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Theta-frequency oscillatory synchrony in the

dendrites of hippocampal CA1 pyramdial neurons
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Supervisor: Daniel Johnston

A CA1 pyramidal neuron in the rodent hippocampus integrates inputs from as

many as 30,000 synapses distributed over hundreds of microns, making synaptic

integration an intricate spatio-temporal computation. Crucial to this computation,

is the timing of synaptic inputs at the axo-somatic integration site. Consequently, it

would be beneficial if co-incident proximal and distal inputs arrive simultaneously

at the axo-somatic integration site. This, however, is a challenge considering

that spatially dispersed inputs have to propagate varying distances, leading to

location-dependent temporal differences at the soma. Here we show that CA1

pyramidal neurons have an intrinsic biophysical mechanism in the form of a gradient

of HCN channels that actively counteracts location-dependent temporal differences

of dendritic inputs at the soma. HCN channels, due to their slow kinetics and

unusual gating properties, impart an inductive reactance to the neuronal membrane

properties. Using multi-site whole cell recordings, we show that this gradient of

inductive reactance actively compensates for the location-dependent capacitive delay

of dendritic inputs. This leads to a response synchrony of spatially dispersed inputs

vii



at the soma. This response synchrony is optimum for oscillatory signals in the

theta frequency range (4-12 Hz). Using computational modeling we show that the

characteristic sigmoidal distribution of HCN channels in CA1 neurons is crucial

for the efficient and exclusive transfer of these synchronous theta frequencies from

dendrite to the soma. To understand the significance of this oscillatory synchrony

during synaptic integration, we used the dynamic clamp technique to simulate

different temporal patterns of synaptic input in the dendrites of CA1 neurons.

Our results reveal that this oscillatory synchrony is best harnessed by theta and

gamma (40-140 Hz) frequency synaptic input patterns in CA1 neurons. Gamma

and theta oscillations are associated with synchronizing activity across space in

the hippocampal network. Our results thus identify a novel mechanism by which

this synchrony extends to activity within single pyramidal neurons with complex

dendritic arbors.
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Chapter 1

Introduction

Few instances convey the importance of temporal co-ordination in the nervous

system like watching a toddler take his first few steps. Typically, this involves

a few wobbly steps followed by an impending loss of balance and probably an

extension of the palm to break the fall. Although this scenario intuitively justifies

the importance of co-ordination or synchrony in neural function, its analysis from a

systems neuroscience perspective provides a stronger appreciation of the underlying

challenges.

The limb movement is planned, co-ordinated and executed by activity in the

premotor cortex, primary motor cortex and the spinal motor neurons. This activity is

heavily influenced by the cerebellum and the basal ganglia, structures that receive

direct input from the cortex and project information back to the premotor cortex via

the thalamus. Meanwhile, the sensory systems like the visual, auditory, vestibular

and somatosensory receive and compile sensory information by projecting it from

unimodal cortical areas to the associative areas in the prefrontal, parietotemporal

and the limbic cortices. These associative areas update the ‘internal’ view of the

progress made and send the appropriate instructions to the premotor cortex (Kandel
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et al., 2000). Thus, this seemingly simple act of a few steps requires precise

synchronization of neural activity across functionally distinct and anatomically

dispersed brain regions.

This example describes the importance of global or macroscale synchrony between

brain regions for successful neural function. It is important to note, however,

that this synchrony is an outcome of activity co-ordination at every underlying

level of organization in the nervous system. For instance, synchrony at the

macroscale assumes successful co-ordination within the local neuronal networks that

functionally define each of the brain regions. This co-ordination at the level of local

neuronal networks is at the mesoscale . In the same vein, synchrony at the mesoscale

depends on signal integration within single neurons that make up the local neuronal

networks, which is co-ordination at the microscale (Varela et al., 2001). For successful

neural function, it is thus imperative that mechanisms of neural synchrony are

efficient at each of these levels: the microscale, mesoscale and the macroscale.

In this dissertation, I propose that brain rhythms or network oscillations

within the nervous system are instrumental in achieving neural synchrony at the

macroscale, mesoscale as well as microscale. While simultaneous extracellular

recordings from different regions of the brain or within local neural circuits have

provided substantial evidence for this statement at the macroscale and the mesoscale

(Section 1.1), the technical challenges of recording simultaneous activity from

different compartments of the same neuron have left the question unanswered at

the microscale.

