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Dendritic Ca2* action potentials in neocortical pyramidal neurons have been characterized in brain slices,
but their presence and role in the intact neocortex remain unclear. Here we used two-photon microscopy
to demonstrate Ca?* electrogenesis in apical dendrites of deep-layer pyramidal neurons of rat barrel
cortex in vivo. During whisker stimulation, complex spikes recorded intracellularly from distal dendrites
and sharp waves in the electrocorticogram were accompanied by large dendritic [Ca?] transients; these
also occurred during bursts of action potentials recorded from somata of identified layer 5 neurons. The
amplitude of the [Ca?*] transients was largest proximal to the main bifurcation, where sodium action
potentials produced little Ca?* influx. In some cases, synaptic stimulation evoked [Ca?*] transients without
a concomitant action potential burst, suggesting variable coupling between dendrite and soma.

Voltage-dependent conductances in dendritic membranes enhance
the computational power of dendrites in several ways. Under some
conditions, sodium action potentials (Na*APs) backpropagate into
the dendritic tree!? and might therefore regulate synaptic efficacy
depending on dendritic Ca?* accumulations during coincident pre-
and postsynaptic activity>4. In addition, neocortical pyramidal cell
dendrites are capable of producing regenerative electrical signals
themselves>, including Na*APs as well as calcium action poten-
tials (Ca?*APs). Dendritic electrogenesis may be important to
amplify distal synaptic currents, which otherwise would be rela-
tively ineffective in depolarizing the soma®>”#. Dendritic Ca?*APs
also have been implicated in the generation of bursts of Na*APs*-!1,
in particular in ‘intrinsically bursting’ (IB) neurons in layer 5 of
the neocortex'>!3. Bursts could provide a more reliable mode of
information transfer than single APs'* and might be involved in
cortical synchronization and oscillations'. Finally, calcium enter-
ing during dendritic electrogenesis acts as a biochemical messen-
ger affecting various intradendritic signaling pathways.

Ca?* electrogenesis in neocortical neurons is observed while phar-
macologically reducing K+ currents'®-'°. More evidence for Ca?*APs
in dendrites of layer 5 pyramidal neurons is found in brain slice
preparations using direct dendritic recordings>®11:2-22, Jocal gluta-
mate iontophoresis® and calcium imaging>"®. The question remains,
however, how these results relate to the situation in the intact brain,
as background synaptic activity?, inhibitory inputs!'"->>?¢ and neu-
romodulatory afferents”” can affect the initiation of regenerative den-
dritic signals and their coupling to the soma. So far, only a few
observations, including complex spiking behavior in direct dendritic
recordings?®*? and slow depolarizing events that remained after the
blockade of Na* and K* channels®*-32, provide evidence for dendritic
Ca?* electrogenesis in neocortical neurons in vivo.

In previous studies on layer 2/3 pyramidal neurons®*, in which
in-vivo dentritic calcium dynamics were measured using two-pho-
ton laser scanning microscopy®>* (2PLSM), Ca?* influx into the
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proximal dendrites strictly depended on the spread of Na*APs.
Although dendritic current injection could evoke Ca’*
APs in some layer 2/3 cells*, no evidence was found for dendritic
Ca?* eletrogenesis occuring spontaneously or during sensory stim-
ulation. Here, we measured in vivo calcium dynamics in apical
dendritic tufts of deep-layer pyramidal neurons using either den-
dritic or somatic intracellular recordings in combination with
2PLSM. In contrast to the findings in layer 2/3 neurons, we found
evidence for dendritic Ca?* electrogenesis during sensory stimu-
lation and in conjunction with burst firing.

REsULTS
Sensory-evoked complex spikes and [Ca?*] transients
During previous studies on layer 2/3 pyramidal cells*>34, we occa-
sionally obtained recordings from dendrites of deeper neocortical
neurons (n = 6; Fig. 1a). Dendritic impalement sites were 180 to
360 pPm below the brain surface. Dendrites had a prominent bifur-
cation, but no soma was found down to about 500 um, the maxi-
mum currently achievable imaging depth3+37 (Fig. 1b). In these
recordings, Na*APs were rather small and broad, with an average
amplitude of 30.0 + 6.3 mV (mean + s.e.) from threshold and a
half width of 1.39 £+ 0.13 ms (n = 6; Fig. 1d). Dendritic Ca?* influx
was determined from the time course of Calcium Green-1 (CG-1)
fluorescence at specific dendritic locations using the line-scan tech-
nique (Fig. 1¢). Near the main bifurcation, single and even multi-
ple Na*APs—either occurring spontaneously or evoked by whisker
stimulation—did not cause detectable [Ca?*] transients (Fig. 1d).
Closer to the soma, however, more than 100 pm proximal to the
bifurcation, small Na*AP-evoked [Ca?*] transients were seen (3 of
3 cells; data not shown; 17.0 + 4.5% AF/F per single Na*AP).
Sensory stimulation also could evoke ‘complex’ spikes, accom-
panied by large [Ca?*] transients, in the dendrites (Fig. 1d—f). Com-
plex spikes arose from postsynaptic potentials (PSPs) evoked by
whisker deflections, and were characterized by large, slow depolar-
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main bifurcation. (c, bottom)

