#A © 1999 Nature America Inc. » http://neurosci.nature.com

#A © 1999 Nature America Inc. * http://neurosci.nature.com

articles

Spread of dendritic excitation in
layer 2/3 pyramidal neurons in rat

barrel cortex in vivo

Karel Svobodal?, Fritjof Helmchen?, Winfried Denk? and David W. Tank?

I Cold Spring Harbor Laboratory, Cold Spring Harbor, New York 11724, USA

2 Biological Computation Research Department, Bell Laboratories, Lucent Technologies, 600 Mountain Avenue, Murray Hill, New Jersey 07974, USA

Correspondence should be addressed to K.S. (svoboda@cshl.org)

In layer 2/3 pyramidal neurons of barrel cortex in vivo, calcium ion concentration ([Ca%*]) transients in
apical dendrites evoked by sodium action potentials are limited to regions close to the soma. To study
the mechanisms underlying this restricted pattern of calcium influx, we combined two-photon
imaging of dendritic [CaZ*] dynamics with dendritic membrane potential measurements. We found
that sodium action potentials attenuated and broadened rapidly with distance from the soma.
However, dendrites of layer 2/3 cells were electrically excitable, and direct current injections could
evoke large [Ca?*] transients. The restricted pattern of dendritic [Ca?*] transients is therefore due to a
failure of sodium action-potential propagation into dendrites. Also, stimulating subcortical activating
systems by tail pinch can enhance dendritic [Ca%*] influx induced by a sensory stimulus by increasing
cellular excitability, consistent with the importance of these systems in plasticity and learning.

Sodium action potentials can propagate somatofugally into the den-
dritic tree of cortical pyramidal neurons', as shown by electrophys-
iology and optical imaging of [Ca?*] in brain slices (for reviews, see
ref. 2). Because action potentials open voltage-sensitive calcium
channels (VSCCs)** and relieve the magnesium block of NMDA
receptors, they could be important in long-term synaptic plasticity.
Consistent with this notion, synaptic activity coincident with back-
propagating sodium action potentials induces some types of long-
term potentiation (LTP) in hippocampus® and neocortex’. Strong
synaptic stimulation can evoke forward-propagating sodium action
potentials® and dendritic calcium spikes®>!®!! in pyramidal cell den-
drites, both of which could serve to amplify distal synaptic currents.

However, dendritic excitability depends on factors that are dif-
ficult to reproduce in vitro. For example, dendritic excitability is
enhanced by cholinergic modulation!? and probably other modu-
latory systems and is suppressed by inhibitory inputs!>!4. Dendritic
excitability is also strongly affected by ionic composition!® and by
the activity-dependent activation and inactivation of voltage-sen-
sitive conductances!®~18. Also, unlike i1 vivo, neurons in a slice are
silent; synaptic ‘chatter’ therefore does not modulate their integra-
tive properties. Measurements confirm that dendritic electrophys-
iology may differ in vivo compared to slices. Membrane leak in
pyramidal neurons of cat neocortex is dominated by background
synaptic activity!® that could restrict the spread of dendritic
excitability?’. Similarly, depending on the state of the hippocam-
pal network, sodium action potentials generated in dendrites of
CA1 pyramidal neurons may not propagate into the soma?!.

We applied two-photon excitation laser scanning microscopy??
(2PLSM) to dendritic [Ca?"] imaging in the intact brain®>?4, [Ca?®*]
imaging quantifies excitation in parts of the dendritic tree inacces-
sible to electrodes and in different regions in the same cell and helps
disambiguate the biophysical basis of electrical events, such as cal-
cium spikes and large postsynaptic potentials. In addition, [Ca**]
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itself controls neuronal dynamics. In the dendrites of layer 2/3 pyra-
midal neurons, whisker stimulation produced fast-rising [Ca>*]
transients only coincident with sodium action potentials*3. The
amplitudes of [Ca?*] transients were proportional to the number of
sodium action potentials in a short burst, indicating that dendrit-
ic [Ca®"] may encode the neuron’s recent activity>>. The spatial pat-
tern of calcium influx evoked by sodium action potentials peaked in
the proximal apical dendrite and declined steeply with increasing
distance from the soma, with no detectable [Ca%*] rise in the distal
branches, suggesting that backpropagation of sodium action poten-
tials could be highly restricted in vivo. Sodium action potentials
therefore may not produce sufficient depolarization in distal den-
drites to unblock NMDA receptors> or open VSCCs 4.

Agonists of muscarinic acetylcholine receptors can enhance den-
dritic electrogenesis'>%%. Dendrites of barrel-cortex pyramidal neu-
rons contain these receptors?’, suggesting that neuromodulation
could control dendritic excitation in vivo. In the intact animal, activ-
ity in the cholinergic basal forebrain (nucleus basalis) correlates
with active exploratory behavior, as opposed to rest?3, and activity
in this system modulates learning and memory?®. In anesthetized
animals, tail pinch activates the neocortex?’, at least in part due to
activation of nucleus basalis’!.

