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Abstract

Timing is a crucial aspect of synaptic integration. For pyramidal neurons that integrate thousands
of synaptic inputs spread across hundreds of microns, it is thus a challenge to maintain the timing
of incoming inputs at the axo-somatic integration site. Here we show that pyramidal neurons in the
rodent hippocampus use a gradient of inductance in the form of HCN channels as an active
mechanism to counteract location-dependent temporal differences of dendritic inputs at the soma.
Using simultaneous multi-site whole cell recordings complemented by computational modeling,
we find that this intrinsic biophysical mechanism produces temporal synchrony of rhythmic inputs
in the theta and gamma frequency ranges across wide regions of the dendritic tree. While gamma
and theta oscillations are known to synchronize activity across space in neuronal networks, our
results identify a novel mechanism by which this synchrony extends to activity within single
pyramidal neurons with complex dendritic arbors.
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Introduction

In neural systems, network oscillations synchronize neural activity within and across brain
regions!—3. The rodent hippocampus is a well-studied system in this regard, where the high
frequency ‘gamma’ oscillations (40-150 Hz) and the slower “theta’ oscillations (4-10 Hz),
route information and synchronize neural activity during hippocampus-dependent
behaviors#~7. These oscillations also form a basis for a temporal code where the relative
timing of neuronal firing carries valuable information®9- Interpreting the timing of these
inputs, however, can be an intricate task for pyramidal neurons with extended morphologies.
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For example, a single CA1 neuron from the rat hippocampus is innervated by approximately
30,000 synapses spread up to 1000 um from the axo-somatic integration sitel911, Capacitive
filtering during dendritic propagation would thus result in location-dependent distortion of
the timing for these inputs2. In this study, we ask whether CA1 pyramidal neurons have a
mechanism that corrects for this temporal distortion.

Our results reveal that CA1 neurons have an intrinsic biophysical mechanism in the form of
a gradient of inductance that compensates for capacitive location-dependent temporal

delays. In a linear electrical system, capacitors and inductors are both energy storage
elements that have opposing influences on the temporal relationship between current and
voltage for oscillatory inputs. Capacitive elements typically cause phase delays where the
voltage lags the current while inductive elements cause phase advances where the voltage
leads the current!3. In biological systems, the lipid bilayer imparts capacitance to the
membrane. Another source of capacitance or even inductance is the gating of ion-channels
depending on whether they amplify or restore changes in the membrane potential,
respectively®. This type of ‘reactance’ is termed ‘phenomenological’ or ‘anomalous’ since
it is unconventionally generated by the time-variant resistive properties of ion-channels4-16,
In CAL neurons, the hyperpolarization-activated cation nonselective (HCN) channels impart
a strong phenomenological inductance to the membrane electrical properties?:18. This
inductance leads to amplitude resonance in the theta frequency range and phase advance of
the voltage relative to the current at low frequencies®-23, Both these attributes increase with
distance from the soma and are accentuated in the distal dendrites due to the underlying
increase in the local HCN channel densityl7:23:24 While the implications of this inductance
gradient on the amplitude of incoming inputs is band-pass filtering of dendritic signals in the
theta frequency range, its influence on the capacitive delay associated with propagation has
remained unexplored?>27,

In this study, we show that the HCN gradient of inductive reactance actively compensates
for distance-dependent capacitive delay of distal dendritic inputs ensuring that in spite of
variable propagative distances, spatially dispersed synchronous inputs are co-incident at the
axo-somatic integration zone. Using multi-site whole cell recordings and computational
modeling, we show that this response synchrony at the soma is optimum for inputs in the
theta frequency range. Finally, using the dynamic clamp technique to simulate synaptic
events, we show that gamma and theta frequency synaptic inputs are especially well suited
to take advantage of these dendritic filtering mechanisms. We find that synaptic mechanisms
convert high frequency gamma power into theta power thereby facilitating the transfer of
high frequency information from distal sites to the soma.

Theta-frequency oscillatory synchrony at the soma

Theoretical predictions suggest that capacitive filtering in dendrites during passive
propagation of electrical signals leads to location-dependent temporal differences at the
somal2. For oscillatory inputs, these temporal differences would be manifested as a distinct
phase delay of the distal input compared to the proximal input, when measured at the soma.
We explored these location-dependent temporal differences in CA1 neurons using dual
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whole-cell current clamp recordings between the soma and approximately 300 um along the
apical dendrite. Surprisingly, for a sinusoidal current input of 7 Hz, the voltage response at
the soma for the distal dendritic input was synchronous with that of the proximal somatic
input indicating that the phase or latency of voltage response at the soma was independent of
input location along the apical dendrite (Fig. 1a, b).