Line-scan image (x versus time; time running from top to bottom) for the dendritic cross-section in the x-y image as indicated by the dotted line. A complex
spike caused a transient fluorescence increase (arrow). (d) Single or multiple Na*APs (V,,,4) did not evoke detectable [Ca?*] transients (AF/F) at this location
(left and middle). A complex spike evoked by a whisker deflection, however, caused a large [Ca2*] transient (right). (€) Simultaneous recording of dendritic
membrane potential, CG-| fluorescence, and ECoG during a 2-s period of whisker stimulation (different cell from d). [Ca?*] transients only occurred in con-
junction with complex spikes (arrowheads). Also note the whisker-evoked sharp spikes in the ECoG. (f) The responses to the first (left) and the fourth (right)
whisker deflection expanded in time (dotted lines in e). The first whisker deflection evoked a complex spike and a [CaZ*] transient with a risetime corre-
sponding to the width of the slow depolarization. The fourth deflection evoked two Na*APs, but no large, slow depolarization and no [Ca?*] transient.
Fluorescence traces in (e) and (f) were measured <50 pm proximal to the main bifurcation.

izations with superimposed bursts of two to five Na*APs. The depo-
larizations had amplitudes between 10 and 46 mV (from Na*AP
threshold) and half widths between 10 and 35 ms. The CG-1 fluo-
rescence transients associated with complex spikes had an average
amplitude of 103 + 15% and a decay time constant of 205 + 39 ms
near the bifurcation (n = 6). Several lines of evidence indicate that
the observed Ca?* influx occurred through voltage-dependent Ca?*
channels in the dendrite. First, large dendritic [Ca?*] transients
could be elicited by dendritic current injections (1 = 3; data not
shown). Second, the rise of the [Ca?*] transients correlated well
with the duration of the slow depolarization (Fig. 1f); in fact, the
integral of the voltage trace superimposed well on the rising phase
of the fluorescence signal (Fig. 2a). Third, the amplitudes of slow
depolarizations and [Ca?*] transients varied in a graded manner
and were highly correlated in three experiments (Fig. 2b and c).

Whisker deflections caused spike-like sharp waves in the elec-
trocorticogram (ECoG) recordings (Fig. 1d and e). The time cours-
es of these events resembled the derivative of the smoothed
intracellular voltage traces (Fig. 2a), and the amplitudes of the
ECoG spikes and the slow depolarizations were correlated
(r=0.51-0.92; n = 3; Fig. 2d). Postsynaptic currents and dendrit-
ic Ca?* influx during complex spikes, occuring synchronously in
a large population of neurons*, most probably sum and contribute
to the upper-neocortical-layer current sink that causes the spike
in the ECoG™.

[Ca?*] transients during burst firing in layer 5 cells
Based on the similarities of the observed complex spikes to pub-

lished dendritic recordings®, we strongly suspected that our record-
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ings were from apical dendrites of layer 5 pyramidal neurons. To
confirm this, we measured dendritic calcium dynamics in identi-
fied layer 5 neurons, using impalements made 800 to 1200 pm
below the pia, near the location of somata of layer 5 neurons
(Fig. 3a). Several technical problems had to be overcome. First,
electrode tips were too deep to be imaged and, therefore, could not
serve as direct guide to the cells; dendritic tufts often could, how-
ever, be found by triangulation, based on the depth and angle of
the electrode (see Methods). Second, diffusional dye loading of the
dendritic tree via the soma was rather slow and dendrites could
not be found for at least 45 minutes. Third, impaled neurons could
lack dendrites in the superficial layers. To increase the likelihood
of finding dendrites, we focused on intrinsically bursting (IB) neu-
rons, which are layer 5 pyramidal cells with extensive apical tufts
reaching up to layer one!213:21:40,

Using this approach, the apical tufts of 12 layer 5 IB neurons
were found with two-photon microscopy (Fig. 3b). In five of these
cases, the tuft was found with the electrical recording still main-
tained, so that somatic membrane potential and dendritic fluo-
rescence changes could be measured simultaneously. In four of the
remaining seven experiments, large [Ca?*] transients were evoked
by synaptic stimulation. In three cases, no clear [Ca?*] transients
were detected, possibly because only distal tuft branches were
found, with the main bifurcation either too deep to be imaged or
obstructed by surface blood vessels. Eight neurons were recovered
histologically following neurobiotin injections, confirming that
voltage recordings and imaging were from layer 5 pyramidal cells
(Fig. 3b). The average resting potential and input resistance were
—73 £2 mV and 31 + 3 MQ, respectively (n = 12). Na*APs had
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amplitude, superimposed on a slow Fig. 2. Relationship between dendritic complex spikes, [Ca2*] transients and ECoG spikes. (a, left)
depolarizing potential. Bursts occurred ~Filtering of a sensory-evoked complex spike results in a smooth curve approximating the time course of
spontaneously (0.15-3 per second), but the underlying depolarization. The integral of the smoothed voltage trace resembles the rise of the fluo-
could also be evoked by somatic cur- rescence trace (right, upper traces) indicating calcium influx during the slow depolarization. The deriva-

