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Summary

Simultaneous somatic and dendritic recordings were
made from the same neocortical layer V pyramidal neu-
ron, and current injection via the dendritic recording
pipette was used to simulate the voltage change that
occurs during an EPSP. At the soma, these simulated
EPSPs increased nonlinearly with the amplitude of the
dendritic cutrent injection and with depolarization of
the membrane potential. Bath application of the so-
dium channel blocker TTX decreased large (>56 mV)
EPSPs and also blocked amplification of EPSPs at de-
polarized membrane potentials, whereas calcium
channel blockers had little effect. Local application of
TTX to the soma and axon blocked EPSP amplification,
whereas dendritic application had little effect. Simulta-
neous somatic and axonal recordings demonstrated
that EPSP amplification was largest in the axon. These
results show that EPSPs are amplified by voltage-
activated sodium channels located close to the soma
and in the axon.

Introduction

Excitatory postsynaptic potentials (EPSPs) in neocortical
pyramidal neurons must spread to the site of action poten-
tial generation, in the axon (Stuart and Sakmann, 1994),
befare their summation can lead to action potential initia-
tion. In a passive dendritic tree, these EPSPs wili be atten-
uated in amplitude and slowed in time course as they
spread to the soma (Rall, 1977), suggesting that excitatory
synapses located on distal dendrites will be less effective
in depolarizing the neuron to action potential threshold
than those located more proximally. Dendrites of neocorti-
cal pyramidal neurons, however, contain voltage-activated
sodium and calcium channels (Huguenard et al.,, 1989;
Amitai et al., 1993; Kim and Connors, 1993; Regehr et al.,
1993; Markram and Sakmann, 1994; Stuart and Sakmann,
1994; Yuste et al., 1994; Markram et al., 1995; Schiller et
al., 1995), which could increase the amplitude of EPSPs
(see Jacketal., 1983; Miller et al., 1985; Perkel and Perkel,
1985; Cauller and Connors, 1992; De Schutter and Bower,
1994: Bernander et al., 1994). For this to occur, an EPSP
must be of sufficient amplitude to activate (or deactivate)
voltage-dependent channels operating at membrane po-
tentials below action potential threshold. EPSP amplifica-
tion could occur at the resting membrane potential (RMP)
or may require prior de- or hyperpolarization and could

occur near the site of EPSP generation (i.e., in the dendritic
spine or the adjacent dendrite) or during spread of the
EPSP to the site of action potential initiation.

An increase in ampiitude and duration of EPSPs in neo-
cortical pyramidal neurons has previously been observed
during depolarization of the membrane potential (Stafs-
trom et al., 1985; Thomson et al., 1988; Sutor and Hablitz,
1989a, 1989h; Deisz et al., 1991; Hirsch and Gilbert,
1991). One possible explanation for this effect is that at
depolarized membrane potentials these EPSPs activate
voltage-dependent sodium or calcium channels (Stafs-
trom et al., 1985; Sutor and Hablitz, 1989b; Deisz et al.,
1991; Hirsch and Gilbert, 1991). Another possibility is that
postsynaptic depolarization leads to recruitment of synap-
tic N-methyl-D-aspartate (NMDA) receptor channels blocked
at more hyperpolarized potentials by extracellular magne-
sium (Jones and Baughman, 1988; Thomson et al., 1988;
Artola and Singer, 1990; but see Deisz et al., 1991; Hirsch
and Gilbert, 1991). One of the difficulties in distinguishing
between these possibilities, and in general in determining
whether voltage-dependent channels are activated (or de-
activated) by subthreshold EPSPs, is that the application
of blockers of postsynaptic voltage-activated channels will
in most cases modify or block synaptic transmission.

The aim of the experiments described in this paper was
to determine whether subthreshold EPSPs in neocortical
layer V pyramidal neurons can be amplified by voltage-
activated channels. This was investigated through the use
of a novel technique: simultaneous somatic and dendritic
current-clamp recordings were made from the same neo-
cortical pyramidal neuron, and the voltage change during
an EPSP was simuiated by dendritic current injection with
a time course similar to that of an excitatory postsynaptic
current (EPSC). These “simulated EPSPs” were then re-
corded both at their site of generation in the dendrites and
at the soma, and the effect of application of blockers of
voltage-activated channels was determined. Using this ap-
proach, it was possible to examine both the conditions
and the mechanisms by which subthreshold EPSPs in
neocortical pyramidal neurons can be amplified by volt-
age-activated channels.

Results

Experiments were performed on visually identified, large
layer V pyramidal neurons in brain slices from somatosen-
sory cortex of 14- to 28-day-old rats. In 28-day-old rats,
the average somatic action potential amplitude (measured
from threshold) was 95.2 + 2.0 mV, action potential half
width and maximum rate of rise werg 0.57 * 0.02 ms and
512 + 41 V/s, respectively, and action potential threshold
was on average 13.6 = 0.6 mV depolarized from the so-
matic RMP (—64.1 = 0.8 mV; n = 13). Note that mem-
brane potential measurements were not corrected for the
junction potential between the bath and pipette solutions.

These basic electrophysioclogical properties are very
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similar to those previously reported for adult large layer
V pyramidal neurons (see Stafstrom et al., 1984; Mason
and Larkman, 1990). In addition, action potential burst
firing, typical of that seen in large layer V pyramidal neu-
rons (see Mason and Larkman, 1990; Chagnac-Amitai et
al., 1990), was observed in 69% of cells in 28-day-old rats.
No bursting was observed in 14-day-old animals, consis-
tent with the findings of Kasper et al. (1994), who, using
an external potassium concentration similar to that used
in our experiments, noted that action potential burst firing
in ratlayer V pyramidal neurons is not fully developed uni!
3-4 weeks of age.