Here we combined somatic or dendritic membrane potential
measurements with dendritic [Ca?*] imaging to study mechanisms
underlying the spatial pattern of action potential-evoked calcium
influx. We then tested if calcium action potentials can be evoked
in vivo and explored the effects of cortical activation by tail pinch.

Results

INTRACELLULAR RECORDING COMBINED WITH 2PLSM IMAGING
Anesthetized rats were surgically prepared for electrophysiol-
ogy and imaging (Fig. 1a). Sharp micropipettes were used to
record the membrane potential of regular-spiking®* pyramidal
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(a) Schematic of the experimental geom-
etry (not to scale). (b) Electrophysiology
of layer 2/3 pyramidal cells in vivo under
urethane anesthesia. The somatic mem-
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potential (EEG) showed slow oscillations
in the delta frequency range. Whisker
deflections (stim) produced depolariza-
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/ that were synchronous with spikes in the
500 EEG trace (arrow). (c) Action potentials

evoked by whisker deflection (left, aver-
age of 15 trials), current injection (middle, 12 trials) or spontaneous synaptic potentials (right, 4 trials; small spikes to the right of the action poten-
tial are averaging artifacts). (d) Enlargement of spontaneous (solid line) and whisker-evoked (dashed line) action potentials. (€) Representative
diverse morphologies of layer 2/3 pyramidal cells based on 2PLSM images. The reconstructions are maximum-value projections of stacks of images
acquired with 0.5-2 pm spacing. Penetration sites were somatic (1, 3-5) or dendritic (2, arrow); one morphology was acquired after electrode with-
drawal (1). (f) Layer 2/3 neuron stained with neurobiotin and visualized with peroxidase-DAB reaction. Same cell as panel 4 in (e).
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cells in layer 2/3 of primary somatosensory cortex (n = 114).  duced by spontaneous postsynaptic potentials (PSPs) (Fig. 1c
Apparent resting membrane potentials were —60 to -85 mV, and ~ and d). Action potentials evoked by current injection were at
spontaneous somatic action potential amplitudes were larger ~ least as large as those evoked by PSPs (Fig. 1¢), but systematic
than 50 mV (78 £ 7 mV, mean * standard deviation, n = 10)  bridge-balance errors may have perturbed these measurements.
and narrower than 1.5 ms (width at half maximal amplitude, Microelectrodes were also used to load neurons ion-
1.24 + 0.12 ms, n = 10). Apparent cellular input resistance aver-  tophoretically with a [Ca®*]-sensitive fluorophore (Oregon
aged 46 + 12 MQ (n = 20). Membrane potentials showed pro- ~ Green Bapta 1 or Calcium Green 1; Fig. 1a). Several minutes
nounced spontaneous fluctuations (amplitude ~ 10-20 mV;  of dye loading often sufficed to label neurons throughout most
frequency ~ 1-4 Hz)** and some background spiking  of the dendritic tree. Unless obstructed by large blood vessels,
(0-10 Hz)™ (Fig. 1b). Electroencephalograph (EEG) potentials ~ a complete picture of the dendritic morphology could be
were recorded epidurally at the lateral edge of barrel cortex  acquired (Fig. 1e). Pyramidal neurons were morphologically
(Fig. 1a). Spontaneous membrane potential fluctuations were  diverse; superficial cells (depth of soma < 250 pm) had no pro-
highly correlated with the EEG potential, suggesting that the =~ nounced apical trunk, whereas deeper cells (depth of soma 200
cortical background activity is highly synchronous® (Figs. 1b, ~ — 500 Um) fit the standard description of pyramidal cells, dom-
2a and 3a). Trains of whisker deflections (5 Hz, 2 s) produced inated by an apical dendrite (Fig. 1e and f). All neurons in this
~ 20 mV depolarizations lasting ~ 10-20 ms that often were  study were spiny and presumably excitatory®’. In four experi-
accompanied by a brief burst of action potentials (up to three ~ ments, neurobiotin was included in the recording pipette for
action potentials per burst)?? (Figs. 1b, c and 2a). Whisker  postmortem histology. Cellular morphologies reconstructed
deflections also produced spikes in the cortical EEG signal ~ from in vivo 2PLSM and fixed-tissue bright-field microscopy
(width 10-20 ms), revealing additional synchronized cortical were similar (Fig. 1e and f).

