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Dendritic conductances have previously been shown to boost excitatory postsynaptic potentials
(EPSPs). To determine whether this boosting translates to an increase in the efficacy for evoking
action potentials, we injected barrages of EPSPs that simulate the inputs generated by a population
of presynaptic cells into either the dendrite or the soma of pyramidal neurons in vitro. Although the
individual dendritic and somatic EPSPs were identical, barrages delivered to the dendrite generated
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much higher firing rates. Boosting occurred when the simulated cells fired asynchronously and
synchronously. This Na*-mediated boosting, which was manifested during repetitive firing, may
compensate functionally for electrotonic attenuation of EPSPs.

Pyramidal neurons are the primary means by which signals
processed in the cortex are transmitted to other parts of the CNS.
Their dendrites can span all layers of cortex and contain thousands
of synaptic inputs. The EPSPs from the many dendritic branches
propagate to, and are integrated at, the soma and axon hillock,
where they are transduced into action potentials'™. Passive-cable
models of dendrites predict that EPSPs reaching the action poten-
tial initiation region are severely attenuated because of electroton-
ic filtering®®. This, in turn, suggests that the more distal synapses
play a relatively minor role in influencing the cell’s firing.
Attenuation of EPSPs is partly alleviated by voltage-dependent
Na*t and Ca?* conductances in the dendrites’~!2. Whether this
subthreshold boosting extends to the suprathreshold range is not
known. The uncertainty arises because many EPSPs are needed
for the membrane potential to exceed the threshold for action
potentials. The increase in the average membrane potential cou-
pled with the presence of action potentials during a barrage of
EPSPs alters the activation states not only of Na* and Ca** con-
ductances but also of various K* and hyperpolarization-activated
cation conductances in the dendrites, which may decrease fir-
ing!3-18, Boosting of firing rate occurs only if the sum of all the
ionic currents activated in the suprathreshold range is net inward.
Because dendritic conductances are time dependent, their
effect on neuronal firing depends also on the timing of the presy-
naptic action potentials. Asynchronously firing presynaptic cells
will evoke EPSPs that sum randomly to generate tonic depolar-
ization. By contrast, synchronously firing presynaptic cells will
evoke EPSPs that sum within a small time window to generate
large voltage transients. Tonic depolarization will affect con-
ductances with long time constants of activation or inactivation,
whereas transients will affect primarily conductances with short
time constants!®. This property has been proposed to enhance
the ability of neurons to detect synchronized inputs. The pres-
ence of strong K* conductances, for example, would shorten the
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effective membrane time constant and the integration time win-
dow such that only events that occur simultaneously would
evoke action potentials?0-21,

We directly measured the effectiveness of dendritic and somat-
ic inputs in cortical pyramidal neurons in vitro. Neurons were
driven to fire with stimuli that mimicked inputs from a popula-
tion of presynaptic cells firing repetitively. The simulated presy-
naptic cells were made to fire either asynchronously or
synchronously to examine the response to a broad range of tem-
porally correlated inputs and to test for specializations in the
soma or dendrite? that might enhance the ability of neurons to
encode input rate or timing?%22-23, As a result of Na* conduc-
tances, asynchronous and synchronous inputs delivered to the
dendrite evoked substantially higher firing rates than those deliv-
ered to the soma. The greater effectiveness of dendritic inputs
may offset electrotonic attenuation of EPSPs.

REsuLTS

We performed whole-cell recordings in the somata and apical
dendrites of layer 5 pyramidal neurons in slices of sensorimotor
cortex taken from postnatal day (P) 2140 rats (unless otherwise
specified). To simulate excitatory postsynaptic current (EPSC)
generated by a single presynaptic cell, we injected time-varying
current (Fig. 1a) into either the apical dendrite (I;) or soma (I)
through the recording electrodes?!. We manually adjusted the
parameters of the EPSCs (see Methods) so that when these were
injected into the cell, the resultant voltage deflections at the soma
(Eq—se Es_ss) resembled unitary EPSPs (amplitude, 300-600 LV)
recorded in layer 2/3 and layer 5 pyramidal neurons®.

