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Not even the most informed scientist can setup a theory that takes all brain signals into
account. A neuron not only receives neuronal short range and long range input from all
over the brain but a neuron also receives input from the extracellular space, astrocytes
and vasculature. Given this complexity, how does one describe and verify a typical brain
mechanism in vivo? Common to most described mechanisms is that one focuses on
how one specific input signal gives rise to the activity in a population of neurons. This can
be an input from a brain area, a population of neurons or a specific cell type. All remaining
inputs originating from all over the brain are lumped together into one background
input. The division into two inputs is attractive since it can be used to quantify the
relative importance of either input. Here we have chosen to extract the specific and the
background input by means of recording and inhibiting the specific input. We summarize
what it takes to estimate the two inputs on a single trial level. The inhibition should not
only be strong but also fast and the specific input measurement has to be tailor-made to
the inhibition. In essence, we suggest ways to control electrophysiological experiments
in vivo. By applying those controls it may become possible to describe and verify many
brain mechanisms, and it may also allow the study of the integration of spontaneous
and ongoing activity, which in turn governs cognition and behavior.

Keywords: brain hypothesis, genesis of neuronal activity, neural input, ongoing activity, spontaneous activity,
brain mechanisms

INTRODUCTION

A neural cell in the brain is submerged into a heterogeneous input field. Neural cells are squeezed
between other cells which are pushing, electrifying, feeding, starving, sedating and tickling
them. This hetereogenous input works at different timescales and is governed by a range of
cells such as astrocytes, neurons and the chemical surrounding of a neuron. The response of
any of those cells will be distributed across the whole brain to maintain the complex input
field. The result is an extraordinary ongoing dynamics which has the potential to be far from
linear. So how do we study the brain? If we put in an electrode we can record the output
but we cannot isolate which input was responsible for the output. Although perturbations
allow us to “play in” and therefore to isolate the effect of a certain signal, the ever remaining
question will be if the perturbation was biologically plausible and/or if it disrupted the balance of
the circuit (Buzsaki and Schomburg, 2015). Therefore we need ways to separate input signals in
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terms of the natural ongoing activity in the brain. We stress
that for verifying the importance of a specific input signal to a
neuronal population it is not enough to show that it can explain
the resulting population activity. It is equally important to show
that this activity cannot be explained by the activity caused by the
remaining input signals. This remaining input will from now on
be referred to the background input. Thus, we suggest to separate
the natural ongoing input to each neuron into a background
input and a specific input (Figure 1A). Those two inputs will
generate the total activity in the target neuron or population. In
the next section we summarize the experimental constraints for
dividing the total input into those two signals.

DIVIDING THE TOTAL INPUT TO A
NEURON INTO A BACKGROUND AND A
SPECIFIC INPUT

Using the drug curare, the specific input from the electric
organ discharge (EOD) can be eliminated from the activity
of the electro receptors in the electric fish (Russell and Bell,
1978; Bell, 1981). The remaining input (i.e., background input)
is the efference copy signal. This signal separation gave a
rough understanding of the different input signals and an
orientation towards the next necessary experiment. Several
years later the efference copy signal was directly recorded
in the granule cells which in turn led to the development
of a rigorous, data-driven model of sensorimotor integration
(Kennedy et al., 2014). This example shows how the separation
of ongoing brain signals allows for the deciphering of internally
driven activity; the activity is dictated by the fish itself
and cannot be controlled by clever sensory stimulation by
the researcher. To base future experiment on the internally
driven activity may be even more fruitful for the mammalian
brain since it can think and plan to a larger extent, even
without receiving sensory input and without causing motor
output.

Curare is a potent drug that silenced the EOD activity
completely. A newer way to inhibit activity is to use opsins.
Although opsins have many advantages over pharmacological
approaches they are dependent on the virus expression,
and they may not result in a complete inhibition. If the
inhibition is incomplete it will most likely move spikes
in time such that an eventual spike timing code will be
disturbed. Furthermore, if the inhibition is incomplete it
means that the background signal may not be estimated
correctly. The background signal is especially important if
one wants to differentiate between a linear and non-linear
operation between specific and background input since the
effect of the specific input on the target activity is independent
on the background input in the linear case, whereas it is
dependent on it for the non-linear case. Therefore it is
advantageous to also record the specific input during the
inhibition in order to quantify how efficient inhibition is
(Figure 1B).

Inhibition speed is another important parameter when
estimating the background input (Figure 1C). When we inhibit

the specific signal we will remove its contribution to the
target activity. The remaining activity is an estimation of the
background input. Ideally the inhibition of the specific input
should be so fast that the background input cannot react
to the inhibition. In other words the estimated background
input reflects the natural ongoing background input until it
becomes influenced by the inhibition. Although brain processes
have a multitude of overlapping time constants there seems to
be a possibility to record natural ongoing background input
for around 5 ms after inhibition onset (Eriksson, 2016a).
During this time astrocytes, inter-areal connections, vasculature
and extracellular ionic signals contribute with their natural
ongoing activity (Figure 1A). Afterwards some of those signals
becomes influenced by the inhibition and they no longer
represent the natural ongoing input. Inputs that react faster are
covered by fast chemical synapses, gap junctions and ephaptic
effects and those must be recorded locally with for example
dense extracellular recordings and calcium imaging methods.
In general, because of the growing distortion of the ongoing
activity after the inhibition the background input estimation
ought to be based on the target activity immediately after
inhibition onset (Figure 1D). The optimal duration of this
estimation (i.e., optimal inhibition duration) can be calculated
with a general formula that also takes additional recordings
of recurrent and indirect pathways into account (Eriksson,
2016a).