activation in response to whisker deflection (Figs. 1b, 2a, 3a We used 2PLSM to identify the location of the recording elec-
and 6a). EEG spikes were not evoked with every cycle of whisker ~ trode, which was possible within minutes after establishing intra-
deflection, but had characteristics of all-or-nothing events, sug-  cellular recording conditions, because this allowed selection for

gesting a highly nonlinear process®® (Figs. 1b, 2a and 6a). Action ~ dendritic recordings (Figs le and 5a). Approximately 20%
potentials evoked by whisker deflection were smaller (by  (n = 25) of our penetrations were dendritic, located mostly on
10 + 3%) and narrower (by 15 = 6%, n = 5) than those pro-  the main apical shaft, 20-200 pm from the soma.
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Fig. 2. Dendritic [CaZ*] transients evoked by sodium action potentials. (a) Dendritic [Ca2*] transients (AF/F), somatic membrane potential
(Vm) and network activity (EEG) in response to whisker deflection (stim). The soma was 290 im below the surface of the brain; [Ca2*] tran-
sients were measured 70 pm above the soma. The neuron produced spontaneous (Vm, black arrow) and whisker-deflection-evoked (Vm, gray
arrow) action potentials. During the stimulus train, the EEG trace showed pronounced downward deflections (EEG, gray arrow) that were
synchronized with slow membrane depolarizations. These depolarizations produced action potentials, which in turn caused dendritic [Ca2*]
influx. (b) Whisker-stimulation-evoked [Ca2*] transients two hours after electrode removal. (c) Comparison of [Ca%*] transients associated
with single action potentials (arrow) evoked by somatic current injection (dashed line) or whisker deflection (solid line). (Traces are averages
of 10 trials.) (d) Spatial map of dendritic [Ca2*] transients. Single sodium action potentials (I, arrow) were evoked by current injection. The
resulting [CaZ*]-transient amplitudes varied with the distance from the soma. (Traces are averages of 4 trials.) 2, Neuronal morphology (same
neuron as in Fig. le, panel 4 and f). 3, [CaZ*] transient amplitudes (solid circles) and decay times (open circles) as a function of height above

the soma. (e) Distance between soma and peaks of the spatial maps of dendritic [Ca?*] transients as a function of soma depth.

ACTION-POTENTIAL-EVOKED DENDRITIC [CA%"] TRANSIENTS
2PLSM imaging was also used for rapid measurements (time res-
olution ~ 2 ms) of dendritic [Ca?*] dynamics using the line-scan
mode (displayed as fractional changes in fluorescence, AF/F;
Fig. 2a). Whisker stimulation (Fig. 2a and b), spontaneous PSPs
(Fig. 2a) and somatic current injections through the recording
electrodes (Fig. 2d, panel 1) all evoked large [Ca?*] transients
(AF/F up to 400%) in the proximal dendrites. Dendritic [Ca®*]
transients under these conditions were always associated with
somatically recorded sodium action potentials (Figs 2a, c and d,
4 and 6), rising rapidly (within 2 ms) after the action potential.
The magnitudes of dendritic [Ca?*] transients evoked by whisker
deflection were similar after electrode withdrawal, suggesting that
the presence of the recording electrode did not significantly per-
turb neuronal electrogenesis (Fig. 2b). [Ca?*] transients associ-
ated with action potentials evoked with whisker deflection were
smaller (by 17 £ 8%, n = 5) than those evoked by current injec-
tion (Fig. 2¢), probably reflecting the difference in action-poten-
tial amplitudes and durations (Fig. 1c and d).

[Ca?*] transients associated with sodium action potentials
were limited to the proximal dendrites and were undetectable in
the distal tuft branches of layer 1 (ref. 23; Fig. 2d). Transients in
the somata were small, possibly because of the unfavorable sur-
face-to-volume ratios or because of the short duration of the
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somatic action potential. In deep cells with long apical dendrites,
the peak of calcium influx appeared farther from the soma than
in shallower cells with short dendrites (Fig. 2e).

DENDRITIC SODIUM ACTION POTENTIALS

To investigate the mechanisms underlying these spatial maps of
[Ca®*] transients, we measured action-potential amplitudes and
shapes in dendrites. Dendritic membrane potential measurements
(Fig. 3) were stable for up to one hour. Because dendritic diameters
are small, electrode leak and potassium loading produced by the
electrode penetration could alter excitability. To avoid overloading
neurons with potassium, we used only 400 mM potassium acetate.
We also did several control experiments. First, [Ca?*] transients pro-
duced by current injection were measured in the vicinity of the elec-
trode penetration. These experiments showed that fluorescence
transients can be large (> 100%) even close to the penetration site,
and therefore resting [Ca**] levels must be low (less than the calci-
um binding affinity for the indicator, ~ 170 nM, n = 10; Fig. 5). Sec-
ond, the spatial maps of [Ca"] transients were similar in dendritic
and somatic penetrations and in cells where the electrode had been
withdrawn?3, Our experiments suggest that membrane leak and
potassium loading from the electrode penetration do not produce
high resting [Ca"] levels or otherwise severely perturb dendritic
electrogenesis, although we cannot exclude subtle effects.
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Fig. 3. Properties of dendritic sodium action potentials. (a) Dendritic membrane potential measurement (Vm) in the apical dendrite of a
pyramidal cell, 150 pm above the soma. The soma was 250 pm deep. (b) Representative averaged action potential shapes. Left, somatic; mid-
dle, 80 pm above the soma; right, 150 um above the soma. Fifteen spontaneous action potentials were averaged for each trace.
(<) Amplitudes of action potentials (AP) generated by spontaneous postsynaptic potentials (average of 10—15 traces each) as a function of
distance from soma. Amplitude was defined as the difference between the peak amplitude and baseline 100 ms before the peak. (d) Action
potential width as a function of distance from soma. Widths were measured at half-maximum from averaged action potentials. (€) Action-
potential amplitude as a function of action-potential width, showing a strong correlation.