To mimic the inputs generated by a population of neurons,
we simulated the activities of a specified number of presynaptic
cells (N; see Methods). Each simulated presynaptic cell fires
repetitively at a specified rate (F,,.) to generate a train of EPSCs

pre
(Fig. 1b)?!. The EPSC trains were summed and subsequently
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injected through either recording electrode. Because the EPSCs
were summed linearly and were injected under current clamp, the
protocol mimics best the condition in which synaptic inputs from
electrotonically distant and spatially disparate locations through-
out the dendritic tree converge at a common site at either a moth-
er branch (at the site of the dendritic recording) or the soma. Under
this condition, mutual shunting and changes in the driving force of
the EPSCs are minimal and summation is linear®. Consequently,
any nonlinearities introduced by dendritic conductances at the
sites of convergence can be examined exclusively.

To examine the responses of neurons to inputs with a broad
range of temporal correlations, we made the simulated presynap-
tic cells fire asynchronously and synchronously. In the asynchro-
nous mode, we added jitter to the simulated action-potential trains
to remove temporal correlation between the presynaptic cells (see
Methods). This generated a predominantly steady current (Fig. 2a,
lower trace), which was then injected into the soma. Increasing
the EPSC rate (N, X Fp,.) led the neuron eventually to fire repet-
itively (Fig. 2a, upper trace). The mean (+s.d.) firing rate (taken
from 20 trials) plotted against the EPSC rate (Fig. 2b) shows that
identical firing rates were obtained whether the EPSC rate was
varied by changing N,,;. and keeping F,,,. constant or vice versa.
The firing rate can therefore be approximated by equation (1):

F=kXFye X Nyre X A = k X EPSC rate X A (1)

where k is the slope and A is the total charge (equal to the area
under an individual EPSC). Because the product of EPSC rate

Fig. 2. Response to somatic injection. (a) Injected current (bottom) and
associated firing (top) when the EPSCs were delivered asynchronously.
(b) Plot of average firing rate (+s.d.) versus EPSC rate. EPSC rate was
varied either by changing N, (filled diamonds) or F,.. (open squares).
Average injected current is shown on the top abscissa. (c) Firing evoked
when 20% (*) and 100% (%) of the EPSCs were introduced synchronously
(synch.) during the last half of the stimulus train. (d) Average firing rate
(%s.d.) plotted against percent synchrony. The coefficient of variation of
the injected current is shown on the upper abscissa. Representative volt-
age traces for points marked by * and f are shown in (c). N, = 150;
Fore = 20 Hz. Vertical scale bars for (a, €): 20 mV, 0.2 nA. Horizontal
scale bars: 200 ms for (a), 100 ms for (c).
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Fig. 1. Stimulus protocol. (a) EPSPs recorded at the dendrite (E4_,q)
and soma (E_,) after current injection into the dendrite (I3) and soma
(Iy), respectively. Ey_  is Eq_ 4 recorded with the somatic electrode.
(b) EPSC trains were summed and injected into the cell. Vertical scale
bars, 0.2 mV, 0.02 nA. Horizontal scale bar, 20 ms.

and A gives the average current (Fig. 2b, upper abscissa), k is the
slope of a frequency—current plot obtained by injecting a series
of current steps into the somal4,

In the synchronous mode, a specified subset of the simulat-
ed cells fired identically during the second half of the stimulus
train (Fig. 2¢, synch). This resulted in large composite EPSCs that
occurred repetitively at a rate equal to F,.. Both N, and Fy,,.
were kept constant. Systematically increasing the proportion of
synchronized Ny, cells increased the coefficient of variation of
the injected current (Fig. 2d, upper abscissa) and had pronounced
effects on neuronal firing. Synchronizing a small number of
presynaptic cells (Fig. 2¢, upper trace; 20% of 150 N,,,.) caused
the firing to become more irregular (compare asynchronous with
synchronous). With a further increase in synchrony, one action
potential occurred per EPSC cycle (data not shown). In 5 out of
13 neurons, 2 to 3 action potentials were evoked per cycle at 100%
synchrony (Fig. 2c, lower traces). These changes in patterns were
accompanied by changes in firing rate (n = 13). The firing rate
(for the neuron shown in Fig. 2d) dipped to 20 Hz (Fpre) as the
action potentials became perfectly phase locked to the EPSCs and
peaked at 40 Hz with 100% synchrony. Although the firing rates
of all cells tested varied with the level of synchrony, the shape of
the curve depended on the values of Ny, and F,;. (H.O. and
A.D.R., unpublished observations).