The impedance phase profile at the soma (ZPPsoma) describes the phase relationship
between current input at a given location and its somatic voltage response across all
measured frequencies. When the ZPPg,ma Was compared between distal and proximal
inputs, the observations were similar for all measured neurons. At lower frequencies (0—
4Hz), the response to the distal input unexpectedly appeared before that of the local input at
the soma. This phase advance of the distal input disappeared around 7 Hz (7.04 + 0.44 Hz;
n= 8), where the distal and the local somatic responses were synchronous. At higher
frequencies (>10 Hz), the response to the distal input showed an increasing phase lag (Fig.
1c, e). This oscillatory synchrony of voltage response was dependent on the direction of
propagation. When the same inputs were observed in the dendrites, the voltage response to
the local dendritic input always occurred before that of the distal somatic input at all
measured frequencies (Supplementary Fig. 1).

Positive impedance phase (Phase advance of voltage to current) observed at lower
frequencies is a hallmark of an inductive component in a linear system. As HCN channels
are known to impart membrane inductance in CA1 neurons, we tested for oscillatory
synchrony with the HCN blocker ZD728823. Addition of ZD7288 abolished oscillatory
synchrony at 7 Hz and led to distinct location-dependent differences across all measured
frequencies (Fig. 1a, b, d, e). Thus, HCN channels play a crucial role in synchronizing the
response of distal and proximal inputs at the soma in the theta frequency range.

Next, we tested whether oscillatory inputs across the entire apical dendrite are synchronized
at the same frequency using two parallel approaches. Employing a computational approach,
we simulated the soma and apical dendrite of a CA1 neuron using a simple “ball-and-stick”
model. This model had comparable dimensions and passive membrane parameters to those
experimentally measured in CA1 neurons?8. The proximal and distal ZPPg, in this model
was similar to that experimentally observed during dual whole-cell recordings with HCN
channels blocked (Supplementary Fig. 2). In this passive model, we then introduced HCN
conductance with voltage dependence, activation/deactivation kinetics, reversal potential,
and spatial distribution of conductance density similar to that reported from cell-attached
recordings in CA1 neurons!’. Addition of HCN conductance with these constrained
parameters generated an active model that satisfactorily reproduced proximal and distal
ZPPgoma 0bserved experimentally in CA1 neurons (Supplementary Fig. 2). We then used
this active model to see if oscillatory inputs across the apical dendrite are synchronized at
the same frequency.

The local impedance phase profile (ZPP)qca1) describes the local current-voltage phase
relationship across the frequency range. The ZPP|yc Showed a uniform phase advance
across the frequency range with increasing distance from the soma (Fig. 2a). This suggests
that for simultaneous inputs, the voltage response is earlier in the dendrites than at the soma
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across all frequencies?3. This phase advance of the dendritic response was however
neutralized at the soma. The ZPPgym, for inputs across the apical dendrite showed relatively
no location-dependent differences. This was especially true at a single frequency, where
inputs across the apical dendrite had a synchronous somatic response (Fig. 2b). We term this
frequency ‘Synchronization Frequency (SyncFreq)’ of the neuron.

Our second approach was experimental in which we recorded simultaneously from the
soma, 150 pm and 300 pm along the apical dendrite. Experimental measurements of ZPP|ycg
and ZPPgoma at multiple locations supported the model predictions of a local phase advance
with increasing distance from the soma and the subsequent emergence of a single SyncFreq
for the entire apical dendrite (Fig. 2c, d). Dual whole cell recordings at the soma and varying
distance along the apical dendrite showed no significant correlation between SyncFreq and
distance from the soma, further confirming that SyncFreq is uniform along the apical
dendrite (Fig. 2e). Thus, using experimental and modeling approaches, we find that the
presence of HCN channels synchronizes the somatic response for oscillatory inputs across
the entire apical dendrite at a single frequency.

To understand the emergence of SyncFreq, we altered the maximum HCN conductance
density in the model neuron and observed that SyncFreq increased linearly with an
exponential increase in HCN conductance (Fig. 2f). Thus, the HCN conductance density has
to be maintained in a given range for SyncFreq of the neuron to be in the theta frequency
range.

