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Pyramidal cellsandinterneuronsinrat prefrontal cortical slicesexhibit subthreshold osdillationswhen depolarized
by constant current injection. For both typesof neuronsthefrequenciesof these oscillationsfor current injection
just below spikethreshold were2to 10 Hz. Above spikethreshold, however, the subthreshold oscillaionsin
pyramida cellsremained low, but thefrequency of oscillationsininterneuronincreased upto 50Hz. Toexplore
theinteraction between theseintrinsic oscillationsand external inputs, thereliability of spikinginthesecortica
neuronswas studied with sinusoidal current injection over arange of frequenciesabove and below theintrinsic
frequency. Cortical neuronsproduced 1:1 phaselocking for alimited range of driving frequencies. For low input
amplitude, 1:1 phaselocking was obtained inthe 5 to 10 Hz range. For higher input amplitudes, pyramidal cells
phase-locked in the 5 to 20 Hz range, whereas interneurons phase-locked in the 5 to 50 Hz range. For the
amplitudes studied here, spiketimereliability wasaways highest during 1:1 phase-locking, between 5and 20Hz
for pyramida cellsand between 5 and 50 Hz for interneurons. The observed differencesinintrinsic thefrequency
preference between pyramidal cellsand interneurons haveimplicationsfor rhythmogenesisand information
transmission between populations of cortical neurons.

I ntroduction

Recent analysis of the neuronal spiketrainsinthe
lateral geniculate nucleus suggeststhat theinformation
fromtheretinato thevisual cortex may betransmitted by
precise spiketimesin additiontothat carried by thefiring
rate (1). Cortical neurons are capable of precisely
initiating spikes in response to broadband fluctuating
stimuli both in vitro (2; 3) and in vivo (4), although the
significanceof singlespiketiminginthecortex isdebated.
This raises the issue of how the cortex could take
advantage of this information (5; 6). The rhythmic
activity observed in the cortex may reflect internal cortical
mechanisms for synchronizing populations of cortical
neurons(7; 8). Inthisstudy the spike-timereliability of
cortical neurons is probed by sinusoidal currents of
varying frequency and amplitude.

Because pyramidal cellshavedowly activatingand
inactivatingintrinsic currents, theinfluence of aspikemay
extend over several hundred millisecondsand introduce

correlation between consecutive spikes. Thiscorrelationisa
sourceof unreliability, because spikejitter ispropagated, and
possibly amplified, from spike to spike. In contrast, spike
trainsininterneurons show less adaptation and might show
less unreliability due to the previous history of spiking.

Many cortical cells exhibit spontaneous membrane
oscillationsthat constitute another source of unriability (9;
10). Inrat frontal cortical cells, these oscillationsdiffer for
pyramidal cellsand interneurons. They arefound at 4 to 20
Hz for pyramida cells (11), and at 10 to 50 Hz for
interneurons (12). These findings suggest that prefrontal
cortex neurons may behave similar to aband passfilter in
contrast to thelow pass characteristics of integrate-and-ire
model neurons. Theinteraction between these subthreshold
oscillations and somatic inputsis likely to be frequency-
dependent and may influence the spiketiming reliability of
these two classes of cells. We report here that the most
reliablespiketrainswereobtained for drivefrequenciesinthis
band-pass range of frequencies.



Spiketiming reliability of pyramidal cellsand interneurons

M ethods
BExperiments

All experiments were carried in accordance with
animal protocolsapproved by the N.I.H. Corond dicesof
rat pre-limbic and infralimbic areasof prefrontal cortex
were obtained from 2 to 4 weeks old Sprague-Dawley
rats. Rats were anesthetized with metofane
(Methoxyflurane, Mallinckrodt), and decapitated. Their
brain were removed and cut into 350mmthick dicesusng
standard techniques. Patch-clamp was performed under
visual control at 30-32°C. In most experiments L ucifer
Y ellow (RBI, 0.4%) or Biocytin (Sigma, 0.5%) wasadded
to the internal solution. In al experiments, synaptic
transmission was blocked by D-2-amino-5-
phosphonovaeric acid (D-APV; 50 nM), 6,7-
dinitroquinoxaline-2,3,dione (DNQX; 10 nM), and
biccuculine methiodide (Bicc; 20 miv). All drugswere
obtained from RBI or Sigma, freshly prepared in ACSF
and bath applied. Data were acquired with Labview 5.0
and a PCI-16-E1 data acquisition board (National
Instrument), and analyzed with MATLAB (The
Mathworks).