This dissertation focuses on the biophysical mechanisms within a single neuron

that enable co-ordination of synaptic activity at the microscale. Most principal

neurons of the mammalian nervous system have elaborate dendritic trees devoted

to the integration of thousands of synaptic inputs from local and distant neurons.
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While the magnitude of this connectivity may enable the nervous system to carry

out complex computations, the resultant dispersion of synapses makes synaptic

integration an intricate spatio-temporal task. In this dissertation, I identify and

describe biophysical mechanisms within the CA1 pyramidal neurons of the rodent

hippocampus that counteract the temporal distortion associated with the spatial

dispersion of synaptic inputs. An integral feature of this mechanism is its reliance

on the rhythmic or oscillatory nature of synaptic inputs that itself is an outcome

of neural mechanisms of synchrony at the meso/macroscale. This emphasizes the

importance of oscillations as an universal mechanism of synchrony at all levels of

organization in the nervous system.

In this chapter, I will describe the prominent theories and experiments that

describe the synchronization of neural activity within local neural circuits as well

as long-range synchronization between brain regions. I will follow that by a closer

look at network synchrony in the rodent hippocampus, the locus of the experimental

work in this dissertation. I’ll then describe the biophysical principles that affect the

co-ordination of signals within single neurons before concluding with an overview of

the dissertation findings and organization.

1.1 Neural synchrony in biological networks

The binding problem

An intriguing problem in disciplines exploring the human thought process like

psychology, neuroscience or philosophy is the representation of perception in the

human brain. In neuroscience, the idea of a percept is more tangible when it is

expressed in sensory terms like object representation. A classic example is the

representation of an object by the visual system, for example, a red book lying on your
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table. The percept of the book is a unified representation of a number of features like

the color, edges, texture, depth, etc. that are known to be encoded separately by the

visual pathways. What are the neural mechanisms that bind these features together

to evolve an object then?

The hierarchal structure of the visual system with neurons at lower levels

responding to simple features with small receptive fields while cells at higher levels

responding to complex features with large receptive fields suggests that anatomical

connectivity that is convergent in nature is a viable solution for object representation.

Although the simplicity of this theory is attractive, it also bears extreme cost in terms

of the number of neurons required to encode the variety of everyday objects. For

instance, given enough time, you could probably come up with an almost infinite

number of objects that are red in color. Object representation by a ‘hardwired’

system of anatomical connectivity would then require an unusually large number

of projections or neurons that encode the color red (Singer and Gray (1995); but see

Ghose and Maunsell (1999)).

To account for this flexibility in object representation, a more efficient coding

strategy is the dynamic grouping of active neurons that encode the features of a given

object. Such grouping can be referred to as a cell assembly that uniquely represents

a single object. Conversely, the identification of an object is dependent on the activity

in the unique constellation of neurons that form a cell assembly. The dynamic nature

of this system accounts for the flexibility in object representation as a given neuron

encoding a certain feature can be part of multiple cell assemblies. However, from

the decoding perspective, this can be ambiguous. If multiple assemblies are active

at a given instant, there is no defining feature that segregates a given cell assembly

in an active neural network. This was presented as a classic ‘binding problem’ by

Rosenblatt in 1962 (Rosenblatt, 1962; Roskies, 1999). A solution to this problem
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was proposed as ‘synchrony by binding’ or the Temporal Correlation Hypothesis by

the theoretician von der Malsburg and experimentalist Wolf Singer and colleagues

in the subsequent decades (von der Malsburg, 1981; Singer and Gray, 1995; von der

Malsburg, 1999).

Temporal Correlation Hypothesis

The temporal correlation hypothesis states that temporally correlated or

synchronous activity is the primary determinant of a functional cell assembly

representing a given object. This theory draws on the idea that cell assembly

members may have reciprocal connections or may receive a common input after

presentation of relevant stimulus that leads to temporally correlated activity in a

given neuron and its cohorts. At the cellular level, the importance of this synchrony

is reflected in the cortex where each neuron receives only a few synapses from a

single afferent axon. The sparse connectivity suggests that synchronous activity

which maximizes summation of inputs is a particularly effective way of generating a

neural response (Nicoll and Blakemore, 1993; Thomson and West, 1993). As elegant

an hypothesis as it is, the question is, does such binding synchrony exist in biological

networks? In the subsequent section, I’ll present the prominent studies that present

evidence of synchronized activity at the mesoscale and the macroscale in neural

systems.