We then compared the influence of a pure leak conductance with that of HCN conductance
on location-dependent phase differences to understand the importance of inductance to
oscillatory synchrony. This comparison showed that the gradient of inductance (HCN
channels) was not only more efficient at reducing location-dependent phase differences as
compared to a pure leak conductance, but it did so along with significantly less amplitude
attenuation of dendritic signals (Supplementary Fig. 3). This highlights the two-fold
significance of the inductive HCN gradient in reducing both, location-dependent temporal
differences and amplitude attenuation associated with dendritic propagation.

Synchonization Frequency is optimally propagated to soma

Transfer Resonance Frequency (TRF) refers to the frequency at which a unit current in the
dendrite has maximum voltage amplitude at the soma and refers broadly to a frequency band
that is selectively filtered from the dendrite to the soma26. Comparison of SyncFreq and
TRF in the models with varying density of HCN conductance showed that the SyncFreq was
almost always close to the TRF (Fig. 3a). This suggests that oscillatory signals that are
synchronized across the apical dendrite are also most efficiently and selectively propagated
to the soma. This was supported by our experimental data from dual recordings where
SyncFreq and TRF showed a strong positive correlation with the slope of the regression line
statistically not different from 1 (Fig. 3b).

To understand the basis for this relationship between TRF and SyncFreq, one of the
parameters that we altered was the spatial distribution of HCN conductance in the model
neuron and observed that oscillatory synchrony could be achieved by a sigmoidal, linear or
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even an uniform distribution of HCN conductance (Supplementary Fig. 4). However, the
crucial relationship between TRF and SyncFreq, which would lead to the selective
propagation of signals around the SyncFreq could only be achieved by a distribution with an
increasing HCN conductance (linear or sigmoidal) (Fig. 3c). Thus, the spatial distribution of
HCN conductance is an important factor in selective propagation of synchronized
frequencies across the apical dendrite.

We also explored the role of HCN channel parameters by altering the voltage dependence
and kinetics of HCN channels. While changes in V1o had a predictable effect on SyncFreq
similar to the increase in maximum HCN conductance, altering the kinetics of HCN
channels had a relatively smaller effect on oscillatory synchrony (Supplementary Fig. 5).
Our simulations also suggest that oscillatory synchrony is restricted to the sub-threshold
voltage range and has a voltage-dependence that is influenced by the conductance density of
HCN channels within the neuron (Supplementary Fig. 6).

Another source of inductance in CA1 neurons is the M-conductance, a non-inactivating
potassium conductance that is predominantly peri-somatic in distribution and active at
depolarized voltage ranges?2. The presence of M-channels leads to theta-frequency
resonance and phase advance of lower frequencies, analogous to HCN channels, but at
depolarized potentials. We thus included M-conductance in our model neuron to assess its
influence on oscillatory synchrony. Inclusion of M-conductance at conductance densities
that imparted realistic resonance values at depolarized voltages had negligible influence on
oscillatory synchrony, which was restricted to sub-threshold voltages (Fig. 3d, e).
Furthermore, simulations with a 5-fold increase in M-conductance (while keeping the HCN
conductance constant) still failed to influence oscillatory synchrony (Fig. 3f, g). We thus
conclude that M-conductance has negligible effect, if any, on oscillatory synchrony.

Oscillatory synchrony in the oblique dendrites

Our experimental and modeling results describe the synchronization of inputs that are
primarily on the apical dendrite of the CA1 neuron. The majority of synaptic inputs in these
neurons are, however, on the oblique branches extending from the primary dendrite. Since
it is technically challenging to experimentally observe whether oscillatory synchrony
extends to these inputs on oblique dendrites, we used a realistic morphological model of a
CAL neuron to address this question. It should be noted, however, that since the ion-channel
densities in these oblique branches remain unexplored, we made the assumption that the
HCN conductance density in these obliques is similar to that in the apical, when described as
a function of distance from the soma.

Our simulations suggest that in spite of complex morphology, oscillatory synchrony extends
to the synaptic inputs on oblique dendrites (Fig. 4a—d). Moreover, we also observe the
logarithmic relationship between SyncFreq and HCN conductance density, and the
correlation between SyncFreq and TRF that was predicted by the simple “ball-and-stick”
model (Fig. 4e, f). Predictably, the transfer impedance from the proximal oblique inputs is
slightly higher than those from the apical inputs as would be expected with the smaller
dendritic diameter (Fig. 4g). These results suggest that oscillatory synchrony and its
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ancillary filtering principles most likely extend to the majority of the synaptic inputs in CAl
neurons.