To determine whether inputs to other compartments gener-
ated comparable responses, we made simultaneous recordings at
the soma and the apical dendrite (100-300 wm from the soma).
We manually adjusted the EPSCs injected into the dendrite (I;
Fig. 1a) and soma (I) so that the resultant average EPSPs mea-
sured with the somatic electrode (E4_,,, E,_,,) were identical. In
general, larger and briefer EPSCs injected into the dendrite were
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Fig. 3. Response to asynchronous dendritic stimulation. a
(a) Current injected into the dendrite (third trace) and action
potentials recorded simultaneously with the dendritic (first
trace) and somatic (second trace) electrodes. (b) Current
injected into the soma (lower trace) and action potentials
recorded with the somatic electrode (upper trace). (c) The firing

rate (mean * s.d.) evoked during dendritic stimulation is plotted
against that evoked during somatic stimulation. (d) Plot of average

(zs.d.) firing rate versus EPSC rate for one cell. Stimuli were
delivered at either the dendrite (filled squares) or the soma
(open circles). (e) Firing evoked (upper trace) when the cur-

rent injected into the soma (lower trace) was equal to that
injected into the dendrite (third trace in a). The bottom
graph shows the percentage of dendritic boosting (100 x (F4—
F)/F,) for 9 cases where the average currents injected into

the dendrite and soma were equal. (f) Percent boosting plot- b
ted against the differences between the peak amplitudes (top)

and between the areas (bottom) of E4_,  and E;_,. Scale bars

for (a, b, €): 20 mV, 0.2 nA, 200 ms.

necessary to compensate for the filtering of dendritic
EPSPs (E,_,4)°. With this normalization procedure, the C
depolarizations near the soma and action potential-initia-
tion region were equal for both dendritic and somatic injec-
tions; only the location of the inputs differed. A similar
process occurs naturally in hippocampal pyramidal neu-
rons?’. In these cells, the magnitudes of synaptic conduc-
tances increase systematically along the somatodendritic
axis such that the EPSPs recorded at the soma have com-
parable amplitudes independent of their dendritic origin.

Asynchronous dendritic stimulation (Fig. 3a) consis-
tently evoked higher firing rates than somatic stimulation d
(Fig. 3b). A plot of dendritically evoked versus somati-
cally evoked firing rates (Fig. 3¢; n = 23 cells) showed that
most data points were above the unitary slope line. A
comparison of somatic and dendritic voltage traces indi-
cated that action potentials were initiated in the dendrites
in only 3 out of 23 neurons (data not shown). Boosting
of firing rate did not vary systematically with the age of
the rats (P21-40) and occurred in 6 of 8 neurons from
rats as young as P12-14.

A plot of firing rate versus EPSC rate for one cell
(Fig. 3d) showed that the greatest difference in firing
rates between dendritic (filled squares) and somatic (open cir-
cles) stimulation occurred at low EPSC rates; at higher rates,
each curve asymptotically approached a maximum firing rate.
In general, the curves did not superimpose if one was shifted
along the horizontal axis, but the difference between the slopes
of the linear portion of the curves was not significant (p = 0.11;
n = 14; paired t-test).