Dendritic resting potentials (range —60 to -85 mV) and input
resistances (49 £ 13 MQ, n = 10) were indistinguishable from
those in the soma. Dendritic membrane potentials fluctuated in
synchrony with the EEG trace, and whisker deflection produced
sharp spikes in the EEG that were accompanied by PSPs and action
potentials in the dendritic membrane potential (Fig. 3a). How-
ever, average sodium action potential amplitudes decreased rapid-
ly with distance from the soma (Fig. 3b and ¢). Similarly, average
action potential widths increased with distance from the soma
(Fig. 3b and d). Action potential widths and amplitudes were
highly correlated (Fig. 3e). Our measurements of sodium action
potential amplitudes are similar to results from CALl (ref. 6) and
layer 5 pyramidal cells®® in vitro and CA1 pyramidal cells in vivo?!.
However, compared to these measurements, action potential
amplitudes in layer 2/3 neurons in vivo decreased more rapidly
with distance from the soma (Fig. 3¢), to only ~ 25 mV about
150 pm above the soma. Such dendritic action potential ampli-
tudes and widths are consistent with passive spread of sodium
action potentials into dendrites®®*°, Our observation of decre-
mental action potential spread into the dendrites of layer 2/3 pyra-
midal cells explains the lack of [Ca?*] transients in distal dendrites.

[CAZ*] TRANSIENTS DUE TO SODIUM ACTION POTENTIAL BURSTS

Brain slice experiments have suggested that sodium action poten-
tials show activity-dependent propagation into dendrites®®41:42,
The first action potential in a burst is thought to propagate
throughout a large part of the dendritic tree, whereas later action
potentials attenuate more rapidly with distance from the soma.
Thus, the amplitudes of action-potential-evoked [Ca?*] tran-
sients decrease with time in a burst, especially in distal den-
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drites*1#2, This activity-dependent attenuation of backpropaga-
tion has been interpreted to mean that later action potentials in
a burst fail to propagate actively into dendrites*?, but if the first
action potential fails, as we suspect occurs for layer 2/3 cells in
vivo, this activity-dependent inactivation should not be observed.

To test this notion, brief bursts of action potentials (interspike
intervals ~ 6-8 ms) were evoked with somatic current injections
(14 spikes; longer bursts produced [Ca®'] transients that exceed-
ed the linear range of the [Ca?*] indicator) or whisker deflections
(1-2 spikes) (Fig. 4). [Ca®*] transients associated with sensory
stimulation or current-injection-evoked action potentials were
measured at various distances along the apical dendrites of sev-
eral pyramidal cells. [Ca?"] transient amplitudes always scaled
approximately linearly with action potential number (Fig. 4). This
lack of activity-dependent attenuation of [Ca®*] transients was
also seen at longer interspike intervals (for example, see the
whisker-deflection-evoked transients at 5 Hz in Fig. 2a)?%. Direct
measurements of dendritic action-potential amplitudes also failed
to show activity-dependent attenuation (Figs 3a and 6¢). Thus it
seems that the activity-dependent decrement in dendritic action-
potential amplitudes observed in brain slices is reduced in layer
2/3 pyramidal neurons in our preparation in vivo. This observa-
tion is consistent with our dendritic membrane-potential mea-
surements, which suggest that even the first action potential in a
burst fails to backpropagate into the dendrites.

DENDRITIC CALCIUM SPIKES

We previously showed that sensory activation of layer 2/3 neurons
does not produce dendritic calcium spikes in this preparation®3.
However, dendrites of neocortical'®!! and hippocampal®®
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Fig. 4. Dendritic [Ca2*] transients evoked by sodium action potential bursts. (a) Superficial pyramidal cell (soma was 210 pim below the surface of
the brain). |, Averaged [Ca2*] transients in response to one (I AP) or two (2AP) sodium action potentials (arrows) evoked by current injection mea-
sured at various heights above the soma (averages of 10—15 trials each). Interspike intervals within a burst were 6-8 ms. 2, Map of [Ca?*] transients
along the apical dendrite. Transients were evoked by current injection (1 AP, 2AP) or whisker deflection (I AP-wh). Note that smaller transients were
evoked by whisker deflection than by current injection. 3, Amplitudes of [Ca2*] transients evoked by two action potentials, normalized to transients
evoked by one action potential. (b) Moderately deep layer 2/3 pyramidal neuron (soma was 360 pm below the surface of the brain). |, Averaged
[Ca?*] transients in response to n sodium action potentials (arrows) evoked by current injection (nAP) measured at various heights above the soma
(averages of 4—15 trials each). Interspike intervals within a burst were 6-8 ms. 2, Map of [CaZ*] transients along the apical dendrite. 3, Amplitudes

of [Ca?*] transients evoked by two and three action potentials, normalized to transients evoked by one action potential.