rent injection or sensory stimulation.
Current injection-evoked bursts were
always accompanied by dendritic

tive of the smoothed voltage trace resembles the sharp spike observed in the ECoG trace (right, lower
traces). (b) Variability of the amplitudes of the slow depolarization (arrows) and the [Ca2*] transient.
Larger depolarizations evoked larger fluorescence changes. (c) Peak fluorescence changes plotted versus
the amplitude of the slow depolarizations (measured from Na*AP threshold). (d) Correlation between

[Ca**] transients, suggesting that volt- . amplitudes of ECoG spikes (measured between minimum and maximum) and those of slow depolar-
age-dependent Ca?* channels rather jzations. The linear regression coefficient in this example was r = 0.82. All data were obtained from line-
than ligand-gated synaptic receptors scans measured < 50 Hm proximal to the main bifurcation of the same cell as in Fig. le and f.

were the source of calcium influx dur-

ing bursts. The average amplitude of

fluorescence transients associated with bursts was 85 + 15% prox-
imal to the bifurcation, and the average decay time constant was
200 + 22 milliseconds (n = 9); these values are similar to those for
the [Ca?*] transients observed with dendritic impalements. As in
the dendritic recordings, the rise in fluorescence traced the slow,
depolarizing potential underlying the bursts (Fig. 3c and d). The
slow-potential envelope had an amplitude of about 20 mV and,
unlike that for the dendritic recordings, a plot of peak fluorescence
changes versus envelope amplitude revealed discrete clustering of
the data points into two groups, suggesting an all-or-none phe-
nomenon (n = 3 cells; Fig. 3e). Taken together, these findings sug-
gest that Ca>*APs were generated in the apical dendrite and could
be coupled to bursts of APs. The slow potential may represent the
attenuated remains of the dendritic Ca?*AP at the soma; therefore,
the dendritic Ca**AP may be responsible for triggering the Na*APs
later in the burst!l. Although a co-occurrence of [Ca?*] transients
in the apical dendrite and bursts of APs was observed in most cases,
we also found cases in which either large [Ca?*] transients or bursts
of APs occurred alone (see below).

Variable coupling of [Ca?*] transients and bursts

The relationship between bursts and dendritic [Ca?*] transients
was further investigated using sensory stimulation or synaptic acti-
vation via a surface electrode. Whisker deflections evoked variable
cellular responses (Fig. 4). The cell shown in Figure 4a, for example,
had a relatively high level of background activity with spontaneously
occurring bursts and accompanying [Ca?*] transients. Repetitive
whisker stimulation evoked additional bursts associated with [Ca2*]
transients. The first in the series of whisker deflections, however,
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evoked a large dendritic [Ca?*] transient but only a single Na*AP
(n = 14 trials; Fig. 4a). The rising phase of this [Ca?*] transient coin-
cided with the PSP and the ECoG spike (left traces in Fig. 4b). The
observation of a clear [Ca2*] transient in the absence of associated
multiple Na*APs indicates that a dendritic Ca?*AP does not
inevitably lead to a burst of Na*APs. One possible explanation for
this decoupling of [Ca?*] transients and bursts is that simultane-
ously activated inhibitory inputs shunt the current flow from the
dendrite to the soma, thereby preventing the generation of a burst.
Consistent with this idea, the amplitude of single Na*APs evoked
by initial whisker deflections was reduced by 9.2 + 0.5 mV (n = 14
trials) compared with the pre-stimulus amplitude of spontaneous
Na*APs in this cell (Fig. 4a); in 8 other cells a 4-12 mV reduction
was observed. Although some Na*APs preceding bursts during sub-
sequent deflections were reduced in size as well (range, 0-7 mV;
mean 2.4 0.3 mV; n = 30 bursts in the cell in Fig. 4a), this reduc-
tion was not as strong as with the first deflection. Another type of
response was observed in four cells in which the first whisker deflec-
tion, in most cases, caused an immediate burst of APs (Fig. 4c).
Although we do not have simultaneous fluorescence and voltage
recordings for this immediate burst response, a dendritic [Ca?*]
transient was seen in response to an initial deflection in one of these
cells after the electrical recording had been lost (Fig. 4¢); this sug-
gests that, in these cases, initial whisker deflections caused large
dendritic depolarizations, triggering Ca?* influx and a burst of APs
similar to the sensory-evoked complex spikes in our dendritic
recordings. A third type of response was seen in four IB neurons
following whisker deflections that were not the first in a series of
stimuli. In these cases, bursts of APs occurred with a variable delay
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arrow indicates the location for the line-scans shown in (c). () Single or multiple Na*APs (V,...,) did not evoke detectable [Ca?*] transients (AF/F) near
the main bifurcation of the right cell in (b) (left and middle). At the same location a spontaneous burst of Na*APs superimposed on a slow depolarizing
potential caused a large [Ca?*] transient (right). Note the depolarizing afterpotential following the single Na*AP (arrowhead). (d) Somatic current injec-
tion (50 ms) evoked a burst of action potentials and a large simultaneous [Ca?*] transient 70 im proximal to the main bifurcation of a different cell. The
rise in fluorescence correlates with the slow depolarization underlying the burst. (e) Peak fluorescence changes plotted versus the envelope amplitude of
the slow depolarization (as indicated in d). The right cluster of data points corresponds to bursts (either spontaneous ones or evoked by whisker stimu-
lation or current injections) and the associated [Ca2*] transients, whereas the left cluster represents control traces in which only a single Na*AP but no
burst was elicited. The clustering into two groups suggests that bursts occurred in an all-or-none manner.

