Introduction

Layer 2 Stellate cells (SCs) of the entorhinal cortex are intrinsic neuronal oscillators that participate in the theta rhythm, a 4-12 Hz
rhythm associated with learning and memory in the parahippocampal region. In previous work focusing on the rhythmic
properties of SCs (Haas and White, J. Neurophysiol., in press), we have revealed a separation of sub- and supra-threshold
mechanisms of resonance to input in these cells. By presenting fluctuating-current inputs of varied frequency content, we showed
that theta-rich stimuli elicited a more reliable spike train from SCs. However, the enhanced reliability was not due to subthreshold
resonance: the sizes of the subthreshold SC responses did not vary, in response to inputs with different frequency content.

To investigate this supra-threshold resonance in SCs, we examined our data from both generalized principal component and
Information-theoretic perspectives. We found that in theta-rich stimuli (i.e. with excess power in the 4-12 Hz band), two
significant input features drove spikes. The first was a sharp upswing in current, resembling the spike-triggered average (STA).
The second was a longer-duration feature, indicating a more extensive period of input integration. In broadband stimuli however,
only one component of the pre-spike stimuli was well defined for different trials at varying amplitudes. Information theory implies
that both fast and slow features are important for information transmission, particularly for theta-rich stimuli. These features help
explain the enhanced sensitivity of SCs to theta-rich stimuli.
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Theta-Rich Input.  REeliability=0.41 Mean REate = 3.8 HZ
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We delivered three types of frozen-noise current inputs to SCs. Each input type was dominated by a different frequency range.
Two of the three types are shown as the bottom trace in the above figures. The other traces are the voltage waveforms induced
by the inputs. The SCs spiked more reliably to theta-rich input.
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. . Each input type was presented at multiple amplitudes, the rms value
- : (0) ranging from 10 to 100 pA. Theta-rich stimuli yielded the most

reliable responses (above, left). The subthreshold responses to those
a1l ; same stimuli however, failed to show a resonance -- an enhanced
response to preferred frequencies (above, right). Thus, the enhanced
reliability is not a result of a larger subthreshold response, and must
be due to a supra-threshold resonance.
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Spike-triggered averages (left) showed that the current input
preceding a spike is integrated by SCs for a period of time as long as

__ 100 ms, corresponding to one cycle of theta rhythm. This indicates a
. frequency preference of SCs, as they integrate spike-inducing stimuli.
Our goal Iin the present study was to explore supra-threshold inputs In
0055 = = ~ ~ more detail, focusing on feature detection by SCs.
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Methods

All experiments were conducted as approved by the Boston University Institutional Animal Care and Use Committee. Young (14-35 day old) Long-Evans rats
were anesthetized by overexposure to CO, and decapitated. The brain was quickly removed and immersed in cold (0° C) oxygenated artificial cerebral
spinal fluid (ACSF) (in mM: NaCl 126, KCI 3, NaH,PO, 1.25, MgSO, 2, NaHCO, 26, Glucose 10, CacCl, 2, buffered to pH 7.4 with 95/5 % O,/CO,). Horizontal
slices were prepared using a Vibratome cutter (TPI). Slices were allowed to recover for 1 hour prior to recording in a holding chamber at room temperature,
continuously bathed in oxygenated ACSF. The recording chamber was a Haas top (Harvard Apparatus), maintained at 34°C (TC-202A, Harvard Apparatus).
Layer Il of the EC was visualized by transillumination of the recording chamber. Electrodes of resistance 70-90 MQ were pulled on a horizontal puller (Sutter
Instruments) and filled with 2 M KCI. Intracellular voltages were amplified (Axoclamp 2B, Axon Instruments), lowpass filtered (lab-made 8-pole Butterworth
at 5 kHz), and digitized at 10 kHz via software created in LabView (National Instruments) controlling a data acquisition card (National Instruments, PCI-
6035E). In most experiments, synaptic transmission was blocked by CNQX (10 uM), bicuculline methiodide (10 uM) and AP-5 (30 uM), obtained from Sigma
(St. Louis, MO). Even without synaptic blockers, spontaneous synaptic events were too rare and too small to significantly change any of our results.

Analysis

To find the generalized principle components (GPCs), we first construct covariance matrices from all input that preceded spikes(C
). We take the covariance difference matrix as, AC = C

an equivalent number of randomly selected stimuli (C,,,
the GPCs as the eigenvectors associated with the non-zero eigenvalues of AC.
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We determine the amount of a GPC present in the input by first projecting all pre-spike stimuli onto the GPC. We then divide that number by
the standard deviation of all inputs projected onto the same GPC. The result is a dimensionless description of the number of standard
deviations the input was from the norm, in the direction of the GPC. A correctly scaled histogram of this projection for all pre-spike stimuli
constitutes an estimate of the conditional distribution of input magnitudes in the GPC direction, given that a spike occurred.

