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Abstract

Neocortical layer 5 thick-tufted pyramidal cells are prone to exhibiting burst firing on

receipt of coincident basal and apical dendritic inputs. These inputs carry different

information, with basal inputs coming from feedforward sensory pathways and apical

inputs coming from diverse sources that provide context in the cortical hierarchy. We

explore the information processing possibilities of this burst firing using computer

simulations of a noisy compartmental cell model. Simulated data on stochastic burst

firing due to brief, simultaneously injected basal and apical currents allows estimation of

burst firing probability for different stimulus current amplitudes.

Information-theory-based partial information decomposition (PID) is used to quantify

the contributions of the apical and basal input streams to the information in the cell

output bursting probability. Different operating regimes are apparent, depending on the

relative strengths of the input streams, with output burst probability carrying more or

less information that is uniquely contributed by either the basal or apical input, or

shared and synergistic information due to the combined streams. We derive and fit

transfer functions for these different regimes that describe burst probability over the

different ranges of basal and apical input amplitudes. The operating regimes can be
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classified into distinct modes of information processing, depending on the contribution

of apical input to output bursting: apical cooperation, in which both basal and apical

inputs are required to generate a burst; apical amplification, in which basal input alone

can generate a burst but the burst probability is modulated by apical input; apical

drive, in which apical input alone can produce a burst; and apical integration, in which

strong apical or basal inputs alone, as well as their combination, can generate bursting.

In particular, PID and the transfer function clarify that the apical amplification mode

has the features required for contextually-modulated information processing.

Author summary

Pyramidal cells are the dominant cell type of the neocortex and are fundamental to

cortical information processing. They are more complex signal processors than the

simple computing units used in artificial neural networks. In particular, each pyramidal

cell receives two complementary input streams that jointly determine the cell output

and hence the information that the cell transmits. One stream comes from sources that

convey current sensory information. Another stream carries information from higher in

the cortical hierarchy and from other sensory modalities. This stream provides context

for the processing of the sensory input stream. Current experimental data and theories

suggest that the effect of this stream can vary with the behavioural state of the animal,

ranging from active exploration to sleep. In this theoretical study, we explore the

possible interactions of these sensory and contextual input streams in determining

information transmission in a computer model of a rodent neocortical pyramidal cell.

We demonstrate that the cell can operate in a number of modes that encompass the

ability to carry out contextually-modulated information processing. This is central to

how we perceive and react to the world on the basis of our past experience and

knowledge.

Introduction 1

One of the key challenges in understanding cortical information processing is in building 2

a comprehensive picture of pyramidal cells as two-point processors receiving dual 3
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information-rich input streams that must be combined to produce an output that is 4

part of a meaningful and coherent pattern of activity across the system or sub-system of 5

which those cells are a part. Pyramidal cells are distinctly not single-point processors, as 6

commonly used in artificial neural networks. Neocortical pyramidal cells have essentially 7

two sites of synaptic integration, targetting the basal dendrites and apical tuft dendrites, 8

respectively [1, 2]. The basal inputs are in the perisomatic region and so arrive close to 9

the final site of cell synaptic integration and action potential initiation. These inputs 10

are from feedforward sources, conveying sensory information via specific regions of the 11

thalamus and cortex and provide the primary drive to the receiving pyramidal cell that 12

determines its receptive field. On the other hand, inputs to the apical tuft come from 13

diverse feedback sources in higher cortex, long-range lateral cortex and thalamus. These 14

inputs are hypothesised to provide contextual information that can modulate the cell’s 15

response to its primary drive [2]. This has been termed apical amplification [2–5]. 16

Contextually-modulated information processing is widespread in the neocortex and 17

underpins many cognitive functions during conscious processing [4–7]. 18

In addition to apical amplification, two other modes have been designated as apical 19

drive, in which apical inputs alone can generate spiking output in the pyramidal cell, 20

and apical isolation in which the apical inputs have no effect on cell output, which is 21

purely driven by basal (perisomatic) inputs [5, 8]. These different modes can be 22

activated in particular behavioural states through circuit inhibition and 23

neuromodulation. Apical drive is hypothesised to be fundamental to dreaming, whereas 24

apical isolation might be in effect during dreamless sleep [8]. General anesthesia has 25

been shown to decouple pyramidal neurons by effectively cutting off the affects of apical 26

input on cell output [3, 9]. 27

There is considerable experimental evidence from awake, behaving rodents that the 28

basal and apical input streams both contribute to pyramidal cell (PC) responses to 29

sensory stimulation. In the visual system and barrel cortex, PC receptive field responses 30

can be altered in task-dependent ways, indicating contextually-modulated processing 31

via apical amplification [10–13]. There is also evidence for apical drive: visual activity 32

has been recorded due to locomotion in the dark, when visual sensory information is 33

low [14]; in the barrel cortex, increased excitability in PC dendrites leads to an 34

increased detection of apparent whisker stimulation in the absence of actual physical 35
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stimulation [11]. 36

To help shed light on exactly how basal and apical input streams may combine to 37

modulate and refine cellular receptive field responses, here we characterise the 38

integration of apical and basal (perisomatic) inputs in a computational model of a 39

thick-tufted layer 5 neocortical pyramidal cell [15], and interpret what this means for 40

information processing. Given the electrical remoteness of the apical tuft from the final 41

somatic integration zone, the simple additive contribution of apical inputs to basal drive 42

is likely to be modest at best. In thick-tufted layer 5 pyramidal cells, the apical tuft is 43

particularly electrically isolated from the soma, but it contains its own initiation zone 44

for broad calcium spikes. Such spikes are capable of generating a bursting output of 45

sodium spikes from the cell. Apical calcium spikes are often initiated by a combination 46

of apical synaptic input with a back-propagating sodium spike initiated somatically by 47

basal inputs. This has been termed backpropagation-activated calcium (BAC) spike 48

firing [1] and is a candidate for providing the apical amplification underpinning 49

contextual modulation [2]. 50

We focus on this bursting output as the distinctive signature of the combined effects 51

of coincident basal and apical input. Bursting has long been hypothesised to be a 52

powerful information coding signal in the brain [16–18]. Bursts can very effectively be 53

read out downstream through the filtering of chemical synapses via stochastic 54

transmitter release and short-term plasticity [16, 18,19]. They usually exist within a 55

stream of single spikes and theoretical work has established that bursts and single spikes 56

can coexist and carry different information that can be read out by downstream 57

neurons [18–22]. Within a firing rate framework bursts can be identified as a brief and 58

significant increase in the firing rate [23, 24]. 59

Computer simulations are used to collect data on the bursting output of the model 60

cell for varying strengths of coincident basal and apical inputs. We use information 61

theoretical analysis and transfer function fitting to characterise the information 62

transmission provided by bursts about the dual input streams. Partial information 63

decomposition (PID) [25] is able to quantify the contributions of the apical and basal 64

input streams to the information in the cell output. Depending on the relative strengths 65

of the input streams, output burst probability carries more or less information that is 66

uniquely contributed by either the basal or apical input, or shared and synergistic 67

January 16, 2024 4/51

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 20, 2024. ; https://doi.org/10.1101/2024.01.16.575982doi: bioRxiv preprint 

https://doi.org/10.1101/2024.01.16.575982
http://creativecommons.org/licenses/by/4.0/


information due to the combined streams. Transfer functions allow us to visualise the 68

functional relationship between these inputs and bursting output. 69

By analysing different ranges for the strengths of basal and apical inputs we can see 70

explicitly the difference in information transmission between different modes of 71

operation. In addition to apical amplification and apical drive, we identify two further 72

modes: apical cooperation in which both basal and apical input is required to generate 73

bursting; and apical integration in which strong apical or basal inputs alone, as well as 74

their combination, can generate bursting. In all cases the impact of apical input is 75

compared with the mode of apical isolation, in which there is no effect of apical input. 76

Results 77

Computer simulations of a reduced-compartmental model of a thick-tufted layer 5 78

neocortical pyramidal cell [15] are used to explore the contributions of basal and apical 79

input streams to spiking output generation. Details of the model and simulations are 80

given in Materials and methods. We explicitly investigate how basal and apical inputs 81

combine to produce burst firing and we derive and fit transfer functions that describe 82

the burst probability as a function of the strength (amplitude) of simultaneous, brief 83

basal and apical inputs, over different ranges of input strengths. Information 84

transmission of the two input streams is examined using partial information 85

decomposition (PID) of the bursting data 86

Firing modes in the model cell 87

As detailed in Materials and methods, the model [15] that we use is able to produce 88

backpropagation-activated calcium (BAC) spike firing in response to coincident, brief 89

basal (somatic) and apical (tuft) inputs, which in turn generates a burst of 2 to 3 90

somatic (output) spikes. In our simulations, BAC-firing is probabilistic due to the 91

presence of random background activity impinging independently on the soma and 92

apical tuft. A schematic of the model cell and examples of bursting and non-bursting 93

action potential firing in the model due to different amplitudes and durations of basal 94

and apical input are shown in Fig 1. 95

The range of basal amplitudes considered (0 to 3 nA) is such that stronger 96
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amplitudes of sufficient duration will generate somatic bursting by themselves. Very 97

short basal pulses (2 ms) can only generate a single somatic spike (Fig 1a), and this 98

back-propagating somatic spike can interact with apical input to generate a dendritic 99

calcium spike which then leads to a second or third somatic sodium spike (Fig 1b). 100

Longer duration basal pulses (5 or 10 ms) of sufficient amplitude alone can generate a 101

rapid 2-spike burst through partial activation of calcium currents (Fig 1c). When 102

combined with apical input this can lead to a full calcium spike and a third somatic 103

spike, creating a full burst (Fig 1d; further examples in Supplementary S1 Fig). 104

