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CABLEFILTERING

Dendrites have been commonly
modelled as cables and the flow
of current between two points of
a dendrite has been usually
assumed to decay as a result of
filtering along the process.

HEBBIAN PROCESSES

Plastic processes that require
temporal coincidence between
incoming synaptic activity and
postsynaptic depolarization.

AXIAL RESISTANCE

The resistance to the flow of
ionic current along an axon or a
dendrite. Axial resistance
decreases as a function of the
radius of the process and
increases as a function of its
length.
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A fundamental function of nerve cells is the transformation of incoming synaptic information into
specific patterns of action potential output. An important component of this transformation is
synaptic integration — the combination of voltage deflections produced by a myriad of synaptic
inputs into a singular change in membrane potential. There are three basic elements involved in
integration: the amplitude of the unitary postsynaptic potential, the manner in which non-
simultaneous unitary events add in time (temporal summation), and the addition of unitary events
occurring simultaneously in separate regions of the dendritic arbor (spatial summation). This
review discusses how passive and active dendritic properties, and the functional characteristics
of the synapse, shape these three elements of synaptic integration.

Most neurons of the mammalian central nervous sys-
tem receive thousands of excitatory and inhibitory
synaptic inputs that are widely spread across their
intricate dendritic arbors. Whereas synaptic input is
broadly distributed, action potential output usually
occurs in a more localized region of the proximal
axon'?, Because of this spatial arrangement, the dis-
tance between the various synaptic inputs and the final
integration site can vary to a great degree. The combi-
nation of this large variation in synaptic distance and
the casLe FiLTERING properties of dendrites can, in theory,
cause the amplitude and temporal characteristics of
functionally similar inputs to be highly variable at the
final integration site®*.

The impact of any given synapse on the neuron fir-
ing will depend primarily on the location of the synapse
along the dendrite, unless the filtering properties of the
dendrites are compensated for by specific mechanisms.
This location dependence could be so profound that
even the basic elements of synaptic integration would
depend on the pattern of spatial input. Furthermore,
the distorting effects of the dendritic arbor could pre-
vent a neuron from determining accurately the total
incoming synaptic activity, decrease the effectiveness of
HesBIAN PRoCEssEs and increase the variability of action
potential discharge. In consequence, the existence of
mechanisms for reducing the dependence of synaptic

effectiveness on input location could have important
advantages for neuronal function.

Although theoretical analyses have predicted a clear
location-dependent variability of synaptic input, many
functional properties of the neuron can actually reduce
this variability. They include the passive and active
properties of the postsynaptic cell membrane, as well as
various pre- and postsynaptic properties of the synaps-
es themselves. In this review, | provide a brief descrip-
tion of the filtering effects of dendrites and how they
affect propagation of the excitatory postsynaptic
potential (EPSP). Next, | discuss data indicating that, in
spite of these filtering effects, the impact of a given
synapse may not be strictly dependent on the location
of the synapse. The mechanisms believed to be respon-
sible for the reduction of location dependence are
examined, before I consider finally the potential conse-
quences of location-independent synaptic input on
neuronal function.

Dendritic filtering

The filtering effects of dendritic arbors have been appre-
ciated for decades. About 40 years ago, Wilfrid Rall
began an influential series of studies modelling the pas-
sive electrical properties of dendrites using three cable
parameters: AXIAL RESISTANCE (ri), MEMBRANE CAPACITANCE
(C,,) and memerane conpucTance (G, )*57. The flow of
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MEMBRANE CAPACITANCE

The cell membrane separates
and stores electrical charge,
thereby producing a relatively
large electrical capacitance,
which increases as a function of
membrane area.

MEMBRANE CONDUCTANCE
The sum of all of the ionic

conductances of the membrane.

Itis the reciprocal of the
membrane resistance.

TEMPORAL-INTEGRATION
MODE

Firing of action potentials in
response to the summation of
temporally dispersed synaptic
activity. The synaptic input at
the soma has small amplitude
and long duration.

COINCIDENCE-DETECTION
MODE

In this mode, a cell fires action
potentials in response to the
simultaneous arrival of a small
number of usually large
amplitude, short duration
inputs.

Box 1| Theoretical dependence of synaptic input on location

Cell bodies and neuronal processes are commonly modelled
as electrical circuits, models that take into account the
geometry of the structure being analysed and that make
strong predictions about the dependence of current flow on

for dendritic cables (Aa) and somatic spheres (Ab) where G |
and C_ are the resting conductance and capacitance of a unit
of membrane and r; is the axial resistance of the intracellular
side of a unit of cable. A synapse is represented as a synaptic

conductance (Gsyn) in series with the synaptic battery (E
In the case of a dendrite, synaptic current will flow through

the membrane into the parallel G and C_ aswell as into the

current will flow into the somatic G, and C_. Similarly,
geometry also affects input resistance such that it is inversely
proportional to compartment area (Ac). As a result, the local
amplitude of an excitatory postsynaptic potential (EPSP)
generated by the same synaptic conductance will be larger in
the small-diameter, high-resistance dendrite than in the

to flow away from the synaptic compartment (Ad), speeding
up the decay of the dendritic EPSP in relation to the soma.
How does this effect of geometry affect synaptic current at
different points of the dendritic arbour, such as those
schematized in Ba? If the synaptic current (Bb; solid line) is
recorded locally in either compartments 6 (left) or 2 (right),
itwill be identical in both sites. In contrast, the current

will not. This observation results from the fact that the
proximal region of the dendrite becomes isopotential with
the soma much faster than the distal region, reducing the
driving force for current flow away from the input site.
Because the loss of current is more prolonged in the distal
regions, the distal EPSPs are more transient than the
proximal ones (Bc) (see REF. 4).

