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Cycle extraction

> source(c(“electrophys_stats.R”, “plot_period_stats.R”))
> phase.obj <- phase.cycle(data.file)
Read 5 items
Read 10 items
[1] "sample frequency of raw trace :  10.000"
[1] "resampling data to 1.000 Hz sampling rate, every 10 points used"
Read 3412355 items
[1] "sample frequency after re-sampling:  1.000 Hz"
[1] "length of recording 0.0668819 sec"
[1] "number of traces :  4 "
[1] "the traces are as follows: "
[1] "LL2 (mV)"   "LL5 (mV)"   "RL2 (mV)"   "R  L5 (mV)"
[1] "choose traces to rectify"
rectify LL2 (mV) (yes/no)? yes
rectify LL5 (mV) (yes/no)? no
rectify RL2 (mV) (yes/no)? no
rectify R  L5 (mV) (yes/no)? yes
[1] "choose traces to smooth"
smooth LL2 (mV) (yes/no)? yes
smooth LL5 (mV) (yes/no)? no
smooth RL2 (mV) (yes/no)? no
smooth R  L5 (mV) (yes/no)? yes
[1] "window size is 2e-04 secs with 200 points"
press enter for next plot : 
re-plot traces with re-defined time axis, yes/no : no
smooth with different window size, yes/no? : no
[1] "define reference cycle trace : "
Extract cycle periodes from trace: LL2 (mV)
[1] "noise window is 3e-04 secs with 300 points"

phase.cycle wrapper:
> data.ts.raw <- read.atf.file ()
> data.ts <- smooth(data.ts.raw)
> cycle.ref <- extract.period(data.ts, ref.root)
> cycle.alt <- extract.period(data.ts, alt.root)
> phase.delay <- extract.phase(cycle.alt, cycle.ref)
> return(list (all.data))
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Cycle extraction

phase.cycle wrapper:
> data.ts.raw <- read.atf.file ()
> data.ts <- smooth(data.ts.raw)
> cycle.ref <- extract.period(data.ts, ref.root)
> cycle.alt <- extract.period(data.ts, alt.root)
> phase.delay <- extract.phase(cycle.alt, cycle.ref)
> return(list (all.data))

re-plot traces with re-defined time axis, yes/no : no
recalculate period times with new parameter values, yes/no? yes
choose threshold curvature {0;1} - default=0.9, press enter for no additional 
curvature  : 
choose offset [-1:1] for threshold - press enter for no offset : 0.1
choose noise level -  default =  300  ,press enter to use default value:350
[1] "noise window is 0.00035 secs with 350 points"
re-plot traces with re-defined time axis, yes/no : no
recalculate period times with new parameter values, yes/no? no
[1] "define test cycle trace"
Extract cycle periodes from trace: R  L5 (mV)
[1] "noise window is 3e-04 secs with 300 points"
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Cycle extraction

phase.cycle wrapper:
> data.ts.raw <- read.atf.file ()
> data.ts <- smooth(data.ts.raw)
> cycle.ref <- extract.period(data.ts, ref.root)
> cycle.alt <- extract.period(data.ts, alt.root)
> phase.delay <- extract.phase(cycle.alt, cycle.ref)
> return(list (all.data))

re-plot traces with re-defined time axis, yes/no : no
recalculate period times with new parameter values, yes/no? yes
choose threshold curvature {0;1} - default=0.9, press enter for no additional 
curvature  : 
choose offset [-1:1] for threshold - press enter for no offset : 
choose noise level -  default =  300  ,press enter to use default value: 500
[1] "noise window is 5e-04 secs with 500 points"
re-plot traces with re-defined time axis, yes/no : no
recalculate period times with new parameter values, yes/no? no
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Circular stats and plots

> circular.stats <- plot.period.stats(phase.obj)
> plot.period.stats(test, plot.periods=T)
pres to plot figure  2
pres to plot figure  3
...
pres to plot figure  15
[1] "data.ts"      "event.timing" "ref.period"   "event.period" "thres"       
[6] "thresE"       "ref.trace"    "event.trace"  "is.root"     
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Circular stats and plots