Up to an apical amplitude of about 1 nA, the apical input alone usually does not 105

produce a full dendritic calcium spike and hence does not cause a somatic spiking 106

response (S1 Fig a). At amplitudes above 1 nA, apical input is increasingly able to 107

trigger a dendritic calcium spike that leads to somatic burst firing after a small time 108

delay (S1 Fig b). Very occassionally this form of bursting may occur at a lower apical 109

amplitude coincident with a basal input that does not by itself initiate a somatic spike. 110

In the absence of inhibition, apical inputs that are strong enough to elicit output spikes 111

by themselves rarely produce isolated single spikes due to the width of the calcium spike. 112

This is in contrast to basal inputs (Fig 1a). 113

These ranges of stimulus current amplitudes correspond to the equivalent of at most 114

a few tens of co-occurring synaptic inputs at basal and apical sites. 115

Our initial analysis concentrates on the situation in which apical input alone does 116

not usually lead to burst firing. This results in subtle nonlinear interactions between the 117

basal and apical inputs in producing bursting output when the combined inputs are of 118

sufficient strength. The rich burst probability data in this case enables the derivation of 119

a transfer function that subsumes the situation in which basal input alone cannot 120

produce a burst and is readily extended to cover the situation in which apical input 121

alone can produce a burst. These remaining situations will be covered in detail later. 122

Burst probability 123

The initial data set of simulated spiking output covers an apical input range from 0 to 1 124

nA, and basal ranges dependent on the duration of the basal stimulus, being 0 to 3 nA 125

for durations of 2 or 5 ms, and 0 to 1 nA for 10 ms duration. Apical input alone very 126
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Fig 1. Examples of spiking responses to different stimulus strengths and durations.
Cell schematic shows model structure and somatic (black) and apical tuft (red)
stimulation and recording sites. For basal amplitude b nA and apical amplitude a nA
and basal duration 2 ms: (a) b=2, a=0; (b) b=2, a=1; basal duration 10 ms: (c) b=1,
a=0; (d) b=0.5, a=0.5.

January 16, 2024 7/51

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 20, 2024. ; https://doi.org/10.1101/2024.01.16.575982doi: bioRxiv preprint 

https://doi.org/10.1101/2024.01.16.575982
http://creativecommons.org/licenses/by/4.0/


Fig 2. Contour maps of burst probability for different durations of basal input. Left:
basal duration 2 ms, basal maximum amplitude 3 nA; Middle: 5 ms, max amp 3 nA;
Right: 10 ms, max amp 1 nA; apical maximum amplitude is 1 nA in all cases.

rarely produces spiking output in this range. The basal input alone can produce spiking 127

and for the 5 and 10 ms durations can also produce bursting at the higher end of their 128

ranges. Burst probabilities were calculated from the frequency of output bursts (2 or 129

more spikes with interspike intervals less than 25 ms) over 100 simulations for each 130

combination of amplitudes of basal and apical input for discrete increments in their 131

respective amplitudes within their defined ranges (see Materials and methods). Contour 132

maps of the burst probability across these different combinations of basal and apical 133

input amplitudes and selected durations of basal input are shown in Fig 2. 134

From the maps it can be seen that for longer duration basal inputs (5 or 10 ms) 135

burst probability is an increasing function of basal amplitude, with high burst 136

probability being achieved at lower basal amplitudes as the amplitude of the apical 137

input is increased. For brief 2 ms basal inputs, once the basal input is sufficiently strong 138

so as to produce a somatic spike then burst probability becomes an increasing function 139

of the apical amplitude. Apical input alone produces a very low (essentially zero) burst 140

probability over the range of amplitudes used. 141

Information conveyed by bursting 142

Before deriving a transfer function for burst probability, we first consider the 143

information that a burst output may carry about the apical and basal input streams. 144

We calculate both classical mutual information measures and partial information 145

decompositions (see Materials and methods), using the data displayed in Fig 2. 146
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Classical information measures 147

The classical information measures for the mutual information (see Materials and 148

methods for details) between the three random variables B (basal input), A (apical 149

input) and Y (bursting output) are provided in Table 1. 150

Table 1. Classical information measures between B, A and Y for three durations of
basal input: 2 ms (B2), 5 ms (B5), 10 ms (B10). I(Y ;B) is the mutual information
shared between Y and B; I(Y ;A) is the information shared between Y and A;
I(Y ;B|A) is the information shared between Y and B but not with A; I(Y ;A|B) is the
information shared between Y and A but not with B; I(Y ;B,A) information shared
between Y and the pair (B, A); II(Y ;B;A) is the interaction information; H(Y ) is the
total output entropy and H(Y )res is the residual output entropy.

Duration I(Y ;B) I(Y ;A) I(Y ;B|A) I(Y ;A|B) I(Y ;B,A) II(Y ;B;A) H(Y ) H(Y )res
B2 0.260 0.185 0.371 0.256 0.556 0.111 0.883 0.327
B5 0.521 0.050 0.626 0.156 0.677 0.105 0.967 0.291
B10 0.597 0.021 0.658 0.082 0.679 0.061 0.992 0.313

For a basal duration of 2 ms, the transmitted joint mutual information (0.556 bit) is 151

63% of the output entropy (0.883 bit). The marginal mutual information between basal 152

input and bursting output (0.260 bit) is quite low but is a little higher than the 153

corresponding mutual information between apical input and bursting output (0.185 bit). 154

Thus the unique information asymmetry is fairly low but positive, at 0.075 bit. The 155

value of the interaction information (0.111) is also low, but gives a significant lower 156

bound for the synergy in the system. 157

For basal durations of 5 and 10 ms, there are higher values for both the joint mutual 158

information and the output entropy, with the transmitted information comprising a 159

larger proportion of the output entropy (around 70% in both cases). The marginal 160

mutual information between the basal input and bursting output is now larger (0.521 161

and 0.597 bit, respectively) and is much larger than that between the apical input and 162

bursting output (0.05 and 0.021 bit). This means the unique information asymmetry is 163

now substantial in magnitude and positive, at 0.471 and 0.576 bit, respectively. The 164

value of the interaction information is lower than at 2 ms. These effects will be present 165

in the results obtained by any method of partial information decomposition (see below). 166

The residual output entropy is fairly substantial in all cases. 167
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Partial information decomposition 168

Partial information decomposition provides measures of a number of different quantities 169

relating the two input variables B and A with the output Y: UnqB is the unique 170

information B conveys about Y; UnqA is the unique information A conveys about Y; 171

ShdS is the source shared (or redundant) information that both B and A have about Y, 172

due to correlation between A and B; ShdM is the mechanistic shared information due to 173

the probabilistic mechanism; Syn is the synergy or the information that the joint 174

variable (B, A) has about Y that cannot be obtained by observing B and A separately 175

(see Materials and methods for further details). 176

Four different numerical decompositions, namely Imin [25], Iproj [26], Ibroja [27, 28] 177

and Idep [29], were applied to the data. In order to facilitate the comparison of the 178

decompositions across the different basal durations, the normalised values of the PID 179

components (see Materials and methods for details) are provided as stacked bar charts 180

in Fig 3. Plots of the absolute values of the PID components are provided in 181

Supplementary S2 Fig. Since there is no way of knowing the true values of these 182

components it is advisable to place more emphasis on the decompositions which provide 183

similar results. By design, the basal and apical input variables are independent and so 184

the source shared information is equal to zero in all PIDs. 185

When the duration of the basal input is 2 ms, the Idep decomposition differs from 186

those obtained with the other three methods, which are all very similar, and we focus 187

on their results. Thus, for this basal duration, the transmitted information is mainly 188

due to synergy as well as a large amount of shared mechanistic information. For 189

durations of 5 ms or 10 ms, the four methods produce very similar decompositions in 190

which the transmitted information is dominated by unique basal information, and there 191

are much smaller levels of synergy and mechanistic shared information. As the basal 192

duration is increased we see that synergy and mechanistic shared information decrease, 193

and correspondingly the unique basal information increases, as does the level of unique 194

information asymmetry. 195

For basal input of duration 5 ms, decomposition of the information transmitted by 196

bursting shows that the basal and apical inputs combine to transfer 23% of the joint 197

mutual information as synergy, and they contribute to transferring 7% as mechanistic 198
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Fig 3. Normalised partial information decompositions obtained by using four different
methods (Imin, Iproj, Ibroja, Idep) on burst probability data for apical inputs up to 1
nA and basal inputs up to 3 nA, for each of three durations of basal input: 2 ms (B2), 5
ms (B5), 10 ms (B10).

shared information. There is a marked asymmetry in the estimates of the unique basal 199

and apical components. The unique information transmitted about the basal input is 200

large, at 70% of the joint mutual information, but the unique information about the 201

apical input is essentially equal to zero. As the information transmitted about the 202

apical input in this case is close to zero this indicates that the apical input can have a 203

large effect on output via the synergistic component while conveying little or no 204

information about itself, thus indicating the presence of apical amplification. These 205

observations also hold for a basal duration of 10 ms, with a slightly higher proportion of 206

unique basal input information being transmitted. 207

Transfer function for burst firing 208

A transfer function for the probability of burst firing, P2(b, a), taking the strength 209

(amplitude) of basal (somatic), b, and apical, a, current injections as arguments, was 210

arrived at via the following reasoning and inspection of the burst probability data for 211
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different durations of basal input, shown in Fig 2. This burst probability data and the 212

least-squares transfer function fits are illustrated in Fig 4a-c. The corresponding 213

transfer function parameter values are given in Table 2. 214

Firstly, the range of apical input used cannot cause spiking output on its own, so the 215

probability of burst firing factors as the product of the probability of a first spike, which 216

is a function, P1b(b), of basal input only, multiplied by the probability of a second or 217

more spikes given that a first spike has occurred, P21(b, a), which is a function of both 218

basal and apical input. So we have: 219

P2(b, a) = P1b(b)P21(b, a). (1)

First spike probability is reasonably a sigmoidal function of basal amplitude as this 220

basal input sums with the noisy (random) membrane current of mean zero, giving: 221

P1b(b) =
1

1 + exp(−g1bb+ k1b)
. (2)