Boosting of firing rate was not simply due to the fact that
larger-amplitude currents were injected into the dendrite. The
firing rate evoked with dendritic injection (F4) was consistent-
ly higher than that evoked with somatic injection (F;), even
when the average currents injected into both compartments
were equal (Fig. 3a and e). We calculated the percentage increase
in firing rate attributable to dendritic processes (equal to 100
x (Fq — Fy)/F;) for nine cases in which the average currents
injected into the dendrite and soma were equal (Fig. 3e, bot-
tom graph). The difference in firing rate between dendritic and
somatic injection was significant (p = 0.005; paired ¢-test).

To exclude the possibility that the observed boosting was due
to imperfect matching of E4_,, and E,_,,, we plotted the percent
boosting against the differences between the peak amplitudes and
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between the areas of Ey_, and E,_,, (Fig. 3f). The percent boost-
ing was not significantly correlated with either parameter (peak,
r=0.237, p = 0.327; area, r = 0.185, p = 0.448; n = 19). We
obtained similar results when we placed a third electrode that
was dedicated to voltage recording at the soma (n = 5; data not
shown). This eliminated measurement errors associated with
using one electrode for voltage recording and current injection.

The firing rate during synchronous stimulation at the dendrite
was similarly enhanced (# = 7; Fig. 4a). As with somatic stimula-
tion, the average firing rate evoked with dendritic stimulation var-
ied systematically with the level of synchrony (Fig. 4b). There were
no obvious differences in the degree to which synchronous or
asynchronous inputs were boosted. The difference in firing rates
between dendritic and somatic stimulation (F4 — F,) at 0% syn-
chrony was not significantly different from that at 100% synchrony
(p = 0.10; n = 8; paired #-test). The depth of the modulation
(equal to the difference between the maximum and minimum
firing rates as synchrony was increased) tended to be greater for
dendritic (17 + 15 Hz; mean = s.d.) than for somatic (8 + 6 Hz)
stimulation, although again the difference was not statistically
significant (p = 0.12; n = 8; paired ¢-test). These results indicate
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Fig. 4. Responses to synchronous dendritic stimula-
tion. (a) Average (ts.d.) firing rate evoked with den-
dritic stimulation plotted against that evoked with
somatic stimulation. (b) Plot of average (+s.d.) firing
rate versus percent synchrony for stimuli delivered at
the dendrite (filled squares) and soma (open circles)
for one neuron. N, = 50; F,.. = 20 Hz.
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that the responses to synchronous inputs at the dendrites are not
enhanced preferentially over asynchronous inputs.

To determine whether persistent Na* conductances in the den-
drites contributed to boosting7’9’28, we delivered the Na*-chan-
nel blocker tetrodotoxin (TTX, 100 nM) exclusively to the dendrite
through a pipette. Ey_,, and E,_,  were adjusted to be equal before
the application of TTX. In the presence of TTX, the firing rates
evoked with asynchronous dendritic current injection decreased
(Fig. 5a and b, left traces; n = 10) to a level equal to the somati-
cally evoked firing rate (Fig. 5¢). We confirmed that TTX blocked
exclusively the Na* conductances in the dendrite by recording at
the soma and dendrite the action potential that was evoked with
somatic current injection (Fig. 5a and b, right traces; n = 10). In
all cases, only the dendritic action potential was blocked. A com-
parison of dendritic and somatic firing both before (control; F;)
and during (Frryx) TTX application showed that only the den-
dritically evoked firing was affected by TTX (quantified as the per-
centage change in firing rate or 100 X (F- — Fyrx)/F; Fig. 5d).
Thus, boosting of firing rates can be accounted for mainly by acti-
vation of local dendritic Na* conductances.

DiscussioN

As a result of dendritic Na* conductances, the firing evoked with
inputs at the dendrite is greater than that of inputs at the soma.
The dendritic boosting of firing occurred for inputs with a wide
range of temporal correlations and occurred despite the fact that
the dendritically and somatically injected EPSCs were adjusted so
that the EPSPs at the soma were of equal amplitudes. It is unlikely
that boosting of dendritic input resulted from the way we per-
formed the EPSP normalization (Fig. 1a). A parsimonious expla-
nation is that the dendrites act as a low-pass filter so that transient
inputs (such as individual EPSPs) are attenuated more than tonic