Weused regularly spiking layer 5 pyramidal cells.
Interneurons were recorded from layer 5/6 and were
characterized by high firing raes, no adaptation and
prominent fast spikerepolarization. Both pyramidal cells
and interneuronswereidentified morphologicdly. A total
of 13 pyramidal cellsand 11 interneuronswere used in
thisstudy. Meaninput resistancefor pyramidal cellswas
85 M Wand 235 M Wfor interneurons. Sinusoidal currents
withaDC offset equal to theamplitudewereinjectedinto
the neuron’s soma. The ‘low’ current amplitude was
adjusted for each neuron, so that the neuron did not spike
with a 0.5 Hz drive, but did spike d higher driving
frequencies. Thelow current ranged between 30 pA to 80
PA peak-to-peak depending ontheinput resistance of the
particular cell. Medium and high amplitudeswere 1.5 and
2 times the low amplitude, respectively.

Data Analyss

Thefreguency content of subthreshold oscillations
(Fig 1) wasobtained from the power spectrum (Welch's
averaged periodogram method in MATLAB) of spike-
freetraceslocated at |east 500 msafter the start of each
record. Thiseliminated artifacts due to the onset of the
current pulse. A dominant frequency was considered
presentintherecord only if at least 3 cycleswere present,
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and if its power spectrum amplitude consisted of apeak that
wasat |east 30% larger than the amplitude of any other peaks.

In Fig 3C, the average dominant frequency of subthreshold
oscillations (Fig 1) was computed for traces ‘around

threshold’ that were obtai ned with constant current injection

valuesthat yielded on average between 0.33 and 5 spikes per
trial. The spiketime histogram was computed on the basis of
10-15 trias, each lasting 2 seconds and binned using a

window of 6 ms. A transient of 1000 msinthe histogramwas
discarded and only the binstotaling morethan 7 trialswere
considered, all other binswere set to zero. The histogramweas
low passfiltered (100 Hz cutoff). The peaksof the smoothed

histogram were extracted. Peaksthat exceeded 80% of the
maximum peak were considered reliable events. Spikeswere
considered part of theevent if their time of occurrencefell

within the time window defined by the mid height of the
event. Reliability was computed astheratio between thetotal

number of spikesincluded in reliable eventsdivided by the
total number of spikespresentinal thetrials. Reliability was
between 0 and 1. Results are given as mean * standard

deviation.

For current pulsesthat dlicited repeated spiking after the
initial injection transient (Fig 1A; right) subthreshold
oscillationsinpyramidal cellsremainedinthethetarange (9.9
Hz + 3.6) with adight voltage dependence (0.38 Hz/mV).
However, subthreshold oscillationsin interneurons occurred
in the beta and gamma ranges (26.7 Hz £ 19.3) and had a
steeper voltage dependence (1.97 Hz/mV) than pyramidal
cells (Fig 1B). For each neuron responses to 8 different
current amplitudeswere measured (range 25pA to 150pA).
The voltage dependence of the membrane potential
oscillationswas similar between different interneuronsand
between different pyramidal cells.

Reaults

Both pyramidal cells and interneurons exhibited
membrane potentia oscillationswhen depolarized by constant
current injection at the soma (13 pyramida cells, 11
interneurons, Fig 1A). Thefrequency of these oscillationswas
voltage dependent and differed between the two classes of
cells. When a cell was depolarized and no spikes or only a
few spikes appeared at the start of the current injection (Fig
1A left), the frequency of the subthreshold oscillation was
restricted to the theta range (Fig 1B; 4.9 Hz + 1.9 for
pyramidal cells, 5.9 Hz + 2.7 for interneurons) and did not
depend on average membrane potential.
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Figure 1: Subthreshold oscillations in pyramida cells and interneurons.

A: Upper traces. Subthreshold oscillationsin apyramidal cell for low (left) and high (right) amplitude current steps. Note the presence of
subthreshold oscillations in the theta range (dark bars). Lower traces: Subthreshold oscillationsin an interneuron for low (left) and high
(right) amplitude current steps. Note the presence of subthreshold oscillationsin the theta (dark bars) and gamma (open bar) ranges. B:
Group data for 13 pyramida cells (left) and 11 interneurons (right). Subthreshold oscillations are limited to the theta range for both
pyramidal cellsand interneurons, if the membrane potential remains near or below threshold (about-52 mV on average). If the amplitude of
the current is sufficient to dicit multiple spiking, the subthreshold oscillations are dominated by 5 to 15 Hz oscillations for pyramidal cells,

and 10 to 50 Hz oscillations for interneurons.