Examining the burst probability curves when basal duration is short (Fig 4a), shows 222

that in this case, once a first spike has occurred then the probability of a burst is 223

constant with increasing basal amplitude, but with this constant increasing with apical 224

amplitude. This gives: 225

P21(b, a) = P2a(a)[1− P2b(b)] + P2b(b), (3)

where P2b(b) is the burst probability achieved when apical input is zero; and P2a(a) is 226

the probability of a burst due to apical input following a first somatic spike. The burst 227

probabilities reached with increasing a are well matched by P2a(a) being a sigmoidal 228

function of a: 229

P2a(a) =
1

1 + exp(−g2aa+ k2a)
. (4)

Finally, when basal duration is longer than 2ms, basal input alone is able to generate 230

bursts with increasing probability with increasing basal amplitude. This increasing 231

burst probability clearly has a sigmoidal relationship with basal amplitude (Fig 4b,c 232
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blue lines), so we define: 233

P2b(b) = h2b

1

1 + exp(−g2bb+ k2b)
, (5)

where scaling factor h2b � 1 when basal duration is 2ms, but h2b ≈ 1 for longer basal 234

durations. 235

The full transfer function is thus given by the following set of equations: 236

P1b(b) =
1

1 + exp(−g1bb+ k1b)
(6)

P2b(b) = h2b

1

1 + exp(−g2bb+ k2b)
(7)

P2a(a) =
1

1 + exp(−g2aa+ k2a)
(8)

P2(b, a) = P1b(b)[P2a(a)[1− P2b(b)] + P2b(b)] (9)

≡ P1b(b)P21(b, a). (10)

To support the veracity of this transfer function, the correspondence between the 237

different components and aspects of first spike and bursting probability data is shown in 238

Fig 4d-f. Here, P2b is a direct fit to the underlying data, whereas P1b and P2a emerge 239

implicitly from the optimisation and are not explicit fits, but nonetheless show a strong 240

correspondence to the equivalent data. Note that the data shown for the first spike 241

probability, P1b, has been extracted from the simulation data, but is not explicitly used 242

in the optimisation. The contribution of the apical amplitude to bursting, P2a, is not 243

explicitly available in the data, but good estimates are available using slices through the 244

data for basal amplitude values that give a very low burst probability when the apical 245

amplitude is zero, but have a burst probability near one when combined with strong 246

apical input; these are the data examples shown in Fig 4d-f. 247

This transfer function (Eq 9) can expanded and rewritten to give the following form: 248

P2(b, a) = P1b(b)[P2a(a) + P2b(b)− P2a(a)P2b(b)] (11)

= P1b(b)P2b(b) + P1b(b)P2a(a)[1− P2b(b)] (12)

≡ f(b) + g(b, a). (13)

January 16, 2024 13/51

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 20, 2024. ; https://doi.org/10.1101/2024.01.16.575982doi: bioRxiv preprint 

https://doi.org/10.1101/2024.01.16.575982
http://creativecommons.org/licenses/by/4.0/


This makes explicit that it contains a component that is only a function f(b) of the 249

basal amplitude, that summates with a combined function of the basal and apical 250

amplitudes, g(b, a). The function g(b, a) is zero if b = 0 and is an increasing function of 251

a for b > 0, thus it serves to amplify the basal response as a function of the strength of 252

apical input, while not admitting a contribution of the apical input by itself. This is a 253

clear demonstration of the neurobiological plausibility of apical amplification. 254

For the short 2 ms basal stimulation, the burst probability due to basal input alone 255

is approximately zero. In this case the transfer collapses to approximately 256

P s
2
(b, a) ≈ P1b(b)P2a(a) ≡ gs(b, a). That is, burst probability is a function only of the 257

combined inputs, in the form of the product of the probability that basal input produces 258

a first spike with the ability of the apical input to transform this into BAC firing. 259

Table 2. Least squares fits of P2(b, a) transfer function parameter values for burst
firing with different durations of basal input (2, 5 and 10 ms). Values are plus/minus
their estimated standard error (apart from the 2b parameters at 2 ms duration, which
are not well constrained by the data, but where the scaling factor h2b is very small).

Dur h2b g2b k2b g1b k1b g2a k2a
2 0.0019 0.0012 40.4 7.3± 0.41 10.18± 0.57 10.45± 0.28 4.36± 0.12
5 1.02± 0.01 4.15± 0.16 7.7± 0.29 12.66± 0.69 10.09± 0.54 11.06± 0.37 4.13± 0.15
10 1.0± 0.014 15.43± 0.82 10.94± 0.57 19.81± 1.14 9.09± 0.5 8.8± 0.49 3.46± 0.19

Examples of contextual information processing 260

Orientation selectivity 261

To assess the functional implications of the derived transfer function, we consider the 262

simple orientation selectivity example studied by [23]. Here, orientation-specific basal 263

and apical input stimuli are generated from von Mises circular distributions. These 264

stimuli are fed through the transfer function to give the distribution of output bursting 265

probability. Fig 5 illustrates the orientation selectivity of the transfer function derived 266

for a basal input duration of 10 ms. 267

A maximum basal amplitude of 0.6 is chosen for a preferred orientation of 0 radians. 268

Without apical input, this basal amplitude gives a low but significant probability of 269

burst firing (Fig 4c). This bursting probability is also highly sensitive to apical input. A 270

maximum apical amplitude of 0.7 is chosen for this input’s preferred orientation, which 271

is able to significantly amplify the bursting probability when combined with a 272
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Fig 4. (a-c) Least-squares fit of transfer functions (solid lines), shown as burst
probability versus basal amplitude, with plots for selected values of the apical amplitude
(legend); dashed lines are the frequency data from simulations. (d-f) Comparison of
transfer function components with estimates from the simulation data; first spike
probability (P1b) and burst probability when apical amplitude is zero (P2b) are extracted
exactly from the data; burst probability due to apical input alone (P2a) is estimated by
data slices for particular basal amplitudes (b=2 nA for 2 ms duration, 1.2 nA for 5 ms
and 0.6 nA for 10 ms). Left: basal duration 2ms; Middle: 5ms; Right: 10ms.
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Fig 5. Orientation selectivity example.(a) both basal and apical inputs are tuned to an
orientation of 0 radians. (b) apical input now tuned to an orientation of 2.5 radians.
The dotted line in both plots indicates the basal with apical response with the output
amplitude scaled to 1 for ease of comparison with the phase of the inputs. Basal
amplitude is 0.6 nA at its preferred orientation; apical amplitude is 0.7 nA at its
preferred orientation; basal duration is 10 ms.

sufficiently strong basal input. 273

With no apical input, the output response shows a small maximum burst probability 274

at 0 radians (Fig 5 blue lines). Inclusion of the apical stimulus greatly amplifies the 275

output burst probability when the basal and apical input selectivities are both centred 276

at 0 radians (Fig 5a), but the apical stimulus has only a modest effect on the output 277

amplitude and phase when its preferred orientation is shifted to 2.5 radians (Fig 5b). 278

Lateral amplification 279

To give a simple example of apical amplification working in a network of spiking cells, 280

we simulated two Bahl model cells receiving basal stimulation via injected currents (as 281

in the simulations for generating bursting data), but with the outputs of each cell 282

feeding as an excitatory synaptic input (same time course as for apical input in previous 283

simulations) to the apical tuft of the other cell. Short (2 ms) but strong basal 284

stimulation to these cells when they are not mutually connected leads to a single 285

somatic spike in each cell (Fig 6a). However, when each cell output is sent to the apical 286

tuft of the other cell, then the single spike is often converted into a burst due to 287

initiation of a dendritic calcium spike (Fig 6b). 288

This demonstrates that laterally connected cells can act to amplify their neighbours’ 289

responses when they respond to the same basal stimulus with an initial somatic spike. 290

Note that such amplification only occurs when the lateral connections are via the apical 291
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Fig 6. Lateral amplification example of voltage response in one cell of a two cell
laterally-connected network (schematic). (a) Short, strong basal input only (basal
duration 2 ms; amplitude 3 nA) without lateral connections. (b) Basal input with
strong apical input provided via monosynaptic input from other cell (red connection
lines in schematic).

tuft dendrites and not via the soma. Somatic connections do not add to the spiking 292

response, at least for the short synaptic delays expected with nearby monosynaptic 293

connections, as the input from a neighbour arrives within the refractory period following 294

the spike originated by the basal stimulus. 295

Extended analysis of bursting regimes 296

The use of information theory above reveals two distinct operating regimes for burst 297

generation: (1) a regime in which neither basal nor apical input alone can generate a 298

burst, but together they can, as revealed with the use of short 2 ms duration basal 299

inputs (Fig 3 B2); and (2) a regime in which strong basal inputs alone can produce a 300

burst, as revealed with longer duration (5 ms and 10 ms) basal inputs (Fig 3 B5 & B10). 301

The information transmission characteristics of these two regimes are quite distinct, 302

with mostly synergistic and shared mechanistic information being transmitted in the 303

first regime, and largely unique basal information in the second (Fig 3). 304

It is possible to examine different operating regimes within data from a single basal 305

duration. So to further explore information transmission in different regimes, we have 306

analysed an extended data set for basal inputs of 10 ms duration, in which larger apical 307

inputs (up to 1.7 nA) are included. The contour map of burst probability across this 308

data set is shown in Fig 7. Note that large apical inputs are able to produce bursts by 309

themselves as they are strong enough to induce an apical calcium spike without the 310
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Fig 7. Contour map of burst probability for a basal duration of 10 ms, with basal (b)
amplitude up to 1 nA and apical (a) amplitude up to 1.7 nA. Four operating regimes
are indicated: (1) LL: b up to 0.5 nA, a up to 0.5 nA; (2) HL: b up to 1 nA, a up to 1
nA; (3) LH: b up to 0.5 nA, a up to 1.7 nA; (4) HH: b up to 1.0 nA, a up to 1.7 nA.

need for an initial somatic spike. 311

Taking as boundaries the basal and apical amplitudes at which their ability to 312

produce a burst by themselves starts to increase from 0, this data can be divided into 313

four different regimes. Defining low ranges as being basal inputs up to 0.5 nA and 314

apical inputs up to 1.0 nA, and high ranges as being basal inputs up to 1 nA and apical 315

inputs up to 1.7 nA, gives the four regimes: (1) LL: b=low, a=low; (2) HL: b=high, 316

a=low; (3) LH: b=low, a=high; (4) HH: b=high, a=high. These regimes are indicated in 317

Fig 7; note that the high ranges subsume the low ranges. In the LL regime, only the 318

highest values of basal and apical inputs in these ranges combined result in a significant 319

probability of bursting, with neither input able to produce a burst by itself. The HL 320

regime corresponds to the contextually-modulated information processing regime we 321

have analysed above, in which the strongest basal inputs alone are able to generate a 322

burst, but apical inputs in this range alone cannot produce a burst. The LH regime 323

reverses this so that strong apical inputs alone can produce a burst, but basal inputs 324

cannot. The HH regime covers ranges of apical and basal inputs such that the strongest 325

inputs of either pathway alone can produce a burst. 326
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Classical information measures 327

We apply information theory to the burst probability distributions corresponding to 328

each regime. Table 3 gives the values of of the classical information measures for these 329

four regimes.