Mesoscale synchrony

Stimulus-driven network oscillations have been a common feature of a wide variety

of biological networks. Perhaps, the earliest account of stimulus-induced oscillatory

synchrony came from olfactory studies in the hedgehog where presentation of
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odorants leads to oscillatory activity in the olfactory lobe and the pyriform cortex

(Adrian, 1942). The olfactory system has also provided some of the first evidence

of encoding of ‘objects’ based on synchronous activity in individual neurons or cell

assemblies (Wehr and Laurent, 1996; Gelperin and Tank, 1990) . The simplicity of

the locust olfactory system has been particularly insightful in understanding how a

given odor sequentially activates the same ensemble of neurons in a reliable manner

on a background oscillatory activity of 20-30 Hz (Wehr and Laurent, 1996; Laurent,

1996)

The visual cortex of the cat is another area providing strong evidence for stimulus

specific synchronization of activity within local neuronal populations encoding the

visual features of a given object. For instance, in one particular study, Gray and

colleagues showed that neurons from the area 17 and 18 of the cat visual cortex

show synchronized oscillatory response in the 40-60 Hz range only for a stimulus

of optimally aligned light bars within their receptive field (Gray and Singer, 1989;

Gray et al., 1989). This synchrony of activity representing visual binding has been

observed within the cortical columns, across the cortical columns and even across the

cerebral hemispheres (Singer and Gray, 1995).

Finally, in the rodent hippocampus, the spike times of hippocampal cells can

be predicted more accurately by using the spike times of simultaneously recorded

neurons in addition to the animal’s location in space (Harris et al., 2003). This

presents a strong case for cell assemblies in the hippocampus and interestingly these

‘assemblies’ have the same high firing rate of synchronous firing from 30-100 Hz.

This synchrony of response at the mesoscale has two distinct features: Firstly,

the synchronized firing is highly correlated only in the presence of an encoding

target, be it an odor, oriented bars or spatial location. This directly relates this

synchronized activity to object encoding. Secondly, the frequency of synchronized
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activity is always near the gamma frequency range (40-140 Hz). This suggests that

gamma frequency oscillations are involved in binding activity at the level of local

circuits or the mesoscale.

Macroscale Synchrony

Evidence for synchrony of activity at the macroscale comes from LFP (Local Field

Potential) recordings from multiple areas of the brain particularly, the cat and the

monkey cortical areas. For instance, Roelfsema and colleagues recorded LFPs from

multiple electrodes placed in the visual, association, somatosensory and motor areas

of the cat cortex and analyzed the activity during a visual sensorimotor task. During

the task, a grating was presented and after the grating changed the animal had to

press a key to obtain a reward. Analysis of activity showed that there was a selective

increase in the correlation between particular areas like the visual and the parietal

or parietal and the motor areas during the appropriate periods in the task (Roelfsema

et al., 1997).

A similar study was performed where LFPs were recorded from up to 15 cortical

sites in one hemisphere of adult rhesus macaque monkeys performing Go-No-Go trial

where the subject has to choose its response based on the represented stimulus.

The interesting result was not a sudden increase in correlated activity because of

a common stimulus but increased coherence between multiple areas during specific

stages of task processing. This coherence reflects long-range synchronization and

was present over multiple time-scales suggesting synchronization as an important

mechanism for multi-region binding during perception and action (Bressler et al.,

1993).

In this section, I have provided a brief overview of some of the landmarks studies
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that show that synchrony at the level of neural circuits and brain regions is an

important aspect for successful neural function. Network oscillations play a key

role in achieving this synchrony across both the macro and the mesoscale across a

wide range of invertebrate and vertebrate nervous systems. One of the most studied

system for network synchrony and function is the rodent hippocampus. In the next

section, I’ll introduce the hippocampal system with its anatomy, function and the

predominant oscillations that characterize its active information processing state.

1.2 Hippocampus and the temporal code

The hippocampal formation

The Hippocampus is a part of the limbic system that is referred to as the hippocampal

formation and includes the dentate gyrus, hippocampus, subiculum, presubiculum

and parasubiculum, and the entorhinal cortex. Functionally, the hippocampus has

always generated significant interest for its role in memory formation. This is largely

after the famous case of H.M., a patient who underwent surgery to remove the

hippocampus following epilepsy and lost his ability to encode anterograde memory

(Scoville and Milner, 1957). The hippocampal formation is of research interest also

because of its susceptibility for epilepsy (Johnston and Amaral, 2003). Recently,

however, the hippocampus has been a key research interest in understanding the

mechanisms underlying spatial navigation with the discovery of head direction cells,

grid cells and landmark-vector cells, all adding to the exciting finding of place

cells three decades ago (Taube et al., 1990; Hafting et al., 2005; Deshmukh and

Knierim, 2013; O’Keefe and Dostrovsky, 1971). Although spatial navigation and

memory formation may seem seemingly different tasks, increasing evidence suggests

that both the functions are an outcome of the same neural processing mechanisms
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(Buzsaki, 2005; Buzsaki and Moser, 2013).