> circular.stats <- plot.period.stats(phase.obj)
> plot.period.stats(test, plot.periods=T)
pres to plot figure  2
pres to plot figure  3
...
pres to plot figure  15
[1] "data.ts"      "event.timing" "ref.period"   "event.period" "thres"       
[6] "thresE"       "ref.trace"    "event.trace"  "is.root"     
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Circular stats and plots

> circular.stats <- plot.period.stats(phase.obj)
> plot.period.stats(test, plot.periods=T)
pres to plot figure  2
pres to plot figure  3
...
pres to plot figure  15
[1] "data.ts"      "event.timing" "ref.period"   "event.period" "thres"       
[6] "thresE"       "ref.trace"    "event.trace"  "is.root"     
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Circular stats and plots

> circular.stats <- plot.period.stats(phase.obj)
> plot.period.stats(test, plot.periods=T)
pres to plot figure  2
pres to plot figure  3
...
pres to plot figure  15
[1] "data.ts"      "event.timing" "ref.period"   "event.period" "thres"       
[6] "thresE"       "ref.trace"    "event.trace"  "is.root"     
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Circular stats and plots

> circular.stats <- plot.period.stats(phase.obj)
> plot.period.stats(test, plot.periods=T)
pres to plot figure  2
pres to plot figure  3
...
pres to plot figure  15
[1] "data.ts"      "event.timing" "ref.period"   "event.period" "thres"       
[6] "thresE"       "ref.trace"    "event.trace"  "is.root"     
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Circular stats and plots
[1] "Stack points in circular plots with 150 bins"

       Rayleigh Test of Uniformity 
       General Unimodal Alternative 

Test Statistic:  0.9551 
P-value:  0 

[1] "average firing phase in degrees :  143 "
[1] "active phase duty cycle of reference trace, from degrees 0:  111.08"
$r.length
[1] 0.955

$r.angle
Circular Data: 
Type = angles 
Units = radians 
Template = none 
Modulo = asis 
Zero = 0 
Rotation = counter 
[1] 2.490117

$p.value
[1] 1.013014e-06
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Circular stats and plots
[1] "Stack points in circular plots with 150 bins"

       Rayleigh Test of Uniformity 
       General Unimodal Alternative 

Test Statistic:  0.9551 
P-value:  0 

[1] "average firing phase in degrees :  143 "
[1] "active phase duty cycle of reference trace, from degrees 0:  111.08"
$r.length
[1] 0.955

$r.angle
Circular Data: 
Type = angles 
Units = radians 
Template = none 
Modulo = asis 
Zero = 0 
Rotation = counter 
[1] 2.490117

$p.value
[1] 1.013014e-06
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Circular stats and plots
[1] "Stack points in circular plots with 150 bins"

       Rayleigh Test of Uniformity 
       General Unimodal Alternative 

Test Statistic:  0.9551 
P-value:  0 

[1] "average firing phase in degrees :  143 "
[1] "active phase duty cycle of reference trace, from degrees 0:  111.08"
$r.length
[1] 0.955
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Circular Data: 
Type = angles 
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Circular stats and plots
[1] "Stack points in circular plots with 150 bins"

       Rayleigh Test of Uniformity 
       General Unimodal Alternative 

Test Statistic:  0.9551 
P-value:  0 

[1] "average firing phase in degrees :  143 "
[1] "active phase duty cycle of reference trace, from degrees 0:  111.08"
$r.length
[1] 0.955

$r.angle
Circular Data: 
Type = angles 
Units = radians 
Template = none 
Modulo = asis 
Zero = 0 
Rotation = counter 
[1] 2.490117

$p.value
[1] 1.013014e-06
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Additional features

The excitatory postsynaptic potential (EPSP) onset was calculated by
linear extrapolation from the 20--80% maximum amplitude linear fitting
on the average trace of 80 single sweep events. These onset points were
then automatically marked on the graph for visual verification. The
latency of the single EPSP is defined as the time lapse between the top of
the presynaptic AP and the EPSP onset. The coefficient of variation (CV)
of the EPSP amplitude was calculated based on the measured amplitudes
of each of the 80 single events triggered.