synaptic currentinto G, and C_ produces a change in
the local membrane potential that depends on the neu-
ronal geometry and on these three cable parameters.
The axial resistance causes a continuous voltage drop
between the site of input and the soma. As a result, the
driving force for current flow across G decreases pro-
gressively with distance from the cell body.
Furthermore, the temporary storage of synaptic charge
in C_ slows the kinetic properties of the resulting
change in membrane potential (ox 1).

Because r, increases as a function of lengthand C
increases as a function of membrane area in any given
dendrite, distal synapses will experience more ampli-
tude and kinetic filtering than proximal synapses. As a
result, distal EPSPs should have smaller amplitudes than
proximal synaptic events. In contrast, the increased fil-
tering experienced by distal inputs should have a differ-
ent effect on the summation of several EPSPs. Dendritic
filtering should prolong the time window over which
activity at the slower, distal inputs could overlap with
voltage changes caused by other synapses, thereby
extending the period over which summation of distal

shape. The top panel of the figure shows the equivalent circuit

revsyn) :

next compartment through r.. In contrast, the spherical soma
does not have extra pathways for current flow and all synaptic

spherical soma. At the same time, the availability of pathways
for current flow other than G and C_ causes synaptic current

leaving the synaptic compartment (loss current; dashed line)
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synapses can effectively occur. Therefore, the increased
dendritic filtering experienced by distal synaptic inputs
should have two distinct effects on their integration
properties: it should produce EPSPs of smaller ampli-
tude but, at the same time, longer periods of temporal
integration at the soma*?® (FiG. 1).

Rall’s theoretical analysis predicted that synapses
could be functionally distinguished on the basis of den-
dritic location and that the impact of individual synapses
would decrease with distance from the soma. For Rall,
the slower, distal EPSP would only cause a subthreshold
change in somatic membrane potential, whereas activity
from a few of the larger, more transient, proximal
synapses would produce sharp, spike-triggering depolar-
izations®. In modern terms, the neuron would operate in
a TEMPORAL-INTEGRATION MoDE for the distal inputsand in a
coINcIDENcE-DETECTION MopE for the proximal inputs®. The
cable properties of dendrites have therefore been thought
to exert a shaping force on the EPSP that, if not coun-
tered, could have aimportant impact on the temporal
pattern of action potential output produced by any given
spatio-temporal pattern of synaptic input.
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QUANTAL CURRENT

The current elicited by the
transmitter released from a
single synaptic vesicle.

QUANTAL CONTENT
The number of quanta released
per action potential .

CAGED GLUTAMATE

An inactive derivative of
glutamate that can be
transformed into the active
transmitter, usually by photolysis
of the precursor. It provides an
efficient means for the spatially
restricted application of
glutamate.

MINIMAL STIMULATION
TECHNIQUES

Methods to elicit transmitter
release from a few (ideally one)
synaptic contacts.
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Figure 1 | The filtering effects of dendrites should be accompanied by location-dependent synaptic integration.

a | A CA1 pyramidal neuron with synaptic input distributed across the dendritic arbor. b | Dendritic filtering causes distal inputs to be
smaller and slower at the soma. The temporal summation is greater for slower distal events than for the proximal input. ¢ | When
compared with proximal inputs, the smaller, slower distal inputs should produce a very different action potential output pattern for
the same pattern of input. All traces represent somatic membrane potential in response to electrical stimulation (b) or excitatory
postsynaptic current (EPSC)-shaped current injections (c) in the presence of 50 um ZD7288, a blocker of transient outward current,
carried by dendritic hyperpolarization-activated potassium channels (I,).

A series of recent experiments has tested the validity
of those theoretical predictions. As | discuss in the fol-
lowing section, most of the evidence obtained so far
indicates that, contrary to the theory, synaptic integra-
tion is largely independent of input location.

Location dependence of synaptic integration
The location dependence of synaptic input has been
examined in various cell types, especially in hippo-
campal CA1 and neocortical pyramidal cells, as well as
in spinal motor neurons. In contrast to Rall’s predic-
tions, there is now considerable evidence to indicate
that, within a single class of inputs, most components
of synaptic integration may show minimal depen-
dence on the location of the synapse. This evidence
is now examined with an emphasis on data from
Schaffer collateral synapses on hippocampal CAl
pyramidal neurons.