Percent synchrony

Fig. 3a)>°. As a result, the total drive to the soma
during a barrage of inputs into the dendrite may
be greater than that predicted from the sum of the
individual EPSPs reaching the soma. Three lines
of evidence suggest, however, that at the sites of the dendritic
recordings this effect constitutes a relatively small portion of the
overall boosting. First, boosting occurred even when the average
current injected into the dendrite was equal to that injected into
the soma (Fig. 3e). In such a case, the average current reaching the
soma from the dendrite (in a passive neuron) should be less than
or equal to the average current that was injected into the soma.
Second, boosting occurred even during synchronous stimulation
(Fig. 4). During synchrony, the current injected into the dendrite
consists of transients (Fig. 2¢). Finally, application of TTX exclu-
sively to the dendrite blocked boosting of firing (Fig. 5).

One of the more notable results is that the effectiveness of
synaptic inputs at evoking firing cannot be reliably predicted from
the parameters of individual subthreshold EPSPs. In another
study?®, Na* conductances in the dendrites contributed relative-
ly little to the amplitudes of EPSPs injected individually. The
apparent discrepancy between those results and ours can be
accounted for by the fact that a population of EPSPs generates
larger and longer-lasting depolarizations, both of which would
increase activation of the persistent Na* conductance?’. There-
fore, the boosting effects of Na* may become more prominent
when a sufficient number of EPSPs arrive to evoke repetitive firing.

Increased firing rates with dendritic stimulation occurred for
both asynchronous and synchronous stimulation, indicating that
the result can be generalized for a broad class of inputs. The
evoked firing during asynchronous and synchronous inputs
reflects different aspects of the input signal. During asynchronous
stimulation, the evoked firing rate is monotonically related to,
and hence encodes, input rate (equation 1). During synchronous
stimulation, the firing rate varied with the level of synchrony and
did not accurately reflect input rate because N, . and F, . were

pre pre
kept constant. At the sites of our dendritic recordings, we found no

75 100

Control c d

§20 . ) ¢ 801 oFy
o5 l 8 60 " Fs
o [] o V'R

210 I 40

£ ip 5 P

b= in] ~

5 O ; . o Control x 20

c e o

s B o TTX 8

o 0 T ™ T d —

0 5 10 15 20

Somatic firing rate (Hz)

1 2 3 4 5
Neuron number

Fig. 5. Role of dendritic Na* conductances. (a) Firing evoked at soma (left) when an asynchronous stimulus was delivered at the dendrite. (b) Firing
evoked during application of TTX at the dendrite. Traces at right show action potentials recorded simultaneously at the soma (S) and dendrite (D)
when the stimulus was delivered at the soma. (c) Plot of average (+s.d.) firing rates evoked with dendritic stimulation versus those evoked with
somatic stimulation (n = 10). Dendritic firing rates are shown before (filled circles) and during (open squares) application of TTX. (d) Percent change
in firing rate for dendritic (open squares) and somatic (filled squares) stimulation in the presence of TTX. Vertical scale bars for (a, b), 20 mV.
Horizontal scale bars, 200 ms and 20 ms for left and right traces, respectively.
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evidence that the dendrites are specialized for detecting synchro-
nous events. We cannot exclude the possibility that such special-
izations exist at other parts of the dendritic tree, however.

Boosting of firing rate by dendritic Na* conductances may
occur as follows. When a population of presynaptic cells becomes
active, the synaptic current that is generated at the dendrites prop-
agates to the soma and the action potential initiation region to
initiate a sequence of events leading to repetitive firing"*. At the
sites of the dendritic stimulation (100-300 um from the soma),
the action potentials are probably evoked first at the axon hillock
and then at the soma and dendrite?=. The firing rate is propor-
tional to the magnitude of the synaptic current reaching the
soma?. The depolarization caused by the EPSP barrage activates
the persistent Na* conductances in the dendrite and the resultant
inward current sums with the synaptic current to increase the
overall drive to the soma. In cases where the dendritically and
somatically injected currents are equal, the higher input resistance
of the dendrite probably causes a larger local synaptic depolar-
ization and hence allows greater activation of Na* conductances.

