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Watching synapses during sensory information processing in the cortex

Dendritic pattern of sensory inputs in cortical neurons

Chen Xiaowei (Brain Research Center, Third Military Medical University, Chongging 400038, China)

The basic function of brain is to process and transmit
which

human beings and animals to make sense of the world.

sensory stimuli from the environment, allows

Neurons widely distributed in the brain are required for
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achieving this function. Therefore, how the neurons work
for processing sensory information is a central question
In the

located in the

that has fascinated neuroscientists for decades.
mammalian brain, the cerebral cortex,
outer layer of cerebrum, contains specific areas being
considered as higher terminals that receive and process
sensory information, which are called sensory areas.
Until now, while much attention has been paid to under-
standing how sensory information is processed in the cor-
tex, the underlying cortical circuitry mechanisms and par-
ticularly the synaptic rules for the organization of sensory
inputs are just superficially touched. In general, a neuron
in the cortex consists of three compartments: dendrites,
soma and axon. Neurons capture information from other

neural cells by dendrites, and subsequently send the in-
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formation to others by axonal terminals ( Fig. 1A). The
first step during this process is to receive information in-
puts by dendritic spines, small membranous protrusions
distributed in the entire dendrites (Fig. 1B) , from axons
coming from other neurons by means of neurotransmitter
release triggered by electrical signals. From the morpho-
logical point of view, neurons were considered as “myste-
rious butterflies of the soul” by Santiago Ramon Cajal,
and recently the dendrites of neurons were referred as

"1 From the functional as-

“wings of these butterflies
pect, a neuron can be just considered as a miniature in-
put-output device. It is one of the central challenges in
the neuroscience field to understand the working rules at
the input site in this device, namely, the dendritic organ-

ization of synaptic inputs during sensory processing.

Denderitic spines

®

A Neurons receive information inputs by dendrites and send out infor-
mation by axons. B: Spines are distributed over the dendritic tree

Fig 1 Different compartments of a cortical neuron

Multiple working models of dendritic organization of
synaptic inputs

Spines cover the entire dendrites of many neurons,
and have been widely accepted as major sites for receiv-
ing synaptic inputs that contain specific features of infor-

mation? .

The integrative properties of inputs by den-
drites are determined by multiple factors, including den-
dritic morphology, active conductances, excitation-inhibi-
tion balance, and most importantly spatio-temporal ar-
rangement of synaptic inputs[3_4].

In recent years, tremendous efforts have been made
to understand the dendritic arrangement of synaptic in-
puts. Based on a number of experimental studies per-
formed in brain slice preparations, several working mod-
els of how dendrites organize feature-specific synaptic in-
puts have been proposed; (1) All inputs to a neuron are
specific for a single feature (Fig. 2A)"'; (2) Integra-

tion of synaptic inputs are distributed along individual

dendrites ( Fig. 2B) T (3) Inputs with shared fea-
tures are clustered on the same dendritic branch ( Fig.
2C)"; (4) Integration of inputs is distributed through-
out the entire dendritic tree (Fig. 2D) ). These incon-
sistent models may be caused by non-physiological condi-
tions of in vitro preparation (e.g. disconnected network,
or temperature, or other factors) , or due to the artificial
synaptic stimulations used (e. g. focal electrical stimula-
tion with electrode, or uncaged glutamate). Therefore,
what the truth in the real life is, namely how dendrites or-
ganize sensory inputs, needs to be investigated under in

vivo conditions.

A All inputs to a neuron are specific for a single feature; B: Integration of synap-

tic inputs distributed along individual dendrites; C: Inputs with shared features
clustered on the same dendritic branch; D: Integration of inputs distributed
throughout the entire dendritic tree

Fig 2 Different working models of dendritic pattern of feature

specific synaptic inputs

Development of in vivo imaging approach for dissec-
tion of dendritic organization of sensory inputs

Understanding how dendrites receive and organize
sensory inputs requires a proper approach that is suitable
for stable recordings in living brain. In theory, two tech-
niques can be probably used for detecting individual syn-
aptic inputs in the dendrites: (1) dendritic electrophysi-

]

ological recordings, such as patch-clamp recording'"®’ or

intracellular sharp electrode recordings''’. The most of
experiments with these recordings so far have been done

in slice preparations or single cells. Although people have
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already stated in vivo recording with electrode in such fine

" the limited number of recording sites

structures
makes it impossible to map multiple inputs in a large are-
a. (2) Instead, the most effective way for analyzing den-
dritic signals is to image the dynamics of intracellular cal-

2! with two-photon microscopy. Two-

cium concentration
photon imaging allows us to look into the brain through
the highly scattering tissue. Indeed, the dendritic calci-
um imaging of action potential-related signals in cortical
neurons in vivo was done for the first time more than ten
years ago' . In addition, imaging method is able to pro-
vide large field of view for mapping multiple input sites in
the dendritic field. Therefore, dendritic calcium imaging
by two-photon microscopy, together with somatic whole-
cell patch-clamp recordings (Fig. 3), is suitable for us
to study the spatio-temporal arrangement of sensory inputs

in vivo.