Unitary EPSP amplitude. In the first examination of the
location dependence of synaptic input to CAL neurons,
Andersen et al.*® concluded that proximal and distal
Schaffer collateral synapses could elicit similar patterns
of action potential firing and found that the shape of the
EPSP was relatively independent of synapse location.
Subsequently, Redman and colleagues reached a similar
conclusion through a statistical analysis of excitatory
postsynaptic current (EPSC) fluctuations. This group

obtained evidence that the amplitude of the quanTaL
currenT at the soma was independent of the location of
the synapse along the dendrite!!. Nevertheless, previous
work in his own laboratory had shown that evoked
EPSP amplitude seemed to decrease with distance from
the soma because the amplitude of EPSPs evoked by
stimulation of single CA3 neurons decreased as the time
to reach the peak amplitude increased*?. To reconcile the
data, Redman and colleagues proposed that the QuanTaL
content Of evoked Schaffer collateral EPSP decreased
with distance from the soma!!. Subsequent work has
shown that the quantal EPSP amplitude of single senso-
ry la fibres in spinal motor neurons is location indepen-
dent®*%, More recently, a study using localized release of
caceD 6LUTAMATE has shown that the amplitude of the
evoked current measured at the soma is independent of
the site of glutamate application along the apical den-
drite of hippocampal CA1 pyramidal neurons®. Similar
results have also been reported for pyramidal cells of
layer V of the neocortex®.

The ability to record synaptic activity from several lo-
cations on the same neuron simultaneously has provid-
ed the opportunity to test directly many long-standing
ideas about the dendritic processing of synaptic infor-
mation (FIG. 2). Using dual whole-cell patch-clamp
recordings in combination with localized minimAL sTiMU-
LATION TECHNIQUES, it has been found that the amplitude
of unitary EPSP at the soma of CA1 pyramidal cells is
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EPSP HALF-WIDTH

The duration of an EPSP at the
point at which its amplitude is
half of the peak value.

DECAY TIME CONSTANTS

The initial decay of an EPSP can
usually be fitted by a single-
exponential function. The time
constant derived from this fit
describes how quickly an EPSP
decays.
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Figure 2 | Synaptic integration in CA1 pyramidal neurons is independent of location. a | Upper traces: The average unitary
excitatory postsynaptic potentials (EPSPs) recorded at the soma of a neuron receiving distal and proximal input. Somatic EPSP
amplitude is similar in spite of location differences. Lower traces: The amount of temporal summation at the soma is the same for a
50 Hz train of stimuli applied to distal (~300 um) or to proximal Schaffer collateral inputs (~50 um). b | Upper plot: Mean EPSP
amplitude as a function of input distance from the cell body for recordings made at the soma (yellow circles) or at the dendrite (red
triangles). EPSP amplitude at the site of input increases with distance from the soma, whereas somatic amplitude stays relatively
constant. Lower plot: temporal summation during a 50 Hz train of stimuli as a function of distance from the cell body for recordings
made at the soma (yellow circles) or the dendrite (red circles). The plot shows that summation at the site of input decreases with
distance from the soma, whereas somatic summation stays relatively constant. ¢ | Somatic voltage in response to current injected
through the somatic electrode (proximal) or through the dendritic pipette located about 350 um away from the soma (distal). The
temporal pattern of action potential output is independent of input location. (Figure adapted with permission from Nature Neurosci.

(REFS17,19) © (2000) Macmillan Magazines Ltd.)

independent of synapse location across the entire range
of Schaffer collateral inputs'’. These recordings have also
shown that the EPSP amplitude recorded precisely at
the dendritic site of input experiences a progressive
threefold to fourfold increase as a function of distance
from the soma. In other words, if the amplitude of an
input is expected to decrease by 20% while propagating
to the soma (from 1.0 to 0.8 mV), then the amplitude
recorded at the synaptic site will be 25% larger (from 1.0
to 1.25 mV)Y. If the input is to decay by 70% (from 1.0
to 0.3 mV), then a threefold increase in local amplitude
is observed (from 1.0 to 3 mV)*". These data have shown
that local EPSP amplitude is increased just enough to
counterbalance the filtering effects of the dendrite such
that all inputs have roughly the same amplitude after
propagation to the soma (FiG.2)"".

EPSP kinetics and temporal summation. Similar record-
ings in CA1 pyramidal neurons have shown that, al-
though the rise times of somatic EPSPs show location
dependence and increase with distance from the soma,
the widths of the EPSPs do not (FiG. 2)*-%. As all EPSPs
last roughly the same time in these neurons, temporal
summation of several EPSPs at the soma is virtually
independent of synapse location for a large range of
stimulation frequencies (5-100 Hz) and amplitudes

(0.5-5 mV)™®. A similar location independence of somatic
epsp HALF-wiDTHs and of temporal summation has also been
reported for neocortical layer V pyramidal neurons?.

How can the more filtered, distal EPSPs have the
same duration as proximal events? As was observed for
the normalization of EPSP amplitude, the local den-
dritic EPSP half-widths and pecay TiMe coNsTANTS pro-
gressively decrease with distance from the soma. Again,
the local EPSP shape is modified just enough to coun-
terbalance the filtering effects of the dendrite and to
greatly reduce the location dependence of EPSP duration
and temporal summation?®2:,