Table 3. Classical information measures (bit) for four regimes of basal and apical
inputs, with ’L’ denoting ’low’ and ’H’ denoting ’high’.

Regime I(Y ;B) I(Y ;A) I(Y ;B|A) I(Y ;A|B) I(Y ;B,A) II(Y ;B;A) H(Y ) H(Y )res
LL 0.157 0.052 0.187 0.082 0.239 0.030 0.520 0.281
HL 0.599 0.028 0.674 0.103 0.702 0.075 0.995 0.293
LH 0.046 0.499 0.130 0.583 0.629 0.084 0.963 0.334
HH 0.301 0.220 0.462 0.381 0.682 0.161 0.952 0.270

330

Regime LL: b=low, a=low The joint mutual information is low, at 0.239 bit, as is 331

the value of the output entropy, at 0.520, so the transmitted information is only 46% of 332

the output entropy. The marginal mutual information between basal input and bursting 333

output is stronger by a factor of about 3 than the corresponding mutual information 334

between apical input and bursting output. The unique information asymmetry is fairly 335

low at 0.105 bit. The value of the interaction information is low. 336

Regime HL: b=high, a=low Adding higher levels of basal input leads to higher 337

values for both the joint mutual information and the output entropy, with the 338

transmitted information comprising a larger proportion of the output entropy (71%). 339

The marginal mutual information between the basal input and bursting output now has 340

a large value (0.599), much larger than that between the apical input and bursting 341

output (0.028). This means the unique information asymmetry is now substantial in 342

magnitude and positive, at 0.571 bit. The value of the interaction information is larger, 343

giving a larger lower bound for the synergy in the system. 344

Regime LH: b=low, a=high Adding higher levels of apical input also results in 345

higher values for both the joint mutual information and the output entropy, with the 346

transmitted information again comprising a large proportion of the output entropy 347

(65%). However, the situation is reversed here: it is now the marginal dependence 348

between basal input and bursting output that is low, being lower than in the first 349

regime, and much lower than the large value pf 0.499 for the corresponding dependence 350
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between apical input and bursting output. The unique information asymmetry is again 351

substantial in magnitude but negative, at -0.453 bit. The value of the interaction 352

information is again larger, giving a larger lower bound for the synergy in the system. 353

Regime HH: b=high, a=high In the previous comparisons it is found that 354

introducing higher levels of apical or basal input separately to the first regime leads to a 355

large value of unique information asymmetry, but what happens when higher levels of 356

apical and basal input are added in combination? We find that the unique information 357

asymmetry is much reduced in magnitude and that the marginal mutual informations 358

between basal input and bursting output, and between apical output and bursting 359

output, are similar in magnitude. 360

Partial information decomposition 361

Since it is of interest to compare the information decompositions across the four regimes 362

we present normalised decompositions in Fig 8; plots of the absolute PID components 363

are provided in Supplementary S3 Fig. The PIDs given by Imin, Iproj and Ibroja are 364

very similar. The Idep approach also gives similar PIDs but only for two of the 365

combinations. Hence we focus on the results given by the first three methods. 366

Regime LL: b=low, a=low Small amounts of information are transmitted that are 367

unique to the basal input and due to mechanistic shared information and synergy, but 368

information that is unique to the apical input is negligible. 369

Regime HL: b=high, a=low The introduction of higher levels of basal input results 370

in the transmission of more information, which is dominated by information unique to 371

the basal input, with some mechanistic shared information and a slightly larger amount 372

of synergy - and negligible information unique to the apical input. Since the apical 373

input combines with the basal input in the transmission of mechanistic shared 374

information and synergy the presence of apical amplification of basal input is indicated. 375

Regime LH: b=low, a=high The introduction of higher levels of apical input 376

results in the transmission of more information, which is dominated by information 377

unique to the apical input, with some mechanistic shared information and a slightly 378
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Fig 8. Normalised partial information decompositions obtained by using four different
methods (Imin, Iproj, Ibroja, Idep) for each of the four regimes of basal and apical
inputs. ’L’ is an abbreviation of ’low’, and ’H’ is an abbreviation of ’high’, so for
example, ’HL’ denotes the regime in which basal input is high and apical input is low.

larger amount of synergy - and negligible information unique to the basal input. Since 379

the basal input combines with the apical input in the transmission of mechanistic shared 380

information and synergy the presence of basal amplification of apical input is indicated. 381

Regime HH: b=high, a=high Adding higher levels of both basal and apical input 382

provides a dramatic change to the information decomposition. The unique components 383

become very small, with the output being largely composed of synergy, and to a lesser 384

extent mechanistic shared information, with a much smaller component unique to the 385

basal input. This regime could therefore be described as being predominantly a 386

generative mode of information processing in which its output depends upon both 387

diverse internal sources and more specific feedforward sources. 388

Extended transfer function 389

In what follows, the transfer functions for different operating regimes will be designated 390

with a two letter superscript specifying the range of basal and apical inputs, respectively. 391

For example, the transfer function derived above covers the high basal and low apical 392

ranges and will be designated with the HL superscript, so that PHL
2

(b, a) ≡ P2(b, a). 393
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The transfer function above (Eq 9), that covers the first two regimes, can be 394

extended to cover the other two regimes in which strong apical inputs alone can 395

generate output bursting by including a factor that accounts for such bursting. The 396

resultant transfer function is the original function fractionally summed with the 397

contribution to bursting by apical input alone: 398

PHH

2
(b, a) = PHL

2
(b, a)[1− PH

2a(a)] + PH

2a(a), (14)

where PH
2a(a) is a sigmoidal function of the apical amplitude (with superscript H 399

designating the high apical range only): 400

PH

2a(a) =
1

1 + exp(−gH
2aa+ kH

2a)
. (15)

This can be rearranged to yield a form that is a sum of terms that depend on the basal 401

and apical inputs alone plus a contribution due to the apical and basal inputs combined: 402

PHH

2
(b, a) = fa(a) + fb(b) + gHH(b, a), (16)

where fa(a) ≡ PH
2a(a) and gHH(b, a) ≡ gHL(b, a)[1− PH

2a(a)]− fb(b)P
H
2a(a). Now we are 403

using fb(b) ≡ f(b) and gHL(b, a) ≡ g(b, a) from Eq 13. 404

A least squares fit of PH
2a(a) to the collected burst probabilities when the basal input 405

is 0 yields gH
2a = 10.35 and kH

2a = 12.66. Using these parameter values, the extended 406

transfer function fits the data well across the entire range of basal and apical input 407

amplitudes (regime HH), as illustrated in Fig 9. This reveals that the influence of basal 408

on apical input and vice versa is now qualitatively symmetric, with both being able to 409

modulate the effect of the other (see also Fig 10d). However, the quantitative 410

modulation is different, as indicated by the shape of the curves in Fig 9a compared to 411

Fig 9b. In neither case is the modulation simply a change in gain or bursting threshold 412

(shift), rather the ‘modulating’ input increases the likelihood of bursting over a range of 413

the ‘driving’ input. 414

In the regime of low basal but high apical input, in which basal input alone does not 415

produce a burst (fb(b) ≈ 0), this extended transfer function collapses to 416

PLH
2

(b, a) = fa(a) + gLH(b, a), where 417
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Fig 9. Fit of extended transfer function to full data set for a basal duration of 10 ms.
(a) Transfer function for selected values of the apical amplitude (solid lines) plotted
against the simulated burst probabilities (dotted lines) across the range of basal
amplitudes. (b) Transfer function for selected values of the basal amplitude (solid lines)
plotted against the simulated burst probabilities (dotted lines) across the range of apical
amplitudes.

gLH(b, a) ≡ gHL(b, a)[1− PH
2a(a)] ≡ gLL(b, a)[1− PH

2a(a)] where gHL(b, a) reduces to 418

gLL(b, a) ≡ P1b(b)P2a(a) since P2b(b) ≈ 0 in this regime. 419

Summary of transfer functions 420

We have derived dual-input-stream transfer functions for the spike bursting probability 421

of a neocortical pyramidal cell receiving short, concommitant apical and basal inputs of 422

particular amplitudes on top of ongoing background synaptic activity. Four related 423

transfer functions covering different operating regimes have been obtained as follows: 424

PLL

2
(b, a) = P1b(b)P2a(a) ≡ gLL(b, a) (17)

PHL

2
(b, a) = P1b(b)P2b(b) + PLL

2
(b, a)[1− P2b(b)] ≡ fb(b) + gHL(b, a) (18)

PLH

2
(b, a) = PH

2a(a) + PLL

2
(b, a)[1− PH

2a(a)] ≡ fa(a) + gLH(b, a) (19)