with respect to the PSP onset (mean latency about 20 ms). In the
example shown in Fig. 4a, these bursts were associated with den-
dritic [Ca?*] rises which were delayed as well and coincided with
the slow potential underlying the bursts (Fig. 4b).

To activate a different pattern of synaptic input, most likely via
distal afferents in layer 1, we also used brain surface stimulation
(see Fig. 3a). Suprathreshold EPSPs were evoked in seven cells,
causing either a single Na*AP or a brief burst of APs. In one exper-
iment, simultaneous recording of voltage and fluorescence again
revealed a large dendritic [Ca?*] transient associated with only a
single Na*AP (Fig. 5a; three trials), similar to the response to some
initial whisker deflections (Fig. 4a). Supporting the idea that a den-
dritic Ca?*AP occurred but that burst generation was suppressed by
coactivated inhibitory inputs, the NatAP amplitude was reduced by
10 £ 1 mV (n = 3 traces) compared with spontaneous APs, and
subthreshold EPSPs were followed by a hyperpolarization, pre-
sumably due to inhibitory PSPs (Fig. 5b).

In summary, there seemed to be at least two types of dendrit-
ic [Ca?*] transients in IB neurons. In the first, immediate tran-
sients occurred simultaneously with the PSP and were
accompanied by either a burst or a single Na*AP. Presumably,
synaptic activation in these cases caused large depolarizations in
the apical dendrite, possibly involving amplification of synaptic
currents via dendritic Ca?* electrogenesis. Whether a single Na*AP
or a burst was generated then depended on the location and
strength of simultaneously activated inhibitory inputs. In the sec-
ond, delayed transients followed the PSP with a latency of at least
ten milliseconds and were associated with intrinsic bursts of APs.
In this case, the net dendritic excitation was presumably not large
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enough to initiate dendritic Ca?* influx immediately, but still suf-
ficient to trigger a delayed dendritic Ca**AP.

A different type of decoupling of dendritic [Ca?*] transients and
bursts of APs was observed in some cases of spontaneous bursts.
Although spontaneous bursts were associated with dendritic [Ca?*]
transients in most cases (95 transients in 3 cells), they occasionally
were observed without a concomitant [Ca?*] transient (n = 10 in
2 cells; Fig. 5¢). These bursts might have been triggered by a Ca**AP
in a different dendritic branch, for instance, in the basal dendrites.

Spatial profile of dendritic [CaZ*] transients

The [Ca?*] transient amplitude was mapped as a function of depth
below the pia to estimate in which part of the dendritic tree most
of the calcium influx during bursts occurred, and, therefore, where
dendritic Ca?*APs were most likely to be initiated (Fig. 6). In api-
cal tufts filled via both somatic (four of four IB neurons tested)
and dendritic impalements (two of two tufts), [Ca**] transients
were largest proximal to the main bifurcation, and decreased in
amplitude along the secondary and tertiary branches of the tuft
(Fig. 6 c and d). The steepest fall-off in the [Ca?*] transient pro-
file consistently occurred distal to either the main bifurcation or
the secondary bifurcations (Fig. 6e). Although not every distal tuft
branch was examined, these findings suggested that the dendritic
Ca?*APs during bursts were generated in the apical trunk rather
than in the apical tuft branches.

DiscussioN
In this paper we describe in vivo measurements of dendritic calci-

um dynamics in deep-layer pyramidal neurons. Compared with
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previous findings on superficial pyramidal neurons®*3, our find-
ings present a very different picture. Most notably, we showed den-
dritic Ca?* electrogenesis in deep neocortical neurons in the intact
brain upon sensory stimulation and during intrinsic bursting. The
apical dendrite seemed to act as an integrative compartment sep-
arate from the soma, and evidence was found for variable coupling
between dendrite and soma.