Spatial summation. In contrast to unitary EPSP ampli-
tude and temporal summation, a small degree of loca-
tion dependence has been observed for one aspect of
spatial summation in CA1 pyramidal neurons. Using
iontophoretically applied glutamate, Cash and Yuste?
have shown that the summation of two stimuli applied
to different points on the apical trunk of the dendrite is
smaller than the expected linear sum of the individual
events. This sublinearity was evident only for distant
inputs and disappeared with repetitive stimulation.
Furthermore, the location dependence was seen only for
inputs to the apical trunk and not to other parts of the
dendritic arbor. Also, the degree of this sublinearity is
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Figure 3 | EPSC-shaped current injections show that the passive morphology of CA1
pyramidal neurons does not fully counter location-dependent synaptic variability. a |
Temporal summation for a train of 50 Hz excitatory postsynaptic current (EPSC)-shaped current
injections measured at the soma or at the dendrite in the presence of ZD7288, a blocker of
transient outward current, carried by dendritic hyperpolarization-activated potassium channels
(I,). Although the local summation decreases as the input site is moved away from the soma (red
symbols and top traces), temporal summation of the propagated excitatory postsynaptic
potentials (EPSP) at the soma remains largely dependent on the input location (yellow symbols
and bottom traces). This indicates that the passive membrane properties of the cell are not
capable of normalizing temporal summation at the soma. b | EPSP amplitude at the site of input
(red triangles, top traces) or at the soma (yellow circles and bottom traces) for EPSC-shaped
current injections. Although the local EPSP amplitude increases with distance, the somatic EPSP
amplitude continues to show a large amount of location dependence, indicating that
postsynaptic membrane properties cannot normalize unitary EPSP amplitude. (Figure adapted
with permission from Nature Neurosci. (REFS 17, 19) © (2000) Macmillan Magazines Ltd.)

ISOPOTENTIALITY

The degree to which the
dendritic compartments are all
at the same potential.

likely to be voltage dependent, as the summation of
smaller unitary depolarizations seems to behave more
linearly and to show a reduced location dependence?
(J.C.M., unpublished observations). Although it is still
difficult to draw definitive conclusions from the avail-
able data, there does seem to be a small level of location
dependence to some aspects of spatial summation in
CA1 pyramidal neurons.

In summary, evidence from different cell types is
beginning to show that, contrary to theoretical expecta-

tions, the three components of synaptic integration —
unitary amplitude, and temporal and spatial summa-
tion — show minimal location dependence. What den-
dritic and synaptic mechanisms are responsible for
determining the integration properties and for reducing
the variability of the synaptic responses along the apical
dendrite in these cells? The different mechanisms can be
divided into three general categories: morphological
(passive properties of the membrane), active properties
of the membrane and synaptic mechanisms. The next
sections discuss evidence for the effect of each of these
possible mechanisms on the separate components of
synaptic integration.

Neuron morphology
The morphology of the neuron could affect the ampli-
tude and the shape of local EPSPs and potentially
counter some aspects of the location dependence of
synaptic variability. It has been shown both in multi-
compartmental computer models and in dendritic
recordings that the local input resistance for a transient
event increases, whereas local capacitance decreases, with
distance from the soma'"?*-%. This effect has generally
been ascribed to the decrease in compartment size that
occurs as the diameter of the distal dendrites decreases
progressively?#. The subsequent increase in total r, with
distance from the soma can also contribute to this effect.
Morphology also determines the isorotenTiaLiTy Of
the local dendritic compartments. Dendritic arbors are
complex branched structures in which current flows
away from and towards the synaptic-input site, and not
only into the membrane resistance and capacitance-2,
The specific direction of current flow will be deter-
mined by the potential differences established between
the different regions of the cell. So, the other paths for
current flow provided by the dendritic branches dictate
that dendrites are less isopotential than the large spheri-
cal soma®%24, What is the impact of these differences on
synaptic integration?

Unitary EPSP amplitude. The changes in input resis-
tance and capacitance that occur in distal dendritic
compartments cause EPSP amplitude at the site of input
to increase with distance from the soma, as has been
observed on CA1 pyramidal cells*’23-25, Although the
increase in depolarization is not necessarily proportion-
al to the increase in input resistance, the increase in local
EPSP amplitude is substantial and depends on passive
parameters as well as on neuron morphology*” 22, In
dendritic recordings, EPSC-shaped current injections
cause voltage deflections that also increase in amplitude
with distance from the soma (~50% by 325 pum; FiG. 3).
The amount of increase, however, is notably smaller
than that observed in theoretical models and, more
importantly, it is much smaller than that shown for the
actual unitary synaptic input. Accordingly, and in con-
trast to that observed for synaptic inputs, these EPSC-
shaped current injections into the dendrite show a sharp
location dependence, as their amplitude decreases for
the more distal injection sites (FIG.3)1?324, Therefore, it
seems that the increase in local dendritic input resistance
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contributes only slightly to the increases in local EPSP
amplitude that are responsible for normalizing the EPSP
amplitude at the soma®2,

EPSP kinetics and temporal summation. The changes in
compartment size and branching that occur with dis-
tance from the soma can also shape the kinetics of the
local EPSPs. As mentioned above, the spread of current
throughout the dendrites is sufficient to cause an initial-
ly faster decay of synaptic depolarization in the dendritic
compartment than in the soma. This effect is related to
the proximity of the synaptic input to the cell body; more
distal inputs show the fastest initial decay phase**7:2125-25,
However, once the cell becomes isopotential, the decay
of the EPSP would be the same at every point.