Just before the specific input is inhibited we should record it.
The specific input can be estimated in multiple ways (Eriksson,
2016b). The coarsest way is to approximate the specific input by
unselective recordings in the source population in which only a
subset of the neurons are projecting to the target population. A
middle way is to record from only those neurons that project
to the target neurons. The most selective way is to record the
activity directly at the synapses that constitute the specific input.
Which of those three ways is preferable depends on how the
inhibition is done. For example, an unselective inhibition should
be matched by an unselective recording of the specific signal.
The goal should be to inhibit, and record from, the same specific
input (Figure 1E). This allows the specific input to “fill in”
what has been inhibited during the background input estimation.
As a result all input signals to the target population have been
covered.

DESCRIBING AND VERIFYING EXISTING
BRAIN SCHEMES

Here we will discuss how common brain mechanisms can
be described, and potentially verified, without sensory and
behavioral reference, using ongoing activity only. To this end
we will use three signal types: the background input, the specific
input and the target activity. We will cover various aspects of
brain function such as linear and non-linear input integration,
dynamic gating, recurrent networks, inhibitory circuits and
plasticity.

An example of a linear mechanism is when a neuron
responds according to the sum of its inputs (Figure 2A). In
an elegant study, such a linearity could be determined at the
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FIGURE 1 | A complete input mapping to a target population. (A) The total input to the target neuron (T) is divided into a background input (green) and a
specific input (blue). The specific input represents the signal from a neuronal cell-type, population or area of specific interest. The background input represents the
remaining signals from astrocytes, long range and short range unspecific chemical synapses, vasculature and extracellular ions. (B) In order to be able to estimate
the background input accurately the inhibition of the specific input should be close to complete. In two recent studies optogenetic inhibition has been reported to be
around 90% (Reinhold et al., 2015; Li et al., 2016). (C) In order to be able to estimate the background input accurately the inhibition of the specific input should be
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FIGURE 1 | Continued

fast. (D) To estimate the background input the specific input is inhibited. In this
example the target membrane potential (black) is roughly the sum of the
specific input (blue) and background input (green). The removal of the specific
input will cause the target membrane potential to change towards the
background input. After a few milliseconds this change will spread to neurons
surrounding the target neuron. This modulation of the activity of the
neighboring neurons will in turn feedback to the target neuron. This causes a
growing distortion of the natural ongoing input. This cascade will continue to
inter-areal neurons and astrocytes to name a few. Therefore the background
measurement may be based on the initial change (7). Given that we roughly
know the time constant of the neuron we can use the slope of the initial
change to extrapolate how the membrane potential would have changed
(dashed black line), had not it been influenced by the above mentioned
cascade (2). The resulting asymptotic value (right green filled circle) is an
estimation of the background input (3). Since the estimation is based on the
slope shortly after the inhibition onset it is an estimation of the background
input at that time point (left green filled circle). (E) The background (green) and
specific (blue) input should be as complementary as possible. In other words
the specific input should represent those signals, and only those signals, that
are not represented in the background input. For example, if the specific input
has been estimated by recording the activity of neurons that project to the
target area, then only those projecting neurons should be inhibited (middle); it
would be suboptimal to inhibit all neurons irrespective of if they project or not,
since this make the inhibition more unselective than the recording of the
specific input (left), or it would be suboptimal to inhibit only the axons of the
projecting neurons in the target area since this makes the inhibition more
selective than the recording of the specific input (right).

onset of a sensory response since the underlying ongoing activity
during the sensory response onset could be predicted from
the ongoing activity before the sensory response onset (Arieli
et al., 1996). Through the use of short lasting inhibitions of the
specific thalamo-cortical input it may be possible to extract the
ongoing background input at any time point during a sensory
stimulation, and not only during its onset. Moreover if we
record the specific thalamo-cortical input shortly before it was
inhibited we can understand how ongoing fluctuations of the
thalamic activity is interacting with ongoing fluctuations of the
ongoing cortical activity on a single trial basis. Such a trial
resolved separation may also be important in order to understand
responses to unexpected stimuli in the framework of error
and predictive coding (Rao and Ballard, 1999; Friston, 2010).
Another linear model describes how the coherence between two
oscillating populations depends on the communication strength
(k) and delaY (At)§ T= Bamplitude Sin(f*t+Bphase) + Samplitude k
sin(fit+Sphase+At), where f is the frequency of the oscillation, ¢ is
time, T is the target activity, B is the background input, and § is
the specific input (Eriksson et al., 2011). This model shows that if
both the background and specific input are taken into account
it is possible to generate phase dependent power correlations
that are indistinguishable from that of the experimental results,
even when there is a connection delay (Womelsdorf et al,
2007).