Generation of Simulated EPSPs ‘
Simulated EPSPs were generated by dendritic current in-
jection into the apical dendrite of layer V pyramidal neu-
rons during simultanecus somatic and dendritic recording.
The time course of this current injection was based on the
kinetics of spontanecus EPSCs, which were selected for
their fast rise times (<0.5 ms} during low access resistance
somatic whole-cell recordings (Figure 1A; see Experimen-
tal Procedures). These spontaneous EPSCs had an aver-
age amplitude of 15.5 = 1.7 pA and a rise time (20%—~
80%) of 0.32 + 0.02 ms, and their decay could be well
fit by a single exponential with atime constantof3.3 + 0.3
ms (Figure 1A; average from 4 cells). Using these values, a
waveform was constructed with a single exponential rise
and decay, such that the 20%-80% rise time was 0.3
ms and the decay time constant was 3 ms. The voltage
response at the soma or dendrite following dendritic cur-
rent injection with this time course was used to simulate
an EPSP.

A comparison of evoked and simulated EPSPs recorded
in the same cell is shown in Figure 1B. In this example,
the simulated EPSP was generated by dendritic current
injection 420 pm from the soma, and the evoked EPSP
was generated by extracellular stimulation close to the

A spontaneous EPSCs

dendrite

B avoked EPSPs

dendritic recording pipette (<50 pm). The time courses of
the simulated and evoked EPSPs recorded at the same
somatic and dendritic locations were similar. The average
rise time and half width of small (<5 mV) evoked EPSPs
atthesomawere2.3 + 0.2msand 16.5 + 0.7 ms, respec-
tively (n = 6; 28-day-old rats). Simulated EPSPs of a simi-
lar amplitude at the soma of the same cells had average
rise times and half widths of 2.7 = 0.1 ms and 14.6 = 0.4
ms, respectively (simulated EPSPs in these experiments
were generated by dendritic current injections 390-580
pm from the soma). When evoked EPSPs were generated
close to the dendritic recording pipette (as judged by their
fast rise time), the time courses of evoked and simulated
EPSPs at the dendritic recording site were also similar
(Figure 1B). In these cases, evoked EPSPs recorded in
the dendrites had an average rise time of 0.7 + 0.12 ms
and an average half width of 8.4 + 0.8 ms (n = 4). Simu-
lated EPSPs recorded at the same dendritic locations in
the same cells had an average rise time of 0.6 = 0.02
ms and and average half width of 6.6 = 0.3 ms. Note that
both evoked and simulated dendritic EPSPs decay faster
than somatic EPSPs, and that the decay of both somatic
and dendritic EPSPs undershoots a baseline set at the
RMP (Figure 1B).

Effects of EPSP Amplitude

An example of the effect of EPSP amplitude on the time
course of evoked and simulated EPSPs recorded at the
soma of the same cellis shownin Figure 2A. The amplitude
of EPSPs was changed by altering the stimulus strength
for evoked EPSPs or the size of the dendritic current injec-
tion for simulated EPSPs. As evoked and simulated EPSP
amplitude increased, the EPSP time to peak and duration
became longer. This effect can be seen more clearly when
small (<56 mV) and large (>10 mV) EPSPs at the soma
were averaged and normalized to the same amplitude (Fig-
ure 2B). For evoked EPSPs, this was not due to the recruit-

Figure 1. Generation of Simulated EPSPs

(A) Top: EPSCs recorded from the soma at the
resting membrane potential (RMP; ~62 mV) in
the presence of bicuculline to block GABA, re-
ceptor-mediated events. Bottom: Average of
200 of these spontaneous EPSCs selected for
their fast rise times (20%-80% rise times < 0.5
ms) and uniform decays. The 20%-80% rise
time of this average EPSC was 0.3 ms, and its

10pA

2ms simulated EPSPs

dendrite

average

decay was fitted with a single exponential with
a time constant of 3.2 ms (thick line).

(B) Comparison of evoked (top) and simulated
(bottom) EPSPs recorded simultaneously at
the soma and the site of EPSP generation in the
dendrites (420 um from the soma). Synaptically
evoked EPSPs were generated by extracellular
stimulation close to the dendritic recording pi-
pette (<50 pm), and simulated EPSPs were
evoked by injection of a 1 nA exponentially ris-
ing and decaying waveform (ts. = 0.3 ms;

__szv

10ms

Ton = 3 MS) via the dendritic recording pipette.
Recordings were made at the somatic and den-
dritic RMP (both —65 mV), The transient before

the evoked EPSPs is the stimulus artifact, and the downward transient before the simulated dendritic EPSP is the capacitive transient associated
with the dendritic current Injection used to generate this EPSP. Note that this capacitive transient distorts the initial rising phase of the measured

voltage change during the dendritic simuiated EPSP.
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Figure 2. Effects of a Change in EPSP Ampli-
tude on Evoked and Simulated EPSPs

(A) Comparison of evoked (left) and simulated
(right) EPSPs recorded atthe soma of the same
cell at the RMP (~66 mV) during an increase
in stimulus intensity for evoked EPSPs or in
the size of the dendritic current injection for
simulated EPSPs. Simulated EPSPs were gen-
erated by dendritic current injections of differ-
ent amplitudes 365 pm from the soma. The
action potential threshold is indicated by the
dotted line (—49 mV).

(B) Smalt (<5 mV) and large (>10 mV) evoked
(left) and simulated (right) EPSPs were aver-
aged and normalized to the same amplitude
(same cell as in [A]).

(C) The peak amplitudes of evoked (closed cir-
cles) and simulated (open circles) EPSPs at
the soma were plotted against their integrals
during a change in EPSP amplitude. The solid
line is the linear regression fit to the data for
EPSPs with amplitudes of <5 mV (data from
same cellasin [A]). The action potential thresh-
old is indicated by the dotted line.
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ment of NMDA receptors by the largest EPSPs or to a
change in the amount of inhibition with stimulus strength,
as it was observed both inthe absence and presence of the
NMDA and y-aminobutyric acid type A (GABA,) receptor
blockers DL-2-amino-5-phosphonopentanoic acid (APV)
and bicuculline (n = 6). The change in EPSP time course
as the amplitude of EPSPs is increased can be seen graph-
ically by plotting the EPSP peak amplitude against its inte-
gral (Figure 2C; EPSP integral was defined as the area
under the EPSP above a baseline set at the RMP). In most
cases this relationship deviated from linearity, with the
EPSP integral increasing more than the EPSP peak for
EPSPs at the soma with amplitudes greater than ~5mV.
The similarity in the changes in evoked and simulated
EPSPs during an increase in EPSP amplitude suggests
that postsynaptic voltage-activated channels are involved
in shaping the time course of EPSPs with amplitudes
greater than ~ & mV. In addition, this finding also shows
that the simulated EPSPs adequately mimic the effects
of a change in evoked EPSP amplitude.