In conclusion, as has been observed for the local
EPSP amplitude, EPSP half-width and local temporal
summation do decrease progressively with distance
from the soma as a consequence of neuron morphology
(FI1G.3y*17224 'However, as was also the case for the EPSP
amplitude, the impact of the passive structure on the
time course and summation of the synaptic potential is
not adequate to completely counteract the filtering
effects of the dendrite!”. Therefore, other mechanisms
besides the passive properties of the dendrites are
required to reduce the effect of filtering by an extra fac-
tor of two or three. So, whereas the dendritic morpholo-
gy of pyramidal neurons can contribute to spatial gradi-
ents that affect synaptic integration, it is unlikely that
passive geometry alone can substantially reduce the
location-dependent variability of synaptic inputs?-2.
Although this idea has been confirmed in neurons such
as CAl and neocortical pyramidal cells, the possibility
remains that the different morphology of other cell
types, such as dentate granule cells, CA3 pyramidal neu-
rons and CA3 interneurons, could be more important
in normalizing EPSP amplitude?®.

Spatial summation. The larger, local EPSPs produced by
the higher input resistance of the distal dendrites will
experience reduced driving forces for synaptic current
flow compared with more proximal synaptic events?-24,
This effect could potentially induce a moderate location
dependence of the EPSP at the soma during the spatial
summation of inputs. In this case, a greater sublinear
summation should be seen for distal versus proximal
inputs and, indeed, such location dependence has been
observed for distal inputs to the apical trunk of CA1
pyramidal neurons?. However, the sublinearity of this
input was smaller than expected and was not present for
other input locations. These results, along with pharma-
cological data that will be discussed below, have led to the
belief that the impact of the passive structure of the den-
drites is overwhelmed by other mechanisms such as the
opening of dendritic voltage-gated ion channels?. In fact,
this conclusion is representative of the impact of pyrami-
dal cell morphology on most aspects of synaptic integra-
tion. Whereas the passive structure of the dendrites does
indeed have an important impact on integration, this
impact is limited in comparison with other mechanisms
in the dendrites, as will be discussed in the next section.

Active properties of dendrites

Voltage-gated ion channels have been found in the den-
drites of virtually every mammalian neuron studied so
far, although their exact subcellular distribution is specific
for each cell type (for a review, see Rer.26). The currents
carried by these channels are important in shaping the
integrative properties of neurons. For instance, the
inward currents through Na* and Ca?* channels could
provide extra ion flux to replace the synaptic current lost
across the membrane resistance. The combination of an
initial inward current followed by a transient outward
current, carried by dendritic hyperpolarization-activated
K* channels (1), could also reduce the filtering effects of
the dendritic capacitance by charging and discharging the
membrane during the EPSP#-%, Indeed, there have been
many reports on the capability of voltage-gated ion chan-
nels to shape both single and repetitive excitatory synap-
tic input in hippocampal and neocortical pyramidal neu-
rons?-%7, Furthermore, the voltage-gated ion channels
present in dendrites allow action potentials initiated at
the axon to propagate back into the dendrites, where they
can then sum with incoming synaptic activity??. This
summation tends to increase the amplitude of the back
propagating spikes and has been reported to lead to the
generation of Ca?*-mediated potentials in some cells®.
This dendritic electrogenesis can greatly enhance the
impact of very distal synaptic input such as that received
by the apical tufts of layer V neocortical pyramidal
cells®*40, In summary, the function of active channels in
shaping EPSP integration will depend on the precise
channel distribution and on the neuronal geometry of
any particular cell. Nevertheless, some general principles
have emerged for pyramidal neurons, as discussed below.

Unitary EPSP amplitude. In CA1 neurons? and in neo-
cortical pyramidal cells?®#, the impact of the outward
currents tends to increase with distance from the soma
because the density of transient K* and I, channels
increases along the length of the apical dendrites. As a
consequence, the main impact of dendritic ion channels
on unitary synaptic input should not be a boosting of the
distal synaptic amplitude. Instead, the channels should
increase the location dependence of somatic EPSP
amplitude by reducing distal EPSPs even more than
proximal ones. However, for these channels to actually
participate in shaping synaptic inputs, the amplitude of
the EPSPs needs to be sufficient to activate a substantial
fraction of the channels in question. For instance, assum-
ing a resting potential of —70 mV, the depolarization
should be roughly 10-15 mV for the activation of Na*
and low-voltage-activated Ca?* channels, and 15-20 mV
for the opening of A-type K* channels®. |, is active at rest
but the deactivation rate of these channels is so slow that
current through this channel population will mostly
affect only the EPSP decay and not the amplitude!®92:,
Therefore, although the exact effect of voltage-gated
ion channels on unitary EPSP amplitude has yet to be
determined, their effect on these small amplitude events
should be limited”. On the other hand, summed EPSPs
will be larger in amplitude and therefore shaped to a
larger degree by dendritic ion channels.
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Figure 4 | Other mechanisms such as active membrane and synaptic properties are
required to completely counter location-dependent synaptic variability. a | Membrane
voltage recorded at the soma in response to a train of five excitatory postsynaptic current (EPSC)-
shaped current injections delivered at 50 Hz through the dendritic or the somatic pipette. Upper
traces were obtained under control conditions and lower traces were obtained under blockade of
transient outward current, carried by dendritic hyperpolarization-activated potassium channels (l,)
(20 pM ZD7288). Summation at the soma is larger for dendritic current injections but it does not
change notably for somatic injections. b | Excitatory postsynaptic potentials (EPSP) summation at
the soma plotted as a function of the dendritic site of current injection under control conditions
(vellow circles) or in the presence of ZD7288 (red circles). When |, is blocked, the amount of
summation at the soma increases as input location is moved away. c | Average of EPSC, evoked
by the localized application of a solution of high osmolarity, and recorded from a proximal