Location-independence of synaptic waveforms

Our observations suggest that the gradient distribution of HCN channels in CA1 neurons
ensures the selective transfer of synchronous frequencies with a high gain from dendrite to
the soma. A corollary to this principle is that synaptic inputs measured at the soma would be
dominated by frequency components that are synchronous irrespective of the synaptic firing
pattern. This would result in similar voltage waveform at the soma for a given synaptic
firing pattern irrespective of the synapse location along the dendritic arbor.

We tested this hypothesis by simulating different patterns of synaptic inputs 300 um along
the apical dendrite and at the soma using the dynamic-clamp method to simulate realistic
synaptic currents (Methods) and simultaneously recording the voltage-waveform at the soma
during dual whole-cell recordings. When we compared the voltage waveforms for a single
synaptic event or a burst of 5 events at 60 Hz, the waveform at the soma was identical
irrespective of the input location (Fig. 5a, b). Addition of ZD7288 (20 uM) to block HCN
channels led to location-dependent differences in the somatic voltage waveform for the
single event with increase in the latency of peak and half-width for distal inputs (Fig. 5c, d).
Temporal summation, which compares the amplitude of the last EPSP to the first EPSP in a
burst of synaptic inputs, also increased depicting distinct location-dependent differences in
the burst waveform at the soma (Fig. 5e).

This location-independence of the waveform at the soma for a single synaptic event or a
burst input has been observed empirically as a HCN channel dependent phenomenon in the
pyramidal neurons of the hippocampus and the cortex29-31. However, understanding this
phenomenon in the light of underlying frequency components uncovers the role of
oscillatory synchrony during integration of synaptic inputs at the soma.

When we analyzed the frequency components that make up the synaptic input current for a
single event or a burst of 5 events at 60 Hz (Fig. 6a, b), both the patterns of synaptic input
differed significantly in their frequency content. While the single event had a stronger high
frequency component (40-100 Hz), the synaptic burst had a distinct 60 Hz component, as
expected, along with a strong low frequency component (0-10 Hz), presumably due to the
envelope of depolarizing current (Fig. 6¢, d). However, when the voltage waveform of these
inputs was analyzed at the soma, there was an obvious similarity in their frequency content.
Irrespective of the nature of their input frequencies, the voltage waveform at the soma was
composed exclusively of low-frequency components, especially the ones at which
oscillatory synchrony is predominant (Fig. 6e, f; Fig. 1c). This was not necessarily a
surprising result, considering HCN inductance has been associated with band-pass filtering
of theta-frequency (4-12 Hz) signals?6:27. However, taken together with our findings of
oscillatory synchrony in the same frequency range due to the characteristic distribution of
HCN channels, we describe an important biophysical mechanism in CAL neurons that
counteracts location-dependent temporal differences of synaptic inputs associated with
capacitive filtering. Application of ZD7288 abolished this frequency selectivity and
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disrupted oscillatory synchrony leading to location-dependent differences in voltage
waveform at the soma further supporting this hypothesis. (Supplementary Fig. 7).

Gamma-frequency inputs maximize oscillatory synchrony

As the voltage waveform at the soma appears to be exclusively comprised of theta frequency
components (Fig. 6e, f)28, it could be argued that temporal patterns of synaptic events that
generate a strong theta-frequency component in the input current are more efficient at
exploiting the biophysical filtering properties of the apical dendrite. For example, when the
input current generated by a single synaptic event was compared to that generated by a burst
of 5 events at 60 Hz, the burst current input had a significantly stronger (>10 fold) theta-
frequency component suggesting that it is more efficient for propagation to the soma than a
single synaptic event (Fig. 6c, d). This is confirmed when the voltage responses at the soma
are analyzed for both these inputs (Fig. 6e, f).

To identify the temporal patterns of synaptic inputs that maximize oscillatory synchrony, we
started with the burst input and altered the frequency of the synaptic events within the burst
(Fig. 7a). We then analyzed the slow-frequency components in the dendritic current input
that constitute the majority of the voltage output at the soma (Fig. 7b, ¢). Our results show
that burst frequencies in the gamma frequency range (40-140 Hz) generate a slow input
current component that peaks in the theta frequency range (4-10 Hz) (Fig. 7d). Additional
experiments suggest that this relationship, though dependent on the burst size, holds true for
synaptic bursts consisting of 3-9 impulses (Fig. 7e). Assuming gamma bursts occur on
either the peak or valley of a 7 Hz theta cycle32, this range of impulses per synaptic burst
would be relevant for the entire range of gamma frequencies between 40 and 120 Hz.