20

threshold

Effects of Membrane Potential

The effects of changes in the membrane potential on both
evoked and simulated EPSPs recorded from the soma of
the same cell are shown in Figure 3A. As the membrane
potential becomes more depolarized, the somatic ampli-
tude, time to peak, and integral of small (<5 mV) evoked
and simulated EPSPs increased. For evoked EPSPs this
increase was not due to recruitment of NMDA receptors
or to changes in inhibition, as in these experiments NMDA
and GABA, receptors were blocked. When the effect of
membrane potential depolarization on eveked EPSPs in
the absence and presence of the NMDA receptor blocker
APV was examined, it was found that the addition of APV
had little if any effect on the increase in EPSP amplitude or
integral observed at subthreshold depolarized membrane
potentials (n = 3; see also Deisz et al., 1991; Hirsch and
Gilbert, 1991). The largest increase in evoked and simu-
lated EPSPs occurred at membrane potentials closest to
the action potential threshoid, with the timing of action
potential initiation after the onset of both evoked and simu-
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Figure 3. Effects of a Change in Membrane
Potential on Evoked and Simulated EPSPs
(A) Comparison of evoked (left) and simulated
(right) EPSPs recorded atthe soma of the same
cell at the indicated membrane potentials. Sim-
ulated EPSPs were generated by 1.5 nA den-
dritic current injections 380 yum from the soma.
The somatic RMP was —64 mV, and action po-
tentials were initiated by these EPSPs at so-
matic membrane potentials of =55 mV,

(B} The peak amplitudes of evoked (closed cir-
cles) and simulated (open circles) EPSPs at
the soma are plotted against the membrane
potentials at which the data were recorded
(data from same cell as in [A]).

(C) The integrals of evoked {closed circles) and
simulated (open circles) EPSPs at the soma
are plotted against the membrane potentials at
which the data were recorded (data from same
cell as in [A]).
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lated EPSPs being dependent on the time course of EPSP
amplification (Figure 3A). In any one neuron, evoked and
simulated EPSPs were amplified to similar extents by
membrane depolarization, with agreaterincrease in EPSP
integral than in EPSP peak (Figures 3B and 3C). On aver-
age, in comparison with EPSP amplitude and integral
at the RMP, at the most depolarized subthreshold mem-
brane potentials, EPSP peak amplitude increased ~ 2-fold,
whereas EPSP integral increased 4- to 5-fold (n = 15).
The simifarity in the effect of membrane potential on evoked
and simulated EPSPs suggests that activation of postsyn-
aptic voltage-de pendent channels mediates this form of
EPSP amplification and also shows that the effect of a
change in membrane potential on evoked EPSPs can be
mimicked by the simulated EPSPs.

Differential Effects on Somatic and Dendritic EPSPs
An example of the effect of progressively increasing the
size of the dendritic current injection on somatic and den-
dritic simulated EPSPs is shown in Figure 4A. The peak
amplitude and integral of somatic EPSPs and the integral

of dendritic EPSPs increased nonlinearly with the size of
the dendritic current injection, whereas the amplitude of
dendritic EPSPs increased linearly (Figures 4B and 4C).
Similar observations were made in 10 other cells. Note
that the nonlinear increase in somatic EPSP amplitude
and somatic and dendritic EPSP integral occurred only
for EPSPs with amplitudes greater than ~5 mV at the
soma.

These results show that both the integral and peak of
large (>56 mV) somatic simulated EPSPs are increased in
a nonlinear manner as the size of the dendritic injected
current is increased, suggesting that these EPSPs are
amplified by voltage-activated channels. Conversely, the
linear increase in the dendritic EPSP peak suggests that
the amplification of somatic EPSPs is not associated with
amplification of the dendritic EPSP peak. Note that, as
the size of the dendritic current injection was increased,
there was usually a larger nonlinear increase in the so-
matic EPSP integral than in the peak (compare Figures
4B and 4C). This differential increase in somatic EPSP
peak amplitude and integral can account for the increased
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Figure 4. Effects of a Change in EPSP Amplitude on Somatic and Dendritic Simulated EPSPs

(A) Comparison of somatic {top) and dendritic (bottom) simulated EPSPs recorded simultaneously at the RMP (soma, —68 mV; dendrite, —67 mV)
during an increase in the size of the dendritic current injection. Simulated EPSPs were generated by 0.6, 1.4, 2.2, 3.0, and 3.8 nA dendritic current
injections 425 um from the soma.

(B) The peak amplitudes of somatic (closed circles) and dendritic (open circles) simulated EPSPs are ploited against the size of the dendritic
current injections (data are from same cell as in [Al}. The lines are linear regression fits to the somatic and dendritic data for EPSPs of <5 mV
in amplitude for the somatic data and for all EPSPs for the dendritic data.

(C) The integrals of somatic (closed circles) and dendritic (open circles) simulated EPSPs are plotted against the size of the dendritic current
injections (data from same cell as in [A]). The lines are linear regression fits to the somatic and dendritic data for events where the EPSP at the

soma was <5 mV In amplitude.

duration of large somatic EPSPs (see Figure 28) and the tion of the membrane potential, the peak of dendritic
nonlinear shape of somatic EPSP peak versus integral EPSPs was unchanged (Figures 5C and 5D). Similar re-
plots like those shown in Figure 2C. sults were observed in 7 other cells.

The effect of achange in membrane potential on somatic In summary, these results suggest that the conductance
and dendritic EPSPs is shown in Figure 5. As the somatic change underlying the amplification of somatic EPSPs has
and dendritic membrane potentials were depolarized, both a slow time course and is not associated with amplification
the amplitude and duration of small (<5 mV) saomatic of the peak of the dendritic EPSP. Furthermore, the site
EPSPs increased. This effect, however, was not associ- of EPSP amplification is likely to be close to the soma,
ated with an increase in the amplitude of the dendritic where amplification is greatest.