Model for Synaptic Dynamics
In order to analyze quantitatively the synaptic connections, a model of
dynamic synaptic transmission was used (Markram et al. 1998). Fitting
the responses to the model yielded 4 parameters: the time constant of
recovery from depression, sD; the time constant of recovery from fa-
cilitation, sF; utilization of synaptic resources as used analogously to Pr
(e.g., release probability), U; and the absolute strength, ASE, of the
synaptic connection (defined as the response when Pr equals 1). After
the 5th EPSP of a given train, the response typically reaches a steady-
state amplitude considered to calculate the steady-state versus fre-
quency ( f ) relationship. The frequency at which this curve matches a
1/f function is the limiting frequency. Tsodyks and Markram (1997)
showed that if the presynaptic cell fires above the limiting frequency,
the average postsynaptic depolarization will remain constant. The same
study demonstrated that as lowering the calcium concentration in-
creases the limiting frequency, this frequency is presynaptically de-
pendent and estimated by f ! 1/(sD 3 Pr).

Results

Thirty-nine P11 Wistar rats were injected with fluorescent latex
microbeads into layer V of the somatosensory cortex (S1). Rats
appeared fully recovered within 2 days following the injection.
The microbeads were clearly visible in acute slices under fluo-
rescence microscopy, enabling selective recordings from neigh-
boring ( <100 lm somatic distance) CCPs (Fig. 1 A,F). A total of
476 marked cells were patched and filled with biocytin. The
neuron somata were small and pyramidal shaped with a slender
apical dendrite projecting toward the pia. Neurons with soma
located in lower layer V had an apical dendrite projecting to
layer II/III, whereas about 80% of the neurons located in more

superficial layers had an apical dendrite reaching layer I (Fig.
1E). Labeled cells were visible in all the layers from layer II to
layer VI in an area symmetrical to the injection site.

Single -Cell Electrophysiology

The response of CCPs to a step current injection was either an
initial AP or a burst of 2--3 APs followed by a pause before firing
again (Fig. 2G, defined as burst adapting) or an initial AP or burst
followed by a regular spiking train (Fig. 2H). Both behaviors
were observed at high and low current injections. Their small
somata and dendrites are expected to yield a relatively high
input resistance and indeed, the input resistance was 183 ± 67
MX (all values are given as mean ± standard deviation [SD], n =
22, Fig. 2A,B, Table 1), and the membrane time constant in
response to a negative pulse (D pulse) was 20 ± 6 ms (Fig. 2D,
Table 1). In response to a step current injection, CCPs displayed
slow after-hyperpolarization (Fig. 2C) of 7.1 ± 3.2 mV. The
spiking threshold was –32 ± 6 mV (Fig. 2F), and on about half of
the cells, an initial burst was present (Fig. 2F). A typical AP had
an amplitude of 60 ± 5 mV, a duration at half amplitude of 1.9 ±
0.3 ms, a rise time of 1.0 ± 0.2 ms, and a fall time of 3.2 ± 0.6 ms
(Fig. 2E). Values for second APs in a train and other intrinsic
parameters are given in Table 1.

CCP versus TTC Single-Cell Electrophysiology

In order to compare the single-cell electrophysiology of the
CCPs with the TTCs, we recorded from 35 TTCs using the same
protocol of Figure 2. The CCPs have an AP amplitude signifi-
cantly smaller than the TTCs (60 ± 5 mV, n = 22 vs. 63 ± 5 mV,
n = 35, respectively, mean ± SD). This difference is even larger in
the second AP of a train generated by a depolarizing step
current (45 ± 11 mV vs. 63 ± 6 mV). On the contrary, the AP
duration is about 1.2ms longer for the CCPs (4.3 ± 0.6 ms vs. 3.1 ±
0.5 ms for the first AP and 7.2 ± 1.2 ms vs. 6.0 ± 0.7 ms for the
second AP in a train). The input resistance is 3.6 times larger in
the CCPs (183 ± 67 MX vs. 51 ± 15 MX), but the membrane time