PHH

2
(b, a) = PH

2a(a) + PHL

2
(b, a)[1− PH

2a(a)] ≡ fa(a) + fb(b) + gHH(b, a) (20)

The functional breakdown in Eq 20 is obtained by expanding the second term to give 425

fb(b) plus g
HH(b, a) ≡ P1b(b)P2a(a)[1− P2b(b)][1− PH

2a(a)]− P1b(b)P2b(b)P
H
2a(a). 426

These transfer functions are the combination of a number of distinct components 427
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(Eq 9) which can be interpreted as follows: 428

P1b(b) ≡ P (Z1 = 1|b) is the probability of an initial somatic spike (binary random 429

variable Z1 = 1 when spike occurs) due to basal input alone. 430

P2b(b) ≡ P (Z2 = 1|b) is the burst probability (binary random variable Z2 = 1 when 431

second spike (burst) occurs) due to basal input alone. 432

P2a(a) ≡ P (Z2 = 1|Z1 = 1, a) is the contribution of apical input to a full (or partial) 433

calcium spike which can lead to a second (or more) somatic spike, following an 434

initial somatic spike. 435

PH

2a(a) ≡ P (Z2 = 1|a) is the probability that apical input produces a calcium spike on 436

its own. 437

P1b(b), P2a(a), P2b(b) and PH
2a(a) are sigmoidal functions of either basal stimulus 438

amplitude, b, or apical stimulus amplitude, a. 439

Modes of operation 440

To further appreciate the distinct characteristics of these transfer functions, contour 441

plots of their output across the relevant ranges of basal and apical input amplitude are 442

shown in Fig 10. 443

For basal and apical inputs both in their low ranges, bursting probability is clearly a 444

function of both the basal and apical amplitudes combined (Fig 10a), as made explicit 445

in Eq 17. This is not a simple summing, as bursting typically results from BAC-firing in 446

which basal input triggers a single somatic spike which in turn combines with apical 447

input to trigger a dendritic calcium spike and subsequent burst output. We might term 448

this a mode of apical cooperation. 449

With basal input in its high range, but apical input low, bursting probability is 450

strongly a function of basal amplitude, but with the transition from low to high bursting 451

probability occurring at lower basal amplitudes with increasing apical amplitude 452

(Fig 10b). This is captured by Eq 18 and has been termed apical amplification [2, 5]. 453

This corresponds with contextually-modulated information processing. 454

With low range basal input but high range apical input (Fig 10c), bursting 455

probability is almost purely a function of apical amplitude, with increased sensitivity in 456
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the upper reaches of the basal low range where the basal input starts to trigger single 457

somatic spikes, which then starts to amplify the apical response, as indicated by Eq 19. 458

This has been termed apical drive [5, 8]. 459

For both inputs in their high range (Fig 10d), bursting probability is a function of 460

both the individual amplitudes and their combination, which is not a simple summation 461

of the inputs, as indicated above for the other regimes, which this range subsumes. This 462

is captured by Eq 20 and may be termed a mode of apical integration. Close 463

examination of Fig 10d shows how it combines the three other modes of operation. 464

Purely apical drive is evident when the basal amplitude is below around 0.3. For low 465

values of the apical amplitude (below around 0.1) burst probability is purely a function 466

of basal amplitude, corresponding with what has been termed apical isolation [5,8]. The 467

interaction of basal and apical amplitudes is clear between these two extremes, 468

encompassing both apical cooperation and apical amplification.

Fig 10. Contour plots of burst probability from the four transfer functions for different
operating regimes for burst firing. (a) LL: basal=low, apical=low; (b) HL: basal=high,
apical=low; (c) LH: basal=low, apical=high; (d) HH: basal=high, apical=high.

469
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Discussion 470

We have examined input stream integration and subsequent information processing in 471

one class of neocortical neurons, namely thick-tufted layer 5 pyramidal cells. These cells 472

broadly have two anatomically-separated basal and apical input streams. These streams 473

interact via the generation of a dendritic calcium spike to cause or amplify output burst 474

firing. Though single spiking is also a unit of output currency, bursting is a particular 475

indication of the interaction of the two input streams and we have derived transfer 476

functions to capture this interaction. We now discuss this work in the light of other 477

work on two-input-stream transfer functions, the information processing possibilities of 478

such functions and of bursting outputs, and experimental evidence for the existence of 479

the modes of operation we have identified. 480

Transfer functions with two input streams 481

We have concentrated particularly on the range of input amplitudes where strong (large 482

amplitude) basal input is capable of generating a bursting output, but apical input is 483

not. In this range the cell exhibits BAC firing [1] leading to apical amplification (AA) of 484

the output response. The resultant transfer function can be written so that it is 485

explicity the sum of a function of the basal amplitude alone summed with an amplifying 486

component that depends on both basal and apical input amplitudes, but is zero when 487

the basal input is zero (Eq 13). This is the form of transfer function that has been 488

proposed as the basis for contextually-modulated information processing [30,31] in 489

which the activation of a computational unit (neuron) due to receptive field (driving) 490

inputs is modulated by a separate stream of contextual inputs. 491

A basic transfer function with these characteristics is of the form [32]: 492

Trc = sr(k1 + (1− k1) exp(k2srsc)) = sr + (1− k1)sr(exp(k2srsc)− 1), (21)

where sr and sc are the accumulated (weighted and summed) receptive field and 493

contextual inputs, respectively. This is of the form f(x) + g(x, y) where f(x) = x and 494

g(x, y) = x+ (1− k1)x(exp(k2xy)− 1). This is then be passed through a logistic 495
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function to give an output limited to between 0 and 1: 496

Orc =
1

1 + exp(−k3Trc + k4)
. (22)

The use of computational units (neurons) with this transfer function in artificial neural 497

networks has been demonstrated in a wide range of applications where the networks 498

were trained to achieve contextually-modulated information processing using the 499

Coherent Infomax (CI) learning rule derived using information theory [32–35]. 500

Using arguments based on consideration of the log odds for the generation of a 501

second somatic spike, this basic transfer function has been extended in [36] to cover the 502

situation of BAC firing in a pyramidal cell, as with our transfer function. The resultant 503

function is: 504

Tba = β1 + β2b(1 + exp(β3ba(1 + exp(β4a)))), (23)

where b and a are the strengths of the basal and apical inputs, respectively. The main 505

difference from the basic function (Eq 21) is that the contextual term includes the 506

transformation of apical input into BAC firing via: 507

c =
1

2
a(1 + exp(β4a)), (24)

plus the addition of a constant β1 accounting for the prior odds of a burst. 508

Least-squares fitting to our simulated bursting data of this function (Eq 23), passed 509

through a logistic (Eq 22) to give bursting probability, reveals that it has the same 510

general characteristics of our more complex function and gives a tolerable fit to the 10 511

ms basal data (Fig 11a), though not as good as our more complex function (Fig 11b). 512

The Tba function cannot achieve a good fit to the more complex curves for the 2 ms and 513

5 ms basal data. 514

The effect of apical input in the Tba function is to increase the gain of the bursting 515

response to basal input. In our P2 function, the response is left-shifted with increasing 516

apical input, but by different amounts over the basal range, with low bursting 517

probabilities being more quickly enhanced by apical input than higher probabilities. For 518

P2, the response curves for no apical input and for strong apical input are essentially 519

identical in shape and hence gain, but over different basal ranges. In between, the gain 520
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Fig 11. (a) Tba transfer function through logistic (solid lines) with parameter values
from least-squares fit to our 10 ms basal duration data, illustrated as burst probability
versus basal amplitude, with plots for selected values of the apical amplitude (legend);
(b) as for (a) but with our P2 transfer function (note that dashed lines in (a) and (b)
are the frequency data from simulations for a basal duration of 10 ms); (c) Shai et
al. [23] transfer function Tlh for firing frequency as a function of the number of basal
and apical synaptic inputs; (d,e) difference between burst probability curves with apical
input and burst probability with basal input alone, for the Tba and P2 transfer
functions, respectively; (f) combinations of apical and basal amplitudes required to
achieve a threshold of 0.5 burst probability for the three transfer functions (note that
the numbers of synaptic inputs for Tlh have been scaled to match the input currents of
P2 for comparison purposes).

is effectively lowered, resulting in a greater dynamic range in the response to basal 521

inputs (see particularly the response when apical input is 0.4 nA in Fig 11b). By 522

considering the difference between response curves with non-zero apical input and the 523

response with only basal input, it can be seen that apical amplification is particularly 524

effective over a limited basal range for both the Tba and P2 functions (Fig 11d,e). The 525

point of greatest sensitivity to apical input shifts to lower basal values for Tba, but for 526

P2 (and hence the pyramidal cell) it is constant at around a basal amplitude of 0.6 nA. 527

In a closely related study, Shai et al. [23] used simulations of a detailed 528

compartmental model of a layer 5 pyramidal cell to examine its firing rate response to 529
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different numbers of concomitant basal and apical synaptic inputs. Though not 530

classifying the output as bursting or not, they demonstrated that the cell exhibited a 531

rapid transition between low and high firing rates, as calculated over a 100 ms period. 532

The high firing rates had a strong dependence on calcium levels underpinning BAC 533

firing. They collected data across a range of numbers of basal and apical synaptic 534

inputs, but with only a single simulation per pair of numbers, resulting in hard 535

thresholds between low and high firing. They fitted a transfer function to this data in 536

which output firing is driven by the basal input, but where the maximum firing rate M 537

and the threshold T between low and high firing, were both functions of the number of 538

apical inputs: 539

Tlh =
M(na)

