complements the conventional information-
processing view of cortical activity. We label the proposed
system the loops system, in view of the geometrical form of
its anatomical circuits. We label the traditional information-
processing system the networks system, in consideration of
its general mesh-like appearance with the many complex
interconnecting links.

The diagram in Figure 15 provides a graphic illustration of the
loops and networks systems and their interactions. The electric
oscillation activity on apical dendrites in the loops system is
represented as a carrot-shaped smearing of current surges along
the apical dendrite. The narrowing of the oscillation outline
represents the effect of outward flow of ions as the current
surges progress toward the soma. The electric spiking activity on
axons in the networks system is represented in earlier figures in
the conventional way, a series of hatch marks along a line that
connects one neuron to another neuron.
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The apical dendrites in the loops system bring with them an
electric activity that differs sharply from the network system’s
flow of electric current and voltage spikes traveling along fibers
of varying length. The characteristic electrical activity of apical
dendrites consists of oscillations of current surges at relatively
low voltage levels that are subthreshold for the generation of
spikes. These electric vibrations do not appear to be traveling
anywhere, like spikes travel from one location to another within
a network. Instead they stay in one place within a circuit and
repeat their electric oscillations along their apical dendrite. The
extended repetitions of electric vibrations in one place is made
possible by the apical dendrite being a part of a loop circuit. In
view of these considerations, a metaphor for the apical dendrite-
in-a-loop would be a container, while the metaphor for the axon
in a network would be a conduit.

Interactions between Loops and
Networks Systems
Spikes travel along fibers of network systems, while oscillations
stay within their loops, but it is the interactions between loops
and networks that underlies the theorizing of the present paper.

The first kind of interaction is produced by the layer 6
pyramidal axons, which tune the frequency of the stellate neurons
to “carry” the spike information. As a result, the axons of the
stellate neurons can relay spike-coded information from the
thalamus to the layer 2/3 neurons in the horizontal network that
passes through the upper part of the minicolumn (see Figures 9,
13). The layer 6 pyramidal axons also tune the apical dendrites
of layer 2/3 neurons to synchronize their oscillations with other
fibers of the minicolumn (see Figure 9).

The second kind of interaction is produced by thalamic axons
in the layer 5 loop, which increase the amplitude of pulse
signaling in these networks by contacting the layer 2/3 pyramidal
neurons at the top of their apical dendrites (see Figures 13, 14).
When the thalamic neurons of the layer 5 loop deliver bursts of
spikes to the apical dendrite of layer 2/3 neurons the ongoing
voltage at their somas is increased and incoming spikes at their
basal dendrites produce bursts in their output axons. As a result,
the pulse signals in the network circuits are amplified and serve
as the dominant input to other neurons in the network.

The influence of the oscillations in the layers 5 and 6
pyramidal neurons on network circuits makes possible successful
computation in neurons that receive spike inputs from other
neurons within a circuit. The processing of a computation is
presumed to be a momentary event, which requires that the
arrival times of the component inputs be temporally coordinated
in time. The present study supports the hypothesis that the
oscillations of apical dendrites can provide the frequency tuning
and frequency fine-tuning that are necessary for this neural
computation to take place.

Columns, Minicolumns, and
Somato-dendritic Minicolumns
The present treatment of tuning by the apical dendrite is carried
out within the framework of a cortical minicolumn. This version

of the minicolumn is based on a small volume of visual cortex that
contains neurons serving visual orientation (Peters and Sethares,
1991). The minicolumn is shown diagrammatically on the left
side of many figures of the present paper to serve as a guide to the
location of neuronal somas and apical dendrites that lie in arrays
orthogonal to the 6 horizontal layers of the neocortex. Pyramidal
neurons form the majority of cells in these arrays, and they are
observed throughout the cortex in humans and all other species
of mammals, along with their bundles of apical dendrites.

It was proposed by Mountcastle (1957) that a vertically
organized column of neurons serves as the fundamental
processing unit of the cerebral cortex. This concept has endured
to the present time, even though no exact definition of a “column”
(or minicolumn) was broadly accepted across the neuroscience
community (Jones, 2000; Horton and Adams, 2005; Rakic, 2008;
Rockland, 2010). In spite of its vagueness the concept of a vertical
unit that repeated itself across the cortex apparently was kept alive
by its descriptive usefulness to neuroscience investigators.

More recently an even smaller vertical unit was proposed
by Innocenti and Vercelli (2010). In an earlier study (Vercelli
et al., 2004), bundles of apical dendrites were found that are
made up of neurons with specific targets. The authors describe
bundles of these specific neurons as the “cortical output unit,”
i.e., “an assembly of bundles of apical dendrites and their parent
cell bodies including each of the outputs to distant cortical or
subcortical structures, of a given cortical locus (area or part of
an area)” (Innocenti and Vercelli, 2010).

Illustrative diagrams that may approximate a neuron in the
“somato-dendritic minicolumn” are shown in Figure 15 of the
present paper. The column diagrams in this figure contain a
pair of pyramidal neurons, each showing its triangular cell body,
apical dendrite (with varying levels of activity), and an output
axon (with a short length as an abbreviation of its actual length).
One of the pyramidal neurons has its soma in layer 6, whose
axon targets are the thalamus (core cells), stellate cells of layer
4, and the spines of apical dendrites (see Figure 9). The other
pyramidal neuron has its soma in layer 5 with its axon targets
being the thalamus (matrix cells) and the basal dendrites of
layer 2/3 pyramidal neurons (see Figure 13). The connection
of the layer 5 pyramidal neuron to the apical dendrites of layer
2/3 pyramidal neurons is indirect, through the thalamus in the
thalamocortical loop, and axon targets are the thalamus (matrix
cells) and the basal dendrites of layer 2/3.
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