For the purpose of this dissertation, we will be restricted to the CA1 pyramidal

neurons of the hippocampus. These CA1 neurons are known as place cells because

they fire action potentials only at a given location in a spatial field (O’Keefe and

Dostrovsky, 1971). The CA1 pyramidal neuron soma is situated in the stratum

pyramidale . They receive inputs from the CA3 region along the schaffer collaterals

in the region stratum oriens below the somatic layer and in the stratum radiatum

above the somatic layer (Fig.1.1). They also receive direct input from layer III of

the entorhinal cortex in the distal stratum lacunosum moleculare. The whole cell

recordings in this study are restricted to the str. radiatum and hence directly assess

the temporal differences of only the CA3 inputs.

Hippocampal oscillations

The hippocampal network has two prominent behavioral states. During awake

immobility and slow-wave sleep, the hippocampal network is characterized by

irregular large amplitude oscillations called sharp waves (SPWs) and high frequency

(150-200 Hz) synchronous discharges called ripples (Buzsaki, 1986).

The other behavioral state is characterized by theta oscillations (4-12 Hz) and is

often called the active state of the hippocampal network because of its prevalence

during hippocampus-based tasks like spatial navigation, sensory processing or any

tasks that are termed ‘voluntary’ (Buzsaki, 2002). The theta oscillations are almost

always accompanied by the fast gamma oscillations (25-140 Hz) whose amplitude is

modulated by the overarching slower rhythm (Bragin et al., 1995).

The theta oscillations in the hippocampus correlate with theta oscillations in

a number of afferent and efferent structures like the entorhinal cortex, septum,
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amygdala, parasubiculum, striatum and prefrontal cortex. Their longer period of

100-200 ms is better suited to tolerate longer conduction delays associated with

connecting wide-spread networks (Colgin and Moser, 2010).

Unlike theta, gamma oscillations are associated with local synchronization of

activity. In the CA1 region, there are two main sources of gamma, the fast gamma

(∼90 Hz) originating from the entorhinal cortex and the slow gamma (∼40 Hz)

originating in the CA3 region. The slow and the fast gamma oscillations are known

to route information between the CA1 region and the CA3 or the entorhinal cortex

respectively (Colgin et al., 2009). The gamma oscillations are thus associated with

the formation of transient cell assemblies within the hippocampal network (Harris

et al., 2003).

The gamma and theta rhythms are thus mechanisms that enforce synchrony of

inputs at the network level. An outcome of this rhythmicity is that synaptic inputs at

the neuronal level also follow the rhythmicity of the network. This suggests that the

biophysical properties of single neurons have to adapt to the integration of oscillatory

inputs generated by these network rhythms.

1.3 Oscillatory dynamics in single neurons

An assumption of the cell assembly hypothesis is that a downstream neuron is

able to recognize an upstream cell assembly based on its synchronous activity. The

downstream neuron is termed as a reader-classifier and it forms a crucial link in

information interpretation and transfer (Buzsaki, 2010). In neurons with elaborate

dendritic trees, however, detection of synchronous inputs has an added disadvantage

of managing intracellular temporal delays.
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Intracellular temporal delays

Intracellular temporal delays were first theoretically predicted and experimentally

confirmed by Wilfrid Rall and colleagues in cat spinal motorneurons in 1967 (Rall,

1967; Rall et al., 1967). These were the nascent days of dendritic physiology. Rall

had predicted that membrane resistivity in cat motor neurons was closer to a value

of 4000 Ωcm2 as against Sir John Eccles prediction of 500 Ωcm2. The higher

resistance implied that the electrotonic length of the neuron was much smaller

than expected. This revolutionized the then current assumption that dendritic

synapses are more than 3 space constants away from the soma and hence ineffective.

Following a separate debate over the membrane time constant, which Rall claimed

was underestimated by a factor of 2 if it was considered a single exponential when

measured at the soma, Rall came up with the now famous ‘cable theory’ equations to

predict the flow of these distal dendritic electrical events. Based on this theoretical

framework, he suggested that dendritic inputs when measured at the soma would

have location-dependent differences due to capacitive filtering during propagation

(Segev et al., 1994). He then introduced the notion of shape indices to estimate the

location of synaptic input based on its temporal distortion at the soma (Rall, 1967).