EPSP (Figure 5A). In addition, a noticeable hump devel-
oped during the decay of the dendritic EPSPs (Figure bA,

lower —55 mV trace). This hump was largest at the most Effect of the Sodium Channel Blocker TTX
depolarized membrane potentials, and when somatic and on Simulated EPSPs

dendritic EPSPs were superimposed, it was clear that the Bath application of tetrodotoxin (TTX; 0.5 or 1 uM) was
amplitude of this hump was largest at the soma (n =7, used to determine whether voltage-activated sodium
data not shown). A similar observation was made for channels are involved in the amplification of simulated
evoked EPSPs (n = 5). Subtraction of somatic and den- EPSPs. TTX caused a substantial reduction in the ampli-
dritic EPSPs recorded at the RMP from those at the most tude and integral of somatic EPSPs with amplitudes
depolarized subthreshold membrane potentials revealed greater than ~5 mV (Figures 6A and 6B; n = 9). In addi-
that the conductance change underlying amplification of tion, the application of TTX ‘linearized” the relationship
EPSPs had a slow time course and was largest at the between somatic EPSP amplitude and integral and the
soma (Figure 5B). The effects of a change in membrane size of the current injection used to generate simulated
potential on somatic and dendritic EPSP peak amplitude EPSPs (Figure 6B). The effect of TTX was greater on
and integral are shown graphically in Figures 5C and 5D. EPSP integral than on EPSP peak amplitude, decreasing

While both the peak and integral of somatic EPSPs and the peak amplitude of the largest subthreshold EPSPs by
the integral of dendritic EPSPs increased with depolariza- 29% =+ 2% and their integral by 53% =+ 5% (n = 9).
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Figure 5. Effects of a Change in Membrane Potential on Somatic and Dendritic Simulated EPSPs

(A) Comparison of somatic (top) and dendritic (bottom) simulated EPSPs recorded at the indicated membrane potentials. Simulated EPSPs were
generated by 1 nA dendritic current injections 400 um from the soma, and the somatic and dendritic membrane potential was changed by somatic
current injection. The somatic and dendritic RMPs were ~63 mV and -60 mV, respectively,

(B) Somatic and dendritic simulated EPSPs at the RMP were subtracted from EPSPs recordad at the most depolarized subthreshold membrane
potentials and overlaid (same cell as in [A]).

(C) The peak amplitudes of somatic (closed circles) and dendritic (open circles) simulated EPSPs are plotted against the membrane potentials at
which the data were recorded (data from same cell as in [A]).

(D) The integrals of somatic (closad circles) and dendritic (open circles) simulated EPSPs are plotted against the membrane potentials at which
the data were recorded (data from same cell as in [A)).

TTX also linearized somatic EPSP peak amplitude versus TTX, indicating that it is mediated primarily by voltage-
integral plots like those shown in Figure 2C (n = 9). In activated sodium channels. In addition, that TTX had no
contrastto its effect on somatic EPSPs, bath application of effect on the amplitude of dendritic EPSPs suggests that
TTX did not affect the peak amplitude of dendritic EPSPs; the peak of dendritic EPSPs is not amplified by voltage-
however, it reduced the integral of the largestsubthreshold activated sodium channels.
dendritic EPSPs. TTX also linearized the relationship be-
tween dendritic EPSP integral and the size of the current Effects of Calcium Channel Blockers
injection used to generate simulated EPSPs. on Simulated EPSPs

Bath application of TTX also blocked the amplification To investigate the possibility that voltage-activated cal-
of small (<6 mV) somatic EPSPs evoked at depolarized cium channels are also involved in EPSP amplification,
membrane potentials (Figures 6C and 6D; n = 8). As with the effect of bath application of different calcium channel
large EPSPs, TTX caused a greater reduction in EPSP bleckers on simulated EPSPs was determined. Unlike the
integral than in EPSP peak amplitude (Figure 6D), de- experiments with TTX, the results from these experiments
creasing the peak amplitude of somatic EPSPs recorded depended on the age of the animals used. In experiments
at the most depolarized subthreshold membrane poten- on 28-day-old rats, CdCl; (200 pM: n = 3), CoCl, (2 mM;
tials by 41% = 2% and their integral by 80% =+ 2% (n = n = 4), and NiCl; (200 uM; n = 3) had no significant effect
9). Inthe presence of TTX, the peak amplitude andintegral on simulated EPSPs during either an increase in EPSP
of somatic EPSPs at the most depolarized membrane po- amplitude or depolarization of the membrane potential,
tentials were similar to the control EPSP amplitude and That calcium channels were blocked in these experiments
integral at the RMP (n = 9). In contrast to its effects on was verified for CdCl, and CoCl, by their complete and
somatic EPSPs, the amplitude of dendritic EPSPs at depo- rapid block of synaptic transmission. In 14-day-old rats,
larized membrane potentials was unchanged in the pres- however, CoCl; (2 mM; n = 6) and NiCl, (200 pM; 5 out
ence of TTX, despite a reduction in EPSP integral. of 6 cells) caused a decrease in the amplitude and integral

In summary, these results show that amplification of of the largest subthreshold simuiated EPSPs, whereas
simulated EPSPs is largely, if not completely, blocked by CdCl,(200uM;n = 5)had inconsistent effects (sometimes
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Figure 6. Effect of Bath Application of TTX on
Simulated EPSPs

(A) The effect of bath application of tetrodotoxin

(TTX) on large simulated EPSPs recorded at

the soma at the RMP (—65 mV). Simulated

EPSPs were generated by 2.6 nA dendritic cur-

rent injections 330 um from the soma.