In addition to Na* conductances, the dendrites of pyrami-
dal neurons contain Ca?*, K™ and hyperpolarization-activat-
ed cation conductances!?~18, All of these affect the shape of
subthreshold EPSPs. As with Na* conductances, their activa-
tion states are likely to change with a barrage of inputs and are
thus likely to influence the resultant firing. At the site of our
dendritic recordings, Na* conductances predominate and
boosting occurs. However, the fact that there are gradients in
the distribution and biophysical properties of conductances
along the somatodendritic axis!4~16:29-30 suggests that boost-
ing of firing rate, and hence the effectiveness of dendritic input,
may vary throughout the entire dendritic tree.

METHODS

Surgical and slicing techniques®2° followed guidelines set forth by New
York University’s Animal Welfare Committee. Briefly, we anesthetized Wis-
tar rats with halothane and decapitated them. We excised one hemisphere
of the brain, glued it to a slicing chamber and immersed it in ice-cold, oxy-
genated artificial cerebrospinal fluid (125 mM NaCl, 2.5 mM KCl, 25 mM
glucose, 25 mM NaHCO3, 1.25 mM NaH,PO,, 2 mM CaCl, and 1 mM
MgCl,). We used a vibratome slicer to make parasaggital (300 pm thick)
slices cut at a 30° angle from the horizontal plane. We stored the slices in a
holding chamber at 35°C for 30 min and at room temperature thereafter.
We transferred individual slices to a recording chamber mounted on an
upright microscope and perfused them with artificial cerebrospinal fluid
heated to 33-34°C. We identified layer 5 pyramidal neurons with the aid of
infrared, differential interference contrast videomicroscopy. We performed
whole-cell current-clamp recordings using borosilicate microelectrodes
pulled to diameters of 2 um and 1 pm for somatic and dendritic recordings,
respectively. Somatic and dendritic electrodes had direct current resistances
of 5-20 MQ and 30-40 MQ , respectively, when filled with 100 mM
potassium gluconate, 20 mM KCI, 4 mM MgATP, 10 mM phosphocre-
atine, 0.3 mM GTP and 10 mM HEPES. We filtered voltage and current
signals at 10 kHz and digitized them at 2-10 kHz.

We stimulated neurons with inputs designed to mimic the net synap-
tic current generated when a population of presynaptic cells fire. We used
a computer program to simulate the activities of a specified number of
presynaptic cells (Nj,.). Each simulated cell fired repetitively for 1 s ata
specified average rate (F),.). We added jitter to the interspike intervals
such that they were distributed normally about a mean interval with a
standard deviation of £10%. In the asynchronous mode, all the neurons
fired independently with respect to each other. To eliminate temporal
correlation between the neurons, we distributed the start times of the
spike trains uniformly within one interspike interval. In the synchronous
mode, we removed the random delay in the start time and the jitter in
the interspike intervals such that the discharge patterns of a specified
number of simulated neurons were identical.
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Each time a simulated cell fired an action potential, an associated synap-
tic current was calculated. The time course of the current (Fig. 1a) was
described by I(t) = m(1 — e®)e"1 where m is the amplitude and 70 and
71 are time constants. The following procedure was used to match Ey_
with E_,.. We injected I into the soma and compiled an average of E,_,;
from 20-30 sweeps. We manually adjusted the three free parameters and
re-injected I until the average E,_, resembled unitary EPSPs recorded in
previous experiments®®. We then injected I into the dendrite and compiled
the average Ey_,, (recorded with the somatic electrode) and overlaid it with
the average E;_,;. We adjusted the parameters until the average Eq_
matched E,_, (Fig. 1). We convolved the current with the spike trains of
each presynaptic cell?!. We summed the current trains from all the presy-
naptic cells, converted the summed current to an analog signal and inject-
ed it into the cell through the amplifier and recording electrode. We delivered
stimuli at >3-s intervals to ensure that the cells reached resting conditions
after each stimulus.
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