1 + exp(−(nb − T (na)))
, (25)

where na and nb are the number of apical and basal synaptic inputs. The maximum 540

rate M(na) is an increasing sigmoidal function of na, whilst the threshold T (na) is a 541

decreasing sigmoidal function of na. This function, as fit by [23] to their simulated data, 542

is shown in Fig 11c. 543

To compare our transfer function with that of Shai et al. [23], we can define a 544

threshold of 0.5 for the transition from a low to a high bursting probability. The paired 545

apical and basal input amplitudes that achieve this threshold for the Tba and P2 transfer 546

functions are plotted in Fig 11f. In this same figure, equivalent threshold points (black 547

line) for the Tlh function have been found by scaling the firing rate responses shown in 548

Fig 11c to the maximum achieved in each case and then scaling the numbers of apical 549

and basal synaptic inputs to the ranges of input currents of P2. In this way it can be 550

seen that the data and transfer functions of our model and that of [23] are related, with 551

P2 and Tlh showing a similar non-linear decrease in basal amplitude required to reach 552

the threshold, with increasing apical amplitude. This decline is quite linear for Tba. 553

Information processing with two input streams 554

The nature of the information processing carried out by neocortical pyramidal cells that 555

receive anatomically-distinct basal (perisomatic) and apical dendritic inputs from 556

different sources is the subject of many investigations and hypotheses [37]. Our study 557

demonstrates the ability of pyramidal cells that exhibit BAC firing to carry out 558
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contextually-modulated processing of the sensory-derived feedforward basal inputs, 559

where the distinct apical inputs provide the relevant context. Output bursts are the 560

information carriers. A simple orientation-selectivity example illustrates how the 561

appropriate context can greatly amplify the response to the sensory (feedforward) input. 562

The out-of-context response is reduced but still has the same receptive field peak i.e. 563

the conflicting context does not shift this peak. 564

Information theory has been used to understand what information our transfer 565

functions transmit about the basal and apical input streams. Partial information 566

decomposition reveals that in a regime where sufficiently strong basal input is able to 567

generate a burst, but apical input alone is not, then the presence or not of a burst 568

carries significant information about the strength of the basal input, but little about the 569

apical input (Fig 8 HL). There is some shared and synergistic information. This has 570

been termed the apical amplification processing mode [2, 5]. The situation is reversed if 571

the apical input is strong enough to cause a burst by itself, but the basal input is not 572

(Fig 8 LH), which has been termed the apical drive mode [5, 8]. In the situation where 573

neither the basal nor apical inputs alone can generate a burst, the output contains 574

significant shared and synergistic information, with some unique information about the 575

basal strength as it contributes to bursting through the generation of an initial sodium 576

spike, even though it cannot generate a burst by itself (Fig 8 LL). We denote this the 577

apical cooperation mode. When both inputs are strong enough to generate bursting by 578

themselves (HH) then most information is shared and synergistic, as the probability of 579

bursting is a function of the nonlinear summation of the basal and apical inputs (Fig 8 580

HH). We denote this the apical integration mode. 581

In the apical cooperation mode (low input regime, LL), where the individual inputs 582

do not generate bursts by themselves, [19] demonstrates that single spike and bursting 583

outputs can carry multiplexed information about the basal and apical drives to a 584

pyramidal cell, with different downstream circuits able to readout these different signals. 585

In layered networks, short-term depression in ascending basal connections allows the 586

bottom-up spike rate to be transmitted, irrespective of bursting induced by top-down 587

inputs. Short-term facilitation in descending dendritic connections, on the other hand, 588

allows information on top-down inputs to be transmitted, in the form of burst 589

probability or burst rate. This separation of signals relies on operating in a regime 590
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where basal inputs alone cannot produce bursts. 591

The apical integration mode opens up the possibility of new forms of information 592

processing that have been termed information modification [38] or coding with 593

synergy [39], in which new information is generated in the output that is not available in 594

either of the input streams individually. 595

Two-stream signal interaction in cortical pyramidal cells 596

There is increasing in vivo experimental evidence as to the influence of contextual 597

signals on the receptive field responses of cortical pyramidal cells (PCs) . In the visual 598

system, there is considerable evidence that PC receptive field responses can alter in 599

task-dependent ways, indicating contextually-modulated processing [10,13]. 600

Experiments in primates show that neural responses to visual inputs in their receptive 601

field can be altered by nearby flanking signals that may be relevant or irrelevant to the 602

task at hand, enabling such tasks as contour integration [10]. Our simple network 603

example of lateral amplification provides an indication of a possible mechanism 604

underpinning such effects (Fig 6). 605

New experimental techniques are now allowing the cellular and network effects and 606

mechanisms of contextual modulation to begin to be unpicked, particularly in the 607

mouse visual system [13]. In rodents, attention and locomotion increase the response 608

amplitude and selectivity of PC receptive fields to visual input [13], such as orientation 609

selectivity [40]. Firing rate increases during locomotion, compared to rest, have been 610

measured in individual PCs, corresponding to both additive and multiplicative changes 611

in receptive fields [12]. Importantly, receptive field orientation preference is not changed, 612

but the increased response amplitude increases orientation discriminability. This 613

corresponds with the effects seen in the example of orientation selectivity with our 614

identified transfer function (Fig 5). In cortex, such effects likely will be mediated by 615

cellular and network-level effects including changes in inhibition and 616

neuromodulation [12,13], but also through the increased influence of contextual 617

excitatory inputs to PCs on their spiking output. The combination of locomotion and 618

visual input can be a better predictor of PC activity than visual input alone [14]. 619

Further, visual activity has been recorded due to locomotion in the dark, indicating that 620
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contextual (apical) drive can generate output spiking on its own, without corresponding 621

feedforward sensory inputs [14]. 622

Dendritic calcium spiking in layer 5 PCs is correlated with cognition in 623

somatosensory cortex [41]. More specifically, experiments in mice show that calcium 624

spikes in the apical dendrites of layer 5 PCs affect the detection of whisker stimuli in 625

barrel cortex, corresponding with a lowering of stimulus intensity threshold for 626

detection [11]. These experiments showed that blocking of calcium spikes shifts the 627

detection threshold to the right (larger stimulus amplitude), indicating that dendritic 628

spiking modulates cell output to lower the response threshold to sensory input. Further, 629

upregulating excitability in dendrites leads to an increased false detection rate, giving 630

evidence of apical drive. Somatic bursts do correlate with detection though they are less 631

predictive of detection than the overall firing rate [11]. 632

We have identified different operating regimes for layer 5 pyramidal cells that 633

depend on the relative strengths of the excitatory basal and apical input streams. 634

Which regime may be in operation in the behaving animal is determined not purely by 635

the strengths of the excitatory inputs, but also is controlled dynamically by inhibition 636

and neuromodulation. In cortical circuits, the interaction of apical and basal excitatory 637

inputs is strictly controlled through inhibition, mediated by a variety of classes of 638

interneuron that make layer-specific connections onto pyramidal cells and are 639

preferentially driven by top-down, bottom-up or lateral connections [42]. Perisomatic 640

inhibition controls output spiking, with the potential to limit bursting output despite 641

the initiation of dendritic calcium spikes. On the other hand, dendritic calcium spikes 642

are controlled by inhibitory interneurons that target the apical tuft dendrites, affecting 643

calcium spike initiation, or the apical trunk, affecting their transmission to the 644

soma [43,44]. [45] used detailed computer simulations of a layer 5 pyramidal cell to 645

explore the spatio-temporal effects of inhibition on dendritic spiking and subsequent 646

burst firing. 647

Excitatory pathways influence their own impact on target pyramidal cells through 648

which classes of inhibitory interneuron they also connect with. Of particular interest is 649

the disinhibition of apical dendrites that promotes the generation of calcium spikes, 650

through interneurons that specifically target other interneurons that inhibit the apical 651

tuft and trunk [42,46]. This disinhibition is quite focal within neocortical columns [46] 652
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and allows gating of interactions between the basal and apical inputs that can mediate 653

contextually-modulated information transmission [47]. It appears that cross-modal 654

contextual inputs preferentially disinhibit their target pyramidal cells, whereas within 655

the same modality such inputs largely inhibit their target PCs [47,48]. 656

The influence of apical tuft activity on layer 5 pyramidal cell output strongly 657

depends on the neuromodulatory state of the cell. High levels of acetylcholine and 658

norepinephrine are present in the neocortex during attention and active behaviour in 659

the awake animal. These neuromodulators regulated both pyramidal cell and 660

interneuron activity. In particular, activation of muscarinic acetylcholine receptors in 661

the apical tuft of layer 5 pyramidal cells promotes calcium spiking through upregulation 662

of R-type calcium channels [49]. Adrenergic modulation also increases tuft excitability, 663

putatively through blocking of dendritic HCN channels [50]. General anesthesia acts to 664

decouple the apical tuft from the cell body, putatively through blocking metabotropic 665

glumate and cholinergic receptors in the apical trunk that promote coupling in the 666

awake animal [3, 9]. 667

While neocortical pyramidal cells in general usually have the same basic arrangement 668

of apical and basal inputs, thick-tufted layer 5 pyramidal cells have the most distinct 669

nonlinear interaction between contextual apical and feedforward basal inputs mediated 670

by apical dendritic calcium spikes. However, even within this class of cells, BAC firing 671

and subsequent bursting is limited to the largest cells [51, 52]. Increasing apical trunk 672

length results in greater dendritic compartmentalisation and a greater propensity for 673

generating large calcium spikes that are still able to promote burst firing at the soma. 674

BAC firing is enabled by active, sodium-channel-mediated back propagation of somatic 675

action potentials [52]. Shorter cells only exhibit limited calcium spikes that do not 676

trigger bursts but apical inputs can generate single spike firing in the soma. Shorter 677

cells are more electrically compact which is enhanced by a reduced axial resistance in 678

the apical trunk [51]. These differences correspond with cortical location and its 679

corresponding thickness, with a rostral-caudal gradient from large to small in primary 680

visual cortex [51] and a distinct difference between primary (larger cells) and secondary 681