(~100 pm) and a distal (~280 pm) site in the apical dendrite of two different neurons. d | Plot of
mean EPSC amplitude as a function of input distance from the soma for EPSCs evoked by high
osmolarity (yellow circles) or by electrical stimulation in normal (blue squares) or Sr>*-containing
extracellular solution (red triangles). Sr?* causes desynchronized release of transmitter and
provides a better estimate of the amplitude of the unitary synaptic response. (Figure adapted with
permission from Nature Neurosci. (REFS 17, 19) © (2000) Macmillan Magazines Ltd.)

EPSP kinetics and temporal summation. The impact of
dendritic channels on EPSP shape and summation has
been studied in pyramidal cells in some detail. For short
time intervals (0-5 ms), the summation of two inputs
closely spaced in time seems to be linear or slightly
supralinear?>®3537 whereas EPSP summation over
longer intervals (5-100 ms) has been reported to be
sublinear*35%7, This nonlinear behaviour is affected by
blockade of voltage-dependent channels. For example,
blockade of Na*, Ca?* or NMDA receptor channels
decreases or abolishes the supralinearity, whereas I, and
K* channel blockade eliminates the sublinear sum-
mation?22343587 | arge synchronous synaptic activity

(>30 mV) can initiate dendritic Na* spikes that usually
do not propagate as action potentials to the soma®#,
The ability of a given synaptic input to sum supra-
linearly is enhanced by repetitive activity, so that large
EPSPs occurring later in a train have an enhanced
amplitude and are more likely to initiate dendritic
spikes®?22742 |n CA1 pyramidal neurons, this is pre-
sumably related to the inactivation of voltage-gated
channels (probably A-type K* channels) during the
train of activity. Therefore, it seems that although
dendritic voltage-gated channels may have a limited
impact on the amplitude of unitary synaptic input,
they actively shape repetitive synaptic potentials of
larger amplitude.

Furthermore, the increased density of I, channels,
found in both CA1 and neocortical pyramidal cells, is
prominent in reducing the location dependence of the
EPSP half-width and temporal summation?819.21.28.32,
The effectively outward active current generated by I,
channel deactivation during synaptic activity produces
a hyperpolarization that tends to shorten the duration
of local EPSPs and to counter any local temporal sum-
mation during repetitive stimuli**?%, As the channel
density increases with distance from the soma, the size
of the outward current generated at the site of the input
also increases, producing the spatial gradient of local
EPSP duration and summation described above.
Because selective blockade of I, channels causes a pro-
found location-dependent synaptic variability, the cur-
rent generated by I, channel deactivation is presumably
the most important factor in normalizing temporal
summation in CA1 pyramidal neurons (FIG. 4a, b)!%2.,

Spatial summation. A-type K* channels present in
dendrites seem to be important in shaping spatial
EPSP summation in hippocampal pyramidal neu-
rons?227333537 These channels are prominent in the dis-
tal dendritic regions of CA1 and perhaps of other pyra-
midal cells, where they seem to limit the summation of
closely timed distal inputs?2%%7, In fact, the location
dependence of the sublinear summation described
above for CA1 cells is sensitive both to the A-type K*-
channel blocker 4-aminopyridine and to stimuli that
inactivate this class of channel?. In CA1 cells, blockade
of Na* and Ca?* channels causes sublinear spatial sum-
mation in radial oblique dendrites, whereas only
tetrodotoxin, a blocker of Na* channels, has the same
effect on input to basal dendrites. These data indicate
that, at least in CA1 cells, there is an interaction between
the active conductances present in the dendrites, which
linearizes spatial summation in most of the proximal
dendritic arbor?2%, In CA3 pyramidal neurons, the
summation of distal and proximal input is sublinear
even under control conditions. This sublinearity is
removed by blocking A-type K*-channels, but is not
affected by Na * or Ca?* channel blockade.

Finally, the integration of synaptic activity with back
propagating action potentials provides a unique form of
interaction between synaptic inputs at different sites of
the dendritic arbor. As reported for layer V neocortical
pyramidal cells, any distal input arriving within 10 ms
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TIME INTEGRAL

By accounting for the charge
stored in the capacitance of the
cells, the time integral of the
EPSC relates more to the steady-
state voltage attenuation and is
therefore much less affected by
dendritic filtering.

MAUTHNER CELLS

A bilateral pair of brainstem
neurons that receive acoustic
information and trigger an
escape response characteristic of
fish.

MEMBRANE TIME CONSTANTS
These describe the time course
of voltage changes in neurons. A
small time constant means that
the membrane potential can
change rapidly.