The gamma-theta correlation of input current suggests that gamma-frequency synaptic
bursts would maximize oscillatory synchrony and signal transfer to the soma. We directly
confirmed this proposed efficiency of signal transfer by measuring the transfer impedance at
the peak input current frequency using the simultaneously recorded voltage output at the
soma (Fig. 7f). Our results confirmed that gamma frequency burst inputs maximize the gain
of signal transfer to the soma. In the hippocampus, gamma oscillations synchronize
distributed cell assemblies between the CA1 region and its input areas, the CA3 or the
entorhinal cortex*®. Our results suggesting that gamma frequency synaptic inputs maximize
oscillatory synchrony and signal transfer within the neuron thus illustrate how signal
integration within CA1 neurons is tuned to the oscillatory nature of the hippocampal
network. It should also be noted that this gamma-theta correlation of synaptic currents
observed in single CA1 neurons is distinct from the phenomenon of cross-frequency phase
coupling observed at the network level®:33,

Oscillatory synchrony during rhythmic synaptic bursts

During the active state of the hippocampal network, gamma oscillations are modulated by
the overarching theta oscillations®. From the cellular perspective, synaptic integration during
these network oscillations involves rhythmic excitation and inhibition contributed by a
multitude of synapses3*. So is oscillatory synchrony relevant when multiple synaptic
conductances, excitatory and inhibitory, influence membrane potential in a rhythmic
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manner? To answer this question, we used the dynamic clamp system to simulate dendritic
excitation and somatic inhibition from a multitude of synapses simultaneously. Although it
is not currently possible to simulate the spatio-temporal nature of in vivo-like conductances
in vitro, the aim of this experiment was to identify the frequency components generated
during rhythmic synaptic burst firing and assess their relevance to oscillatory synchrony. To
this effect, each synapse provided stochastic burst inputs in the gamma frequency range (~90
Hz), which was modulated at a theta frequency (7 Hz) to provide rhythmic excitation and
inhibition (Fig. 8a). We used this experimental paradigm 1) to test whether oscillatory
synchrony can be achieved by rhythmic synaptic inputs and 2) to assess the influence of
inhibition in the process.

Although the inhibitory synapses had a higher synaptic conductance and slower time
constant than the excitatory synapses (Methods), they generated negligible currents
confirming to the role of inhibition as primarily a shunting mechanism (Fig. 8a). The input
currents generated were predominantly from dendritic excitation and were dominated by the
rhythmic nature of synaptic bursts. This was apparent in the strong theta frequency
component observed in the input currents (Fig. 8b). In keeping with the selective filtering
properties of the apical dendrite observed with oscillations or burst inputs, the voltage
outcome at the soma was composed exclusively of the same theta-frequency component.
The voltage waveform thus approached a pure sinusoid similar to that observed during
intracellular recordings of CA1 neurons during active behavior (Fig. 8a, c)34:3%, Since
oscillatory synchrony is optimum in this theta-frequency range, we predicted that the
somatic voltage response to rhythmic excitation would be similar irrespective of whether the
excitation was in the dendrites or at the soma. Our experimental observations supported this
outcome when the somatic voltage waveform was compared for rhythmic excitation in the
dendrites or alternatively at the soma keeping all other conditions the same (Fig. 8d). This
underscores the functional relevance of oscillatory synchrony to synaptic integration in CAl
neurons during rhythmic synaptic burst firing.

Discussion

In this study we show that the distribution of HCN channels in CAL1 neurons provides a
gradient of inductance that compensates for the location-dependent capacitive delay of
dendritic inputs at the axo-somatic integration site. Using an experimental approach
complemented by theoretical simulations, we show that the gradient of increasing
inductance is an efficient strategy not only for synchronization of inputs but also for the
selective and efficient transfer of particular frequency components to the soma. An outcome
of these filtering properties is that the voltage waveform at the soma is less sensitive to the
input location of the synapse in the dendrites of CA1 neurons. Using the dynamic clamp
method to mimic temporal patterns of synaptic input, we show that these filtering properties
are best harnessed by gamma frequency synaptic bursts or rhythmic burst inputs in the theta
frequency range, both of which are observed during the active state of the hippocampal
network.