Amazingly, this theoretical framework worked well to experimentally distinguish the

location of group Ia EPSPs on the cat motorneurons when measured at the soma (Rall

et al., 1967).

Internal temporal delays during integration of synaptic inputs would however

work against a downstream reader neuron trying to detect an upstream assembly

based on synchronous inputs. Capacitive filtering would distort the timing

information associated with synchronous inputs before its integration at the

axo-somatic integration zone. This would especially be a problem for neurons
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Figure 1.2: Intracellular temporal delays: In this passive dendritic structure (top),
Wilfrid Rall shows that inputs injected in compartment 1(B), compartment 4 (C) or
compartment 8 (D), will have correspondingly different profiles at the soma due to
capacitive filtering (bottom). Adapted from (Rall, 1967)

13



with extended morphologies like cortical pyramidal neurons that integrate synaptic

information spread across hundreds of microns. Not surprisingly, experimental

evidence suggests that such neurons have active mechanisms to counteract this

temporal distortion associated with capacitive filtering (Magee, 1999; Williams and

Stuart, 2000). The central question that I ask in this dissertation is what are these

mechanisms that counteract capacitive delays to maintain microscale synchrony at

the cellular level? To understand these mechanisms, let’s start by understanding the

source of temporal delay during signal propagation within a neuron and membrane

properties that can counteract it.

Membrane Reactance

Electrical impedance (Z) describes the frequency dependent relationship between a

current input and its voltage output. Electrical impedance is a complex quantity

where its absolute value (|Z|) (in Ω) denotes the voltage change for a unit current

input at a given frequency. The temporal relationship between the current input and

the voltage response at a given frequency is derived from the phase of the complex

impedance (φ) and is termed as electrical reactance.

In a linear electrical system, capacitors and inductors are both energy storage

elements that have opposing influences on electrical reactance. Capacitive elements

typically cause phase delays where the voltage lags the current. This is termed as

capacitive reactance . Inductive elements, on the other hand, cause phase advances

where the voltage leads the current and is called inductive reactance.

In predicting intracellular temporal delays, an integral part of Rall’s theoretical

framework was the parallel conductance model of the neuronal membrane. It

states that the neuronal membrane can be represented electrically by a parallel
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arrangement of capacitance and resistance (Fricke, 1925; Fricke and Morse, 1925).

The capacitance is imparted by the dielectric nature of the phospholipid membrane

while the resistance is attributed to the flow of ions across the membrane through

permeable ion-channels.

The parallel conductance model of the neuronal membrane has been a

fundamental part of our biophysical framework to understand electrical signaling in

a single neuron (Hodgkin and Huxley, 1952; Segev et al., 1994). It also predicts that

for a given sinusoidal input of any frequency, the voltage response will always lag

the current input due to the inherent capacitive reactance. Quantitative estimation

of this capacitive reactance has been an invaluable tool in deciphering basic

electrical properties of biological membranes like specific membrane capacitance and

resistance (Cole, 1968).

However, this assumption that membrane reactance always arises from the

membrane capacitance was overturned in one such set of experiments where

K.S.Cole and colleagues were estimating the longitudinal membrane resistance

of the squid giant axon (Cole and Baker, 1941). In disagreement with their

theoretical estimates of capacitive reactance measured for transfer of sinusoidal

current inputs across the longitudinal axis of the squid giant axon, they encountered

inductive reactance at lower frequencies. This appeared as the phase advance of

the voltage output to the current input at these lower frequencies. Since inductance

is normally associated with a magnetic filed, this inductive reactance was baffling

and initially dismissed as an experimental error. But its persistence in subsequently

careful controlled experiments argued for its biological origin. Since there was no

magnetic field associated with the membrane, this was termed as phenomenological

or anomalous inductance.

Subsequent studies showed that such phenomenological inductance, or even
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capacitance, was a property associated not with a pure inductor or a capacitor, but

with a time-variant resistance in electrical circuits (MAURO, 1961). The reactance

associated with this variable resistance can be capacitive or inductive depending

on whether the change in resistance amplifies or counteracts the change in voltage

from a steady state, respectively. For biological membranes, gated ion-channels

are natural time-variant resistances and thus ion-channels that counteract changes

in membrane voltage impart inductive reactance to the membrane and those that

amplify voltage changes impart capacitive reactance. For instance, K+ channels

would impart inductive reactance while Na+ channels would impart capacitive

reactance based on their influence on membrane properties.