FLOP VARIANT OF AMPA
RECEPTORS

Two splice variants known as flip
and flop have been
characterized. They differ in
their response to glutamate, their
distribution and their
developmental expression.

of other suprathreshold inputs will receive a pronounced
boost from the further activation of distal dendritic
voltage-gated Na* and Ca2?* channels®. Therefore,
although the direct interaction between the widely
spaced EPSPs is small, the action potential produced by
suprathreshold proximal inputs will effectively sum
with the incoming distal input to produce a nonlinear
form of integration. Furthermore, this interaction
should also show some frequency dependence because
the probability of initiating Ca?*-mediated potentials in
the distal apical dendrite increases with repetitive activ-
ity for a critical range of frequencies that depends on
the cell (60-200 Hz)%*. So, it seems that the active
properties of dendrites endow neurons with the ability
to produce both linear (spatially normalized summa-
tion) and highly nonlinear interactions (local dendritic
spiking) between synaptic inputs. The exact effect will
depend on the specific spatio-temporal characteristics
of the input.

Synaptic properties

By modifying the size and the kinetic properties of the
synaptic conductance, the synapse itself can equip the
neuron with a plethora of potential mechanisms to
shape synaptic integration. These mechanisms can be
presynaptic (such as the vesicular content of transmitter,
the number of vesicles released per site, or the number
of release sites per terminal) or postsynaptic (receptor
number, density, affinity or single-channel conductance
and kinetics).

Unitary EPSP amplitude. As discussed above, the mor-
phology and active properties of CA1 pyramidal neu-
rons are not likely to confer the level of location inde-
pendence that has been observed for unitary EPSP
amplitude in these cells. Therefore, the dendritic
mechanisms for reducing location-dependent ampli-
tude variability are likely to be present at the synapse
itself. In support of this idea, the local EPSC amplitude
in CA1 pyramidal neurons measured under whole-cell
voltage clamp at the dendritic site of input was
observed to increase roughly threefold across the range
of the Schaffer collateral input!*'’ (FIG. 4c, d). The volt-
age-clamp of these synapses is good but imperfect
(>90% voltage attenuation)*’. Therefore, the passive
properties of the dendrites can have a small impact on
the measured EPSC amplitude and kinetics. Because of
this, the tive INTeGrAL O the EPSCs has been used as a
more accurate filter-independent measure of synaptic
conductance®? and has been found to increase more
than twofold across the same range of inputs®’. These
data indicate that unitary synaptic conductance
increases with distance from the soma in CA1 pyrami-
dal neuronst*'” and that this increase is the primary
mechanism for reducing the location dependence of
unitary EPSP amplitude.

The exact synaptic modification responsible for this
increase in conductance is unknown at present. Analysis
of EPSC rise times and amplitude distributions indicate
that the most plausible candidates might be increases in
the number of release sites per terminal and/or increases

in the postsynaptic area and number of glutamate
receptors*”“*4°, Analogous changes in these synaptic
parameters have been previously observed in goldfish
MAUTHNER ceLL dendrites, where the number of release
sites per bouton as well as the total area of the active
zones are increased in the more distal dendrites®. These
data are also consistent with the increased sensitivity to
glutamate observed in the distal apical dendrites of both
neocortical and hippocampal pyramidal neurons?®,
So, it seems that several cell types have used an increase
in local synaptic conductance to counterbalance the
amplitude filtering effects of their dendrites.

The time course of a synaptic event can also affect the
level of dendritic filtering notably and, as a consequence,
the degree of location dependence of the synaptic input.
In the case of glutamate-mediated transmission, a-
amino-3-hydroxy-5-methyl-4-isoxazole propionic acid
(AMPA) receptor-mediated events have kinetic proper-
ties about one order of magnitude faster than NMDA
(N-methyl-p-aspartate) receptor-mediated EPSPs™,
Because the amount of charge stored in the dendritic
capacitance is directly proportional to the rate of change
of the membrane potential, the amount of filtering done
by a dendritic arbor will depend on the kinetic features
of the potential change®??. As a result, the faster AMPA-
mediated EPSP will experience a greater amount of
amplitude attenuation when compared with the slower
NMDA-mediated events. Therefore, distal synapses
could increase their impact by raising their NMDA-to-
AMPA receptor ratio and, in fact, there is some evidence
that perforant path synapses in the most distal regions of
CAL1 pyramidal neurons may use this strategy®..

EPSP kinetics, temporal and spatial summation. There
are some clear examples of how receptor kinetics affect
EPSC duration and temporal integration in hippo-
campal dentate gyrus basket cells and in neurons from
brainstem auditory nuclei®**, The AMPA receptor deac-
tivation rates in both of these cell types are rapid (time
constant of deactivation = 1.0 ms at 22 °C) and match
the EPSC decay times tightly. The extremely rapid time
course of synaptic conductance (< 0.1 ms at physiologi-
cal temperature), in conjunction with the fast memerane
TIME consTANTs, determines that EPSPs generated by acti-
vation of these synapses have a short duration. Rapidly
decaying EPSPs show little temporal summation, allow-
ing these cells to function as coincidence detectors,
which ensure that the timing of action potential firing is
constant from one cell to another in these circuits.