From the probability distributions in one and two dimensions, we calculate the Shannon entropy for random stimuli and for pre-spike stimuli,
given their projections onto the GPCs. Taking the difference of these, we are left with the information that a single spike carries about the
preceding stimulus, along the directions of the GPCs. We use a similar method to examine the information content that a spike carries about

pre-spike stimuli as a function of time, disregarding the GPC projections.

Results
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Displayed above are spike centered averages for theta-rich input (left) and broadband input (right), both at varying amplitudes. While the left-
hand sides of the plots show traditional spike triggered averages (STAs), the right-hand sides reflect the autocorrelations of the stimuli. The
time constants for the theta-rich STAs are faster than the input autocorrelations, meaning that SCs select relatively fast features from slow
(theta-rich) stimuli. Conversely, SCs select relatively slow features from fast (broadband) stimuli.
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GPC analysis revealed 2 significantly non-zero eigenvalues for theta-rich stimuli, but only one for broadband stimuli (top). The largest
eigenvalue in both cases corresponded to an STA-like component (E,,, bottom). The other GPC in the theta-rich case (E,) had a longer duration

that corresponded to one cycle of the theta rhythm. E,for broadband stimuli was noisy and not preserved from trial to trial.
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By projecting the spike-triggered stimuli across the GPCs, we measured the amount of each component contained within the input. These
distributions are the probability densities of the strength of each GPC in pre-spike stimuli. In both cases, the projections onto E,, show that the
pre-spike distributions (solid blue) are clearly right-shifted with respect to the distribution of randomly selected stimuli (dashed blue). The
distributions of the E, projections are more difficult to interpret, but the pre-spike stimuli (solid red) appear to yield smaller variances than their

randomly selected counterparts (dashed red), and perhaps differ in their higher-order moments.
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Joint distributions of the projections tell us how probable it was to find both E,,and E, in spike-eliciting stimuli. For theta-rich stimuli, we see a clear
asymmetry, suggesting that the joint distribution carries information above and beyond the E, and E,, distributions alone. In contrast, the symmetry
for broadband stimuli suggests that neither the joint distribution nor even the E, distribution plays a significant information theoretic role.
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Information about E, adds substantially to the information concerning E,, alone for all input types, but this effect is proportionally greater for
theta-rich stimuli. Recall that E, for broadband stimuli did not appear to be well-defined, and its eigenvalue was close to zero. Thus, it is likely
that for broadband stimuli, the information about E, is irrelevant to the cell, and may in fact tend to zero if more data were analyzed.
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The information from theta-rich stimuli is primarily about the 20 ms prior to a spike, but is also about events distributed back in time. The secondary
peak, between -100 and -50 ms, is likely associated with the E, projections and perhaps a theta cycle. This secondary peak is absent for broadband

stimuli in which the vast majority of the information concerns only the 10 ms prior to a spike. What information does exists further back in time is
noisy and difficult to understand, supporting our hypothesis that for broadband stimuli, extra information carried about E; may not be used by SCs.

DiIscussIion

Stellate cells (SCs) of the entorhinal cortex spike more reliably to theta-rich inputs, while their subthreshold responses show no sign of frequency preference.
This indicates a supra-threshold, spiking resonance in SCs. By examining spike triggered averages (STAs), we found that spike-inducing features vary with
stimulus frequency content, and may extend as far back as 100 ms before a spike. Generalized principle component (GPC) analysis yielded a dominant STA-
like input feature. Predictably, the majority of the information conveyed by a single spike concerned this STA-like feature.

For all inputs, a second stimulus feature added substantially to the total information available. This effect was surprising for broadband inputs, given that the
second feature was ill-defined and along with the information, haphazardly distributed in time. Together, these results suggest that for broadband stimuli,
single spikes provide significant information about STA-like events only. For theta-rich stimuli, the second principle feature hinted of a preference for theta-
frequency inputs, and a larger proportion of information was added by including this second feature. In addition, there was a distinct secondary peak in the
iInformation about the stimulus, 50 to 100 ms prior to a spike. These observations suggest that for theta-rich stimuli, a single SC spike can carry a complex
message about recent and/or temporally distant input events.

This work adds to the growing consensus that neurons’ spiking regimes can be input-selective, changing as a function of stimulus amplitude and frequency
content. Multiple features, on multiple time-scales, are important in eliciting spikes and for contributions to the information in the resulting spike train.
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