Neuronal Inductance and CA1 Neurons

The presence of a phenomenological inductance in the membrane imparts interesting

frequency dependent properties to the neuronal membrane. The inductance

imparted by an ion-channel that restores changes in membrane potential leads to

voltage resonance in a frequency range depending on the kinetics of the ion-channel

gating (Hutcheon and Yarom, 2000). The presence of inductance also influences the

temporal relationship between voltage and current in the given neurons.

In CA1 neurons, the Hyperpolarization-activated Cyclic Neucleotide-gated (HCN)

channels are an important source of membrane inductance. HCN channels provide

resting conductance to CA1 neurons and are activated by hyperpolarization and

deactivated by depolarization. They are permeable to a non-specific K+/Na+ current,

which is inward at rest due to a reversal potential of around -30 mV (Magee,

1998). These gating properties and reversal potential make them an ideal source

of membrane inductance. Upon hyperpolarization of the membrane, the activated
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inward current depolarizes the cell, and conversely, upon depolarization of the

cell, the deactivation of the resting inward current hyperpolarizes the cell. This

restorative influence on changes in membrane potential imparts inductance to the

membrane properties.

HCN channels have a membrane time constant of activation/deactivation slightly

higher than the membrane time constant (∼30-40 ms near rest) (Magee, 1998). The

presence of HCN channels with these temporal properties thus imparts a voltage

resonance in the theta-frequency range (4-10 Hz) to the CA1 neuronal membrane

(Leung and Yim, 1986; Pike et al., 2000; Hu et al., 2002). Within the CA1 neurons,

HCN channel conductance density increases in the dendrites with distance from

the soma (Magee, 1998). This increase in HCN conductance leads to a increase

in the local peak voltage resonance, described as Resonance Frequency ( fR), with

distance from the soma (Narayanan and Johnston, 2007). The impact of this

resonance gradient on propagation of dendritic inputs is the band-pass filtering of

theta-frequency signals from dendrite to the soma (Cook et al., 2007; Hu et al., 2009).

The influence of HCN inductance on the temporal properties of the neuronal

membrane, like impedance phase, has received much less attention than that

to its contribution to membrane resonance. Narayanan and Johnston measured

the influence of HCN inductance on the local impedance phase and showed the

presence of inductive reactance at lower frequencies, especially in the dendrites

of CA1 neurons (Narayanan and Johnston, 2008). The impedance phase showed

a location-dependent phase advance with increasing distance from the soma

suggesting that the voltage response to a sinusoidal current input is earlier in the

dendrites than in the soma due to the underlying increase in HCN conductance. This

advance was uniform across all frequencies.

In this study we asked if this gradient of phase advance imparted by HCN
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channels can effectively counteract location-dependent phase differences of dendritic

inputs at the soma in CA1 neurons.

1.4 Overview of the Dissertation

To answer this question, we performed dual whole-cell recordings and computational

modeling and found that indeed the gradient of HCN inductance is an effective tool in

counteracting location-dependent phase differences of dendritic inputs at the soma.

This is summarized in Chapter 2 of this dissertation. In Chapter 3, we take a closer

look at important features of HCN channels that enable this synchrony of inputs at

the soma. In chapter 4, we will see what this synchrony means for the physiological

patterns of synaptic inputs observed in the rodent hippocampus. Finally, in chapter

5, we take a step back and look at the molecular mechanisms that are important in

the formation of the HCN gradient that enables this synchrony of inputs. In Chapter

6, I discuss the important findings in this dissertation and their implications.
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Chapter 2

Oscillatory synchrony in

CA1 pyramidal neurons

2.1 Theta-frequency oscillatory synchrony

Theoretical predictions suggest that capacitive filtering in dendrites during passive

propagation of electrical signals leads to location-dependent temporal differences

at the soma (Rall, 1967). For oscillatory or rhythmic 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 whole-cell

current clamp recordings between the soma and approximately 300 µm along the

apical dendrite1. 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

1Physiology methods are described in detail in Appendix A
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Figure 2.1: Theta frequency oscillatory synchrony in CA1 neurons: (a) The somatic
voltage response (normalized for amplitude) to a sinusoidal current of 7 Hz/100 pA
(dashed line) into the dendrite at 300 µm (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
as 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-β)=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 300µm (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; (e)
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 µm(Control); 288±8 µm(ZD7288).
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the soma was independent of input location along the apical dendrite (Fig.2.1a,b).