Somatic versus dendritic recordings

Neocortical pyramidal neurons can be classified based on their fir-
ing properties as either regularly spiking (RS) or intrinsically burst-
ing (IB)'2, although several subclasses may exist*42. IB neurons
were first described in brain slices'>!¢, and have also been found
in vivo*3%42, Whereas the somatic recordings reported here were
unambiguously from layer 5 IB neurons, the identity of the neu-
rons in the dendritic recordings was less certain, since they were
not recovered histologically. For several reasons, we think that
some, if not all, of these dendrites belonged to layer 5, but not nec-

Fig. 5. [Ca2*] transients in the apical dendrite and somatic bursts of APs
can occur in isolation. (a) Example of a suprathreshold response to
brain surface stimulation (arrow). A large [Ca2*] transient near the main
bifurcation of an IB neuron but only a single Na*AP were elicited,
resembling the response to the first whisker deflection in Fig. 4b. Note
that surface stimulation also caused an ECoG spike. (b) Subthreshold
response to surface stimulation in the same neuron shown on a slower
time scale (average of five traces). The initial EPSP was followed by a
putative IPSP, suggesting that shunting inhibition suppressed the genera-
tion of a burst in (a). (c) Example of a spontaneous Na*AP burst with-
out a concomitant dendritic [Ca?*] transient (right arrowhead). A
spontaneous burst of similar shape 250 ms earlier did cause a large
[Ca?*] transient (left arrowhead).

nature neuroscience * volume 2 no 11 * november 1999

articles

Fig. 4. Sensory-evoked dendritic [Ca?*] transients in layer 5 neurons.
(a) Simultaneous recording of somatic membrane potential (V,,,,,), CG-
| fluorescence about 50 um proximal to the main bifurcation (AF/F) and
ECoG during a 2-s period of whisker stimulation. Large [CaZ*] tran-
sients occurred in conjunction with bursts (arrowheads), both sponta-
neously and during whisker deflections. The first whisker deflection
evoked a dendritic [Ca?*] transient, but only a single Na*AP of reduced
amplitude (marked by an asterisk). As in Fig. |d, spikes in the ECoG
were observed. (b) The response to the first and the last whisker deflec-
tion in (a), expanded in time. The first whisker deflection failed to evoke
a burst in this case, but caused a large transient which coincided with the
PSP and the ECoG spike (left). The last whisker deflection evoked a
burst and an associated [Ca2*] transient with a delay after the PSP
(arrow). The fluorescence rise in this case traced the slow depolariza-
tion underlying the burst. (c) A different neuron responded to a first
whisker deflection of a series with a burst of Na*APs riding on the PSP
(left). After the apical tuft had been found for imaging but the electrical
recording had been lost, a [Ca2*] transient near the main bifurcation was
evoked with no delay by an equivalent stimulus (right).

essarily IB, pyramidal neurons. First, like identified layer 5 tufts'>4,
all tufts had a thick apical dendrite with a prominent bifurcation,
but few or no oblique branches. Second, the complex pattern of
Na*APs riding on a broad depolarization (Fig. 1 and 2) is similar
to what is seen in dendritic recordings from identified layer 5 neu-
rons in vitro®-2, Third, recent dendritic patch recordings in vivo
showed similar complex spikes which were attributed to layer 5
neurons®. Also, the small amplitude and large half-width of the
Na*APs in our dendritic recordings were consistent with impale-
ment sites more than 500 pm from the soma, based on recordings
from distal dendrites of layer 5 neurons in brain slices®. We can-
not fully exclude the possibility, however, that our dendritic record-
ings were from deep layer 3 or layer 4 pyramidal neurons with
somata 500—-800 Im below the pia. In any case, the dendritically
recorded neurons closely resembled the identified layer 5 neurons
with respect to dendritic calcium dynamics, but differed from
superficial pyramidal neurons. No spontaneous complex spikes
were observed in the dendritic recordings. It is possible that some
of these recordings were from RS neurons, because some RS neu-
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rons possess extensive apical tufts*®4!, and because RS like IB neu-
rons can respond to synaptic stimulation with bursts!!.

Comparison to layer 2/3 pyramidal neurons
In layer 2/3 pyramidal cell dendrites in the intact cortex, calcium
influx depends strictly on Na*APs that rapidly decrease in ampli-
tude with distance from the soma and fail to actively invade the
distal dendrites®>34. In contrast, in our dendritic recordings of pre-
sumed layer 5 neurons, NatAPs had a reduced but still consider-
able amplitude near the main bifurcation, presumably several
hundred micrometers from the soma; this suggests that Na*APs
in layer 5 cells, unlike in layer 2/3 cells, backpropagate relatively
far into the apical dendrite, although in a decremental fashion as in
brain slices® and awake rats®. Single Na*APs evoked small [Ca?*]
transients at the deepest dendritic sites investigated ([500 pm from
the pia), but NatAP-evoked [Ca?*] transients were not detectable
near the main bifurcation. Either the NatAP amplitude there was
too small, or the voltage threshold or the kinetics of the dendritic
Ca?* channels at this location was such that they were not opened
significantly by low-frequency Na*APs.