A classical example of a non-linearity is that of the pyramidal
cell (Larkum et al., 1999, 2004; Figure 2B). Such a mechanism
may contribute to a multiplicative interaction between sensory
and spontaneous activity (Haider and McCormick, 2009; Reig
etal., 2015). In fact for Bayesian coding it is assumed that sensory
activity is modulated by expectations (Lee and Mumford, 2003;

Saleem et al.,, 2013). Such a modulation may also be used to
direct the flow of information in the brain during attention
for instance. If the neurons that send the specific input are
synchronized they may transmit the message more effectively
to the target population (Jia et al., 2013; Zandvakili and Kohn,
2015). A control of those results is to show that the increased
transmission cannot be explained by another pathway; in other
words there is no modulation in the background input during
the same time. Nevertheless, the increased communication
may lead to a higher coherence between the source and the
target area. This increased coherence may in turn govern the
communication through coherence theory in order to sustain
the communication over time (Fries, 2005, 2015). Indeed, action
potentials are gated if they arrive on a certain phase of an
artificial oscillation in the target structure (Cardin et al., 2009;
Siegle et al., 2014; Ni et al., 2016). Although this background
input is crucial for describing the dynamic gating it has so
far been overlooked (Figure 2C). Much can be discovered
regarding neuronal communication if we record the specific and
the target signals (Buzsdki and Schomburg, 2015); however, if
we do not record the background input, we will be blind to
various false positives. This is because the “hidden” background
input can mask how the target activity responds to the specific
input.

Recurrent networks are thought to generate everything from
oscillations to complex ongoing activity. The simplest form
of a recurrent network can integrate the input across time
(Figure 2D). For example, the input can convey the evidence
for performing a certain action. Such a mechanism may be
central in decision making (Huk and Shadlen, 2005; Shadlen
and Shohamy, 2016). The longer the network integrate the
information the easier it may be to make a decision. Here, the
background input is the integrating signal. Attractor networks,
on the other hand, are partly driven by the input, but as soon
the input gets close to a stored memory the background input
takes over and drives the activity to that memory (Hopfield,
1982; Fransén and Lansner, 1998; Kaplan and Lansner, 2014;
Wimmer et al., 2014; Figure 2E). Finally, there are attractors
that are dynamic in the sense that they generate activity
that does not settle to a constant activity (Figure 2F). Such
networks can store and recall sequences for motor behavior
and memory sequences (Churchland et al, 2010; Sussillo
et al, 2015). They can also implement functions such as an
oscillator with an excitatory and inhibitory neuron (Whittington
et al., 2000). Here the background input can be the excitatory
inputs that initiate the cycle and the specific input can be
the input that ends the cycle such that the cycle can start
anew.

With the introduction of optogenetics it has been possible
to identify and perturb specific cell types such as parvalbumin
and somatostatin expressing inhibitory neurons (Lima et al,
2009). Although much have been learned from their qualitative
behavior and qualitative influence on target cells (Atallah et al.,
2012, 2014; Lee et al., 2012, 2014; Wilson et al., 2012; El-Boustani
et al., 2014), it remains to be shown how they influence the
target cells during ongoing activity. During animal behavior
they will not only perform additive or subtractive normalization
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FIGURE 2 | A description of brain mechanisms using a specific (S), a background (B) and a total signal (T). (A) Left: in this hypothetical example the target
activity (black line) is the sum of the true background input (green line) and the specific input (blue line). Both the background input and specific input show
simultaneous step function-like increases and decreases. This synchronicity illustrates a worst case scenario since it becomes non-trivial to separate the two input
signals. Right: estimation of the background input. The specific input is inhibited (orange points) with a light pulse (orange rectangles) in order to estimate the
background input (green points). The inhibition causes a trough in both the target activity and specific input. Note that the trough in the specific input is proportional
(Continued)
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FIGURE 2 | Continued

(equal in this hypothetical example) to the trough in the target activity indicating
a linear summation of background and specific input. (B) The target activity is
the result of a multiplication between the background and the specific input.
Note that in contrast to the linear case described in panel (A), the trough in the
specific input is not proportional to the trough in the target activity indicating a
non-linear summation of background and specific input. (C) The target activity
is the result of a dynamic gain mechanism which amplifies the specific input if
the background input increases. Note that the background envelope might be
a piece of an oscillation and that this oscillation may be so quick that only one
light pulse can be delivered per phase. In this case the effect of the inhibition
has to be related to the phase of the target activity since that can be recorded
continuously up to the point of the inhibition. (D) The target activity is the
specific input integrated over time. Recurrent connections
sustains/remembers the target activity such that a new specific input will be
added on top of the previous target activity. The background input describes
the contribution from the recurrent connections. The negative specific input is
shown for illustrative purposes and can be implemented using feedforward
inhibition or competition through inhibition. Note that each light pulse (orange)
should be seen as an individual trial; in the case of an integrating mechanism it
is advantageous if the light pulses are not coming in close succession since
the inhibition itself will change the integration. (E) Attractor network with two
attractors (dashed line O and dashed line 1). If the specific input becomes
similar to that of an attractor (dashed line O or dashed line 1) the background
activity increases and pulls the target activity towards the attractor. (F) The
target activity in a dynamic attractor changes over time. Once the target
neuron has received an input (x) the activity starts to oscillate. In the example
an excitatory (small open circle denotes the synapse) and inhibitory (small filled
circle denotes the synapse) neuron is reciprocally connected to implement an
oscillator. By estimating the background input we can see which part of the
oscillation is due to the inhibitory neuron, and we can see that there is no
other inhibitory source that gives rise to the oscillation. (G) The target activity is
the background input divided by the specific input. (H) The target activity is
the background input minus the specific input. (I) The target activity is the
result of the specific input times the synaptic strength («) plus the background
input. In this example the synapse is a depressing one which decreases the
efficacy when it is used. (J) Like in (I) but for associative plasticity in which the
efficacy of the synapse is increasing when both the pre- and post-synaptic
activity is high, and in which the efficacy is decreasing when one of the pre-
and postsynaptic neuron has low activity. (K) The target activity is the sum of
the background input and the specific input that runs across synapse (a(t))
that blocks the input during the third and the fourth pulse ().