The impedance phase profile at the soma (ZPPsoma) describes the phase

relationship between current input at a given location to its somatic voltage response

across all measured frequencies. When the ZPPsoma was compared between distal

and proximal inputs, the observations were similar for all measured neurons. At

lower frequencies (0-4 Hz), the response to the distal input unexpectedly appeared

before that of the local input at the soma. This phase advance of the distal input

decreased with increasing frequency and disappeared at 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, as would be expected for a passive linear system (Fig.2.1c,e).

Positive impedance phase (or phase advance of voltage to current) observed at

lower frequencies is a hallmark of the presence of an inductive component in a

linear system. As HCN channels are known to impart an inductive component in

CA1 neurons, we tested for oscillatory synchrony with the HCN blocker ZD7288

(20 µM) (Narayanan and Johnston, 2008). Addition of ZD7288 abolished oscillatory

synchrony at 7 Hz (Fig.2.1a,b) and led to distinct location-dependent differences

across the entire frequency range (Fig.2.1d,e). This was accompanied by a significant

increase in the latency of response, which was more than two-fold for distal inputs

(Fig.2.1b). Thus, inductance imparted by HCN channels plays a crucial role in

reducing somatic response latency and synchronizing the response of distal and

proximal inputs at the soma in the theta frequency range.
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Figure 2.2: Theta frequency oscillatory synchrony is not observed in the dendrites:
(a) The dendritic voltage response (normalized for amplitude) to a sinusoidal current
of 7 Hz/100 pA (dashed line) into the dendrite (red) and at the soma (black).
Note that both responses are measured in the dendrite. They show distinct
location-dependence differences in both control condition and with ZD7288; (b)
Summary data for experiments described as in (a) with response latency defined
as the difference in time between current injection at input site and voltage
response at 300 µm from soma (in ms). [Control: Dendrite 3.59±1.15 and Soma
9.83±1.33 (n=8; ***, p=1.45e-06, power(1-β)=0.995, paired t-test); ZD7288: Dendrite
14.21±0.79 and Soma 21.23±1.11 (n=6; ***,p=6.34e-05, power(1-β)=0.999, paired
t-test).] (c) Impedance phase profile (ZPP) for voltage response at 300 µm measured
by 2 s/100 pA sinusoids of varying frequency when injected at 300 µm (red) and at
the soma (black). Note the absence of synchrony (profiles do not intersect); (d) same
as (c) but with ZD7288. (e) Summary data for experiments in (c,d) but described
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values suggest dendritic input precedes the somatic input at 300 µm and vice-versa.
Scale bars: 10 ms. Dendritic recording locations same as in Fig.2.1.
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Oscillatory synchrony is local to the axo-somatic region

To understand if this synchrony of response was specific to the soma or if it extended

across the apical dendrite, we recorded the voltage response in the dendrite at

300 µm for a sinusoidal current injection of 7 Hz injected locally in the dendrite

or distally at the soma. The voltage responses showed distinct location-dependent

phase differences suggesting that oscillatory synchrony did not extend to the

dendrites, at least not at the same frequency as observed at the soma (Fig.2.2a,b).

The impedance phase profile in the dendrite (ZPPdend) describes the phase

relationship between the current input at a given location to its dendritic voltage

response in the dendrite (300 µm in this case) across all measured frequencies. We

compared the ZPPdend for the distal somatic and local dendritic inputs to see if

oscillatory synchrony exists in the dendrite at some other frequency than 7 Hz.

Unlike the crossover observed in ZPPsoma for the two locations, the ZPPdend for

the local dendritic input and the distal somatic input were distinct across the entire

frequency range (Fig.2.2c). This shows that the local dendritic response was earlier

than the distal somatic response across all measured frequencies and an absence of

oscillatory synchrony in the dendrites. This observation was consistent across all

measured neurons (Fig.2.2e).

An interesting feature of these profiles was the distinct inductive phase (voltage

leading current) observed at low frequencies (Fig.2.2c) (Narayanan and Johnston,

2008). Addition of ZD7288 abolished this inductive phase advance and increased

the phase lag for ZPPdend for both the input locations as expected (Fig.2.2d). The

increase in phase lag was, however, uniform such that it did not alter the relative

phase difference between the local dendritic input and the distal somatic input at

the dendritic recording location (Fig.2.2e).
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These observations that CA1 neurons have an intrinsic mechanism involving

HCN channels to counteract location-dependent temporal differences at the soma

were exciting in their implications for synaptic integration within the neurons.