pyramidal cells can produce calcium spikes in vitro. Furthermore,
in the presence of the sodium channel blocker QX-314, layer 2/3
neurons produce calcium spikes in response to sensory activation?3,
perhaps due to partial blockade of potassium currents*3, In some
dendritic penetrations (n = 6/15), moderate current injections
(~ 0.5 nA) evoked slow depolarizations and oscillations that resem-
bled calcium spikes, as reported in brain slices'®!> (Fig. 5). These
depolarizations were accompanied by very large [Ca?*] transients
that decayed only slowly from their peak value. The slow membrane-
potential time-course and large [Ca?*] transients together suggest-
ed that these events are calcium spikes. In the cases where
regenerative calcium spikes could not be evoked (9/15 experiments),
very large current injections (> 1 nA) could still produce large [Ca?"]
transients (data not shown). Calcium-spike-evoked [Ca?*] tran-
sients were widespread, but decreased in amplitude towards the tips
of dendrites (n = 2; data not shown). They could be observed in
regions of the dendritic tree where bursts of sodium spikes did not
produce significant calcium influx (Fig. 5a and 1). Thus the den-
drites of layer 2/3 pyramidal cells can support calcium action poten-
tials even in vivo, with pronounced background activity.

MODULATION OF DENDRITIC CALCIUM INFLUX BY TAIL PINCH

In urethane-anesthetized rats, tail pinch (~ 0.5 s) is a natural
stimulus producing cortical activation mediated in part by nucle-
us basalis®!, consistent with acetylcholine release®2. The cellular
correlates of tail pinch included desynchronization of the cortical
EEG and transient membrane depolarization by ~ 2-5 mV
(Fig. 6a and c). Tail pinch typically increased the amplitude of
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whisker-deflection-evoked [Ca?*] transients (Fig. 6a and b), but
in some cases, [Ca>"] transient amplitudes were unchanged or
even decreased. Tail pinch did not change the amplitude of den-
dritic sodium action potentials (ratio after and before tail pinch,
0.98 £ 0.3, n = 4; Fig. 6¢c and d). Similarly, tail pinch did not
enhance the calcium influx per action potential (ratio,
0.90 £ 0.14, n = 11; Fig. 6e, f and g). Therefore, although tail
pinch can enhance dendritic [Ca?*] transients evoked by senso-
ry stimulation, the mechanism is enhanced spiking in response to
sensory stimulation and not enhanced calcium influx per action
potential (Fig. 6g). The average enhancement factor, defined as
the ratio of action potential number or integral of the [Ca®*]
transient, after and before tail pinch, was 1.8 + 0.28 (mean = stan-
dard error, n = 16) Data were pooled from experiments includ-
ing imaging and electrophysiology (n = 11), imaging alone
(n = 2) or electrophysiology alone (n = 3).

Discussion

Dendritic calcium influx and the underlying electrogenesis are
implicated in the induction of long-term synaptic plasticity®”,
but in vivo studies are necessary to assess the importance of such
cellular phenomena to system function. Previously we described
the basic properties of dendritic [Ca?"] dynamics in layer 2/3
pyramidal neurons in barrel cortex in vivo?®. One finding of that
study, that action potentials did not evoke [Ca?*] transients in
distal dendrites, suggested that excitability in these dendrites is
limited as compared to the dendrites of CA1 (refs 6, 41, 42) and
layer 5 pyramidal cells®?® in brain slices and CA1 pyramidal cells
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Fig. 5. Dendritic CaZ* spikes evoked by current injec-
tion. (a) Membrane potential recording in a distal apical
dendrite (~ 150 pm from the soma; soma was 250 pm
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electrode under ketamine anesthesia. Bursts of sodium
action potentials (1, 3, black arrows) did not evoke den-
dritic [CaZ*] transients, whereas slow regenerative
events (I, 2, 3, gray arrows) evoked by current injection
(~ 0.5 nA) produced large [Ca2*] transients. 4, High-
magnification image of the electrode penetration site.
The micropipette penetrated a small secondary den-
dritic branch (arrow). Note the small swelling pro-
duced by the electrode and nearby dendritic spines. b 1
The apparent undulations in the image of the
micropipette are due to heartbeat-associated move-
ment. (b) Membrane potential recording in a proximal
apical dendrite (~ 50 pm from the soma; cell was
370 um deep) and [Ca2*] measurements | 10 um from
the soma under urethane anesthesia. Subthreshold
depolarizations (1) or Na* action potentials alone (2,3, |
black arrows) evoke no or small Ca2* influx, while slow
regenerative potentials produced large [Ca?*] tran-
sients (2, 3, gray arrows).
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in vivo*!. The biophysical mechanism of this failure is important
because it can shed light on the mechanisms of regulation of den-
dritic excitability and its relationship to synaptic plasticity in the
intact brain. Because we did not measure the dendritic mem-
brane potential in the previous study, several explanations could
have accounted for that observation. For example, action poten-
tial propagation could be restricted in vivo, or VSCC density
could be smaller in this region of the dendritic tree.

