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Abstract  
Dendritic spikes in layer 5 pyramidal neurons (L5PNs) play a major role in cortical 
computation.  While dendritic spikes have been studied extensively in apical and basal 
dendrites of L5PNs, whether oblique dendrites, which ramify in the input layers of the cortex, 
also generate dendritic spikes is unknown. Here we report the existence of dendritic spikes in 
apical oblique dendrites of L5PNs. In silico investigations indicate that oblique branch spikes 
are triggered by brief, low-frequency action potential (AP) trains (~40 Hz) and are 
characterized by a fast sodium spike followed by activation of voltage-gated calcium 
channels. In vitro experiments confirmed the existence of oblique branch spikes in L5PNs 
during brief AP trains at frequencies of around 60 Hz. Oblique branch spikes offer new 
insights into branch-specific computation in L5PNs and may be critical for sensory 
processing in the input layers of the cortex. 

 

Introduction 

Our capacity to decode how the brain works hinges in part on our understanding of how 
individual neurons process information. In the cortex of the mammalian brain, information 
processing is primarily performed by pyramidal neurons located in different layers of the 
cortical column. Of the different types of pyramidal cells in the cortex, the layer 5 pyramidal 
neuron (L5PN) plays a critical role in cortical processing. As its dendritic tree spans the 
entire cortical column, L5PNs receive and integrate information across all cortical layers 
(Spruston, 2008, Ramaswamy and Markram, 2015). For this reason, identifying the 
functional role of L5PN dendrites is crucial to decoding information processing in the cortex. 
While much is known about cortical processing in the apical tuft and basal dendrites of 
L5PNs (Nevian et al., 2007, Larkum et al., 2009), the apical oblique dendrites of L5PNs have 
received much less attention. Apical oblique dendrites of L5PNs receive almost a third of all 
synaptic connections from neighbouring L5PNs (Markram et al., 1997). In addition to these 
inter-cortical inputs, apical obliques of L5PNs are located in the primary input layer of the 
cortex (layer 4) and may receive direct input from the thalamus (Constantinople and Bruno, 
2013). Hence, understanding how apical oblique dendrites process sensory information has 
important implications for cortical function. 

An important feature that facilitates dendritic computation in L5PNs is the non-linear, 
regenerative activation of dendritic voltage-activated channels, which can lead to the 
generation of dendritic spikes (London and Hausser, 2005, Sjostrom et al., 2008, Major et al., 
2013, Stuart and Spruston, 2015). While most studies on dendritic spikes in cortical 
pyramidal neurons have been performed in rodents, recent work indicates that human cortical 
pyramidal neurons can also generate dendritic spikes (Beaulieu-Laroche et al., 2018, Gidon et 
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al., 2020). Previous works in cortical L5PNs indicates that dendritic spikes can be evoked in 
the basal (Kampa and Stuart, 2006, Nevian et al., 2007, Branco et al., 2010), apical trunk 
(Amitai et al., 1993, Kim and Connors, 1993, Stuart and Sakmann, 1994, Schiller et al., 1997, 
Stuart et al., 1997a, Larkum et al., 1999) and apical tuft dendrites (Larkum et al., 2007, 
Larkum et al., 2009, Harnett et al., 2015, Short et al., 2017, Beaulieu-Laroche et al., 2019, 
Fletcher and Williams, 2019). In contrast, whether dendritic spikes can also be evoked in 
apical oblique dendrites of L5PNs is largely unknown.  
A number of studies suggest that oblique branches of L5PNs are endowed with active 
conductance that may support the generation of dendritic spikes. Large increases in 
intracellular calcium have been observed in oblique dendrites of L5PNs during epileptic 
discharges, suggesting that these dendrites express voltage-gated calcium channels (Schiller, 
2002), while voltage imaging has revealed that back-propagating action potentials (bAPs) 
reliably invade the proximal oblique dendrites with minimal amplitude and time-course 
modulation (Antic, 2003). Interestingly, bAPs fail to invade some oblique branches, possibly 
due to heterogeneous expression of A-type potassium channels (Zhou et al., 2015). While 
these earlier studies suggest that the apical oblique dendrites of L5PNs are endowed with 
voltage-gated channels, direct evidence for locally generated dendritic spikes remains to be 
verified. 

Here, we report dendritic spike generation in oblique branches of cortical L5PNs. Using the 
critical frequency protocol to evoke dendritic spikes with action potential (AP) trains 
(Larkum et al., 1999), we show in morphologically realistic models in silico and in real 
neurons in vitro that dendritic spikes are evoked in apical oblique dendrites of L5PNs at a 
critical frequency. In comparison to previous work where trains of four APs at around 100 Hz 
were required to evoke dendritic spikes at the nexus of the apical tuft (Larkum et al., 1999) 
and in basal dendrites (Kampa and Stuart, 2006) of L5PNs, we found that dendritic spikes in 
oblique branches are evoked by AP trains of just two APs at significantly lower frequencies 
(40 to 60 Hz). Oblique branch spikes offer new insights into branch-specific computations in 
L5PNs and may be critical for sensory processing in the input layers of the cortex. 