(Figures 2G,H), and they will not only be involved in slow and
fast oscillations (Buzsaki and Wang, 2012). They will probably
do a combination if not more (Kepecs and Fishell, 2014). For
understanding their function it is important to know which
background activity their inhibition meets. After all, the role of an
inhibitory neuron must be to modify some existing background
activity such that the resulting activity governs brain function.
Synaptic efficacy and plasticity can be directly assessed using
the background and specific input. Since the specific input
quantifies the signal that has been sent from the pre-synaptic
neuron and the inhibition will tell how much of that signal
was continuing to the post-synaptic cell, we can quantify the
efficacy of the synapse changes using natural ongoing activity.
For pre-synaptic plasticity the influence of the input can
increase or decrease over time dependent on the pre-synaptic
activity (Markram and Tsodyks, 1996; Figure 2I). For associative
plasticity the efficiency of the synapse is increasing if both
the input and target activity is high, whereas the efficiency is
decreasing if the input or the target activity is low (Hebb, 1949;
Figure 2J). Here it may be interesting to know the background

input since it can pre-depolarize the target neuron before
the specific input arrives, and hence remove the magnesium
block necessary to induce long term memory (Cull-Candy and
Usowicz, 1987; Jahr and Stevens, 1987; Ascher and Nowak,
1988). Finally, for the so-called tripartite synapse a third cell
can control the strength of the synapse (Figure 2K). This
third cell can for example be a local astrocyte, cholinergic
or dopamine neuron (Kimura et al, 1999; Perea et al,
2009; Tritsch and Sabatini, 2012; Allen, 2014). The resulting
network reorganization would be crucial for anapoietic adaptive
mechanisms (Nikoli¢, 2015).

In all those examples we have dealt with one-dimensional
signals. For an experimental setting in which multiple neurons
are recorded each of those signals will be multidimensional.
The mapping from the multidimensional background and
specific input to the resulting multidimensional target activity
can be made with general purpose dimension reduction and
mapping techniques (Hinton and Salakhutdinov, 2006; Ciresan
et al.,, 2010). To be able to understand how a brain scheme
is implemented in a multidimensional manner is important
since activity differences across neurons code information
for everything from sensory events to motor commands
(Georgopoulos et al., 1982; Serre et al,, 2007; Elsayed et al.,
2016). To make things extra complicated, a neuron uses its
temporal activity profile to code information, and different
neurons have different temporal profiles (Richmond et al,
1987; Elsayed et al, 2016). Therefore when we excite a
population of neurons unselectively, the brain may inhibit the
response since the population activity may not mean anything
to the brain (Logothetis et al, 2010). Although it recently
became possible to artificially stimulate dozens of cells it
is not yet possible to stimulate a whole brain area with a
realistic activity pattern (Rickgauer et al., 2014; Packer et al,
2015; Chaigneau et al., 2016). Therefore, we are proposing
a non-excitation approach, in which the sole purpose of the
inhibitory perturbation is to measure a neuron specific ongoing
background input signal. The artificial stimulation methods on
the other hand will be instrumental for detecting connections
between cells in order to estimate the inter-cellular specific
input.

CONCLUSION

Here we have described one way to approach many brain
mechanisms ranging from dynamic attractor models to plasticity.
The list of schemes with one specific input signal can be made
very long because it is natural for a researcher to focus on
one specific signal while lumping all remaining signals into
a “background signal”. Nevertheless for multi-input theories
the approach is scalable since signals from additional neuronal
populations can be included in the specific input. To estimate the
background input for this case, all those additional populations
should be inhibited. In the future when we have a theory of how
all signals are integrated, and we can measure the signals from
all presynaptic cells, from all extracellular ionic signals, and from
all astrocytes there will be no background input and no need to
inhibit.
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The division of background input and specific input on a
single trial basis will allow the researcher to study brain derived
activity with the same ease as sensory derived activity. Noise
correlations could then be studied with the same level of control
as signal correlations can be done today. Up to now researchers
have largely relied on sensory and behavioral control of neuronal
inputs. For example a mouse can be trained to walk with a
certain speed meanwhile it is stimulated with a drifting grating
that induces the visual illusion of movement (Keller et al., 2012;
Saleem et al., 2013). Since the walking speed and drifting speed
can be controlled by the experimenter one can see how those
variables are integrated in the recorded neurons. In this case
the ongoing activity is averaged out such that one can focus
on sensory and motor related variables. This is not to say that
ongoing activity is unimportant. In contrast, the interaction
between sensory and ongoing activity is probably fundamental to
how we perceive our environment. Furthermore, in non-sensory
areas such as frontal and motor areas the ongoing activity may
be relatively stronger since it reflects the thinking and intention
of the animal. In such areas it would be crucial to define the
input in terms of ongoing activity since the stimulus derived
activity is weaker. As a result it may be possible to understand
how the spontaneous activity in different areas or populations