The most striking difference compared with layer 2/3 neurons,
however, was the capability of layer 5 neurons to produce large
[Ca?*] transients at distal dendritic locations where Na*APs did not
cause detectable calcium influx. Whereas dendritic current injec-
tion can sometimes elicit Ca?*APs in layer 2/3 neurons®, they have
not been observed to occur spontaneously, nor could they be trig-
gered by whisker stimulation. In contrast, in distal dendrites of layer
5 neurons, large [Ca?*] transients were seen under a variety of con-
ditions, in particular, during sensory stimulation. The major com-
ponent of the calcium influx presumably occurred through
dendritic voltage-dependent Ca?* channels, rather than through
ligand-gated channels, as large [Ca?*] transients also occurred spon-
taneously and could be evoked by current injection.
Most, but not all, [Ca?*] transients were associated
with bursts of Na*APs, indicating the generation of
dendritic Ca?*APs!!. Occasionally, spontaneous
bursts occurred without a detectable dendritic [Ca?*]
transient. Such bursts might have been initiated by

Fig. 6. Spatial profile of distal dendritic [Ca?*] transients.
(a, b) Sagittal and coronal side-projections of an apical tuft
of a layer 5 pyramidal neuron. The pial surface is slightly
tilted. Note the main bifurcation and the secondary bifur-
cations at depths of about 370 pm and 310 pm, respec-
tively. Arrows indicate the depth for the fluorescence
recordings shown in (c). (c) Dendritic [Ca2*] transients
(AF/F) associated with typical Na*AP bursts (V. Upper
trace) were measured at different depth below the pia as
noted. Bursts occurred spontaneously or during whisker
stimulation at the time indicated by the short horizontal
bar. Fluorescence traces are averages of 4 to 6 measure-
ments. (d) Average amplitude of the [CaZ*] transients
shown in (c) as a function of depth below the pial surface.
The positions of the main bifurcation and the secondary
bifurcations are indicated. (e) [Ca?*] transient profile for
three different dendritic tufts with major bifurcations at
different depths (tufts shown in a and b and in Fig 3b).
[Ca?*] transient amplitudes were normalized to the mean
value proximal to the main bifurcation. Arrows indicate
the depth below the pia of the main bifurcation (left
arrow) and the secondary bifurcations (right arrow). Note 0
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slow regenerative events in basal dendrites. More importantly, the
response to synaptic stimulation was highly variable, ranging from
immediate bursts to delayed bursts, and even to seemingly sup-
pressed bursts. In the last case, large dendritic Ca?* transients were
accompanied by only a single Na*AP, suggesting that a large den-
dritic depolarization occurred in relative isolation from the soma?.
A possible explanation for the variable responses to whisker deflec-
tions is that the generation and the timing of bursts were affected
by simultaneous inhibitory inputs. In support of this interpreta-
tion, the amplitudes of some Na*APs were reduced during synaptic
stimulation (see also ref. 26), and EPSPs evoked by surface stimu-
lation were followed by a hyperpolarization. In brain slices, fur-
thermore, inhibitory inputs onto the apical trunk effectively delay or
suppress bursts and dendritic Ca**APs!125,

Dendritic [Ca?*] transients were always largest proximal to the
main bifurcation. Because of the inaccessability of the entire prox-
imal dendrite to imaging, we could not determine if an ‘apical
band’ of Ca?* accumulation as observed in vitro existed'”. One
explanation for the lack of [Ca?*] transients in the most distal
branches could be a decrease in Ca?*-channel density. Alternatively,
Ca?*APs, if generated in the apical trunk, could be attenuated while
spreading into the tuft. Consistent with attenuation at dendritic
branch points is that the spatial profiles of [Ca?*]-transient ampli-
tude always showed the steepest fall-off distal to major dendritic
bifurcations (Fig. 6). In contrast to our results, [Ca?*] transients
in brain slices evoked by distal synaptic stimulation are largest in
the tuft branches®. This could be because of differences in the stim-
ulation pattern used, since we did not determine spatial profiles
using brain-surface stimulation. Alternatively, Ca**APs in distal
dendritic branches may be attenuated more strongly in vivo com-
pared to those in brain slices because of a lower input impedance
resulting from synaptic background activity. In summary, our data

Fudds

2. bifurc.

fa

main bifurc.