 

Results 

Using a previously published multi-compartment model of a L5PN model (Shai et al., 2015), 
we investigated whether AP trains could evoke dendritic spikes in apical obliques dendrites, 
as has been previously shown to occur in the nexus of the apical tuft. We recorded the 
membrane potential at the soma as well as at the nexus of the apical tuft and also at various 
oblique dendritic branches (Figure 1a). Consistent with experimental findings (Larkum et al., 
1999), a four-AP train at 100 Hz evoked a dendritic calcium spike at the apical nexus (Figure 
1b). Surprisingly, we found that two-AP trains at much lower frequencies (36 Hz) evoked 
dendritic spikes in some oblique dendrites (Figure 1c). These oblique branch spikes had an 
approximate duration similar to that of dendritic spikes in the apical nexus. The generation of 
dendritic spikes at the apical nexus and in oblique dendrites led to a step-wise increase in the 
average membrane potential at the dendritic recording location (Figure 1d) as well as a step-
wise increase in the ADP at the soma (Figure 1e) at the critical frequency. 
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Figure 1. Dendritic spike generation at the obliques and nexus of the apical tufts. (a) The 
morphology of the L5PN multi-compartment model (Shai et al., 2015) with electrodes to indicate 
recording sites of the membrane potential at the soma, the apical nexus and oblique branches 
(numbered O#1 to O#5). (b, c) The membrane potential (Vm) at the nexus (grey), and oblique dendrite 
O#5 (green) in response to four- and two-AP trains at the soma (black trace) at the indicated 
frequencies. (d) Average membrane potential (Vm) over a fixed time interval (120 ms) at the apical 
nexus (grey) and oblique dendrite O#5 (green) during four-AP (filled circles) and two-AP trains (open 
circles) at different frequencies. (e) Average ADP voltage over a fixed time interval (5 ms) during 
four-AP (filled circles) and two-AP trains (open circles) at different frequencies. 

We next evaluated the ionic mechanisms underlying oblique branch spikes by blocking 
voltage-activated sodium and low-voltage activated (LVA) and high-voltage activated (HVA) 
calcium channels in oblique dendrites in the model (Figure 2a). Blocking was performed by 
setting the channel densities to zero (i.e, 𝑔Na = 0, 𝑔Ca_LVA = 0, or 𝑔Ca_HVA = 0) in specific 
oblique branches. Blocking LVA calcium channels did not affect the generation of oblique 
branch spikes (Figure 2a, 2nd row). On the other hand, blocking HVA calcium channels 
abolished the broad ~20 ms depolarization in some obliques (e.g., O#2, O#3 and O#5), 
leaving only a fast spike of ~2 ms duration (Figure 2a, 3rd row). Note that the dendritic spike 
in O#2 was already triggered with a single AP and was consequently abolished by blocking 
HVA calcium channels. Lastly, blocking voltage-activated sodium channels abolished 
oblique branch spikes (Figure 2a, 4th row). From these numerical blocking experiments, we 
conclude that the oblique branch spike is generated by a fast sodium spike followed by a 
broad depolarization due primarily to activation of HVA calcium channels. 
The efficacy with which APs backpropagate into the dendritic tree is likely to influence the 
generation of oblique branch spikes. We therefore quantified the extent of AP 
backpropagation into apical oblique dendrites during single APs and two-AP trains by 
measuring the average membrane potential over a fixed time interval (120 ms) for each 
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dendritic segment along apical oblique dendrites. All but one oblique dendrite (O#2) showed 
decremental backpropagation of single APs (Figure 2b). The same profile is observed during 
a two-AP train at 25 Hz with only O#2 showing regenerative backpropagation (Figure 2c). In 
contrast, increasing the frequency of the two-AP train to 40 Hz amplifies the average 
membrane potential along O#3 (brown) and O#5 (green), such that they now have a similar 
profile to O#2 (Figure 2d). The switch from decremental to regenerative backpropagation 
due to activation of voltage-gated ion channels further confirms the existence of frequency-
dependent dendritic spike generation in select oblique branches in this model.  

         

Figure 2. The excitability of the oblique branches in the L5PN model. (a) The membrane potential 
during a two-AP train at 36 Hz at oblique branches from O#1 to O#5 (see Figure 1a) in control (top) 
and after setting the 𝑔Ca_LVA = 0 (second from top), 𝑔Ca_HVA = 0 (second from bottom) and 𝑔Na = 0 
(bottom). Responses from branches that exhibited oblique branch spikes are indicated with ★. The 
average membrane potential over a constant time interval (120 ms) in oblique branches from O#1 to 
O#5 following: (b) a single AP, (c) a two-AP train at 25 Hz and (d) a two-AP train at 40 Hz. Colour 
code as in a. 