REFERENCES

Allen, N.J. (2014). Astrocyte regulation of synaptic behavior. Annu. Rev. Cell Dev.
Biol. 30, 439-463. doi: 10.1146/annurev-cellbio-100913-013053

Arieli, A., Sterkin, A., Grinvald, A., and Aertsen, A. (1996). Dynamics of ongoing
activity: explanation of the large variability in evoked cortical responses. Science
273, 1868-1871. doi: 10.1126/science.273.5283.1868

Ascher, P., and Nowak, L. (1988). The role of divalent cations in the N-methyl-
D-aspartate responses of mouse central neurones in culture. J. Physiol. 399,
247-266. doi: 10.1113/jphysiol.1988.sp017078

Atallah, B. V., Bruns, W., Carandini, M., and Scanziani, M. (2012). Parvalbumin-
expressing interneurons linearly transform cortical responses to visual stimuli.
Neuron 73, 159-170. doi: 10.1016/j.neuron.2011.12.013

Atallah, B. V., Scanziani, M., and Carandini, M. (2014). Atallah et al. reply. Nature
508:E3. doi: 10.1038/nature13129

Bell, C. C. (1981). An efference copy which is modified by reafferent input. Science
214, 450-453. doi: 10.1126/science.7291985

Buzséki, G., and Schomburg, E. W. (2015). What does gamma coherence tell
us about inter-regional neural communication? Nat. Neurosci. 18, 484-489.
doi: 10.1038/nn.3952

Buzsaki, G. and Wang, X.-J. (2012). Mechanisms of gamma oscillations. Annu.
Rev. Neurosci. 35, 203-225. doi: 10.1146/annurev-neuro-062111-150444

Cardin, J. A., Carlén, M., Meletis, K., Knoblich, U., Zhang, F., Deisseroth, K., et al.
(2009). Driving fast-spiking cells induces gamma rhythm and controls sensory
responses. Nature 459, 663-667. doi: 10.1038/nature08002

Chaigneau, E., Ronzitti, E,, Gajowa, M. A., Soler-Llavina, G. J., Zeng, H.,,
Emiliani, V., et al. (2016). Two-photon holographic stimulation of ReaChR.
Front. Cell. Neurosci. 10:234. doi: 10.3389/fncel.2016.00234

Churchland, M. M., Cunningham, J. P., Kaufman, M. T., Ryu, S. I, and
Shenoy, K. V. (2010). Cortical preparatory activity: representation of
movement or first cog in a dynamical machine? Neuron 68, 387-400.
doi: 10.1016/j.neuron.2010.09.015

Ciresan, D. C., Meier, U., Gambardella, L. M., and Schmidhuber, J. (2010). Deep,
big, simple neural nets for handwritten digit recognition. Neural Comput. 22,
3207-3220. doi: 10.1162/NECO_a_00052

Cull-Candy, S. G., and Usowicz, M. M. (1987). Multiple-conductance channels
activated by excitatory amino acids in cerebellar neurons. Nature 325, 525-528.
doi: 10.1038/325525a0

are integrated to facilitate new intentions, planning and behavior.
Nevertheless, the success of this approach relies on strong and
fast inhibition and the measurement of inter-cellular signals.

AUTHOR CONTRIBUTIONS

The author conceived and performed the study.

FUNDING

The article processing charge was funded by the German
Research Foundation (DFG) and the University of Freiburg in
the funding programme Open Access Publishing.

ACKNOWLEDGMENTS

The author would like to thank the reviewers for their
valuable comments; Artur Schneider, Mansour Alyahyay,
Gilad Silberberg, Stylianos Papaioannou and Raul Vicente for
fruitful discussions; Ilka Diester, Gilad Silberberg, Stylianos
Papaioannou, Danko Nikoli¢, Kai Gansel, Raul Vicente and
Sten Eriksson for comments on earlier versions of this
manuscript.

El-Boustani, S., Wilson, N. R., Runyan, C. A., and Sur, M. (2014). El-Boustani et al.
reply. Nature 508, E3-E4. doi: 10.1038/nature13130

Elsayed, G. F., Lara, A. H., Kaufman, M. T., Churchland, M. M., and
Cunningham, J. P. (2016). Reorganization between preparatory and
movement population responses in motor cortex. Nat. Commun. 7:13239.
doi: 10.1038/ncomms13239

Eriksson, D. (2016a). Estimating neural background input with controlled and fast
perturbations: a bandwidth comparison between inhibitory opsins and neural
circuits. Front. Neural Circuits 10:58. doi: 10.3389/fncir.2016.00058

Eriksson, D. (2016b). Estimating fast neural input using anatomical and
functional connectivity. Front. Neural Circuits 10:99. doi: 10.3389/fncir.2016.
00099

Eriksson, D., Vicente, R., and Schmidt, K. (2011). A linear model of phase-
dependent power correlations in neuronal oscillations. Front. Comput.
Neurosci. 5:34. doi: 10.3389/fncom.2011.00034

Fransén, E., and Lansner, A. (1998). A model of cortical associative memory
based on a horizontal network of connected columns. Network 9, 235-264.
doi: 10.1088/0954-898x/9/2/006