Figure 2. Single CCP electrophysiology. Recorded neurons are held at a membrane potential of "70 mV in current-clamp configuration. (A) Injected current steps and their
corresponding voltage responses. (B) IV graph of the current--voltage relationship protocol described in (A). (C) Voltage response and current stimulation for slow after-
hyperpolarization potential. (D) Voltage response and current stimulation of a short (5 ms) hyperpolarizing current injection used to determine the membrane time constant. (E)
Voltage response and current stimulation of high temporal resolution used to determine the AP waveform. (F) Voltage response and current stimulation of a ramp to determine the
discharge threshold. (G) Voltage response and current stimulation just above threshold to determine the threshold response to a long depolarizing pulse. (H) Same as in (G) but for
more depolarized stimulation.
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constant after a hyperpolarizing spike is similar for both
populations (20 ± 6 ms vs. 18 ± 5 ms). CCPs had a higher
discharge threshold (-32 ± 6 mV vs -40 ± 3 mV), as extracted
from a response to a ramp current injection (Fig. 2 F). Both
populations have a similar mean current-discharge slope al-
though its variation is much higher in the CCPs population than
for the TTCs (28 ± 28 Hz nA–1 for CCPs and 26 ± 6 Hz nA–1 for
TTCs). The initial burst interval is significantly smaller in the
CCPs (50 ± 50 ms vs. 80 ± 50 ms) showing the tendency for
some cells of this population to discharge with an initial burst in
response to a depolarizing step current. The distribution of this
interval for the CCPs is not showing 2 distinct groups indicating
that the transition between bursting and not-bursting behavior
is continuous in the CCPs population (bursting on Fig. 2F and
not-bursting on Fig. 2G). None of the TTCs recorded showed
this initial burst. The complete data set is given in Table 1.

Morphology of the Corticocallosal Cells

Consistent with previous reports (Katz 1987; Hubener and Bolz
1988; Christophe et al. 2005), the morphological differences of
CCPs from TTCs were already obvious under light microscopy
by the smaller soma and the untufted apical dendrites (Fig.
3A,F). These differences in the dendritic arborization are
further quantified by the total dendritic tree surface (4800 ±
300 lm2 for the CCPs vs. 33 000 ± 3000 lm2 for TTCs) and by
the dendritic Sholl distance (Fig. 3B), in which the number of
intersections crossing concentric circles centered on the soma
are counted (Fig. 3A). The Sholl analysis provides a quantitative
estimate of the arborization of an axonal or dendritic tree. A
greater number of crossings at a given distance compared with
another indicate that it is more likely for the neuron to send
outputs or receive inputs at that distance. The dendritic Sholl
distance distribution of CCPs displayed a single peak within
a radius of 100 lm from soma (Fig. 3B, red). The TTCs Sholl
distance distribution shows clearly the tuft at a distance be-

tween 700 lm and 980 lm from the soma (Fig. 3B, gray).
Moreover, the more extended dendritic tree of the TTCs is also
visible on the Sholl distribution as the plot of Figure 3B is scaled
by a factor of 0.51 for the TTCs. The axonal Sholl distance
reflected the CCPs axons dense projection below the soma
within a radius of 200 lm (Fig. 3C). Most of the cells had
multiple primary axonal collaterals (collaterals directly emerged
out from the main axonal stem, 7 ± 3). One of them often pro-
jected up ascending in parallel to the apical dendrite (70%, 15/
22 reconstructed), with an averaged length of about 400 lm.
Below the dense projection zone illustrated by the Sholl
distance analysis, CCPs axons typically project 2 primary axonal
collaterals horizontally extending within the layer VI (80%, 17/
22 reconstructed, Fig. 3A). The main axonal trunk descends
vertically into the white matter, presumably projecting to the
opposite hemisphere. A summary of the morphological param-
eters is presented in Table 2.

Synaptic Connections between CCPs

In order to study the CCPs synaptic properties, we recorded
simultaneously from labeled neurons with soma lying within
a lateral distance of 100 lm. The probability to find a connection
between 2 CCPs in acute slices was 3.15% (40 connections out
of 1272 pairs tested). A single presynaptic AP induced an EPSP
with amplitude of 0.8 ± 0.6 mV (Fig. 4D, mean ± SD). The latency
(Fig. 4C), defined as the time lapse between the top of the AP
and the EPSP onset, was 1.4 ± 0.8 ms (Fig. 4D). The 20--80% rise
time was 2.8 ± 1.0 ms (Fig. 4D), and the decay time constant to
rest membrane potential from the EPSP maximum amplitude
(Tau) was 47 ± 25 ms (Fig. 4D). The mean number of synapses
per connection obtained with the CV analysis was 4.6
(n = ½1–Prm"=½Prm3CV2