Two-photon imaging

| Patch clamp
. |
1

Fig 3 Schematic illustration of two-photon calcium imaging with

whole-cell patch clamp recording in cortical neurons in
vivo. Note that the patch electrode is filled with a calcium
dye
The landmark work in which two-photon imaging
technique was used to detect sensory-evoked signals in
the dendrites in vivo was published in 2010/, In this
work done in layer 2/3 neurons of mouse visual cortex,
an intracellular electrode was used to fill single cortical
neurons with a Ca” -sensitive indicator, and two-photon
microscopy was used to image the Ca®* signals evoked by

The observed

rapid and localized signals with this approach were dis-

visual stimuli with different orientations.

tributed throughout the dendritic field and probably repre-
sented sensory input sites in the dendrites. While this

was the first time to detect sensory-evoked input signals in
mammalian neuronal dendrites in wvivo, an important
question still remained regarding the precise nature of the
sensory inputs to cortical neurons, namely, whether these
sensory inputs represent individual synapses or rather
small clusters of synapses on a dendritic branch' ™', This
question was soon addressed just one year later by the de-
velopment of a new variant of two-photon microscopy that
was capable of detecting calcium signals from individual

160 In this study,

spines of cortical neurons in wvivo
sound-evoked calcium signals were recorded in the spines
and dendrites of mouse layer 2/3 neurons of auditory cor-
tex. The stable recording of signals from such fine struc-
tures in vivo relied on the development of a new method
named low-power temporal oversampling ( LOTOS) that
was achieved by using the ultra-high speed two-photon
imaging device ( sampling rate; 1 000 frames/s). LO-
TOS procedure helps to increase the yield in fluorescent
signal and to reduce phototoxic damage. In line with pre-

V778 the  auditory-evoked spine

vious in wvitro studies
calcium responses were mostly compartmentalized in
spines. In addition, calcium imaging allows to record
multiple synaptic sites at the same time and thereby to
map functionally the individual synaptic inputs of specific
sensory stimulation in vivo''>’. This LOTOS-based spine
calcium imaging was recently applied to also understand
dendritic coding of sensory inputs in mouse vibrissal
cortex'"”

Salt-and-pepper like pattern of dendritic organization
of synaptic inputs

As mentioned above, different working models of
dendritic organization of sensory inputs have been e-
merged based on the studies performed in vitro. Two-pho-
ton dendritic calcium imaging, particularly LOTOS-based
spine calcium imaging enabled us to directly explore this
fundamental issue in vivo with sensory stimulation. The
experiments were first performed at dendritic levels in lay-
er 2/3 neurons of mouse visual cortex''*'. One might ex-
pect that inputs with similar orientations would be clus-
tered onto the same dendrite, which could be necessary
for the dendrite performing superlinear summation of syn-
aptic inputs'®. Interestingly, the findings in vivo sugges-
ted no evidence for such a dendritic computational rule.
Instead, we report that the inputs of similar orientation

preference are dispersed throughout the whole dendritic
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field. Therefore, the “computational unit” for sensory in-
formation in this type of neurons might be the whole den-
dritic tree, rather than individual dendritic branch'*'”.
This salt-and-pepper like distribution of sensory in-
puts that have similar features was further confirmed in
layer 2/3 pyramidal neurons of mouse auditory cortex by
imaging calcium signals in individual spines''®’. This ex-
periment involving the LOTOS procedure demonstrated
that synaptic inputs to the same dendrite were found to be
highly heterogeneous, namely even neighboring spines on
the same dendrite were able to be tuned to different stim-
uli. This heterogeneity of synaptic inputs at dendritic lev-
el probably represents the diversity of response properties
of neurons in local cortical networks as described re-

[22-23]

cently This distributed pattern of synaptic inputs

would argue for the existence of linear integration in the

dendrites of this type of cortical neurons > °’.

Future directions

At present, due to the technical constraints, our
knowledge about the dendritic organization of sensory in-
puts in cortical neurons is largely restricted to neurons
that are located near the cortical surface, i.e. at a depth
of 100-300 pm:14_16‘ ! Future development of two-pho-
ton microscopy may help to answer whether this salt-and-
pepper like organization also exists in deeper cortical lay-
ers or even in subcortical brain regions. In addition, fur-
ther studies should also be performed to understand what
happens in different cell types and in different species.

A neuron can receive thousands of synaptic inputs
that contain different features of information. Another
open question is how the complex mixture of inputs would
determine the response behavior of a neuron, i. e., the
selectivity for stimulus features. Therefore, one of the
next directions should focus on the dissection of input-
output relationship during sensory stimulation.

Finally, the current information of dendritic arrange-
ment of sensory inputs was acquired from anesthetized
animals. Whether the dendritic maps of inputs in awake

animals is the same also needs to be explored.
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