Based on these modelling results, we tested experimentally whether oblique branch spikes 
could be evoked in L5PNs in vitro. We used two-photon multi-site calcium imaging to detect 
oblique branch spikes coupled with somatic whole-cell patch recording to evoke AP trains at 
defined frequencies. Figure 3a shows a schematic of a L5PN with 3 representative recording 
sites at the apical trunk (red) and two oblique branches (blue and green). Somatic current 
injection was used to evoke a single AP and a two-AP train, yielding dendritic calcium 
responses C1 and C2, respectively (Figure 3b-d). The calcium response during two-AP trains 
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at frequencies up to 50 Hz was only slightly larger than that evoked during a single AP (N = 
13 L5PNs) (Figure 3b). However, during two-AP trains at frequencies greater than 70 Hz, 
certain oblique dendrites exhibited calcium responses with significantly larger amplitude 
(Figure 3c; compare green with blue and red). A closer inspection at the temporal profile of 
these calcium transients indicated that a supra-linear increase in calcium influx occurs during 
the second AP (Figure 3d). The subtraction of the calcium response during a single AP from 
that observed during two-APs (ΔC21=C2-C1) showed a two-fold increase at certain obliques. 
Plots of ΔC21 for different frequencies of two-AP trains indicated a non-linear step increase in 
calcium occurred at frequencies around 70 Hz in some obliques (Figure 3e; green), but not in 
other oblique dendrites (blue) or the main apical trunk (red). 

 

Figure 3. Calcium influx in different oblique branches following a two-AP train. (a) Schematic of 
a L5PN with representative recording sites at oblique branches (blue and green) and the apical trunk 
(red). (b-c) Calcium transients recorded at different dendritic locations (colour code as in a) during 
single APs (C1, grey) and two-AP trains (C2) at 50 Hz (b) and 70 Hz (c). (d) Expanded response to a 
70 Hz two-AP train (see box in c). (e) Plots of ΔC21 at the three dendritic locations indicated in a 
during two-APs at different frequencies. 

To determine if oblique branches generated an oblique branch spike or not, we went back to 
the model and analyzed the average membrane potential in different oblique branches during 
two-AP trains at different frequencies. Sigmoidal fits to plots of the average membrane 
potentials versus the frequency of AP trains allowed us to extract the slope (βV) and 
amplitude (AV) of this relationship. In the model, a threshold of βV ≥ 0.3 and AV ≥ 30 mV was 
sufficient to separate two types of responses (Figure 4a and Supplementary Figure 3). For 
experimentally measured calcium transients in vitro, we used a similar approach extracting 
the amplitude (AC) and slope (βC) of sigmoid fits to calcium transients during two-AP trains 
at different frequencies. We set βC ≥ 0.3 as the common threshold that determines whether a 
dendritic spike was triggered in an oblique dendrite or not and set AC ≥ 0.12 dF/F. This value 
captures 98% or more of the standard deviation of the noise across recorded calcium 
transients (N = 1794 traces from 11 L5PNs) and therefore sets a lower limit on our capacity 
to detect a change in calcium (see Supplementary Figure 4). We investigated a total of 38 
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oblique dendrites in 15 different L5PNs and found that these criteria effectively differentiated 
calcium-frequency responses associated with generation of dendritic oblique spikes from 
those that did not (Supplementary Figure 5). In total, six L5PNs showed oblique branch 
spikes in one or more oblique dendrites (Figure 4b). Figure 4c shows three representative 2P 
images of L5PNs annotating which oblique dendrites elicited oblique branch spikes (red 
dots). Consistent with the model, we found that only a small fraction of oblique branches in 
L5PNs elicited dendritic branch spikes. On average, in those obliques with branch spikes, the 
critical frequency for evoking oblique branch spikes during two-AP trains was 63±4 Hz (N = 
6 L5PNs). 

 
Figure 4. Classification of apical obliques that exhibit an oblique branch spike. (a) Plot of the 
non-linear parameter, βV, and amplitude, AV, from sigmoid fits of average membrane potential versus 
two-AP train frequency in oblique dendrites in the L5PN model. The value of βV is averaged over 
multiple segments while the error bar shows the confidence interval (±s.d/√N) for N segments along 
an oblique branch. The red shaded region indicates values of AV ≥ 30 mV and βV ≥ 0.3. (b) Plot of βC 
and AC for sigmoid fits to experimentally recorded calcium transients versus two-AP train frequency 
in oblique dendrites (see Figure 3e) with the threshold region AC ≥ 0.12 dF/F and βC ≥ 0.3 shaded red. 
(c) Representative 2P images of L5PNs filled with Alexa-488 with the location of oblique dendrites 
that exhibited a branch spike indicated (red). The scale bar in Panel c is 50 µm. 

 
As indicated in the model, dendritic spikes in the apical tuft as well as in oblique branches 
both lead to a step increase in the ADP at the soma at the critical frequency. We therefore 
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investigated whether oblique branch spikes in L5PNs in vitro lead to a step increase in the 
ADP at the soma during two-AP trains, as occurs during apical tuft calcium spikes (see 
Larkum et al. 1999). To investigate this, we recorded the ADP at the soma in a large 
population of L5PNs (N=100 L5PNs) during two- and four-AP trains at different frequencies 
(Figure 5a).  