m"; Prm: mean probability of release equiv-
alent to U [see Materials and Methods], Fig. 6D, CVm =mean CV,
Fig. 5C). Morphological analysis yielded 4.0 ± 1.3 putative
contacts per connection, in agreement with the CV analysis.
Putative contacts between CCPs were mainly formed on basal
dendrites (80%), at a branching order of 3.4 ± 0.2 (67.3% of total
were formed on basal dendrites at a branching order higher
than 3), a geometric distance of 129 ± 20 lm, and an elec-
trotonic distance (see Materials andMethods) of 0.15 ± 0.02 (n =
14). The number of failures was relatively small and comparable
to previously found values for other PC to PC connections (12 ±
11%, n = 23 [Thomson et al. 1993; Markram et al. 1997]). Despite
this low failure rate, the observed CV was quite high (0.58 ±
0.24, n = 23). Weak synaptic connections displayed high trial-to-
trial variability, as observed by the negative correlations be-
tween the mean EPSP size and the failure rate and CV
(correlation index –0.73 and –0.74, respectively) and the
positive correlations between the CV and failure rates (corre-
lation index 0.92). These correlations show that the amplitudes
of the CCPs to CCPs EPSPs depend on the number of synapses
rather than on the probability of release. Among the correlations
between the number of contact points, the distance of the
contacts from the soma along the dendrites, the distance
between the cell soma and the amplitude of the EPSP, only 3
were above 0.4. The correlation indices are 0.62 between the
number of contact and the distance separating soma, 0.46
between the amplitude of the EPSP and the number of contact
points, and 0.42 between the EPSP amplitude and the distance
separating soma. It is worth to notice that given the small range
of the data obtained for the soma separation distance (80 ± 40
lm, n = 14, mean ± SD) and the number of contact points

Table 1
Electrophysiological properties of the CCPs and the TTCs

CCP (n 5 22) TTC (n 5 35)

Access (MX) 23.7 ± 5.4 21.9 ± 4.9
First AP in train
AP amplitude (mV) 59.6 ± 5.5 63.0 ± 5.3*
AP duration (ms) 4.29 ± 0.64 3.09 ± 0.52***
AP duration at half amplitude (ms) 1.93 ± 0.31 1.35 ± 0.24***
AP rise time (ms) 1.05 ± 0.16 0.80 ± 0.15***
AP fall time (ms) 3.24 ± 0.55 2.29 ± 0.41***
Fast AHP (mV) #2.2 ± 4.1 3.7 ± 3.5***

Second AP in train
AP amplitude (mV) 45 ± 11 63 ± 6***
AP duration (ms) 7.2 ± 1.2 6.0 ± 0.7***
AP duration at half amplitude (ms) 2.87 ± 0.88 2.06 ± 0.35***
AP rise time (ms) 1.99 ± 0.39 1.25 ± 0.26***
AP fall time (ms) 5.2 ± 1.1 4.7 ± 0.7

IV analysis
Time to hyperpol peak (s) 0.194 ± 0.033 0.417 ± 0.430**
Input resistance for peak (MX) 228 ± 92 64 ± 19***
Input resistance for steady state (MX) 183 ± 67 51 ± 15***
Maximum sag (mV) 6.6 ± 3.9 5.8 ± 3.4

Decay time constant for D pulse (ms) 20.0 ± 5.8 17.5 ± 4.7
AP threshold (mV) #32.3 ± 5.6 #39.4 ± 2.6***
Slow AHP (mV) 7.1 ± 3.2 8.6 ± 2.9
Step current
Average delay to first spike (s) 0.031 ± 0.013 0.026 ± 0.012
Current-discharge slope (Hz nA#1) 27.6 ± 28.5 26.2 ± 5.7
Initial burst interval (s) 0.052 ± 0.047 0.081 ± 0.049*

Note: Mean ± SD, *P\ 0.05, **P\ 0.01, ***P\ 0.001, P value is from Student t-test;
AHP 5 after hyperpolarization.
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Summary

• Data formats and import

• Read electrophys. txt file

• Data pre-processing

• smooth

• extract cycles/events

• Circular statistics and plots

Present state

• Make into package

• Optimize data import

• Implement interactive graphs

• Expand functions

• Spike triggered average

• Episodic stimulus protocol

Ongoing work and Future directions