Fries, P. (2005). A mechanism for cognitive dynamics: neuronal communication
through neuronal coherence. Trends Cogn. Sci. 9, 474-480. doi: 10.1016/j.tics.
2005.08.011

Fries, P. (2015). Rhythms for cognition: communication through coherence.
Neuron 88, 220-235. doi: 10.1016/j.neuron.2015.09.034

Friston, K. (2010). The free-energy principle: a unified brain theory? Nat. Rev.
Neurosci. 11, 127-138. doi: 10.1038/nrn2787

Georgopoulos, A. P., Kalaska, J. F., Caminiti, R., and Massey, J. T. (1982). On the
relations between the direction of two-dimensional arm movements and cell
discharge in primate motor cortex. J. Neurosci. 2, 1527-1537.

Haider, B., and McCormick, D. A. (2009). Rapid neocortical dynamics: cellular
and network mechanisms. Neuron 62, 171-189. doi: 10.1016/j.neuron.2009.
04.008

Hebb, D. O. (1949). The Organization of Behavior. New York, NY: Wiley & Sons.

Hinton, G. E., and Salakhutdinov, R. R. (2006). Reducing the dimensionality
of data with neural networks. Science 313, 504-507. doi: 10.1126/science.
1127647

Hopfield, J. J. (1982). Neural networks and physical systems with emergent
collective computational abilities. Proc. Natl. Acad. Sci. U S A 79, 2554-2558.
doi: 10.1073/pnas.79.8.2554

Frontiers in Neural Circuits | www.frontiersin.org

January 2017 | Volume 11 | Article 1


https://doi.org/10.1146/annurev-cellbio-100913-013053
https://doi.org/10.1126/science.273.5283.1868
https://doi.org/10.1113/jphysiol.1988.sp017078
https://doi.org/10.1016/j.neuron.2011.12.013
https://doi.org/10.1038/nature13129
https://doi.org/10.1126/science.7291985
https://doi.org/10.1038/nn.3952
https://doi.org/10.1146/annurev-neuro-062111-150444
https://doi.org/10.1038/nature08002
https://doi.org/10.3389/fncel.2016.00234
https://doi.org/10.1016/j.neuron.2010.09.015
https://doi.org/10.1162/NECO_a_00052
https://doi.org/10.1038/325525a0
https://doi.org/10.1038/nature13130
https://doi.org/10.1038/ncomms13239
https://doi.org/10.3389/fncir.2016.00058
https://doi.org/10.3389/fncir.2016.00099
https://doi.org/10.3389/fncir.2016.00099
https://doi.org/10.3389/fncom.2011.00034
https://doi.org/10.1088/0954-898x/9/2/006
https://doi.org/10.1016/j.tics.2005.08.011
https://doi.org/10.1016/j.tics.2005.08.011
https://doi.org/10.1016/j.neuron.2015.09.034
https://doi.org/10.1038/nrn2787
https://doi.org/10.1016/j.neuron.2009.04.008
https://doi.org/10.1016/j.neuron.2009.04.008
https://doi.org/10.1126/science.1127647
https://doi.org/10.1126/science.1127647
https://doi.org/10.1073/pnas.79.8.2554
http://www.frontiersin.org/Neural_Circuits
http://www.frontiersin.org/
http://www.frontiersin.org/Neural_Circuits/archive

Eriksson

Testing Hypotheses Using Ongoing Activity

Huk, A. C., and Shadlen, M. N. (2005). Neural activity in macaque parietal
cortex reflects temporal integration of visual motion signals during perceptual
decision making. J. Neurosci. 25, 10420-10436. doi: 10.1523/JNEUROSCL
4684-04.2005

Jahr, C. E., and Stevens, C. F. (1987). Glutamate activates multiple single
channel conductances in hippocampal neurons. Nature 325, 522-525.
doi: 10.1038/325522a0

Jia, X., Tanabe, S., and Kohn, A. (2013). Gamma and the coordination of spiking
activity in early visual cortex. Neuron 77, 762-774. doi: 10.1016/j.neuron.2012.
12.036

Kaplan, B. A., and Lansner, A. (2014). A spiking neural network model of
self-organized pattern recognition in the early mammalian olfactory system.
Front. Neural Circuits 8:5. doi: 10.3389/fncir.2014.00005

Keller, G. B., Bonhoeffer, T., and Hubener, M. (2012). Sensorimotor mismatch
signals in primary visual cortex of the behaving mouse. Neuron 74, 809-815.
doi: 10.1016/j.neuron.2012.03.040

Kennedy, A., Wayne, G., Kaifosh, P., Alvina, K., Abbott, L. F., and Sawtell, N. B.
(2014). A temporal basis for predicting the sensory consequences of motor
commands in an electric fish. Nat. Neurosci. 17, 416-422. doi: 10.1038/nn.3650

Kepecs, A., and Fishell, G. (2014). Interneuron cell types are fit to function. Nature
505, 318-326. doi: 10.1038/nature12983

Kimura, F., Fukuda, M., and Tsumoto, T. (1999). Acetylcholine suppresses the
spread of excitation in the visual cortex revealed by optical recording: possible
differential effect depending on the source of input. Eur. J. Neurosci. 11,
3597-3609. doi: 10.1046/j.1460-9568.1999.00779.x