In CA1 neurons, the conductance density of synaptic AMPA receptors increases with
distance from the soma. The higher amplitude synaptic response in the dendrites
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compensates for voltage attenuation resulting in uniform voltage amplitude at the soma for
synaptic inputs across the apical dendrite36. Our results here describe a complementary
biophysical mechanism that counteracts location dependent temporal differences at the
soma. Taken together, these observations suggest that CA1 neurons utilize sub-cellular
gradients of active conductances to ensure that each synaptic input carries equal weight, in
amplitude and timing, during subthreshold integration at the soma. The experimental
evidence for this democracy of synapses is, however, limited to the Schaffer collateral
pathway in CA1 neurons.

The normalization of voltage waveform at the soma for synaptic inputs at varying dendritic
locations has been empirically observed as a HCN channel dependent phenomenon in CAl
neurons of the hippocampus, L5 pyramidal neurons of the somatosensory cortex and
cerebellar purkinje cells?-31, To our knowledge, however, this study is the first to provide a
mechanistic understanding of this phenomenon in explicit signal processing terms. The
insight provided by this approach helps us appreciate subtle nuances that optimize this
process, like the contribution of the spatial distribution of HCN channels, which were
suggested to be inconsequential by previous studies3?.

The signal processing approach also highlights that gamma frequency synaptic inputs in the
dendrites of CAL neurons undergo filtering during sub-threshold transmission to the soma
such that it is not the high frequency components but the slower theta component of high-
frequency bursts that actually transmits information from the dendrite to the soma. While
this finding supports the efficiency of gamma-frequency inputs in distal signaling, it presents
a conundrum for the notion that high frequency inputs from the CA3 region or the direct
entorhinal input can entrain high frequency CA1 output. While in vitro studies of gamma
oscillations suggest that the timing of synaptic excitation and inhibition has influence on the
timing of action potential generation in hippocampal pyramidal neurons3’, our results
suggest it is unlikely that distal high frequency inputs can entrain the axo-somatic output at
high frequencies. Our results, however, do not exclude the plausibility of dendritic
nonlinearities, like dendritic spikes or calcium plateau potentials in the s.I.m., to be involved
during direct entrainment of high frequency dendritic inputs38:39,

We should also stress the distinction between the gamma-theta correlation of synaptic
currents observed within a single CA1 neuron and the phenomenon of gamma-theta cross-
frequency coupling observed at the network level®. Our results are limited to the
transformation of pre-synaptic input patterns into the spectral content of the post-synaptic
currents. We do not claim that this observed correlation is the basis for, or contributes to, the
cross-frequency coupling between gamma and theta oscillations that plays an important role
in the co-ordination of activity within neural networks33.

One of the interesting observations from this study is that every CA1 neuron has a set
latency of somatic response for sub-threhsold integration across its dendritic arbor. Since
this latency is dependent on HCN conductance, it can be argued that synaptic plasticity,
which is accompanied by bidirectional changes in HCN conductance, could potentially alter
the response latency or phase of CA1 neuronal output?3:244041 |n fact, a similar outcome
where Hebbian plasticity is used as a mechanism to alter the timing of neuronal output has
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been described in the insect olfactory system#2. Within the hippocampus, where the timing
or phase of the neuronal output carries valuable information regarding the output of the
network, oscillatory synchrony and its plasticity provide a new biophysical mechanism for
computation within the hippocampal network °.

In a wide variety of biological networks, information is represented by transiently active
neuronal ensembles or cell assemblies43-45. In the rodent hippocampus, such cell
assemblies have been experimentally identified and are considered to be essential for
information processing during spatial navigation or memory encoding/recall4647, Since
synchronous activity is the only hallmark for a downstream neuron to identify an upstream
cell assembly, our study identifies a key adaptation in pyramidal neurons to detect
meaningful signals from upstream neural layers.