  

 

Figure 5. Analysis of the critical frequency from the somatic ADP during AP trains. (a) After 
depolarizing potential (ADP) in L5PNs during two- and four-AP trains at frequencies from 4 < f 
<150 Hz. Traces are aligned to the last AP (t = 0) of the train, with dotted box showing when the ADP 
was measured (inset). (b) Heat maps of the step increase in the average ADP amplitude for two-AP 
(top, blue) and four-AP trains (bottom, red) at different frequencies (N = 100 L5PNs). Data sorted 
according to the critical frequency (fc) for two-AP trains. (c) Sample ADP responses from three 
L5PNs showing variable fc’s for two (blue) and four (red) AP trains at different frequencies. (d) 
Summary plot of fc’s from calcium imaging at oblique dendrites (green) and the ADP at the soma for 
two- and four-AP trains.  

 
In general, there was a lot of variability in the critical frequency for generation of a step 
change in the ADP during both two- and four-AP trains (Figure 5b). Some L5PNs showed a 
lower critical frequency for two-AP trains than four-AP trains (Figure 5c, middle), while in 
others the critical frequency was the same for two- and four-AP trains (Figure 5c, bottom). 
To identify which L5PNs exhibited a non-linear step increase in the ADP during two- and 
four-AP trains, we applied the criteria for the slope (βA ≥ 0.3), while we used an amplitude 
threshold AA ≥ 1 mV. A significant fraction (27%) of all L5PNs investigated did not exhibit a 
detectable step-increase in the ADP (27 out of 100 L5PNs). Approximately a third (35%; 35 
out of 100) showed a step increase in the ADP only for four-AP trains, with an average 
critical frequency of 98±4 Hz. A third group representing 36% of L5PNs (36 out of 100) 
displayed a step increase in the ADP for both two-AP trains at 72±4 Hz and four-AP trains at 
82±3 Hz. Finally, a very small percentage of recorded L5PNs (2%; 2 out of 100) showed a 
step increase only during two-AP trains at 75±10 Hz. Figure 5d shows the summary of 
critical frequencies from L5PNs that showed detectable increases in the ADP during both 
two- and four-AP trains. The critical frequencies for two- and four-AP trains were 
significantly different (p=0.0005: paired student’s t-test, N=36 L5PNs). These results are 
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consistent with our model and show that the step increase in the ADP occurs at two distinct 
critical frequencies during two- and four-AP trains (Figure 1c). On average, the critical 
frequency obtained from the ADP measurements (72±4 Hz) is comparable to the one 
observed during calcium imaging (58±5 Hz), consistent with the idea that the step increase in 
the ADP during 2-AP trains is a result of the generation of an oblique branch spike. In 
contrast, the critical frequency during four-AP trains (82±3 Hz) is comparable to that 
reported by (Larkum et al., 1999) and presumably represents generation of a dendritic 
calcium spike in the nexus of the apical tuft. Finally, we verified that the step increase in the 
ADP during 2-AP trains were not due to generation of NMDA spikes, as bath applications of 
the NMDA antagonist (25µM DL-APV) had no effect on non-linear increases in the ADP 
during two-AP trains (Supplementary Figure 6). These data are consistent with the idea that 
the oblique branch spikes we report here are intrinsically generated via the depolarization 
associated with low frequency AP trains. 
 

Discussion 
Dendritic spikes enable neurons to perform complex dendritic computations on their inputs. 
The ionic mechanisms and conditions for generation of dendritic spikes have been well 
documented (Sjostrom et al., 2008, London and Hausser, 2005, Major et al., 2013, 
Ramaswamy and Markram, 2015, Stuart and Spruston, 2015). In this study, we investigated 
the conditions for generation of oblique branch spikes in a multi-compartment model and 
then use two-photon calcium imaging and ADP analysis in acute brain slices to confirm their 
existence in real neurons. We find that a subset of oblique dendrites in L5PNs can generate 
dendritic spikes during trains of two APs at low frequencies.  
Based on simulations in the multi-compartment model of a L5PN, we established that two-
AP trains at around 40 Hz elicit dendritic spikes in 2 out of 9 oblique branches. These oblique 
branch spikes consisted of a fast Na+ component followed by a broad depolarization due to 
the recruitment of voltage-activated calcium channels. Such low frequency AP trains were 
not enough to elicit a calcium spike at the nexus of the apical tuft. Similar to these findings in 
the multi-compartment model, we observed oblique branch spikes in L5PNs in vitro during 
low-frequency two-AP trains. Based on two-photon calcium imaging, oblique branch spikes 
were evoked at an average critical frequency of around 60 Hz, whereas ADP measurements 
at the soma yielded a critical frequency of around 70 Hz. One complication with 
measurement of the ADP is that changes in the ADP may result from dendritic spikes at 
multiple locations, including the nexus of the apical tuft (Figure 2d). As such, the critical 
frequency obtained from ADP measurements at the soma is likely to exhibit large variance 
during two- and four-AP trains, as observed from the heat maps in Figure 5b. The difference 
in the critical frequencies obtained from calcium imaging and the ADP analysis could also 
reflect ineffective propagation of some oblique branch spikes to the soma, possibly at 
dendritic branch points. In general, the critical frequency determined experimentally was 
higher than in the model. This difference could be due to differences in activation of dendritic 
A-type potassium channels, which have been reported to dampen the invasion of APs into 
oblique branches in hippocampal CA1 neurons (Frick et al., 2003, Gasparini et al., 2007).  