Larkum, M. E., Senn, W., and Liischer, H. R. (2004). Top-down dendritic input
increases the gain of layer 5 pyramidal neurons. Cereb. Cortex 14, 1059-1070.
doi: 10.1093/cercor/bhh065

Larkum, M. E., and Zhu, J. J. and Sakmannm, B. (1999). A new cellular mechanism
for coupling inputs arriving at different cortical layers. Nature 398, 338-341.
doi: 10.1038/18686

Lee, S. H.,, Kwan, A. C,, and Dan, Y. (2014). Interneuron subtypes and orientation
tuning. Nature 508, E1-E2. doi: 10.1038/nature13128

Lee, S. H.,, Kwan, A. C,, Zhang, S., Phoumthipphavong, V., Flannery, J. G.,
Masmanidis, S. C., et al. (2012). Activation of specific interneurons
improves V1 feature selectivity and visual perception. Nature 488, 379-383.
doi: 10.1038/nature11312

Lee, T. S., and Mumford, D. (2003). Hierarchical Bayesian inference in the visual
cortex. J. Opt. Soc. Am. A Opt. Image Sci. Vis. 20, 1434-1448. doi: 10.1364/josaa.
20.001434

Li, N., Daie, K., Svoboda, K., and Druckmann, S. (2016). Robust neuronal
dynamics in premotor cortex during motor planning. Nature 532, 459-464.
doi: 10.1038/naturel7643

Lima, S. Q., Hromadka, T., Znamenskiy, P., and Zador, A. M. (2009). PINP: a
new method of tagging neuronal populations for identification during in vivo
electrophysiological recording. PLoS One 4:¢6099. doi: 10.1371/journal.pone.
0006099

Logothetis, N. K., Augath, M., Murayama, Y., Rauch, A, Sultan, F., Goense, J., et al.
(2010). The effects of electrical microstimulation on cortical signal propagation.
Nat. Neurosci. 13, 1283-1291. doi: 10.1038/nn.2631

Markram, H., and Tsodyks, M. (1996). Redistribution of synaptic efficacy
between neocortical pyramidal neurons. Nature 382, 807-810. doi: 10.1038/382
807a0

Ni, J., Wunderle, T., Lewis, C. M., Desimone, R., Diester, L., and Fries, P. (2016).
Gamma-rhythmic gain modulation. Neuron 92, 240-251. doi: 10.1016/j.
neuron.2016.09.003

Nikoli¢, D. (2015). Practopoiesis: or how life fosters a mind. J. Theor. Biol. 373,
40-61. doi: 10.1016/j.jtbi.2015.03.003

Packer, A. M., Russell, L. E., Dalgleish, H. W., and Hiusser, M. (2015).
Simultaneous all-optical manipulation and recording of neural circuit activity
with cellular resolution in vivo. Nat. Methods 12, 140-146. doi: 10.1038/nmeth.
3217

Perea, G., Navarrete, M., and Araque, A. (2009). Tripartite synapses: astrocytes
process and control synaptic information. Trends Neurosci. 32, 421-431.
doi: 10.1016/j.tins.2009.05.001

Rao, R. P., and Ballard, D. H. (1999). Predictive coding in the visual cortex: a
functional interpretation of some extra-classical receptive-field effects. Nat.
Neurosci. 2, 79-87. doi: 10.1038/4580

Reig, R., Zerlaut, Y., Vergara, R., Destexhe, A., and Sanchez-Vives, M. V. (2015).
Gain modulation of synaptic inputs by network state in auditory cortex in vivo.
J. Neurosci. 35, 2689-2702. doi: 10.1523/JNEUROSCI.2004-14.2015

Reinhold, K., Lien, A. D., and Scanziani, M. (2015). Distinct recurrent versus
afferent dynamics in cortical visual processing. Nat. Neurosci. 18, 1789-1797.
doi: 10.1038/nn.4153

Richmond, B. J., Optican, L. M. Podell, M., and Spitzer, H. (1987).
Temporal encoding of two-dimensional patterns by single units in primate
inferior temporal cortex. I. Response characteristics. J. Neurophysiol. 57,
132-146.

Rickgauer, J. P., Deisseroth, K., and Tank, D. W. (2014). Simultaneous cellular-
resolution optical perturbation and imaging of place cell firing fields. Nat.
Neurosci. 17, 1816-1824. doi: 10.1038/nn.3866

Russell, C. J., and Bell, C. C. (1978). Neuronal responses to electrosensory input in
mormyrid valvula cerebelli. J. Neurophysiol. 41, 1495-1510.