(B) Plot of simulated EPSP peak amplitude
5mV (top) and integral (bottom) at the soma against
the size of the dendritic current injection in the
absence (closed circles) and presence (open
circles) of TTX (data from same cell as in [A]).
(C) Effect of bath application of TTX on simu-
lated EPSPs recorded at the soma at a depolar-
ized membrane potential of —57 mV. Simulated

B D EPSPs were generated by 1 nA dendritic cur-
30 — rent injsctions 450 um from the soma; the so-
14 - matic RMP was —65 mV.
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causing an increase [n = 3] and sometimes no change
[n = 2]). On average, in 14-day-old rats CoCl; and NiClz
were less effective than TTX in reducing amplification of
the largest subthreshold EPSPs, decreasing the peak am-
plitude of these simulated EPSPs by 19% =+ 3% and their
integral by 35% =+ 4% (n = 6). The addition of TTX in
the presence of CoCla caused a further reduction in EPSP
peak amplitude and integral {(n = 4), whereas addition of
CoCl; in the presence of TTX was largely without effect
(small decrease in 2 out of 4 celis). In contrast to its effects
on large EPSPs, in 14-day-old rats none of the calcium
channel blockers had any effect on amplification of EPSPs
atdepolarized membrane potentials (n = 7). These results
suggest that in older animals voltage-activated calcium
channels are notinvolved in EPSP amplification; however,
they may mediate a small component of EPSP amplifica-
tion during large subthreshold EPSPs in young rats.

Location of Sodium Channels Involved

in EPSP Ampilification

As suggested above, the site of somatic EPSP amplifica-
tion is likely to be close to the soma. This possibility was

tested by the local application of TTX to either the site
of simulated EPSP generation in the dendrites or to the
somatic region and axon. Local application of TTX was
achieved by pressure ejection of TTX from a patch pipette,
the tip of which was placed close to (<20 um) either the
dendritic recording site or the soma (usually close to the
axon initial segment). The area perfused with TTX was
determined by observing the spread of the dye Fast Green,
included in the TTX solution, and was estimated to be
~50-100 pm in diameter. To minimize the spread of this
TTX application, we used 100 nM TTX, a 10-fold lower
concentration than was used for bath application (usually
1 uM). Spread of TTX was further reduced by the use of
fast flow rates (5 ml/min) and an experimental chamber
with a small bath volume (<1 ml). When TTX was applied
to both the somatic and dendritic recording site of the
same cell, the application of TTX was always made to the
dendritic recording site first,

lLocal application of TTX to the dendritic recording site
had little or no effect on amplification of somatic EPSPs
during the largest subthreshold simulated EPSPs or small
simulated EPSPs generated at depolarized membrane po-
tentials (Figure 7A). That this TTX application did in fact
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Figure 7. Effectof Local Application of TTX on
Simulated and Evoked EPSPs

(A) Effect of local application of TTX to either
the dendritic recording site or the soma and
axon on small (left) and large (middle) simu-
lated EPSPs at the RMP (—63 mV) and on small
simulated EPSPs generated at a depolarized
membrane potential of —53 mV (right). All re-
cordings are from the soma of the same cell.
Simulated EPSPs were generated by dendritic

control

TTX to soma TTX 1o soma TTX lo soma current injection 240 um from the soma and
were 0.5 nA (left and right traces) and 1.6 nA
B Evoked EPSPs (middle traces). Scale is the same as in (B).
) (B) Effect of local application of TTX to the
small EPSP large EPSP depolarised soma and axon on small (left) and large (mid-
die) evoked EPSPs at the RMP (—64 mV) and
- control on small evoked EPSPs at a depolarized mem-
brane potential of ~53 mV (right). All recordings
4mv 4 mv .
J .~ centrol are from the soma of the same cell. The stimu-
- conral - 20ms 20ms lus strength used to generate small EPSPs at
the resting (left) and depolarized (right) mem-
/ / brane potentials was the same.
TTX to soma TTX to soma TTX to soma

block dendritic sodium channels was verified by its ability
to reduce the amplitude of back-propagating dendritic ac-
tion potentials (see Stuart and Sakmann, 1994). In con-
trast, application of TTX to the soma and axon of the same
cells reduced the somatic EPSP peak amplitude and inte-
gral of both large (>10 mV) and small (<5 mV) simulated
EPSPs generated at depolarized membrane potentials,
with little effect on small EPSPs at the RMP (Figure 7A).
On average, application of TTX to the soma and axon
reduced the peak amplitude of the largest subthreshold
somatic EPSPs by 24% =+ 3% and their integral by
45% =+ 5% (n 6), whereas at the most depolarized
subthreshold membrane potentials, the somatic EPSP
peak amplitude was reduced by 35% =+ 3% and the inte-
gral by 72% + 3 9% (n = 5).

To determine whether amplification of evoked EPSPs
can also be blocked by local application of TTX to the
soma and axon, the effects of somatic and axonal TTX
application on large subthreshold evoked EPSPs and
small evoked EPSPs at depolarized membrane potentials
were investigated. Similar to its effects on amplification
of simulated EP8Ps, this somatic and axonal application
of TTX reduced the somatic peak amplitude and integral
of large (>10 mV) and small (<5 mV) evoked EPSPs re-
corded at depolarized membrane potentials, with little ef-
fect on small EPSPs at the RMP (Figure 7B). On average,
application of TTX to the soma and axon reduced the so-

small EPSP large EPSP

axon

7

sama

- axan
R
soma

4myv

/7

20ms
K
soma

depolarised

axon

matic peak amplitude of the largest subthreshold evoked
EPSPs by 32% =+ 3% and their integral by 43% = 3%
(n = 9), whereas at the most depolarized subthreshold
membrane potentials, the somatic EPSP peak amplitude
was reduced by 34% =+ 5% and the integral by 80% =+
3% (n = 10). The fact that the same TTX application had
little or no effect on the amplitude or integral of small (<5
mV) evoked EPSPs at the RMP (see Figure 7B) suggests
that the block of evoked EPSP amplification by the local
application of TTX to the soma and axon was not due
to a presynaptic effect of TTX on transmitter release. In
summary, these results show that local application of TTX
to the soma and axon is sufficient to block amplification
of both simulated and evoked somatic EPSPs, indicating
that the voltage-activated sodium channels mediating so-
matic EPSP amplification are located close to the soma.