Normalized AF/F

that in all cases, the steepest fall-off in the profile occurred
distal to a major bifurcation. Solid circles are the same
data as shown in (d).
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are more consistent with a Ca?*AP initiation site in the apical trunk,
as found in prefrontal layer 5 neurons?.

Dendritic calcium spikes and burst generation
One possible mechanism for burst generation is the interaction
between different, partially coupled electrogenic cell compart-
ments'®#4. Our results are consistent with the idea that in IB neu-
rons, backpropagating Na*APs can initiate a Ca>* AP in the dendrite,
which then, in turn, can lead to sustained current flow back into
the soma, triggering additional NatAPs*!!. However, a supplemental
or essential role of persistent Na* currents to burst generation?4¢
cannot be excluded. In addition, the observation of spontaneous
bursts in the absence of [Ca?*] transients in the apical dendrite sug-
gests that active currents in basal dendrites might be capable of gen-
erating bursts. Potentially, these currents might also have
contributed to burst generation in those cases in which [Ca?*] tran-
sients were observed in the apical dendrite. Because Ca?*-activat-
ed K* channels as well as Ca?*-dependent Ca?*-channel inactivation
could be involved in burst termination*, one might be concerned
that bursting was induced by Ca?* buffering®”. This possibility can
however almost certainly be ruled out by the observation that bursts
were seen immediately after the penetration. In addition, the indi-
cator concentration in our experiments (about 100 UM, see Meth-
ods) was much lower than needed for burst induction (> 5 mM)¥.
Our results thus confirm the idea that the apical dendrite of a
layer 5 neuron constitutes an integrative compartment separate from
the soma>!11°. A Ca?*AP-trigger zone near the main bifurcation is
well suited to integrate layer 1 inputs in a non-linear way, and then
to send the result via current flow to the soma. Efficiency to depo-
larize the soma, however, is susceptible to inhibitory inputs? as well
as neuromodulatory influences on the membrane conductances?”%.
Burst generation thus depends on the precise interaction between
the two integrative compartments, and, therefore, may serve as an
indicator of the associative activation of proximal and distal synap-
tic inputs''. Another important functional aspect might be a differ-
ential effect of bursts on postsynaptic neurons, depending on
whether these show depression or facilitation in response to repeti-
tive synaptic stimulation®. Further experiments using combined
somatic recording and dendritic calcium imaging may elucidate the
control of the coupling between dendrite and soma and the role of
burst firing i1 vivo. In the future, it might be possible to investigate
Ca?* electrogenesis in distal apical dendritic tufts during different
behavioral states in awake rodents using a head-mounted minia-
turized two-photon microscope currently under development (EH.,
M.S. Fee, DW.T., W.D., Soc. Neurosci. Abstr. 25, 322.1, 1999).

METHODS

Preparation and electrophysiology. All experimental procedures were
approved by the Bell Laboratories Institutional Animal Care and Use Com-
mittee. Sprague Dawley rats (100—400 g, 15 male, 3 female) were anes-
thetized with urethane (i.p., 1.5 g per kg body weight, n = 17) or with a
mixture of ketamine and xylazine (i.m., n = 1 dendritic recording). A stain-
less steel frame was glued to the skull with dental cement at an angle of
about 25° to the horizontal plane. A 3 x 3 mm craniotomy was cut above
the somatosensory area corresponding to the barrel field and the dura was
carefully removed. Motion induced by the animals breathing and heart
beat was reduced by filling the craniotomy with 2% agarose (Type III-A,
Sigma) in a solution containing 125 mM NaCl, 5 mM KCl, 10 mM glu-
cose, 10 mM HEPES, 2 mM CaCl, and 2 mM MgSO,, adjusted to pH
7.3-7.4 with NaOH. The area was then covered with a coverglass. For
recording of the electrocorticogram (ECoG; bandwidth 0.1-300 Hz), a
thin teflon-coated silver wire (75 pm bare diameter) was slipped beneath
the skull through an additional hole lateral to the craniotomy: a similar
reference wire was inserted above the cerebellum. Animal temperature was
maintained at 36-37°C using a heating blanket.
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Intracellular recordings were obtained with sharp electrodes (resistance
70-150 MQ) using a bridge-balance voltage amplifier (Neurodata model
IR283). The electrode solution contained 0.4 M potassium acetate (buffered
to pH 7.2 with HEPES), 3 or 10 mM Calcium Green-1 (CG-1; Molecular
Probes, Eugene, Oregon) and, in some experiments, 2% Neurobiotin (Vec-
tor Labs, Burlingame, California). For dendritic recordings, electrodes
containing 3 mM CG-1 were inserted through the agar at a shallow angle
from the lateral side. For somatic recordings from layer 5 pyramidal neu-
rons (duration, 25 min to 2 h 10 min) 10 mM CG-1 was used in the elec-
trode to facilitate dye loading of the distal dendrites. Electrodes were
inserted at a steeper angle (about 34°), and electrode tips were advanced to
800-1200 pm below the pia (corrected for surface curvature). Intrinsical-
ly bursting neurons were identified by the occurrence of spontaneous bursts
and the possibility to evoke bursts by current injection.