Saleem, A. B., Ayaz, A,, Jeffery, K. J., Harris, K. D., and Carandini, M. (2013).
Integration of visual motion and locomotion in mouse visual cortex. Nat.
Neurosci. 16, 1864-1869. doi: 10.1038/nn.3567

Serre, T., Oliva, A., and Poggio, T. (2007). A feedforward architecture accounts
for rapid categorization. Proc. Natl. Acad. Sci. U S A 104, 6424-6429.
doi: 10.1073/pnas.0700622104

Shadlen, M. N., and Shohamy, D. (2016). Decision making and sequential
sampling from memory. Neuron 90, 927-939. doi: 10.1016/j.neuron.2016.
04.036

Siegle, J. H., Pritchett, D. L, and Moore, C. I. (2014). Gamma-range
synchronization of fast-spiking interneurons can enhance detection of tactile
stimuli. Nat. Neurosci. 17, 1371-1379. doi: 10.1038/nn.3797

Sussillo, D., Churchland, M. M., Kaufman, M. T., and Shenoy, K. V. (2015). A
neural network that finds a naturalistic solution for the production of muscle
activity. Nat. Neurosci. 18, 1025-1033. doi: 10.1038/nn.4042

Tritsch, N. X., and Sabatini, B. L. (2012). Dopaminergic modulation of synaptic
transmission in cortex and striatum. Neuron 76, 33-50. doi: 10.1016/j.neuron.
2012.09.023

Whittington, M. A., Traub, R. D., Kopell, N., Ermentrout, B., and Buhl, E. H.
(2000). Inhibition-based rhythms: experimental and mathematical
observations on network dynamics. Int. J. Psychophysiol. 38, 315-336.
doi: 10.1016/50167-8760(00)00173-2

Wilson, N. R., Runyan, C. A, Wang, F. L, and Sur, M. (2012). Division
and subtraction by distinct cortical inhibitory networks in vivo. Nature 488,
343-348. doi: 10.1038/nature11347

Wimmer, K., Nykamp, D. Q., Constantinidis, C., and Compte, A. (2014).
Bump attractor dynamics in prefrontal cortex explains behavioral precision
in spatial working memory. Nat. Neurosci. 17, 431-439. doi: 10.1038/
nn.3645

Womelsdorf, T., Schoffelen, J. M., Oostenveld, R., Singer, W., Desimone, R.,
Engel, A. K, et al. (2007). Modulation of neuronal interactions through
neuronal synchronization. Science 316, 1609-1612. doi: 10.1126/science.
1139597

Zandvakili, A., and Kohn, A. (2015). Coordinated neuronal activity enhances
corticocortical communication. Neuron 87, 827-839. doi: 10.1016/j.neuron.
2015.07.026

Conflict of Interest Statement: The author declares that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Eriksson. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution and
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Neural Circuits | www.frontiersin.org

January 2017 | Volume 11 | Article 1


https://doi.org/10.1523/JNEUROSCI.4684-04.2005
https://doi.org/10.1523/JNEUROSCI.4684-04.2005
https://doi.org/10.1038/325522a0
https://doi.org/10.1016/j.neuron.2012.12.036
https://doi.org/10.1016/j.neuron.2012.12.036
https://doi.org/10.3389/fncir.2014.00005
https://doi.org/10.1016/j.neuron.2012.03.040
https://doi.org/10.1038/nn.3650
https://doi.org/10.1038/nature12983
https://doi.org/10.1046/j.1460-9568.1999.00779.x
https://doi.org/10.1093/cercor/bhh065
https://doi.org/10.1038/18686
https://doi.org/10.1038/nature13128
https://doi.org/10.1038/nature11312
https://doi.org/10.1364/josaa.20.001434
https://doi.org/10.1364/josaa.20.001434
https://doi.org/10.1038/nature17643
https://doi.org/10.1371/journal.pone.0006099
https://doi.org/10.1371/journal.pone.0006099
https://doi.org/10.1038/nn.2631
https://doi.org/10.1038/382807a0
https://doi.org/10.1038/382807a0
https://doi.org/10.1016/j.neuron.2016.09.003
https://doi.org/10.1016/j.neuron.2016.09.003
https://doi.org/10.1016/j.jtbi.2015.03.003
https://doi.org/10.1038/nmeth.3217
https://doi.org/10.1038/nmeth.3217
https://doi.org/10.1016/j.tins.2009.05.001
https://doi.org/10.1038/4580
https://doi.org/10.1523/JNEUROSCI.2004-14.2015
https://doi.org/10.1038/nn.4153
https://doi.org/10.1038/nn.3866
https://doi.org/10.1038/nn.3567
https://doi.org/10.1073/pnas.0700622104
https://doi.org/10.1016/j.neuron.2016.04.036
https://doi.org/10.1016/j.neuron.2016.04.036
https://doi.org/10.1038/nn.3797
https://doi.org/10.1038/nn.4042
https://doi.org/10.1016/j.neuron.2012.09.023
https://doi.org/10.1016/j.neuron.2012.09.023
https://doi.org/10.1016/s0167-8760(00)00173-2
https://doi.org/10.1038/nature11347
https://doi.org/10.1038/nn.3645
https://doi.org/10.1038/nn.3645
https://doi.org/10.1126/science.1139597
https://doi.org/10.1126/science.1139597
https://doi.org/10.1016/j.neuron.2015.07.026
https://doi.org/10.1016/j.neuron.2015.07.026
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Neural_Circuits
http://www.frontiersin.org/
http://www.frontiersin.org/Neural_Circuits/archive

	A Principle for Describing and Verifying Brain Mechanisms Using Ongoing Activity
	INTRODUCTION
	DIVIDING THE TOTAL INPUT TO A NEURON INTO A BACKGROUND AND A SPECIFIC INPUT
	DESCRIBING AND VERIFYING EXISTING BRAIN SCHEMES
	CONCLUSION
	AUTHOR CONTRIBUTIONS
	FUNDING
	ACKNOWLEDGMENTS
	REFERENCES