Toinvestigate the possibility that amplification of EPSPs
occurs in the axon, simultaneous somatic and axonal re-
cordings were made from the same cells (axonal re-
cordings were made 16-28 um from the soma), and
EPSPs were evoked either at different stimulus intensities
or at different membrane potentials. In all cases (n = 5),
while smali (<5 mV) EPSPs at the RMP were almost identi-
cal at the somatic and axonal recording sites, the ampli-
tude and integral of the largest subthreshold EPSPs and of
EPSPs at the most depolarized subthreshold membrane
potentials were larger in the axon (Figure 8).

Figure B. Comparison of EPSP Amplification
in the Soma and Axon

Small (left) and large (middle) evoked EPSPs
atthe RMP (~64 mV) and small evoked EPSPs
at a depolarized membrane potential of —57
mV (right) were recorded simultaneously at the
soma and axon of the same cell (axonal re-
cording 23 pm from the soma). The stimulus
strength used to generate small EPSPs at the
resting (left) and depolarized (right) membrane
potentials was the same.
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Discussion

The results presented here show that subthreshold so-
matic EPSPs in neocortical layer V pyramidal neurons can
be amplified by voltage-activated channels. EPSP amplifi-
cationoccurred forlarge EPSPs (>5 mV) or EPSPs evoked
at depolarized membrane potentials and is mediated by
the activation of voltage-activated sodium channels lo-
cated close to the soma and in the axon.

Conductances Involved in Amplification of EPSPs
The TTX sensitivity and slow time course of EPSP amplifi-
cation suggest that it is mediated by voltage-activated so-
dium channels of the persistent sodium channel type (Inas).
A role for Inas in amplification of somatic EPSPs at depolar-
ized membrane potentials was first proposed by Stafstrom
et al. (1985; see also Sutor and Hablitz, 1989a, 198%b;
Deisz et al., 1991; Hirsch and Gilbert, 1991). We show
here that EPSPs with amplitudes of >5 mV at the RMP
are also amplified by voltage-activated sodium channels,
presumably also of the inee type. As In.e channels can bhe
activated at membrane potentials hyperpolarized to action
potential threshold (Stafstrom et al., 1985; Brown et al,,
1994), this makes them ideally suited to amplify subthresh-
old EPSPs.

The possibility that calcium channels were also involved
in amplification of EPSPs was tested by bath application
of various calcium channel blockers. Subthreshold EPSPs
have previously been shown to generate an increase in
intracellular calcium in layer V pyramidal neurons follow-
ing the activation of voltage-dependent calcium channels
(Markram and Sakmann, 1994). In addition, a study in
pyramidal neurons in layer 2/3 of the neocortex concluded
that amplification of EPSPs at depolarized membrane po-
tentials is largely mediated by voltage-activated calcium
channels (Deisz et al., 1991). The results presented here
suggest that in older animals (28 days) the activation of
voltage-dependent calcium channels by subthreshold
EPSPs does not contribute significantly to the voltage
change that occurs during a somatic EPSP in layer V neu-
rons. In young animals (14 days), however, large (>5 mV)
simulated EPSPs were reduced by CoCl, and NiCl: but
not by CdCl.. This result suggests that these EPSPs are
amplified by voltage-activated calcium channels. The ex-
tent of this amplification, however, was smaller than that
mediated by voltage-activated sodium channels, was re-
stricted only to amplification of large EPSPs, and was ab-
sent in 28-day-old rats. The reasons for the differential
effects of the different calcium channel blockers on large
subthreshold simulated EPSPs in 14- and 28-day-old rats
are not clear, but it may suggest a developmental change
in the expression of different classes of calcium channels
in layer V pyramidal neurons during the first 4 postnatal
weeks (but see Lorenzon and Foehring, 1995).

The different effects of the calcium channel blockers
in 14- and 28-day-old animals are unlikely to be due to
“washout” of calcium current in the older animals, as this
would presumably be similar in recordings from animals
at both ages. Further evidence against the idea that wash-

out of calcium conductances occurred in our experiments
comes from the fact that a substantial calcium component
following dendritic action potentials could be observed,
which was particularly large during somatic action poten-
tial burst firing (see Amitai et al., 1993; Kim and Connors,
1993). This suggests that, under the experimental condi-
tions used in the present study, dendritic calcium conduc-
tances were intact. Finally, similar results were obtained
in experiments with widely varying series resistances (be-
tween 5 and 100 M), where the extent of washout should
be very different, and no change in the extent of EPSP
amplification was detected during recordings that could
last up to 1 hr or more.

Location of the Conductances Involved

in EPSP Amplification

Many aspects of the data suggest that the conductances
involved in EPSP amplification are located close to the
soma. First, subtraction of somatic and dendritic EPSPs at
the RMP from those at depolarized membrane potentials
showed that during these recordings EPSP amplification
was largest at the soma (see Figure 5B). Second, lacal
application of TTX to the soma and axon blocked EPSP
amplification of both simulated and evoked EPSPs (see
Figure 7). Finally, simultaneous somatic and axonal re-
cordings showed that EPSP amplification was in fact
largest in the initial part of the axon (see Figure 8). To-
gether, these results show that the voltage-activated so-
dium channels that mediate EPSP amplification are lo-
cated near the soma and in the axon.

As EPSP amplification is mediated primarily by Inar, the
location of the In.e channels involved in EP SP amplification
must also be located near the soma and in the axon. Re-
cent studies in neocortical pyramidal neurons (Alzheimer
et al., 1993) suggest that the sodium channels mediating
Iv=p are the same channels as those generating the action
potential but have switched into a “noninactivating” gating
made. Alzheimer et al. (1993) predicted that ~0.1% of
all sodium channels enter into this noninactivating gating
mode and so could contribute to Inse. Given this result,
it is perhaps not surprising that EPSP amplification was
largest in the axon, the site of presumably the highest
sodium channel density.

Can EPSPs Be Amplified by Dendritic
Voltage-Activated Channels?