 
Oblique branch spikes in hippocampal neurons  

Dendritic spikes in oblique branches of hippocampal CA1 pyramidal neurons have been 
studied extensively (Kamondi et al., 1998, Losonczy and Magee, 2006, Canepari et al., 
2007). Dendritic recordings from radial oblique branches of CA1 pyramidal neurons indicate 
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they can evoke large and fast spikes, including putative calcium spikes (Kamondi et al., 
1998). Losonczy and Magee (2006) demonstrated that clustered activation of synapses in 
oblique branches also triggers dendritic Na+ spikes whose temporal profile is shaped by 
coincident activation of NMDA receptors, voltage-activated calcium channels, and transient 
potassium currents. In addition, pairing EPSPs and APs leads to supra-linear Ca2+ signals in 
the oblique dendrites of CA1 PNs (Canepari et al., 2007). While some of the properties of 
oblique dendrites of cortical L5PNs are likely to be similar to oblique dendrites in CA1 
pyramidal neurons, the oblique branch spikes triggered by low frequency trains of APs in 
L5PNs have not yet been observed in CA1 pyramidal neurons. 
 

Branch specific nature of dendritic oblique spikes 
The dendritic spikes we report here only occurs in a subset of oblique dendrites. A possible 
explanation for this branch specificity is that the efficacy of AP backpropagation into oblique 
dendrites is heterogenous, due to differences in dendritic morphology and/or ion channel 
expression. Studies using multi-compartmental models indicate that attenuation of bAPs is 
dependent on multiple factors, such as the extent of dendritic branching, the number of 
branch points, branch-point morphology, dendritic diameter, and presence of leak currents 
(Vetter et al., 2001, Schaefer et al., 2003, Migliore et al., 2005, Ferrante et al., 2013).  In vitro 
patch-clamp recordings and voltage imaging in L5PNs confirm that AP backpropagation is 
highly dependent on activation of voltage-dependent channels and morphology as well as 
distance from the soma (Stuart et al., 1997b, Waters et al., 2005, Major et al., 2013). Aside 
from branching patterns, other studies have shown that the heterogeneous distribution of A-
type potassium channels, which opposes membrane excitability, impact on AP invasion into 
the apical tuft and apical oblique dendrites (Hoffman et al., 1997, Frick et al., 2003, Gasparini 
et al., 2007, Zhou et al., 2015, Short et al., 2017). Future experiments that are capable of 
manipulating the morphology (dendrotomy) and activation of voltage-dependent channels in 
specific oblique branches may shed light onto what underlies why oblique branch spikes were 
observed in some, but not all, oblique dendrites in L5PNs. In terms of function, oblique 
branch spikes may provide a mechanism to significantly raise intracellular calcium levels or 
modify expression of voltage-gated potassium channels in certain oblique branches, 
promoting branch-specific plasticity (Alkon, 1999, Losonczy et al., 2008). 
 

Future perspectives and conclusions 
It will also be important to understand whether oblique branch spikes play a role in learning 
and memory. The critical frequency for generation of oblique branch spikes could be relevant 
to the induction of long-term potentiation (LTP) at proximal L5PN-L5PN synaptic 
connections. Sjostrom and Hausser (2006) reported that LTP was induced in paired 
recordings from L5PNs using an AP-EPSP pairing protocol. Interestingly, they used a low 
frequency AP train (50 Hz) applied extracellularly to induce LTP. Such AP trains may have 
recruited dendritic spikes in oblique dendrites leading to induction of LTP. 

In vivo experiments could be performed to explore the relevance of oblique branch spikes to 
sensory processing. Several works have shown that dendritic Ca2+-AP at the nexus and 
NMDA in apical tuft branches enhance sensory processing (Lavzin et al., 2012, Xu et al., 
2012, Smith et al., 2013, Palmer et al., 2014, Ranganathan et al., 2018). New technologies 
allowing imaging in deeper cortical layers could be used to optically record oblique branch 
spikes in vivo and thereby investigate their relevance to sensory processing and plasticity.  
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In conclusion, we show that dendritic spikes are evoked in select apical oblique dendrites in 
L5PNs during two-AP trains at frequencies of around 60 Hz; a frequency that is significantly 
lower than that required to elicit calcium spikes at the nexus of the apical tuft (Larkum et al., 
1999) and in basal dendrites of L5PNs (Kampa and Stuart, 2006). The occurrence of 
dendritic spikes in a subset of oblique branches offers new insights into branch-specific 
computation in L5PNs and may be critical for sensory processing in the input layers of the 
cortex. 
 