Cellswerethen driven by sinusoidal current injections
with constant amplitude and a DC offset equal to the
amplitude, over arange of frequencies and amplitudes.
For low current amplitude, low frequencieswith slowly
varying depolarizations could elicit theta-frequency
subthreshold oscillations without spiking (Fig 2A,
asterix). However, when the frequency of the sinewave
wasincreased to the theta-range, both pyramidd cdlsand
interneuronselicited spikesthat wereentrained 1.1 tothe
sinusoidal drive (Fig 2 A, 6 Hz). Further increases in
frequency resulted in cycle skipping (Fig 2), and, for
sufficiently high frequencies, the spiking stopped
(pyramidal cells) or was unrel ated to the drivefrequency
(interneurons) (Fig 2A, 60 Hz). Asthe amplitude of the
sine wave was increased, the range of 1:1 spiking was
extended and shifted to higher frequencies for both

pyramidal cellsand interneurons. Pyramidal cellswere
capable of 1:1 spiking up to approximately 15Hz (data
not shown), while interneurons could phase lock to

frequencies as high as 45 Hz (Fig 2B). For input

amplitudes abovetwicethelow current amplitude these

limiting frequencies did not change in most cases, and
eventually resultedin damageto the cells (largeincreases of
input resistance, and loss of the patch). This frequency
saturation did not occur for large amplitude pulses of DC
current that could elicit spiking at very high ratesin both
pyramidal cells and interneurons.

Repeated presentations of sine waves at constant
amplitude showed that thereliability of spiking depended on
the frequency of the stimulus. For pyramidal cells and
interneurons driven by sine wave input near threshold,
reliability was the highest in the thetarange (Fig 2B, low
amplitude, arrow). Anincreasein the amplitude of thesine
wave yielded an increase in the frequency of highest
reliability (Fig 2B, highamplitudearrow). Inthisregime, low
frequency input wavesyid ded multiple unreliable spiking per
cycle, while at high frequencies there was random cycle
skipping. Highest reliability wasalwaysobservedinthe 1:1
regime, but not all 1.1 regimeswereequaly reliable (e.g. Fig
2B, 11 Hz).

Fig 3 showsthe group datafor 13 pyramidal cellsand
11 interneurons. At the minimal sine amplitudes eliciting
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Figure 2: Resonance and spike timing reiability in a pyramidal cell and in an interneuron injected with sinusoidal currents.

A: At 6 Hz and low amplitudes, both pyramidal cellsand interneurons can fire 1:1 with the current drive. If theamplitude iskept constant, but
thefrequency isreduced, firing is prevented (0.5 Hz) and subthreshold oscillations appear (*). Higher frequencies (60 Hz) arefiltered out and
spiking is suppressed or greatly reduced. B: Interneuron reliability. L eft : Rastergramsfor low amplitude stimulation. Low frequencies dlicit
none, or infrequent spikes (c.f. 0.5 Hz). Medium frequency dicits 1:1 entrainment and reliable spiking (c.f. 9 Hz). High frequencies dlicit
unreliable spiking (c.f. 40 Hz). Arrow indicates the frequency corresponding to the highest reliability (7 tridls shown). Right: High amplitude
stimulation of the same frequencies asin A. Note that the frequency yielding the maximal rdliability has shifted to 45 Hz (arrow) (6 trials

shown).

resonancereliability of spiketiming wasmaximal inthe
theta range (6 Hz for pyramida cells, 4 to 6 Hz for

interneurons), and dropped sharply as frequency was
decreased or increased (Fig 2A). Theseexperimentswere
repeated at 1.5 times and twice the minimal amplitude.

The peak of reliable spiking increased in frequency and
absolutevalue, astheinput amplitude wasincreased. At
the highest amplitude tested, pyramidal cellswere most
reliable at 15 Hz (reliability 0.67), but interneurons
exhibited reliable spiking between 15 Hz and 60 Hz.

Reliability differencesbetween thesefrequencieswerenot
significant (average reliability 0.83). For al cells,
maximal reliability was aways achieved in the 1:1
entrainment regime (Fig 2B). Bel ow spikethreshold and
for low current amplitudes, the average frequency of
subthreshold oscillations elicited by current pulse
injectionswashighly correlated with thefrequency of the
sine waves that elicited maximal reliability (Fig 3C,

Pearson correlation 0.89).

Although this study was based on rat prefrontal

cortex cells, similar resultswere obtained in other cortical
structures including somato-sensory cortex pyramidal

cells (n=3) and interneurons (n=3), hippocampus CA1l
pyramidal cells (n=4) and stratum radiatum interneurons
(n=3), (data not shown).