It has been postulated that EPSPs may be amplified by
dendritic voltage-activated channels, possibly in spines
(see Jacketal., 1983; Milleret al., 1985; Perkel and Perkel,
1985; Cauller and Connors, 1992; De Schutter and Bower,
1994; Bernander et al., 1994). In support of this idea, large
subthreshold EPSPs have recently been shown to activate
sodium and calcium channels in dendritic cell-attached
patches from hippocarnpal pyramidal neurons (Magee and
Johnston, 1995), and calcium imaging experiments have
shown that subthreshold EPSPs can evoke dendritic cal-
cium transients due to the activation of dendritic voltage-
activated calcium channels in neocortical pyramidal (Mar-
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kram and Sakmann, 1994) and cerebellar (Eilers et al.,
19895) Purkinje neurons. Together, these studies suggest
that dendritic voltage-dependent channels can be acti-
vated by subthreshold EPSPs: however, they do not indi-
cate the extent to which this will lead to amplification of
the voltage change during these EPSPs.

The results presented in the present study suggest that
any amplification of EPSPs by voltage-activated channels
in the apical dendrite, or in spines on the apical dendrite,
of neocortical layer V pyramidal neurons must be small
in comparison to that which occurs close to the soma. This
conclusion is based on the following evidence. Owing to
their smali capacitance and short electrotonic length, the
voltage experienced by dendritic spines close to the den-
dritic recording pipette will be similar to that in the adjacent
dendrite (see Jack et al., 1983). This dendritic voltage
change during the largest subthreshold simulated EPSPs
was up to 50 mV in amplitude (see Figure 4), which should
be of sufficient size to activate most voltage-activated so-
dium and calcium channels. Yet the peak amplitude of
dendritic simulated EPSPs increased linearly with the am-
plitude of the dendritic current injection (Figure 4B) and
was unaffected by application of sodium or calcium chan-
nel blockers. In addition, application of TTX to the site of
generation of dendritic simulated EPSPs had little or no
effect on the amplitude or duration of simulated EPSPs,
whereas EPSP amplification could be blocked by applica-
tion of TTX to the sorma and axon (see Figure 7). Together,
these results suggest that dendritic vaoltage-activated
channels in the apical dendrite, or those in neighboring
spines, are at such a low density that their activation does
not significantly amplify dendritic EPSPs under the re-
cording conditions of our study. That the dendritic EPSP
integral, but not the peak, is amplified during the largest
subthreshold EPSPs and at depolarized membrane poten-
tials (see Figures 4 and 5) presumably results from the
passive spread of EPSP amplification at the soma back
to the dendritic recording site.

It should be noted that the conclusions from these exper-
fments are restricted to EPSPs made onto the main apical
dendrite of layer V pyramidal neurons. This leaves open
the possibility that EPSPs in the more distal dendrites may
under some circumstances be amplified locally by den-
dritic voltage-activated channels. However, the ability of
simulated EPSPs to mimic adequately the evoked EPSPs,
together with the finding that local application of TTX to
the soma and axon blocked amplification of both simulated
and evoked EPSPs, suggests that, if local amplification
of distal EPSPs by dendritic voltage-activated channels
does occur, this does not significantly amplify the somatic
membrane potential in comparison with that which occurs
following EPSP amplification by voltage-activated sodium
channels located close to the soma.

Physiological Significance of EPSP Amplification

for Synaptic integration

The amplification of subthreshold EPSPs by voltage-
activated sodium channels located near the soma and in
the axon has implications for synaptic integration in neo-
corticallayer V pyramidal neurons. EPSPs were notsignifi-

cantly amplified when evoked from the RMP unless they
were at least 5 mV in amplitude at the soma, and often
needed to be closer to 10 mV. While EPSPs of this ampli-
tude are easily achieved during synchronized extracellular
stimulation, are they likely to occur under more physiologi-
cal conditions in vivo? One possibility is that in neocortical
pyramidal neurons large compound EPSPs may be
evoked during synchronized burst firing of neighboring
pyramidal neurons.

Amplification of EPSPs at depolarized membrane po-
tentials could be observed for very small EPSPs (1-2mV).
In addition, unitary EPSPs, evoked by action potentials
in neighboring pyramidal neurons, are also amplified in
amplitude and duration by depolarization of the membrane
potential (G. S., unpublished data: see also Thomson et
al., 1988). This suggests that EPSP amplification at depo-
larized membrane potentials may be of more significance
to synaptic integration than EPSP amplification by large
EPSPs evoked from a negative RMP.

An interesting property of EPSP amplification is that it
is associated with a greater increase in EPSP integral than
in peak amplitude, and hence will increase the time win-
dow over which temporal summation of EPSPs can occur.
In addition, this hasthe consequence that action potentials
evoked by just threshold EPSPs, especially at depolarized
membrane potentials, are evoked at some time (oftentens
of milliseconds) after the onset of the EPSP (see Figure
3A), with the actual time of action potential initiation by
these EPSPs depending on the extent and time course
of EPSP ampilification. It could be argued that these find-
ings are counterintuitive, as one might expect that the
temporal information contained in the peak of an-EPSP
should be conserved by the neuron. It is worth noting,
however, that neurons which are responsible for con-
veying temporal information (e.g., in the auditory pathway)
have few or no dendrites and fast, very large single fiber
EPSPs (see Zhang and Trussell, 1994). Perhaps in neo-
cortical pyramidal neurons temporal information may be
conveyed more by the rate of action potential firing, rather
than by the precise timing of each action potential (Shad-
len and Newsome, 1994; but see Hopfield, 1995),

As the results suggest that EPSPs are not amplified
locally by dendritic voltage-activated channels, the ques-
tion arises as to whether there are other mechanisms that
enhance the ability of distal EPSPs to influence action
potential initiation. Perhaps the quantal size of distal
EPSPs is larger than that of more proximal EPSPs (Jack
st al, 1981), or distal synapses have a higher probability
of transmitter release. It should also be noted that while
passive cable theory predicts significant attenuation of the
peak of distal EPSPs as they spread to the soma, the
EPSP integral will not be attenuated to the same extent
{Jack et al., 1983; compare Figures 4B and 4C). As it has
been suggested that an EPSP integral is a more important
determinant of whether an EPSP will initiate an action
potential than its peak amplitude (Jack et al., 1983), the
ability of distal EPSPs to initiate action potentials will be
greater than that predicted simply by the attenuation of
an EPSP’s peak amplitude. Finally, the amplification of
EPSPs by voltage-activated sodium channels located
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close to the soma and in the axon will further enhance the
ability of distal EPSPs to influence action potential
initiation.