Methods 
Multi-compartment model 

We used the Shai et al. (2015) L5PN model (MODELDB 180373-cell1.asc) obtained from 
SenseLab Database (http://senselab.med.yale.edu/ModelDB/) to numerically investigate the 
active properties of oblique dendrites. We implemented a script in Neuron-Python 
environment (Hines et al., 2009) that simulated the critical frequency protocol and obtained 
the temporal profiles of the membrane potential at different dendritic segments during AP 
trains of different frequencies. We also performed numerical blocking experiments where the 
densities of voltage-gated sodium and calcium channels in oblique dendrites were set to zero. 
Apart from the numerical blocking experiments, the densities of all other ion-channels and 
their distributions along the dendritic tree were unchanged from that reported by Shai et al. 
(2015) (see Supplementary Figure 1). We labelled oblique branches with a number, O#n, 
which corresponded to the position of the branch from the soma (e.g., O#1 is the first oblique 
branch from the soma).  

 
Electrophysiology  

Wistar male rats (P26–P34 of age) were sedated by inhalation of 2-4% isoflurane with 
3L/min flow rate of oxygen and decapitated according to protocols approved by the Animal 
Experimentation Ethics Committee of the Australian National University. Somatosensory 
cortical brain slices (300-µm-thick) were prepared using a vibratome and perfused with 
oxygenated (95% O2/5% CO2) extracellular solution containing (in mM): 125 NaCl, 25 
NaHCO3, 25 glucose, 3 KCl, 1.25 NaH2PO4, 2 CaCl2, 1 MgCl2, pH 7.4. For patch-clamp 
recording and 2P imaging, tissue slices were transferred to a custom-built 2P microscope. 
Whole-cell recordings were made from the soma of L5PNs with 4-6 MΩ pipettes filled with 
an intracellular solution containing (in mM): 115 K-gluconate, 20 KCl, 10 HEPES, 10 
phosphocreatine, 4.0 ATP-Mg, and 0.3 GTP (Castanares et al., 2019). During recording slices 
were kept at 33±1 OC with the temperature of the extracellular solution regulated by a 
proportional integral derivative controller (Inkbird ITC-100). 

Calcium imaging was performed using the calcium indicator Cal-520 (potassium salt; AAT-
Bioquest). Recording pipettes were front-filled with a dye-free intracellular solution and then 
back-filled with the same solution to which we added 0.3mM of Cal-520 and 0.13mM Alexa-
Fluor 488 (Sigma Aldrich). Alexa-Fluor 488 was included in the internal solution to aid 
visualization of dendrites for two-photon imaging. Recordings were made from the soma of 
L5PNs using the whole-cell configuration and held at the resting potential, Vm = -65 mV. 
After obtaining the whole-cell configuration the recording was left undisturbed for 45-60 min 
to allow sufficient loading of the dye solution into the dendrites via passive diffusion. All 
recordings had pipette series resistances of <30 MΩ. In cases where the pipette series 
resistance increased beyond 30 MΩ, the cell was re-patched with a fresh pipette. 
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Two-photon holographic calcium imaging 

We used a custom-built two-photon microscope as previously reported (Go et al., 2013, Go et 
al., 2016) and modified it to include a widefield imaging camera for holographic calcium 
imaging (Castanares et al., 2016, Castanares et al., 2019) (Supplementary Figure 2). The 
microscope uses a near-infrared femtosecond laser (Chameleon, Coherent Scientific) and 
galvanometer scanning mirrors to render a 3D image of the patched neuron (Supplementary 
Figure 7a). After mapping the 3D morphology of the entire neuron, a phase-only hologram 
was calculated to target dendrites of interest. A fraction of the incident laser (via a polarizing 
beam splitter, PBS) was expanded and directed towards a spatial light modulator (SLM, 
Hamamatsu X10468-02) where the phase-only hologram is encoded. The hologram-encoded 
laser from the SLM was then directed towards the brain tissue. The hologram transforms the 
incident laser into multiple foci allowing two-photon excitation simultaneously at multiple 
dendritic locations (Supplementary Figure 7b). The fluorescence from multiple foci were 
simultaneously acquired using an electron-multiplying charged coupled camera (EMCCD, 
Andor Ixon 897, Oxford Instruments) at 100 frames per second. Since the imaging plane is 
fixed, we selected oblique dendrites that ran parallel to the imaging plane based on the 3D 
image.  