Discusson

The voltage dependence of subthreshold oscillations
wasinvestigated by injecting constant depolarizing currents of
increasing amplitudes. For both pyramidal cells and
interneuronsthe frequency of subthreshold oscillationswas
amost constant below spike threshold but increased with
average membrane potential above threshold. Interneurons
could sustain higher frequency subthreshold oscillations (2to
50 Hz) than pyramida cells (2 to 20 Hz). This may be
explained by differences in the distribution and types of
voltage-gated channels between pyramidal cells and
interneurons.

The effects of the difference in intrinsic neurona
properties on spike-timing reliability wereinvestigated by
injecting sinusoidal currentswith different amplitudesand
frequencies. The main result was that for the current
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Figure 3: Frequency dependence of spike timing reliability for pyramidal cells and interneurons.

A: Group datafor 13 pyramida cells. Spiketiming reliability versusfrequency for 3 snewave amplitudes of stimulation. Left most graphsare
obtai ned with the minimum amplitude required to get resonance (asin Fig 2A). Rdiability isaso shown for inputswith sine wave amplitudes
50% greater than the minimum (center) and twice the minimum (right). Note that as amplitude is increased, the frequency of maximal
reliability (black arrows) is shifted towards higher frequencies (but remain below 20 Hz), and the absolute val ue of the peak isincreased. B:
Group datafor 11 interneurons. Same asin A. Notethat at higher amplitudes, maximal reliability is achieved for frequenciesin the betaand
gamma ranges (open arrow). Maximal reliability occurs at frequencies in the same range as the subthreshold oscillations (Fig 1). C:
Correlation between average subthreshold oscillation frequency just below threshold, and the frequency for highest reliability for low current
amplitude in 6 pyramida cells (0) and 6 interneurons (x). Correlation coefficient was 0.89 (Pearson).

amplitudes used here the driving frequency for which
maximum reliability could be obtai ned wasbetween 5and
20 Hzfor pyramidal cells, whereasfor interneuronsit was
between 5 and 50 Hz. For drivefrequenciesbelow 4 Hz
the number of spikes per cyclewashighly variable, hence
alow reliability was obtained. Amplitudes higher than
twicethe minimal amplitude did not yield enough trials
without damaging cells. There was a direct cell-cell

correlation between the most reliabledriving frequency at
low current amplitudes and the subthreshold oscillation
frequency between 2 and 12 Hz (Fig 3C). Inthisregime,

the neuron wasbel ow threshol d (assessed by injection of a
DC offset of the same amplitude asthe sine waves) and
spiking was only obtained for a range of driving
frequenciesaround the subthreshol d oscillation frequency
(resonant frequency). Maximum reliability was obtained
at resonance frequency when the neuron was 1:1
entrained.

The correlation between average subthreshold
oscillation frequency and the most reliable frequency at
low current amplitudes (fig. 3C) most likely arisesfrom
the lack of voltage-dependence of subthreshold
oscillations(fig. 1B). Inalinear system, or anonlinear for
small amplitudes, the resonance frequency for sinusoidal

inputs correspondsto theintrinsic frequency of oscillation.
Therefore, intheabsenceof noise, small sinusoidal inputsjust
below spike threshold would first cause spikes at the
frequency of subthreshold oscillation, and the reliability
would be maximal for thisfrequency. The sinusoidal input
currents used here resulted in a mean membrane potential
different from that at which the frequency of subthreshold
oscillationswas measured, and caused high amplitudevoltage
deflections. For these drivesthe result from linear system
theory could still be appliedif the oscillation frequency was
not dependent on voltage, as observed in our data from
prefrontal cortex. Thiscorrelation may beweaker in neurons
with voltage-dependent subthreshold oscillations. Further
investigations are needed over awider range of DC offsets
and periodic drive amplitudes.

For the largest amplitudeused, maximum religbility was
obtained over abroader range of driving frequencies(Fig 3B)
for theneuronwas 1:1 entrained. Thefregquency dlicitingthe
highest reliability increased with increasing current amplitude,
aresult that can aso be found in integrate-and-fire model
neurons(13). Therdiahility profilefor low current amplitude
wasreproduced in abiophysical model neuron containing a
dowly activating potassium current, in addition to the spike-
generating sodium and delayed r ectifier potassium currents
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(14).