In conclusion, it is perhaps a paradox that while gamma and theta oscillations are considered
as network mechanisms to synchronize neuronal output, they are equally important to
synchronize neuronal inputs during synaptic integration within a single neuron 1-3,

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Theta frequency oscillatory synchrony in CA1 neurons
(a) The somatic voltage response (normalized for amplitude) to a sinusoidal current of 7

Hz/100 pA (---) into the dendrite at 300 um ( red) and at the soma (black). Note both
responses are measured at the soma. The responses overlap in control conditions suggesting
synchrony of oscillatory response at the soma. This synchrony is disturbed by HCN blocker
ZD7288; (b) Summary data for experiments described in (a) with response latency defined
as the difference in time between current injection at input site and voltage response at soma
(in ms). [Control: Soma 9.73%1.19 and Dendrite 9.77+1.36 (n=8; N.S., p=0.93, paired t-
test); ZD7288: Soma 16.50+1.23 and Dendrite 21.51+0.90 (n=6; ***,p=0.00047, power(1-
(3)=0.98, paired t-test)]. (c) Impedance phase profile at soma (ZPPsoma) measured by 2s/
100pA sinusoids of varying frequency when injected in the dendrite at 300um ( red) and at
the soma (black). Note the intersection point (arrow), which suggests synchrony of response;
(d) same as (c) but with ZD7288. Note the absence of synchrony; () Summary data for
experiments in (c, d) but described as difference in phase between the dendritic response and
somatic response. Positive values suggest dendritic input precedes the somatic input at the
soma and vice-versa. Scale bars: 10 ms. Dendritic recording locations: 291+ 11 ym
(Control); 28848 um (ZD7288). Error bars indicate s.e.m.
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Figure 2. Inputs across the apical dendrite are synchronized at the same frequency
Panels with blue indicate modeling data (a, b, f) while those in red indicate experimental data

(c, d, ) (a),(c) The latency of local voltage response to a current input reduces with distance
from the soma across the frequency range. This is depicted by phase advance (upward shift)
of the ZPPjocq With distance from the soma. (b),(d) Subsequently, the voltage response at
the soma is relatively independent of the location of current input in the dendrites. This is
seen in the close overlay of ZPP4ym, for various distances along the dendrite. Note all
ZPPgoma have a single intersection point, the SyncFreq, where the response latency/phase at
the soma is independent of input location along the dendrite. The blue arrow and the red
electrode depict a distance of 300 um from the soma in the model and whole-cell recording
respectively. (e) SyncFreq was independent of distance from the soma when sampled by
dual-whole cell recordings between the soma and varying distance along the dendrite. The
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data suggested a slightly positive trend which was statistically not significant (n=12;
r=0.563+0.26; N.S., p=0.056, power(1-)=0.47, linear correlation test (pearson)). (f)
Exponential increase in maximum HCN conductance leads to a linear increase in the
SyncFreq within the neuron.
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Figure 3. Synchronization Frequency is optimally propagated to the soma and the influence of
M-channels on oscillatory synchrony

(a) suggests that the transfer impedance to the soma is almost always maximum (denoted by
transfer resonance frequency) at the SyncFreq. Data points reflect variations in maximum
HCN conductance density in the computational model. (b) Experimental data from dual
recordings at soma and approximately 300 pm along the apical dendrite confirming the
modeling predictions of (a) in CA1 neurons. Slope was not statistically different from 1,
regression reflected through origin. (n=8; r2=0.968+065; N.S., p=0.459, Linear Regression
Test). (c) shows the transfer impedance amplitude profiles for dendritic inputs at the soma
from 300 pm for the three spatial distributions of HCN conductance (inset). Note
synchronization frequencies are marked on the Impedance amplitude profiles. (d) describes
the somatic resonance across a voltage range for models with only HCN conductance, with
HCN and M-conductances and with only M-conductance. Independent markers depict the
experimentally measured resonance values in rat CA1 neurons (Ref 24; Fig. S4). (e) shows
that inclusion of M-conductance has negligible, if any, effect on oscillatory synchrony. Note
that oscillatory synchrony does not exist with M-conductance alone. (f) &(g) are analogous
to (d) & (e) but with M-conductance enhanced 5-fold with HCN conductance being kept
constant.
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Figure 4. Oscillatory synchrony extends to oblique dendrites
(a) & (b) represent ZPPyym; for inputs along the apical trunk and in the oblique dendrites,

respectively, in a passive morphologically realistic CA1 neuron model. (b) & (d) represent
ZPPgoma for the same inputs after inclusion of HCN conductance in a sigmoidal distribution
with maximum conductance density of 1073 S/cm2. The ZPPsoma in (a)-(d) for different
locations are similar to those observed in the ball-and-stick model in Fig. 2a, b. (e) The
logarithmic relationship between HCN conductance density and SyncFreq observed in Fig.
2f is also observed in the morphologically realistic model.(f) shows that the correlation
between SyncFreq and TRF observed in Fig. 3a also extends to the morphologically realistic
model. (g) depicts the transfer impedance to the soma for the different locations marked on
the morphological model (inset). Note that apart from slight increase in transfer impedance
for proximal oblique locations, the morphologically realistic model suggests that inputs from
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the oblique branches undergo similar temporal processing as observed for the inputs from
the apical trunk
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Figure 5. Synaptic inputs across the apical dendrite have similar voltage waveform at the soma
(a) & (b) The somatic voltage waveform is compared for synaptic currents (gray) injected at