 
Critical frequency protocol 

Two- and four-AP trains at different frequencies were evoked by current pulses (3-4 nA, 
2 ms) injected into the soma (Larkum et al., 1999). Sweeping the frequency of AP trains over 
a range (15 < f < 200 Hz) allowed the critical frequency, fc, for generation of dendritic spikes 
to be determined. The fc is the minimum frequency of an AP train that evokes a dendritic 
spike. We applied the protocol in both multi-compartmental model and in vitro experiments. 
In the model, we identified the critical frequency by plotting the average membrane 
potential over a constant time interval (120 ms) at different frequencies. For in vitro 
experiments, we measured calcium transients at specific dendritic locations during AP trains 
of different frequency. In addition to these dendritic measurements, we also obtained the 
average membrane potential at the soma during the after-depolarizing potential (ADP) that 
following an AP train. Plots of the average membrane potential, change in fluorescence and 
somatic average ADP versus AP train frequency were fitted with a sigmoid function, 𝑆 𝑓 =
𝐴 1+ exp [𝛽 𝑓 − 𝑓 ! ] , where the fitting parameters A and β refer to the amplitude and 
slope, respectively.   
 

Average membrane potential and average ADP 
The average membrane potential was derived from the integral of the membrane potential 
(Vm) over a constant time interval (t1 ≤ t ≤ t2) and follows the equation: Average 𝑉! =
!

!!!!!
𝑉!𝑑𝑡

!!
!!

. To obtain the average membrane potential during a two-AP train (in silico), 
the membrane potential was integrated from the start of the simulation run, t1=0 to 
t2=120 ms. The time interval ensures that the two-AP train with frequencies f ≥ 15 Hz is 
contained within the time window.  
The average ADP measured in silico and experimentally in vitro was obtained by first 
aligning the somatic membrane potential with the last AP of the train, which was set to be t = 
0. Next, we calculated the average ADP for a given time window. For the L5PN model, we 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 15, 2020. ; https://doi.org/10.1101/2020.08.15.252080doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.15.252080


used the time-windows: t1=10 ms to t2=15 ms (for two-AP trains) and t1=25 ms to t2=30 ms 
(for four-AP trains). For in vitro L5PN recordings, we used the time-window of t1=10 ms to 
t2=18 ms (for two- and four-AP trains). Prior to measuring the average ADP amplitude, we 
subtracted average ADP for the lowest frequency train (f=15 Hz) to remove the offset in 
ADP-frequency scatter plots. 
 

Calcium responses at the oblique branches 
We investigated AP-associated calcium responses in different oblique branches using the 
critical frequency protocol with two-AP trains. AP train frequency was randomized. Calcium 
transients were derived from the change in fluorescence intensity divided by the resting 
fluorescence intensity (dF/F). We acquired calcium transients during single APs or two-AP 
trains, termed C1 and C2, respectively, at one-minute intervals to allow for the intracellular 
calcium concentration to recover back to baseline (see Supplementary Figure 8). We 
subtracted the calcium transient evoked by a AP from that evoked by the two-AP train to 
yield ΔC21 = C2-C1. To determine the critical frequency the amplitude of ΔC21 was plotted 
versus the two-AP train frequency and the data fitted with a sigmoid. 

 
Statistics  

For Figures 3 and 5, the average values of the critical frequencies represent the mean ± the 
S.E.M. For Supplementary Figure 5c, paired student t-tests were used to assess statistically 
significant differences between average values of Ac below and above the critical frequency 
for a given p-value (p<0.10, * p<0.05, ** p<0.01, ***). 
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Supplementary information. 
 
 

 

 
 