The results here show that the subthreshold
dynamicsof aneuronissimilar to that of aband passfilter
and not alow passfilter. Low amplitude signalsin the
band passfrequency rangewill betransmitted with higher
reliability compared to those outside the band pass
frequency range. In the balanced state (5; 15),
subthreshold oscillationsmay influencethereliability and
the propagation of synchronous spikes by feedforward
cortical networks (16); however, theintegrate-and-fire
model used inthisstudy hasthe propertiesof alow pass
filter, rather than the band pass properties of cortical
neurons and models with subthreshold oscillations.

Ongoing activity in the cerebral cortex has many
rhythmic componentsthat are modulated by thelevel of
arousal and sensory stimuli (17). The differencesin
frequency sdlectivity between interneuronsand pyramidal
cells could have functional consequences for network
dynamics. For example, the spiking activity of anetwork
of interneurons could be entrained by input frequenciesin
the gamma range (30 to 80 Hz) whereas the pyramidal
neurons could bedriven by frequenciesin thethetarange
(4 to 8 Hz) (18; 19).

References

1. Reinagel P and Reid RC. Tempora coding of visua
information in the thalamus. J Neur osci 20: 5392-5400, 2000.

2. Mainen ZF and Segjnowski TJ. Rdiahility of spiketimingin
neocortical neurons. Science 268: 1503-1506, 1995.

3. Nowak LG, SanchezVives MV and McCormick DA.
Influence of low and high frequency inputs on spike timing in
visud cortical neurons. Cereb Cortex 7: 487-501, 1997.

4.BuracasGT, Zador AM, DeWeeseMR and Albright TD.
Efficient discrimination of tempora patterns by motion-
senditive neurons in primate visud cortex. Neuron 20: 959-
969, 1998.

5. Shadlen MN and NewsomeWT . The variable discharge of
cortical neurons: implications for connectivity, computation,
and information coding. J Neurosci 18: 3870-3896, 1998.

6. Softky WR. Simple codes versus efficient codes [see
comments]. Curr Opin Neurobiol 5: 239-247, 1995.

7. Gray CM. Synchronous oscillations in neurona systems:
mechanisms and functions. J Comput Neurosci 1: 11-38,
1994.

8. RitzR and Sgjnowski TJ. Synchronousoscillatory activity in
sensory systems: new vistas on mechanisms. Curr Opin
Neurobiol 7: 536-546, 1997.

9. Schneidman E, Freedman B and Segev |. lon channel
stochagticity may be critical in determining the reliability and
precision of spiketiming. Neural Computation 10: 1679-1703,
1998.

10. White JA, Klink R, Alonso A and Kay AR. Noisefrom
voltage-gated ion channels may influence neurona dynamics
in the entorhinal cortex. J Neurophysiol 80: 262-269, 1998.

11. Gutfreund Y, Yarom Y and Segev |. Subthreshold
ocillations and resonant frequency in guinea-pig cortical
neurons. physiology and modelling. J Physiol (Lond) 483:
621-640, 1995.

12. Llinas RR, Grace AA and Yarom Y. In vitro neuronsin
mammalian cortical layer 4 exhibit intrinsic oscillatory activity
inthe 10- to 50-Hz frequency range. Proc Natl Acad Sci U SA
88: 897-901, 1991.

6

13. Hunter JD, Milton JG, Thomas PJ and Cowan JD. Resonance
effect for neura spike time réiability. J Neurophysiol 80: 1427-
1438, 1998.

14. Houweling AR, Modi RH, Ganter P, Fellous JM and
Sejnowski TJ. Modes of frequency preferences of cortical
pyramidd cells and interneurons. Neur ocomputing In Press, 2001

15. SalinasE and Sgjnowski TJ. Impact of correlated synaptic input
on output firing rate and variability in smple neuronal models. J
Neur osci 20: 6193-6209, 2000.

16. Diesmann M, Gewaltig M O and Aertsen A . Sablepropegetion
of synchronous spiking in cortical neural networks. Nature 402:
529-533, 1999.

17. Steriade M, McCormick DA and Sejnowski TJ.
Thalamocortica oscillations in the deeping and aroused brain.
Science 262: 679-685, 1993.

18. Pike FG, Goddard RS, Suckling JM, Ganter P, Kasthuri N
and Paulsen O. Distinct frequency preferences of different types
of rat hippocampa neurons in response to oscillatory input
currents. Journal of Physiology 529: 205-213, 2000.

19. Tiesinga PHE, Fellous J-M, Jose JV and Sejnowski TJ.
Computational model of carbachol-induced delta, theta and
gamma oscillations in the hippocampus. Hippocampus in press,
2001