300 um ( red) or at the soma (black). (2) represents a single synaptic event, while (b) a burst
of 5 events (60 Hz). Note that the waveforms are similar in control and altered after addition
of ZD7288. All traces are normalized in amplitude for the first EPSP (approximately 2 mV
in each case except for the dendritic burst in ZD which was 1 mV to prevent neuronal
firing). (c),(d),(e) summarize the difference in voltage waveforms at soma before and after
ZD7288. (c) describes the difference in timing of the EPSP peak at the soma [Control
3.16+0.43; ZD7288 5.88+0.65 (n=4; ***, p=0.0268, power(1-3)=0.95, paired t-test)]. (d)
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compares the EPSP half width [Control: Soma 15.9+1.3; Dendrite 17.6£1.2 (n=4; N.S.,
p=0.111, paired t-test); ZD7288: Soma 23.1+2.4; Dendrite 38.1+3.0 (n=4; ***, p=0.00147,
power(1-3)=0.98, paired t-test)]. (e) depicts the temporal summation at soma [in %, Control:
Soma 31.1+8.5 and Dendrite 14.9£12 (n=3; N.S., p=0.084, paired t-test); ZD7288: Soma
112.6+16.6 and Dendrite 145.7£15.6 (n=3; ***, p=0.043, power(1-)=0.303, paired t-test)].
Error bars indicate s.e.m.
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Figure 6. The voltage waveform at soma is composed exclusively of synchronous frequencies
(a) & (b) describe the synaptic current injected by the dynamic clamp system at 300 pm to

simulate a single synaptic event in (a) and a burst of 5 events at 60 Hz in (b), along with the
corresponding voltage waveform recorded at soma in 4 different cells. (c),(d),(e) & (f)
analyze the frequency components in the corresponding dendritic currents or somatic
voltage waveforms for traces depicted in (a) and (b). Note that although the frequency
components in the synaptic current input are different for a single synaptic event or a burst,
the voltage waveform at the soma, in both the cases, is exclusively composed of low
frequency components, especially the ones that are synchronous at the soma.
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Figure 7. Gamma frequency synaptic bursts generate theta-frequency components important for
oscillatory synchrony

(a) describes the synaptic current input at 300 pm and the corresponding voltage output at
the soma for bursts of increasing frequencies. (b) &(c) depict the frequency components for
the current input and voltage output in (a) respectively. Note that all the high frequency
components are filtered out and only the slow frequency components make up the voltage
waveform at the soma. (d) describes the peak of the low frequency current component in the
dendrite which determines the voltage waveform at the soma for increasing burst
frequencies from 20 Hz to 180 Hz. Note that the peak component of burst frequencies from
50 — 140 Hz corresponds with the theta frequency range for bursts with 5 synaptic inputs. (e)
Same as (d) but with the number of impulses per burst changing from 2-10 (f) represents the
impedance measured at the peak slow frequency component for increasing burst frequency.
(gray) lines represent individual cells while red solid line represents the average and s.e.m
for the 4 cells. Note that the maximum impedance is for gamma frequency bursts as would
be predicted from (d). Error bars indicate s.e.m.
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Figure 8. Oscillatory synchrony in CA1 neurons during the active ‘theta’ state of the
hippocampal network

(a) (Top) illustrates the experimental paradigm of rhythmic synaptic excitation in the
dendrite from 4 excitatory synapses ( red) and alternative inhibition from 2 somatic synapses
(black) at 7 Hz to mimic alternate dendritic excitation and somatic inhibition in CAl
neurons. (middle) shows the synaptic currents generated and (bottom) shows the voltage
outcome at the soma. (b) describes the frequency component in the synaptic currents
measured at the two electrodes in (a), while (c) describes the frequency components of the
voltage output at the soma. (d) compares the voltage waveform in (a) to an alternative
paradigm where excitation was injected at the soma as well keeping everything else the
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same. Note that the voltage waveform at the soma is synchronized irrespective of the
excitation input location.

Nat Neurosci. Author manuscript; available in PMC 2014 June 01.

Page 24