(smaller cells) visual areas [52] in the rat. At the other extreme, human pyramidal cells 682

are larger and consequently exhibit even greater compartmentalisation of the distal 683

apical dendrites, to the extent that calcium spiking in the dendrites does not lead to 684
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bursting in the soma [53]. Thus two-stream signal interaction in pyramidal cells takes a 685

variety of forms depending on cortical area and animal species. 686

Issues arising 687

The use of tightly controlled stimuli here has allowed for PID analysis and transfer 688

function fitting in well defined operating regimes. This opens the door for exploring 689

more naturalistic settings. In particular, here the operating regimes are defined 690

according to the amplitudes of the input stimuli, with no other changes to intrinsic cell 691

properties and with no inhibitory inputs. In the whole animal, the effect of particular 692

strengths of excitatory input will be determined by spatio-temporal patterns of 693

inhibition and changes to cell membrane properties through neuromodulation. These 694

effects can be modelled explicitly to demonstrate if our identified information processing 695

modes, corresponding to different operating regimes, do appear in particular 696

behavioural states, ranging from active wakefulness to dreaming sleep [5, 7, 8]. 697

It has previously been conjectured that the apical amplification mode is primary to 698

cognition in the awake, behaving animal [2], whereas apical drive comes to the fore in 699

dreaming sleep [8]. From our analysis here, we would also conjecture that our mode of 700

apical integration captures a mechanism underpinning the formation of thoughts and 701

imagination in the awake animal [5]. 702

The effect of apical input may be controlled in different ways that may seem similar 703

from the cell output point of view, but have distinct effects within the cell. Inhibition 704

and neuromodulation may limit the summed strength of apical tuft synaptic inputs, or 705

the ability of these inputs to generate a large calcium spike, or the transmission of this 706

spike to the cell body [45]. All of these will limit the contribution of the apical input 707

stream to bursting output. Dendritic inhibition of synaptic input is closest to the simple 708

change in amplitude we have studied here. Limiting transmission of the calcium spike to 709

the cell body, on the other hand, while still allowing a dendritic calcium spike, may be 710

vital for enabling synaptic plasticity in the apical tuft, while preventing its contribution 711

to cell output [45]. We have not considered synaptic plasticity here, but it is of 712

fundamental importance to establishing information storage and transmission in which 713

regenerative activity in the apical dendrites and bursting may play a significant 714
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part [54, 55]. 715

As indicated above, the nature of the interaction between basal and apical inputs is 716

very much pyramidal cell-type specific. The approach we have taken here, using a 717

combination of transfer function fitting and information theory can be used to 718

characterise other classes of pyramidal cell and provide a comprehensive picture of 719

contextually-modulated information processing across the neocortex. 720

Conclusion 721

Partial information decomposition and transfer function fitting have been used to 722

characterise the input-output properties of burst firing in a stochastic model of a layer 5 723

neocortical pyramidal cell that can exhibit BAC firing [15]. It is revealed that the cell 724

can operate in different information processing modes, depending on the amplitude 725

ranges of the basal and apical input streams. Highlighting the contribution of the apical 726

stream, these modes have been termed apical amplification, apical drive [2, 5, 8], apical 727

cooperation and apical integration. Different modes are plausibly obtained in vivo 728

through the activation of targeted inhibitory pathways and network neuromodulation. 729

The encompassing theme of these modes is contextually-modulated information 730

processing in which contextual apical inputs from diverse brain regions refine signal 731

transmission of feedforward sensory inputs. 732

Materials and methods 733

Model pyramidal cell 734

Simulations of probabilistic spike firing were run using the [15] reduced 20-compartment 735

model of a layer 5 pyramidal cell. We used model 2 of [15], which can generate 736

backpropagation-activated calcium (BAC) spike firing. Model code for the NEURON 737

simulator (neuron.yale.edu) was obtained from ModelDB (modeldb.science). The 738

compartmental structure and active biophysics of the model are outlined in Table 4. A 739

cell schematic is shown in Fig 1. Full details of the parameter values are available in [15] 740

and in the code itself. 741
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Table 4. Structure and active biophysics of the Bahl model. Cpts - number of
numerical compartments; L - length (µm); Diam - diameter (µm); Nat - transient
sodium current; Kfast - fast potassium; Kslow - slow potassium; Nap - persistent
sodium; Km - muscarinic potassium; HCN - hyperpolarization-activated cation; Cas -
slow calcium; KCa - calcium-activated potassium; CP - calcium pump.

Section Cpts L Diam Nat Kfast Kslow Nap Km HCN Cas KCa CP
soma 1 23.1 23.1 x x x x x
basal dendrite 1 257 8.7 x
apical dendrite 5 500 5.9 x x x x
apical tuft 2 499 6 x x x x x x x
axon hillock 5 20 3.5-2 x
initial segment 5 25 2-1.5 x
axon 1 500 1.5

Model stimuli 742

Random background synaptic activity was modelled as a noisy current described by an 743

Ornstein-Uhlenbeck (OU) process of the form used by [56]. Our NEURON nmodl code 744

was adapted from the synaptic conductance code of [57]. The current waveform is given 745

by: 746

I(t+ dt)) = I(t) + (µ− I(t))(dt/τ) + σGt

√

2dt/τ , (26)

with mean current µ = 0 nA, standard deviation σ = 0.1 nA and correlation length 747

τ = 3 ms. Gt is a Gaussian random number with mean 0 and a standard deviation of 1, 748

chosen at each sample time dt = 25µs. Independent noisy waveforms were injected into 749

the middle of the soma and apical tuft sections. 750

The noisy currents themselves produced a very low probability of somatic spiking. 751

Defined stimuli that could produce spiking were given simultaneously in the form of a 752

short square-wave current pulse to the soma and an EPSP-like dual exponential current 753

waveform to the apical tuft (rise time 0.5 ms; decay time 5 ms). Combinations of such 754

stimuli of sufficient amplitude could produce BAC-firing, as in the experimental work of 755

Larkum [1,58,59] and in pyramidal cell models [15, 60]. 756

Simulations of stochastic spiking 757

Simulations of a single pyramidal cell with particular basal and apical stimulus 758

amplitudes and time course were repeated 100 times with different noisy currents each 759

time to generate a record of stochastic responses. Simulations were for 250 ms with the 760

defined stimuli applied after 100 ms. Basal amplitudes were varied from 0 to 3 nA in 0.1 761
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nA increments, for step durations of 2 or 5 ms, and from 0 to 1 nA in 0.05 nA 762

increments for a step duration of 10 ms. Apical amplitudes were varied from 0 to 1 nA 763

in increments of 0.1 nA, always with an EPSP rise time of 0.5 ms and fall time of 5 ms. 764

These amplitude ranges were chosen so that strong basal input alone could produce 765

spiking output, whereas apical input alone could not. During each simulation, somatic 766

spikes were counted, based on a somatic voltage threshold of -25 mV, from the onset of 767

the defined stimuli to the end of the simulation. During analysis, groups of spikes 768

recorded with interspike intervals of less than 25 ms were counted as bursts. Burst 769

probability for given defined stimuli amplitudes was calculated as the fraction of the 100 770

simulations in which a burst occurred. 771

Information theory notation and definitions 772

We consider a trivariate probabilistic system involving three discrete random variables: 773

an output Y and two inputs B and A. Hence, underlying the discrete data sets we 774

consider is a probability mass function Pr(Y = y,B = b, A = a), where y, b, a belong the 775

the finite alphabets Ay,Ab,Aa, respectively. 776

The alphabets Ab and Aa consist of the sets of discrete basal and apical amplitudes 777

used in the cell simulations. Each basal and apical input amplitude is treated as equally 778

probable. The output spike count was categorised into two categories as 0-1 (no burst) 779

and 1+ (burst) to allow calculation of burst probabilities. 780

In the first analysis with different durations of basal input, three categorical 781

distributions are considered, of sizes 31× 11× 2 for each of the 2 ms and 5 ms durations 782

of basal input, and 21× 11× 2 for the 10 ms duration. The probabilities in each case 783

are computed for each combination of basal input, apical input and spike count output 784

as the number of occurrences of this combination divided by the product of the number 785

of basal input amplitudes, the number of apical input amplitudes and 100. 786

In the analysis of the extended data set for a basal duration of 10 ms, we consider 787

basal and apical amplitudes in steps of 0.1 nA up to their range limits for each of four 788

operating regimes. The probability distributions for the four regimes are of size: 789

6× 11× 2 when basal and apical amplitudes are both low (range 0 to 1 nA for both); 790

6× 18× 2 when basal amplitude is low and apical amplitude is high (basal 0-0.5 nA; 791
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apical 0-1.7 nA); 11× 11× 2 for high basal amplitude and low apical amplitude (basal 792

0-1.0 nA; apical 0-1.0 nA); 11× 18× 2 when both amplitudes are high (basal 0-1.0 nA; 793

apical 0-1.7 nA). 794

Classical information theory 795

We now define the standard information theoretic terms that are required in this work 796

and they are based on results in [61]. We denote by the function H the usual Shannon 797

entropy, and note that any term with zero probabilities makes no contribution to the 798

sums involved. The joint mutual information that is shared by Y and the pair (B,A) is 799

given by, 800

I(Y ;B,A) = H(Y ) +H(B,A)−H(Y,B,A). (27)

The information that is shared between Y and B but not with A is 801

I(Y ;B|A) = H(Y,A) +H(B,A)−H(A)−H(Y,B,A), (28)

and the information that is shared between Y and A but not with B is 802

I(Y ;A|B) = H(Y,B) +H(B,A)−H(B)−H(Y,B,A). (29)

The information shared between Y and B is 803

I(Y ;B) = H(Y ) +H(B)−H(Y,B) (30)

and between Y and A is 804

I(Y ;A) = H(Y ) +H(A)−H(Y,A) (31)

The interaction information [62] is a measure of information involving all three variables, 805

Y,B,A and is defined by 806

II(Y ;B;A) = I(Y ;B,A)− I(Y ;B)− I(Y ;A) (32)

McGill’s interaction information has been used as a measure of synergy [63], with a 807
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positive value indicating the presence of synergy and a negative value indicating 808

redundancy. See also [64]. The negative of McGill’s measure has been termed 809

coinformation [65], and it has been used as an objective function in an artificial neural 810

network possessing two distinct sites of integration [32]. In the case of three variables, 811

the negative of McGill’s measure is a special case of the general O-information 812

measure [66]. The O-information measure can be particularly useful with systems which 813

have a large number of interacting variables [67]. 814

Partial Information Decomposition 815

The output entropy, H(Y ), may be written as

H(Y ) = I(Y ;B,A) +H(Y )res,

where H(Y )res is the residual output entropy. 816

The decomposition of the joint mutual information can be expressed as [39]: 817

I(Y ;B,A) = Iunq(Y ;B|A)+Iunq(Y ;A|B)+IshdS(Y ;B,A)+IshdM (Y ;B,A)+Isyn(Y ;B,A),

(33)

where the shared information Ishd(Y ;B,A) has been split into two separate components

of source shared or mechanistic shared information [68] as:

Ishd(Y ;B,A) = IshdS(Y ;B,A) + IshdM (Y ;B,A).