To resolve these questions, we recorded dendritic membrane
potential with sharp electrodes together with 2PLSM imaging of
[Ca?*] dynamics. Our main new findings are, first, that den-
dritic sodium action potentials attenuate rapidly with distance
from the soma, consistent with passive spread of depolariza-
tions into dendrites. Second, layer 2/3 dendrites can support
calcium action potentials in vivo in response to direct current
injection. Third, activation of neuromodulatory systems by tail
pinch increases dendritic [Ca®*] transients evoked by whisker
deflection because of a general increase in neuronal excitabili-
ty, but not by boosting action potential backpropagation or
calcium influx per action potential.

[CA%*] TRANSIENTS EVOKED BY SODIUM ACTION POTENTIALS

The membrane potential of layer 2/3 pyramidal cells showed slow
oscillations that were highly correlated with the EEG recording
(Figs 1b, 2a, 3a and 6a and c). Similarly, whisker-evoked postsy-
naptic potentials were apparent in the EEG. These observations
indicate that both background and sensory-evoked cortical activ-
ity may be highly synchronized. Consistent with our previous
findings, dendritic [Ca®"] transients were typically associated
with intracellularly recorded sodium action potentials (Figs 2a, ¢
and d, 4 and 6), whether evoked by sensory stimulation, somat-
ic current injection or spontaneous postsynaptic potentials.
[Ca®"] rose rapidly (within < 2 ms, the temporal resolution of
our scanner) during sodium action potentials (Fig. 2a—c), pre-
sumably mediated by the opening of VSCCs 3. Sodium action
potentials produced by whisker deflection were smaller and short-
er than those produced by current injections (Fig. 1¢ and d); they
also produced smaller dendritic [Ca?"] transients (Fig. 2c), show-
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ing that action potential shape is an important determinant of
dendritic calcium influx. Amplitudes of [Ca?*] transients and
action potentials in dendrites suggest that action-potential-evoked
dendritic calcium influx is primarily due to high-voltage-acti-
vated VSCCs.

The amplitudes of [Ca?*] transients produced by somatic
sodium action potentials were not uniform throughout the
dendritic tree, but peaked in the proximal apical dendrite and
then rapidly decreased with distance from the soma (Figs. 2d
and 4). This suggests that action potentials radiate into den-
drites in a decremental fashion, failing to open VSCCs farther
out in the dendrites.

DENDRITIC SODIUM ACTION POTENTIALS

The amplitude of sodium action potentials decreased rapidly
with distance from the soma. This rate of decrement is consis-
tent with predictions from simulations of passive action potential
spread®>#’, In these models, and in our experiments, the action
potential amplitude decays to one-half the somatic amplitude
~100 pm from the soma (Fig. 3c).

Another finding consistent with failure of backpropagation
is that fluorescence transients produced by bursts of action poten-
tials scale approximately linearly with action potential number
(Fig. 4). Occasionally a slight supralinearity could even be detect-
ed. Because the large [Ca?*] transients (AF/F > 400%) observed
almost certainly pushed the indicator close to saturation, [Ca**]
supralinearities were probably larger than they appear from flu-
orescence nonlinearities. In contrast, activity-dependent failure of
sodium action-potential backpropagation, as observed in CAl
pyramidal neurons in vivo, would predict a sublinear dependence
of [Ca?*] transient amplitude on action potential number. Our
findings are consistent with failure of backpropagation for even
the first action potential in a burst. Several mechanisms could
underlie this failure of dendritic excitability, including shunting
by inhibitory!>1420 or excitatory!®?! synaptic activity, chronic
inactivation of sodium conductances!”'® other changes in den-
dritic channel properties!® or activity of modulatory systems!%2,

Action-potential-evoked [Ca?*] transients from deeper cells

nature neuroscience * volume 2 no 1 * january 1999



#A © 1999 Nature America Inc. » http://neurosci.nature.com

#A © 1999 Nature America Inc. * http://neurosci.nature.com

Fig. 6. Modulation of den- TP
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attenuate more gradually than those recorded from more super-
ficial cells (Fig. 2d), perhaps because dendrites of deeper cells
tend to be thicker, producing less serial resistance and thus less
decrement with distance of the action-potential amplitude. One
possible interpretation of this finding is that dendritic action
potentials are generally limited to layers 2 and 3 and are exclud-
ed from the tuft branches of layer 1.

DENDRITIC CALCIUM SPIKES
Here, as before?3, we were unable to evoke dendritic calcium
action potentials by sensory stimulation in layer 2/3 pyrami-
dal neurons, but we found that layer 2/3 dendrites can gener-
ate calcium spikes in response to large current injections
(Fig. 5). Our sensory stimulation protocol may not be appro-
priate to evoke calcium spikes in vivo. Perhaps behaviorally
relevant stimuli during arousal evoke calcium spikes, as a trig-
ger for synaptic plasticity.