This mechanism could theoretically be used to elim-
inate the location dependence of temporal summation
in other neurons. A differential distribution of AMPA
receptors could be present in dendrites such that recep-
tor subunits or splice variants showing rapid deactiva-
tion (for example, rLopvarianTs of GIUR2 or 4) would be
predominately located at more distal synapses. In cells
that use a change in receptor kinetics to reduce location
dependence, an increasing density of 1, channels would
not be required to normalize temporal summation
spatially as long as the membrane time constant is
homogeneous throughout the neuron.
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Whereas such a mechanism is possible, it does not
seem to be required in CA1 or in neocortical pyramidal
neurons. In these cells, the location-dependent changes
observed in local EPSP decay kinetics and summation
can be completely reproduced by the dendritic injection
of EPSC-shaped currents'”?, This strongly indicates
that a synaptic modification may not be required for the
normalization of temporal summation in these cells
because an alteration of dendritic membrane properties
is able to complete the task. However, this observation
does not completely rule out the possibility that distal
glutamate receptors desensitize or deactivate differently
from proximal receptors. More studies using rapid
application techniques are required to compare the
kinetics of synaptic glutamate receptors among the dif-
ferent regions of the dendrites, particularly for the more
distal synaptic inputs.

Functional impact of location independence
There seem to be several functional benefits associated
with eliminating or reducing location-dependent
synaptic variability. The normalization of synaptic inte-
gration allows a neuron to use Hebbian synaptic mecha-
nisms to store information and it allows this informa-
tion to be encoded in the temporal firing pattern of a
neuronal network. Furthermore, the mechanisms that
produce this normalized integration should enrich the
repertoire of information processing modes that can be
observed in a single neuron.

Hebbian plasticity. When unitary EPSP amplitude and
spatio-temporal summation are similar among a group
of synapses, each input is equally capable of evoking an
action potential. In pyramidal cells, this is the case even at
the site of input, because the threshold for action poten-
tial initiation increases with distance from the somaat a
rate remarkably similar to the increase of the local EPSP
amplitude?”3, As a result, the primary determinant of
the weight of a synapse would be its history (whether or
not it was associated with the elicitation of an action
potential) and not its location in the dendrite. In addi-
tion, the generation of action potentials is important for
the induction of long-term changes in synaptic strength.
Therefore, if all synapses are equally capable of firing the
postsynaptic cell, all synapses will have a similar proba-
bility of inducing enduring changes of synaptic efficacy
such as long-term potentiation or long-term depression.
Indeed, when location-dependent synaptic variability is
reduced, Hebbian mechanisms can store information
efficiently in realistic neuronal networks®. If, on the
other hand, synapse location were the primary determi-
nant of synaptic efficacy, then changing the weight of a
synapse as a function of its association with action
potential output would become less efficient for storing
information®. Therefore, reducing location dependence
from synaptic weight can have an extremely positive
impact on information storage in neuronal networks.

&) Links

ENCYCLOPEDIA OF LIFE SCIENCES Dendrites

Population synchrony. The axon of a single CA3 cell
can synapse onto the distal dendrites of one CA1 cell
and form more proximal synapses on another®,
Therefore, the spatial innervation pattern of a CAl
pyramidal neuron by any given group of CA3 pyrami-
dal neurons can vary from cell to cell. If the temporal
pattern of action potential output from CA1 cells
were dependent on the spatial input pattern, it would
be difficult to produce synchronous firing from a
population of CA1 pyramidal neurons because each
cell would receive a spatially different pattern of
input. By reducing the location dependence of synap-
tic integration, a population of CA1 cells that receives
widely different spatial patterns of input but similar
temporal patterns will fire in synchrony?®. This syn-
chrony is thought to be an important factor for many
functional properties of hippocampal and other
neuronal types®,

Integration modes. There are many examples of linear
encoding and integration in various sensory systems
throughout the brain®-%, The reduction of location-
dependent synaptic variability and the small amplitude
of unitary events could provide a mechanism for the
linear summation of activity, where all inputs would
contribute equally to the output of the cell. This is, how-
ever, only half of the story because ion channels suscep-
tible to modulation (A-type K*-channels, I, AMPA
receptors and others) are also responsible for the nor-
malization of synaptic weight. In addition, the release of
common neuromodulators, such as acetylcholine, nor-
adrenaline and serotonin, at localized regions of the
dendrite could lower the firing threshold and alter tem-
poral summation. Furthermore, input patterns are not
always highly distributed. So, the appropriate spatio-
temporal input pattern in the presence of channel mod-
ulation could easily produce a nonlinear form of inte-
gration®-%3 perhaps resulting in the local initiation of
dendritic spikes'®342, The same neuron is therefore
able to integrate synaptic inputs in an essentially linear
or in a highly nonlinear fashion depending on the type
of stimuli that it receives. By removing the location
dependence of synaptic input, the neuron has extended
the range of possible synaptic integration in the same
dendritic arbor from a global, uniform type of pro-
cessing to one that can be regional and highly non-
linear. Furthermore, this feat has been achieved without
compromising the ability of the cells to use mecha-
nisms for associative synaptic plasticity and to fireas a
synchronous population.

In conclusion, it seems that CA1 pyramidal neurons
and probably other nerve cells have normalized the
impact of their synaptic inputs through an intricate
interplay between morphology, voltage-gated ion chan-
nels and the properties of the synapses themselves.
Although each of these features shows an amazing com-
plexity, their interplay has, by reducing dendritic distor-
tion, simplified the information carried by tens of thou-
sands of highly distributed dendritic synapses. This
simplification can have powerful consequences for the
functional capabilities of neurons.
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