Adapting the notation of [39] we express our joint input mutual information in four 818

terms as follows: 819

For an excellent tutorial on information theory and partial information

decomposition, with illustrations from neuroscience, see [69]. It is possible to make

deductions about a PID by using the following four equations which give a link between

the components of a PID and certain classical Shannon measures of mutual information.
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UnqB ≡ Iunq(Y ;B|A) denotes the unique information that B conveys about
Y ;

UnqA ≡ Iunq(Y ;A|B) is the unique information that A conveys about Y ;

ShdS ≡ IshdS(Y ;B,A) gives the shared (or redundant) information that both
B and A have about Y , due to the correlation between
A and B. This is termed source shared information.

ShdM ≡ IshdM (Y ;B,A) gives the shared (or redundant) information that
both B and A have about Y , due to the probabilistic
mechanism. This is termed mechanistic shared infor-
mation.

Syn ≡ Isyn(Y ;B,A) is the synergy or information that the joint variable
(B,A) has about Y that cannot be obtained by ob-
serving B and A separately.

The following are in [39] (eqs. 4, 5 with amended notation); see also [25].

I(Y ;B) = UnqB + ShdS + ShdM (34)

I(Y ;A) = UnqA+ ShdS + ShdM, (35)

I(Y ;B|A) = UnqB + Syn, (36)

I(Y ;A|B) = UnqA+ Syn. (37)

Using (33), (34), (35) we may deduce the following connections between classical 820

information measures and partial information components: 821

II(Y ;B;A) = Syn− ShdS− ShdM (38)

822

I(Y ;B)− I(Y ;A) = UnqB−UnqA (39)

The term in (39) defines the unique information asymmetry. A positive value 823

suggests that the information processing is being driven mainly by input B, whereas a 824

negative value suggests that input A provides more drive. 825

When the partial information components are known a priori to be non-negative, we 826

may deduce the following from (27), (34), (35). When the interaction information 827

in (32) is positive, a lower bound on the synergy of a system is given by the interaction 828

information [62]. Also, the expression in (39) provides a lower bound for UnqB, when 829

January 16, 2024 40/51

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 20, 2024. ; https://doi.org/10.1101/2024.01.16.575982doi: bioRxiv preprint 

https://doi.org/10.1101/2024.01.16.575982
http://creativecommons.org/licenses/by/4.0/


I(Y ;B) > I(Y ;A). Thus some deductions can be made without considering a PID. 830

While such deductions can be useful in providing information bounds, it is only by 831

computing a PID that the actual values of the partial information components can be 832

obtained. 833

When making comparisons between different systems it is sometimes necessary to 834

normalise the information decomposition by dividing each term by their sum, the output 835

entropy, H(Y ). Such normalisation will be applied in the analyses when comparing 836

decompositions obtained under different conditions of an experimental or grouping 837

factor. For probability distributions in which the inputs B and A are marginally 838

independent the source shared information, ShdS, should be equal to zero, and hence 839

the total shared information is entirely mechanistic shared information - shared 840

information due to the probabilisitic mechanism involved in the information processing. 841

Software for PID 842

The Ibroja PID was estimated using compute UI [70]. The discrete information theory 843

library dit [71] was used to estimate the Imin and Iproj PIDs. R [72] code was also used 844

to estimate the Idep PID. Python code was called from RStudio [72] by using the 845

reticulate package [73]. The graphics were produced by using the ggplot2 package [74] in 846

RStudio. 847

Transfer function fitting 848

Burst probabilities were extracted from the simulation data in the form of burst 849

frequencies over 100 repetitions at each basal and apical current amplitude. Bursts were 850

counted as groups of spikes separated by interspike intervals of at most 25 ms. The 851

transfer functions were fit to this data by a least-squares fitting procedure using the 852

SciPy (scipy.org) least squares function. Optimisation proceded simultaneously 853

against all available basal and apical strengths for a particular duration of basal input 854

(which was either 2, 5 or 10 ms). For each optimisation step, the burst probability as a 855

function of basal amplitude when there was no apical input was calculated as P2b(b) 856

(Eq 7). The resulting values were then used in the calculation of the full transfer 857

function, P2(b, a) = P1b(b)[P2a(a)(1− P2b(b)) + P2b(b)] (Eq 9), for all apical amplitudes 858
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greater than zero but in the low range, leading to the parameterisation of P1b(b) (Eq 6) 859

and P2a(a) (Eq 8) and also allowing the calculation of the transfer function PLL

2
(Eq 17). 860

For apical input in the high range, the burst firing probability P ∗

2a(a) (Eq 15) was 861

obtained by fitting to the full range of apical amplitudes when the basal input is zero. 862

This function was then used to complete the transfer functions PLH

2
(Eq 19) and PHH

2
863

(Eq 20). 864

Standard errors in the parameter values were estimated from the Jacobian matrix 865

and residuals. Fitting quality was also tested by refitting using weighted least squares 866

and binomial nonlinear regression, both of which produced similar results. 867
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Supporting information 868

S1 Fig. Further examples of spiking responses. (a) No basal input, apical input 869

a=1 nA: no burst; (b) No basal, a=1 nA: burst occurs after a time delay; (c) Basal 870

duration 5 ms: b=2, a=0; (d) Basal duration 5 ms: b=2, a=0.5. 871

S2 Fig. Partial information decompositions for different basal durations. 872

Partial information decompositions obtained by using four different methods (Imin, 873

Iproj, Ibroja, Idep) on burst probability data for apical inputs up to 1 nA and basal 874

inputs up to 3 nA, for each of three durations of basal input: 2 ms (B2), 5 ms (B5), 10 875

ms (B10). 876

S3 Fig. Partial information decompositions for different regimes. Partial 877

information decompositions obtained by using four different methods (Imin, Iproj, 878

Ibroja, Idep) for each of the four regimes of basal and apical inputs with a basal 879

duration of 10 ms. ’L’ is an abbreviation of ’low’, and ’H’ is an abbreviation of ’high’, so 880

for example, ’HL’ denotes the regime in which basal input is high and apical input is 881
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43. Murayama M, Pérez-Garci E, Nevian T, Bock T, Senn W, Larkum ME.

Dendritic encoding of sensory stimuli controlled by deep cortical interneurons.

Nature. 2009;457(7233):1137–1141.

44. Schulz JM, Kay JW, Bischofberger J, Larkum ME. GABA B receptor-mediated

regulation of dendro-somatic synergy in layer 5 pyramidal neurons. Frontiers in

cellular neuroscience. 2021;15:718413.

45. Leleo EG, Segev I. Burst control: synaptic conditions for burst generation in

cortical layer 5 pyramidal neurons. PLoS Computational Biology.

2021;17(11):e1009558.

January 16, 2024 48/51

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 20, 2024. ; https://doi.org/10.1101/2024.01.16.575982doi: bioRxiv preprint 

https://doi.org/10.1101/2024.01.16.575982
http://creativecommons.org/licenses/by/4.0/


46. Jiang X, Wang G, Lee AJ, Stornetta RL, Zhu JJ. The organization of two new

cortical interneuronal circuits. Nature neuroscience. 2013;16(2):210–218.

47. Wang XJ, Yang GR. A disinhibitory circuit motif and flexible information

routing in the brain. Current opinion in neurobiology. 2018;49:75–83.

48. Shen S, Jiang X, Scala F, Fu J, Fahey P, Kobak D, et al. Distinct organization of

two cortico-cortical feedback pathways. Nature Communications. 2022;13(1):6389.

49. Williams SR, Fletcher LN. A dendritic substrate for the cholinergic control of

neocortical output neurons. Neuron. 2019;101(3):486–499.

50. Labarrera C, Deitcher Y, Dudai A, Weiner B, Amichai AK, Zylbermann N, et al.

Adrenergic modulation regulates the dendritic excitability of layer 5 pyramidal

neurons in vivo. Cell reports. 2018;23(4):1034–1044.

51. Fletcher LN, Williams SR. Neocortical topology governs the dendritic integrative

capacity of layer 5 pyramidal neurons. Neuron. 2019;101(1):76–90.

52. Galloni AR, Laffere A, Rancz E. Apical length governs computational diversity of

layer 5 pyramidal neurons. Elife. 2020;9:e55761.

53. Beaulieu-Laroche L, Toloza EH, Van der Goes MS, Lafourcade M, Barnagian D,

Williams ZM, et al. Enhanced dendritic compartmentalization in human cortical

neurons. Cell. 2018;175(3):643–651.

54. Payeur A, Guerguiev J, Zenke F, Richards BA, Naud R. Burst-dependent

synaptic plasticity can coordinate learning in hierarchical circuits. Nature

neuroscience. 2021;24(7):1010–1019.

55. Francioni V, Harnett MT. Rethinking single neuron electrical

compartmentalization: dendritic contributions to network computation in vivo.

Neuroscience. 2022;489:185–199.
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