Experimental Procedures

Experiments were performed on 300 um thick sagittal brain slices from
somatosensory cortex of 14- to 28-day-old Wistar rats using previously
described techniques (Stuart et al., 1993; Sakmann and Stuart, 1995).
Slices were perfused continuously with an oxygenated Ringer solution
containing 125 mM NaCl, 25 mM NaHCO,, 25 mM glucose, 2.5 mM
KCl, 1.25 mM NaH,PO,, 2 mM CaCl;, and 1 mM MgCl, (pH 7.4 with
5% CO,), all experiments were performed at 35°C + 1°C. Pooled
data are expressed as the mean + SEM, and no correction for the
junction potential between the bath and pipette solutions was made.
Full correction for this junction potential would make all membrane
potential measurements ~ 12 mV more negative than indicated.

Recording of Spontaneous EPSCs

Whole-cell voltage-clamp recaordings (uncompensated series resis-
tance 4-7 MQ) of spontaneous EPSCs were made from the soma of
visually identified layer V pyramidal neurons using an EPC-7 patch-
clamp amplifier (List, Darmstadt, Germany) in the presence of bicucul-
line methiodide (20 uM; Sigma) to block GABA, inhibitory synaptic
events. Patch pipettes were filled with the following intracellular solu-
tion: 120 mM K-gluconate, 20 mM KCI, 10 mM HEPES, 10 mM EGTA,
2 mM Na,-ATP, and 2 mM MgCl, (pH 7.3). Spontaneously occurring
EPSCs at the RMP were filtered at 2 kHz and sampled at 50 kHz using
a VME bus computer (Motorola Delta series 1147, Tempe, Arizona).
For each cell an average was compiled from 50-200 events with 20%-
80% rise times of <0.5 ms and decays uncontaminated by other spon-
taneous events. The assumption was that the fastest rising events will
be the best space-clamped, so their time course will most closely
represent the true time course of the EPSC.

Current-Clamp Recordings of Evoked and Simulated EPSPs
Whole-cell current-clamp recordings (seal resistances > 5 GQ) were
made from the soma and dendrites or soma and axon of visually identi-
fied layer V pyramidal neurons using two identical microelectrode am-
plifiers (Axoclamp 2A, Axon Instruments). Voltage was filtered at 10
kHz and sampled at 50 or 10 kHz using a VME bus computer. Patch
pipettes (4-7 MQ for somatic recordings, 8-10 MQ for dendritic re-
cordings, 10-12 MQ for axonal recordings) were filled with the same
K-gluconate-based intracellular solution as described above, and re-
cordings were terminated if the access resistance exceeded 100 MQ.
That dendritic or axonal recordings were in fact made from the den-
drites or axon has been confirmed in previous studies by the use of
the fluorescent dye Lucifer Yellow (see Sakmann and Stuart, 1995).
The distance of dendritic recordings from the soma was measured
from the center of the soma, whereas the distance of axonal recordings
from the soma was measured from the axon hillock. Allmeasurements
were made directly from the video monitor using the Argus 10 system
(Hamamatsu, Hamamatsu City, Japan).

Monosynaptic EPSPs were evoked by 200 ps pulses (up to 30 V
in amplitude) applied to an extracellular stimulating pipette usually
placed in layer 2/3. This stimulation pipette was made from a fire-
polished patch pipette with a tip diameter of ~ 10 um filled with oxygen-
ated Ringer solution. Unless otherwise stated, all experiments with
synaptic stimulation were performed in APV (50 pM; Tocris, England)
and bicuculline (20 uM; Sigma) to block NMDA and GABA, receptors.
Epileptic discharges were observed in the presence of bicuculline;
however, the frequency of epileptic discharges and polysynaptic com-
ponents during EPSPs was reduced when GABA, antagonists were
usedin conjunction with NMDA antagonists. Records where clear poly-
synaptic components occurred during EPSPs were rejected from
analysis.

Simulated EPSPs were generated by injection of an exponentiaily
rising and falling voltage waveform (te, = 0.3 ms; tw = 3 ms) into
the current-clamp Input of the Axoclamp amplifier used to make the
dendritic recording (dendritic current injections were made 170-580
wm from the soma). When required, the size of the dendritic current
injection was varied by scaling the amplitude of this voltage waveform.

Inverted current injections were used to control for ¢changes in either
the current-passing abilities of the dendritic recording pipette or the
condition of the cell. The results from expariments where significant
changes in the somatic response to this inverted waveform were ob-
served during the course of the experiment were discarded, Accurate
bridge and capacitive compensation are essential if the voltage change
at the site of the dendritic current injection is to be trusted. For this
reason, the voltage change at the dendritic recording pipette during
a simulated EPSP was used for analysis only if the dendritic access
resistance was <30 MQ, was stable, and could be adequately com-
pensated.

Two different methods were used to investigate amplification of
evoked and simulated EPSPs. Either the amplitude of EPSPs was
changed, by altering the stimulus strength for evoked EPSPs or the
size of the dendiitic currentinjection for simulated EPSPs, ar small (<5
mV at the soma at the RMP) evoked or simulated EPSPs, generated at
the same stimulus strength or size of dendritic current injection, were
examined at different membrane potentials. in these experiments,
evoked or simulated EPSPs were initiated 500 ms after depolarizing
or hyperpolarizing current pulses were applied to either the soma or
dendrite, or both. When bath applied, TTX, CdClz, CsCl, and NICl,
were added direcily to the Ringer solution to give the concentrations
indicated. In experiments using CaCl,, CaCl. and NaH,PO, were re-
moved, and 2 mM CoCl, was added. For experiments involving the
local applicationof TTX, TTX (100 nM) was dissolved in freshly oxygen-
ated Ringer solution togsther with 0.2% Fast Green (Sigma) and
placed in a patch pipette with a tip diameter of ~ 2 um. Ejection of
TTX from this pipette was achieved by the application of pressure to
the back of this pipette by mouth or from a syringe.
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