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Mel, 1994



Diseases of the Will: The six most dangerous 
personalities... who never produce any original work 
and almost never write anything.

These illustrious failures may be classified in the 
following way: the dilettantes or contemplators; the 
erudite or bibliophiles; the instrument addicts; the 
megalomaniacs; the misfits; and the theory builders.

Advice to a Young Investigator (1897)
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Current flow in neurons with dendrites

Wilfrid Rall (1922 – 2018)



Neuron, Sept. 5, 2018



The basic assumption of cable theory: dendrites are cylinders!

Simplifying assumptions:

1. Extracellular resistance ro=0

2. Membrane properties are uniform throughout, for all parts of the cylinder
and are independent of membrane potential – no voltage gated channels.

3. Current flow is along a single dimension, x. So, there’s no radial current



Passive propagation in cables: the garden hose analogy

Non-leaky hose

Leaky hose

Propagation through neuronal dendrites is similar to 
water flow through a leaky hose!



THE CABLE EQUATION

Rall, 1962, 1977



Cable equation describes voltage attenuation in 
different classes of cables

V = V0 (1-e-x/l)

space constant

Ri 4
l =

Rm d



Voltage attenuation is also frequency dependent

Spruston et al 1994 TINS



Rall’s single equivalent cylinder model

Rall, 1964



Attenuation of EPSPs in the single equivalent cylinder

Rall, 1964
Þ the size and shape of somatic EPSPs depends on location of dendritic origin



The NEURON simulation environment

www.neuron.yale.edu Cambridge UP, 2006



Using a compartmental model to estimate 
attenuation of distally generated EPSPs

Stuart & Spruston, 1998
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Summary: dendrites attenuate and slow EPSPs arriving at the soma

Þ the size and shape of somatic EPSPs depends on location of dendritic origin



What about active dendrites?



from Llinas & Sugimori 1980

Na+ spikes

Ca2+ spikes

Compartmentalization of the dendritic tree by Na+ and Ca2+ spikes



Dendritic
patch-clamp 
recording

Spruston et al., 1995 
Stuart et al., 
Pflüger’s Archiv, 1993



Voltage-gated channels in dendrites



Action potential initiation and backpropagation in pyramidal neurons

20 mV

5 ms

axon

100 µm

Synaptic 
stimulation

soma

Stuart et al., J. Physiol. 1997

dendrite



from Stuart & Häusser 1994

Backpropagation is not present in all neurons (e.g. Purkinje cells) 



Backpropagation is cell-type specific



Backpropagation gates the induction of LTP

Magee & Johnston,
Science 1997



Local coincidence detection of APs and EPSPs in dendrites

Stuart and Häusser, Nature Neuroscience 2001



Dendrites can initiate local spikes which may or may not trigger output

Vdend

Vsoma

Golding and Spruston 1998



Schiller et al., Nature 2000

Dendritic spikes cause local calcium influx

control + dendritic spike difference



Interaction between backpropagating APs and distal Ca spikes

10 ms

50 mV

Larkum, Zhu & Sakmann - Nature, 1999

Distal EPSP only



10 ms

50 mV

Larkum, Zhu & Sakmann - Nature, 1999

Back-propagating action potential only

Interaction between backpropagating APs and distal Ca spikes



Interaction between backpropagating APs and distal Ca spikes

Larkum, Zhu & Sakmann - Nature, 1999

Backpropagating AP-
activated Ca2+ spike
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Experiment

Polsky, Mel, Schiller, 2004

50 µm

Computational subunits in thin dendrites of cortical pyramidal cells



Can single pyramidal cell dendrites read out spatiotemporal sequences?

Sequential activation

Pyramidal cell

10 µm

Individual responses

5 µm

0.5 mV
10 ms



Integration is sensitive to sequence direction

5 mV

100 ms



Sequence sensitivity modulates spike output

Sequence-dependent spike output

Branco et al., Science 2010





Sequence-dependent spike output

What about in vivo?