For sensory stimulation, one to three whiskers were deflected by 5-20°
in a sequence of ten square deflections at 5 Hz using a pencil lead attached
to a galvanometric scanner (model 120G, General Scanning, Cambridge,
Massachusetts). In some experiments, brain surface stimulation was per-
formed using a bipolar electrode of twisted, thin, silver wires placed onto
the surface in the rostral and medial corner of the craniotomy (100 ps
unipolar pulses, 10-80 V).

In vivo calcium imaging. In vivo calcium imaging was performed using a
two-photon laser scanning microscope™ as described??. Briefly, a Ti:Sap-
phire laser (800—-850 nm, 80 MHz, 100 fs pulse width; Tsunami, Spectra
Physics, Mountain View, California) pumped by either a 10W Argon laser
(Innova 310, Coherent, Palo Alto, California) or a 10 W diode-pumped
solid-state laser (Millenia X, Spectra Physics) was used for two-photon
excitation through a 40x water-immersion objective (NA 0.75, Zeiss). Gal-
vanometric scan mirrors (6800HP, Cambridge Technology, Cambridge,
Massachusetts) and data acquisition were controlled by custom software
(R. Stepnoski, Lucent Technologies). Emission light was collected using a
photomultiplier tube (model R3896, Hamamatsu, Bridgewater, New Jer-
sey). To minimize photodamage, the excitation laser intensity was adjust-
ed depending on the depth of the focal plane (lower intensity at shallower
depths) and always kept at a minimum for a sufficient signal-to-noise ratio.
No apparent changes in dendritic morphology, [Ca?"] transient kinetics
or the electrical recording resulted from laser illumination. Based on the
[Ca?*]-transient decay time constants®® and comparison with dendritic
patch recordings®, we estimate that the CG-1 concentration in the den-
drites was < 100 M, reducing and prolonging the [Ca?'] transients at
most threefold. Since we were unable to detect dendritic Ca?* influx near
the main bifurcation even with multiple Na*APs (Figs. 1d and 3c), this
does not affect our conclusion of undetectable Ca®* influx with single
Na*APs. In addition, the spatial profile of [Ca?*]-transient amplitude was
similar in experiments using dendritic and somatic dye filling, excluding a
severe distortion of the results by dye concentration gradients.

The imaging depth of 2PLSM for in vivo measurements currently is lim-
ited to about 500 pm>*%”. Therefore, electrode tips and the lower part of the
neurons could not be imaged in experiments that used impalements in
layer 5. For finding and imaging dendritic tufts in these cases, electrodes
were targeted to layer 5 in a region within the cranial window and devoid
of large blood vessels. We filled intrinsically bursting neurons for more
than 30 minutes before searching the upper layers for distal dendrites near
the site expected from the depth and angle of the electrode. Typically, tuft
branches were found 45-75 min following the penetration of a neuron.
High-time-resolution fluorescence measurements were obtained in line-
scan mode (2 ms per line) after zooming onto a dendritic location. Spa-
tial profiles (Fig. 6) were obtained by measuring fluorescence changes at
different focal depths, first along one apical tuft branch while advancing
the focal plane towards the pia, and then in a different tuft branch while
focusing down again. Traces obtained at the same depth were averaged.
At the end of each experiment, a focus series of the entire dendritic tuft
was taken (Az = 0.7-2 Pmy; laser intensity was adjusted manually to com-
pensate for scattering-induced fluorescence loss with depth).

Data analysis. Electrophysiological and line-scan data were analysed using
IGOR software (Wavemetrics, Lake Oswego, Oregon). Amplitudes of
action potentials and slow depolarizations were measured from the thresh-
old for Na*APs as defined by the inflection in the voltage trace. Fluores-
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cence background was measured from a region adjacent to the dendrite
and subtracted. For line-scan analysis, the values of all pixels that contained
dendritic fluorescence were averaged. Fluorescence traces are expressed as
relative fluorescence changes [AF/F = (F — F,))/F,] where F is the back-
ground-corrected pre-stimulus fluorescence. Maximume-intensity side pro-
jections of the focus series were calculated from the stack of fluorescence
images using NIH Image. All data are presented as mean * s.e.

Histology. In some cases neurons were filled with 2% neurobiotin during
the experiment. After these experiments, animals were transcardially per-
fused with 60 ml cold saline (0.1 M PBS) followed by 60 ml of 4%
paraformaldehyde (PFA) in 0.1 M PBS. Brains were kept in 4% PFA
overnight and maintained in PBS thereafter. 60 pm-thin sections were cut
on a cryomicrotome and slices were processed using the standard ABC kit
(Vector Labs, Burlingame, California). Stained neurons were photographed
and reconstructions were drawn by hand from several neighboring slices.
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