2PLSM was crucial to identifying calcium spikes; membrane
potential measurements alone would have been insufficient. For
example, dendritic PSPs can resemble calcium spikes in shape
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but may not be associated with massive calcium influx (Fig. 5a
and 1). In contrast, current-injection-evoked calcium spikes were
associated with large calcium influx (Fig. 5).

Perhaps sodium action-potential backpropagation and/or
dendritic calcium spikes require specific patterns of synaptic
activity, possibly associated with particular behavioral states. One
concern is that our results could have been perturbed by the anes-
thetic. Addressing this issue will ultimately require measuring
cellular physiology in behaving animals. However, the spread of
dendritic excitation in our preparation is similar with either ket-
amine or urethane, anesthetics that produce different EEG pat-
terns and presumably have different pharmacological profiles.
For example, ketamine, but not most other anesthetics, makes
sensory-stimulation-evoked potentials larger than during wak-
ing®, suggesting that our results are not due to specific phar-
macological effects. In addition, preliminary data show that layer
5 cells produce sensory-stimulation-evoked calcium spikes and
large fast spikes in distal dendrites (unpublished observations;
F.H., K.S., W.D. & D.W.T. Soc. Neurosci. Abstr., 37.6, 1998),
demonstrating that the failure of excitability observed in the
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dendrites of layer 2/3 neurons is not a general anesthesia effect.
Rather it seems that dendritic excitability is highly regulated and
functionally diverse.

EFFECTS OF ACTIVATING SYSTEMS

Various subcortical neuromodulatory centers innervate the neo-
cortex. Activity in these structures is correlated with behavioral
states?®. Neuromodulators can profoundly affect cellular mem-
brane properties. For example, muscarinic agonists increase den-
dritic excitability in CA1 pyramidal cells in brain slices'>2°.
Stimulation of cholinergic centers in vivo increases sensitivity to
sensory stimuli and can drastically reduce the threshold for LTP
induction®® and receptive field plasticity 0. We hypothesized that
cholinergic and perhaps other modulatory systems*” could con-
trol dendritic excitability in the intact brain. Therefore we stud-
ied the effects of tail pinch on dendritic [Ca?*] dynamics. Tail
pinch activates nucleus basalis®! and other neuromodulatory sys-
tems, consistent with increasing acetylcholine levels in neocor-
tex?2. Tail pinch desynchronized the EEG (low-voltage, fast
activity) and slightly depolarized the membrane potential (Fig. 6a
and c). These effects were similar to those reported for nucleus
basalis stimulation*4.

Tail pinch most often increased the dendritic calcium influx in
response to a train of whisker stimuli, because it caused these
stimuli to produce more action potentials on average (Fig. 6a, b
and g). Dendritic [Ca?"] transient amplitudes for a fixed num-
ber of action potentials did not increase with tail pinch (Fig. 6e
and g). Consistent with this finding, the amplitudes of dendriti-
cally recorded sodium action potentials did not change (Fig. 6¢
and d). This shows that although tail pinch changed dendritic
excitation in response to a stimulus, this effect was not due to
changes in backpropagation. The enhancement of stimulus-
evoked dendritic [Ca®*] following tail pinch could explain the
lowered threshold for LTP induction in response to afferent stim-
ulation following tail pinch®8. This cellular mechanism could also
underlie the neocortical map reorganization enabled by activa-
tion of nucleus basalis*>4°,

Methods

IN VIVO ELECTROPHYSIOLOGY. Sprague-Dawley rats (age 5-8 weeks, n = 35;
Fisher retired breeders, n = 15; WAG/Ris, 300-400 grams, n = 10) were
anesthetized with urethane (1.5 mg per g body weight, n = 40). Other
experiments used a mixture of ketamine (25 mg/ml), xylazine
(1.25 mg/ml) and acepromazine (.25 mg/ml; 2.7 ml per kg body weight,
n = 20), which gave similar results, except that tail pinch had no effect
under these conditions. The skull over barrel cortex was thinned until
major blood vessels could be seen. A small craniotomy (2-3 mm on the
side) was then opened above an area devoid of major vessels, and the
dura was carefully removed. The exposed area was covered with agarose
(1.5-2%, Type III-A, Sigma) in artificial cerebral spinal fluid consisting
of 125 mM NaCl, 5 mM KCl, 10 mM glucose, 10 mM HEPES, 2 mM
CaCl, and 2 mM MgCl,, pH 7.4. The agarose was covered by a number-
1 coverslide mounted on a stainless-steel frame, which was then secured
to the skull with dental cement and fixed to the microscope stage. Sharp
recording electrodes were filled with 400 mM potassium acetate buffered
with 1 mM HEPES at pH 7.4, containing 3-6 mM Calcium Green 1 or
Oregon Green Bapta 1 (Molecular Probes). In some experiments, 2%
neurobiotin (Vector Labs) was also included. Microelectrodes were
beveled to resistances from 50-100 MQ. Membrane potential recordings
were made with an intracellular amplifier (Neurodata IR283) and stored
digitally. Neurons with resting membrane potentials more negative than
—60 mV were iontophoretically filled with indicator dye by injecting
hyperpolarizing current (-0.2 nA to —0.5 nA, 5 min). During filling, one
to three whiskers were deflected (5-10 degrees) in a sequence of ten
square deflections at 5 Hz using a pencil lead attached to a galvanometer

72

scanner. Different whiskers were probed until a reliable response was
evoked. Input resistances, estimated by using the bridge balance to com-
pensate for voltage transients produced by 0.2-nA current pulses, were
20-100 MQ. To stimulate cortical activating systems?!, the base of the
rat’s tail was pinched with forceps for 0.5-1 s.