Early efforts to record from dendrites in vivo

Kamondi, Acsady, Buzsaki, 1998 Helmchen et al., 1999 Zhu & Larkum, 2002
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Orientation selectivity in primary visual cortex

Hubel & Wiesel, 1962



=

thin branch = subunit

soma

spikesS

“One has to consider the possibility that in the monkey the simple-cell step may be
skipped, perhaps by summing the inputs from cells in layer 4 on dendrites of
complex cells. In such a scheme each main dendritic branch of a complex cell
would perform the function of a simple cell.”

David Hubel, Nature 299: 515-524, 1982

Bartlett Mel

Dendritic nonlinearities create independent processing compartments
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In vivo patch-clamp recordings in mouse visual cortex

“Shadowpatching” - Kitamura et al., Nature Methods 2008



Physiology of neurons in mouse visual cortex
Spontaneous

Evoked responses to gratings



Imaging-guided dendritic patch recordings

Layer 2/3 pyramidal neurons

1. Blind, fill, visualize 2. Shadowpatching

50 µm
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(cf. Waters, Larkum, Sakmann, Helmchen, 2003)
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Visually evoked responses in distal dendrites

bursts
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Dendritic bursts are orientation tuned

-75 mV
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Preferred direction
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500 ms
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0° 180°
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Visually evoked bursts are highly heterogeneous
high rates

broad spikes

broad spikes

highly variable 
amplitudes



Visually evoked bursts in awake mice



Putative tetrode recordings from dendrites in freely-moving animals

Moore… Mehta Science 2016



Dendritic spike bursts are highly sensitive to hyperpolarization



Dendritic spike bursts are highly sensitive to NMDA-R block



Distributed input triggers dendritic spikes in a pyramidal cell model

Active compartmental model of a layer 2/3 pyramidal neuron with glutamatergic (AMPA & NMDA) and GABAergic 
synapses activated in distributed spatiotemporal patterns: background @ 0.5 Hz, signal (10%) @ 5 Hz
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Different types of active events in the pyramidal cell model



Distributed initiation explains high frequency of dendritic spikes

dendritic
spike (B)

Mixture of dendritic spikes & bAP

dendritic
spike (A)
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Interim summary

These events cannot be accounted for by backpropagating APs, 
and thus are likely to be dendritic spikes

The dendritic spikes are tuned to sensory stimuli

Dendritic spikes are blocked by hyperpolarization and 
intracellular MK-801

Visual input triggers large, bursty events in distal dendrites

Modelling reveals that dendritic spikes can be triggered by 
distributed input and can initiate across multiple branches



Subthreshold tuning of membrane potential

1 s
Spikes:

Subthreshold Vm:



Subthreshold Vm tuning matches spike tuning



Hyperpolarization blocks subthreshold tuning



Intracellular block of NMDA-Rs reduces subthreshold tuning



Summary

Dendritic spikes contribute to orientation tuning

Dendritic spikes are evoked by visual stimulation in an 
orientation-tuned manner

Dendritic spikes are sensitive to hyperpolarization

The subthreshold membrane potential at the soma is 
orientation tuned

Subthreshold tuning is reduced on hyperpolarization
or with NMDA-R block
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Smith et al. Nature 2013



What about behaviour?



Specific dendritic tuft Ca2+ signals during active sensing

Xu... Magee & Svoboda, Nature 2012



Xu... Magee & Svoboda, Nature 2012

Specific dendritic tuft Ca2+ signals during active sensing



Takahashi…Larkum, Science 2016

Manipulation of L5 apical dendrites modulates stimulus perception
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London & Häusser
Ann Rev Neurosci 2005



Branco & Häusser, Current Opinion in Neurobiology, 2010

Single dendritic branches as fundamental functional units in the CNS



The pyramidal cell as a multi-layered network

Häusser & Mel, 2003



December 5, 2017



Take-home messages

1. Synaptic integration is the way inputs are combined to generate output

2. The temporal and spatial pattern of inputs is critical to synaptic summation 

4.  Active dendrites generate functional subcompartments in the neuron

3. Dendrites express voltage-gated channels which can promote spike 
backpropagation or trigger local spikes

5. Synaptic integration in real neurons is more complex - and more   
powerful - than in simple, linear-summing units