Supplementary Figure 1. The distribution of voltage-gated and calcium activated ion 
channels in the Shai. et al (2015) L5PN model. The channel densities of high voltage 
activated (𝑔Ca_HVA), low-voltage activated (𝑔Ca_LVA) calcium channels and sodium channels 
(𝑔NaTs2) were constant along the apical trunk and oblique branches. There was a high 
magnitude of 𝑔Ca_LVA along the nexus of the apical trunk (trunk segments located 685-
885 µm from the soma) to model the Ca2+-AP spike.   
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Supplementary Figure 2. Schematic diagram of our custom-built 2P laser scanning and holographic 
microscope. The NIR Ti:S femtosecond laser (MIRA 900, Coherent Inc.) pumped by 12 W optically 
pumped semiconductor laser (Verdi G, Coherent Inc.) was directed by a polarizing beam splitter 
(PBS) to the laser scanning arm or the holographic arm by adjusting the polarization angle of the 
beam relative to the PBS. In laser scanning mode, the beam is deflected using galvanometer mirrors 
(Thorlabs) and the fluorescence is collected using a PMT. In holographic mode, the beam encoded 
with a phase map via a spatial light modulator (LCOS-based phase only SLM, Hamamatsu) and 
relayed via a 4f-lens configuration (FTL and TL) and a dichroic mirror (λ=805 nm short-pass, 
DMSP805, Thorlabs) to the back aperture of the objective lens (Obj, 40x, NA=1.0) of an upright 
differential interference contrast (DIC) microscope (BX50WI, Olympus). Along with the microscope 
is a patch-clamp system consisting of micromanipulators (Sutter Instruments) and a current amplifier 
(Multi-clamp 700B, Molecular Devices). The beam is shaped into user-positioned multi-foci at the 
sample. The incident beam is blocked with an optical filter (Filter, 810nm short-pass, Thorlabs). The 
fluorescence of each site is simultaneously recorded by an electron-multiplying charged coupled 
device (EMCCD) camera (iXon Ultra 897, Andor, Oxford Instruments). 
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Supplementary Figure 3. Analysis of segments that exhibited an oblique branch spike. (a) The 
apical oblique branches labelled according to the branch number, O#N. The color assignments are: 
soma (black), O#1 (red), O#2 (orange), O#3 (brown), O#4 (yellow), O#5 (green), O#6 to O#9 (blue), 
and main apical trunk (grey). (b) The recorded membrane potential of the segments (i.e., soma, O#2, 
O#3, O#5, and apical trunk) in with the firing of two-AP train with frequency ranging from 15 < f < 
140 Hz. The dendritic recordings are aligned to the peak of the 2nd AP at the soma (t=0). (c) The plot 
of the average Vm, within the time window (t0 = 5ms, 𝜏 = 5ms, indicated by blue lines in b) versus the 
frequency of the two-AP train. The data was fitted with a sigmoid function and the fit parameters AV 
and βV are shown in the inset. Also, for data that exhibited (AV ≥ 20mV and βV ≥ 0.3), the fc2 is also 
indicated. (c) The plot of βV versus AV with the points color-coded according to dendritic segment 
they belong (i.e., apical oblique dendrites or main apical trunk). 
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Supplementary Figure 4. Estimation of signal to noise of the recorded calcium transients. (a) The 
relative changes in the fluorescence recorded from oblique dendrites (N =1794 total traces taken from 
each AP-train frequency from 11 L5PNs, black trace is the average of all the traces) associated with 
single and two-AP firing. (b) An expanded view of the initial part of the calcium transient shown in 
(a), with the time window, tσ, over which the baseline noise was measured. (c) A histogram of the 
standard deviation of the noise from the recorded calcium transients. (d) The cumulative histogram of 
the standard deviation of the noise of the calcium transients. The red dot indicates where 0.12 dF/F 
covered 98% of the distribution. 
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Supplementary Figure 5. Calcium response versus AP train frequency for different L5PNs oblique 
dendrites. (a) Plots of the amplitude of calcium responses versus AP train frequency (fc) for all 
recorded L5PNs oblique dendrites (N=38) separated into 4 quadrants based on βc values greater than 
or less than 0.3 (left, top & bottom, respectively) and Ac values greater than or less than 0.12 dF/F 
(right & left, respectively). (b) Overlaid offset-corrected maximum calcium response amplitude versus 
frequency plots for oblique dendrites where Ac ≥ 0.12 and β ≥ 0.3, indicating generation of an oblique 
branch spike. (c) A paired t-test of Max. C21 (offset corrected) between frequencies below (f<fc) and 
above (f>fc) the critical frequency (t = -3.79, p = 0.0128, N = 6 L5PNs, df = 5). 
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Supplementary Figure 6. (a) Somatic VADP recording in a L5PN bathed in ACSF solution (control) 
and after 15 min bath application of 25 µM APV (an NMDA antagonist). (b) The plot of the average 
VADP with f of the recordings in (a). (c) A summary plot of the sigmoid fit parameters of the ΔADP 
with f from sample L5PNs (N = 5) under control and APV with their p – values for average ADP 
(student’s paired t-test two-tailed, t = 2.77, p = 0.643, N = 5, df = 4) and for critical frequency 
(student’s paired t-test two-tailed, t = 2.77, p = 0.375, N = 5, df = 4).  
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Supplementary Figure 7. A sample z-stack 2P images of an oblique branch and the fluorescence 
recording of from the holographic sites. (a) A z-stack images of an oblique dendrite branching in 3D 
space. The 2D z-projection image generates a simplified view of the branching pattern. (b) An image 
sequence of the calcium fluorescence transients from 5 holographically projected foci at the oblique 
branches and the apical trunk of an L5PN. 
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Supplementary Figure 8. A sample z-stack 2P images of an oblique branch and the fluorescence 
recording of from the holographic sites. (a) A stitched image reconstructing the dendritic tree of an 
L5PN loaded with Alexa-488 fluorescence indicator and Cal-520 calcium indicator with the 2P laser-
scanning field-of-view (white box) and the EMCCD’s active recording pixels (256x256 pixels, blue 
box). (b) A z-stack images of an oblique dendrite branching in 3D space. The 2D z-projection image 
generates a simplified view of the branching pattern. (c) The raw frame capture of the fluorescence 
from 3 holographically projected foci at an oblique branch (left) and the average intensity of the 
response with time (right). The images were captured at 100 frames/second. For comparison, the dF/F 
responses for two-AP trains with f = 50 Hz (top) and f = 70 Hz (middle) are shown. (bottom) In 
addition, the relative increase in the calcium transients, ΔC21, are also shown for f = 50 Hz (black) and 
f = 70 Hz (green), respectively. 
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