For epidural field potential recordings (EEG), a small hole was drilled
into the skull just lateral to the craniotomy. A teflon-coated silver wire
(diameter 125 pm) was slid under the skull and fixed into place with den-
tal cement. An epidural reference electrode was placed above cerebellum.
The differential signal was amplified (x1000), bandpass filtered (0.1-300
Hz) and stored digitally.

IN VIVO TWO-PHOTON IMAGING. Imaging was done with a custom micro-
scope. The light source for two-photon excitation was a pulsed Ti:sap-
phire laser (Tsunami, Spectra Physics) operating at 80 MHz repetition
frequency, 100 fs pulse width, and wavelength in the range 800—-850 nm.
Excitation light was focused by a 40x immersion objective (0.75 NA, Carl
Zeiss). The average power delivered to the brain was < 200 mW. Scan-
ning used two galvanometer mirrors (Cambridge Technology, model
6800). Scanning and image acquisition were controlled with custom soft-
ware (R. Stepnoski, Lucent Technologies). Emitted light was collected in
epifluorescence mode and detected with a photomultiplier tube (Hama-
matsu R9638). Sometimes parts of the dendritic tree were obscured by
blood vessels, making it impossible to accurately determine the dendrit-
ic length between soma and electrode penetration. We therefore used the
focal distance between soma and dendritic penetration as a measure of
dendritic distance (Figs 2, 3 and 4). Actual dendritic lengths are esti-
mated to be ~ 25% longer. Acquisition of images and electrophysiology
were synchronized to 125 s. Fast fluorescence measurements were made
by repeatedly scanning a single line across the dendrite at 2-ms time inter-
vals. The resulting linescan image was used for quantitative analysis as
follows: the fluorescence signal, F, was computed as an average along the
scan line over the width of the dendrite; the baseline signal, Fy ., was
computed as an average over the same width for 3—10 scan lines before an
event; the normalized change in fluorescence was then AF/F =
(F — Fgee)/ (Fyase — B), where B is the background signal determined from
averages on areas adjacent to the dendrite. At time scales longer than
1 ms, and apart from dye saturation, AF/F is proportional to A[Ca®*].
In Figs 2a and b and 5a, fluorescence traces were filtered for presenta-
tion using the Savitzky—Golay algorithm.

Could gradients in [Ca"] indicator concentration have skewed the
spatial maps of [Ca®*] transients? Dye gradients occur because the elec-
trode is a point source of high concentrations (3-6 mM) of [Ca®*] indi-
cator. At concentrations where the capacity of the added buffer begins
to compete with the endogenous buffer (typically ~ 50 UM of Bapta-
based indicator), [Ca?*] transient amplitudes will decrease with increas-
ing dye concentrations. In addition to its effect on [Ca®*] transient
amplitude, large concentrations of [Ca®*] indicator lengthen the decay
times of action-potential-evoked [Ca?*] transients (beyond ~ 100 ms);
this makes dye gradients easy to detect. Because [Ca®*] transients were
rapid (< 100 ms) in most cases (Figs 2a and b, 5 and 6), [Ca**] indicator
concentrations were probably sufficiently low not to perturb our results>.
However, long decay times were sometimes observed close to the record-
ing electrode (Figs 2c and 3), indicating a relatively high concentration of
[Ca?*] indicator and presumably depressed [Ca®"] transient amplitudes.
In these cases, we might be underestimating amplitudes close to the elec-
trode penetration relative to transients farther out in the dendrite. This of
course does not change the finding that [Ca?*] transients evoked by sodi-
um action potentials are absent in the distal dendrites. In some cases (for
example Fig. 4b), fluorescence transients were larger (> 400%) than the
largest transients observed in brain slices® using the same indicator, sug-
gesting that either the Ky of the indicator is higher at physiological tem-
peratures or that the resting [Ca?*] is lower in vivo. Data were analyzed
using the IDL programming language (Research Systems Inc.).

HISTOLOGICAL PREPARATIONS. At the end of some experiments, animals
were perfused intracardially with cold saline (60 ml, PBS) followed by
60 ml of fixative (4% paraformaldehyde in 0.1 M PBS). Barrel cortex was
dissected out and stored in 4% paraformaldehyde overnight and then
transferred to 30% sucrose for at least 24 hours (all in 0.1 PBS). The brain
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was sectioned on a cryomicrotome (thickness, 60 pm). Sections were
incubated in avidin-biotin-peroxidase complex solution (ABC elite kit,
Vector Labs) and processed for intracellular peroxidase staining™’.
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