The use of whole-cell dual recordings along with pharmacology was invaluable in

characterizing this phenomenon but was limited in its scope to address further

functional and mechanistic details. For instance, understanding if inputs across

the apical dendrite are synchronized at the same frequency within a neuron was

a difficult question to answer using a purely experimental approach. On the

mechanistic side, it was difficult to tease apart the attributes of HCN channels like

their channel properties or intracellular distribution parameters that are important

for oscillatory synchrony. We thus developed a computational model of the CA1 apical

dendrite based on our observations to complement our experimental approach.

2.2 Modeling oscillatory synchrony

We used the NEURON environment to develop a ball-and-stick model representing

the soma and the apical dendrite of a CA1 neuron (www.neuron.yale.edu) (Carnevale

and Hines, 2009). Any extension to a morphologically realistic model was consciously

avoided due to the absence of experimentally observed passive and active membrane

parameters in the oblique dendrites of rodent CA1 neurons. The soma was

represented by a cylinder of length 30 µm and diameter 15 µm. The apical

dendrite had a length of 500 µm and a diameter of 2 µm with 100 compartments.

Passive membrane parameters were uniform across the model with values similar

to experimentally measured parameters from CA1 neurons (Golding et al., 2005).

Specific membrane resistance (Rm) was set to 25 KΩ/cm2, specific membrane

capacitance (Cm) to 1 µF/cm2 and specific axial resistance (Ra) to 300 Ω/cm. The
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ZPPsoma

Dual whole-cell recording 
with 20 µM ZD7288

b d

300 µm

300 µm

300 µm

300 µm
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(No HCN conductance)

ZPPlocal ZPPlocal

ZPPsoma ZPPsoma

a c

Figure 2.3: Passive CA1 neuronal model: (a) depicts the local impedance phase profile
(ZPPlocal) while (b) shows the ZPPsoma for inputs at the soma (black) and in the
dendrite at 300 µm (red) using dual whole cell recordings in CA1 neurons with HCN
channels blocked with 20 µM ZD7288. (c) depicts the ZPPlocal and (d) the ZPPsoma
for inputs at the soma (black) and in the dendrite at 300 µm (blue) using the passive
computational model of CA1 apical dendrite and soma.
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non-specific resting conductance had a reversal potential of -70 mV. Keeping with

the reductionist approach, no compensation for spine area was made to Rm and Cm.

Integration time step was set at 25 µs. The temperature was set to 34°C although

the passive membrane parameters, as defined, were independent of temperature.

Location-dependent phase differences at the soma showed little variation with

alteration in Rm but were sensitive to changes in the dendritic diameter or Ra. A

model with an apical dendrite diameter of 2 µm and Ra (300 Ω/cm) provided the best

fit for the experimental data recorded from CA1 neurons with HCN channels blocked

(Fig.2.3). The surface area of the model was ∼ 4500 µm2 which was 10-fold lower

than that of CA1 neurons (Golding et al., 2005) and subsequently the impedance

amplitude measurements were considerably higher than those expected from a

morphologically realistic model or experimental observations.

In this model, we incorporated HCN conductance with dependence of voltage

activation, activation/deactivation kinetics and dendritic distribution parameters

similar to what has been described with cell-attached recordings in CA1 pyramidal

neurons (Fig.2.4) (Magee, 1998).

Specifically, the current Ih from the HCN conductance was generated as:

Ih = ḡhs(Vm, t)(Vm −Eh) (2.1)

where, ḡh is the maximum HCN conductance; Vm is the membrane voltage and Eh

is the reversal potential for the HCN conductance.

The voltage dependence and kinetics of the HCN conductance is described by the
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V1/2 = -82 mV

Slope Factor = 8

Voltage Dependence Activation/Deactivation Kinetics

Gradient Distribution

a b

c

Figure 2.4: Default model HCN conductance parameters: HCN conductance was
modeled after experimental values obtained from Magee 1998. (a) describes the
voltage dependence with V1/2 of -82 mV and slope factor of 8, as has been empirically
determined in CA1 neurons. Unlike the experimental data, V1/2 values were
unaltered with distance from the soma. (b) & (c) Data points describe the published
results from cell attached recordings and the blue lines describe the model behavior
for activation/deactivation kinetics and spatial distribution of HCN conductance
respectively.
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variable s(Vm, t) as follows (Gasparini et al., 2004):

ds
dt

= s∞− s
τ

(2.2)

s∞(V )= (1+ exp((V −V1/2)/8))−1 (2.3)

τh(V )= exp(0.033(V +75))
0.011(1+ exp(0.083(V +75))

(2.4)

V1/2 was -82 mV and Eh was -30 mV for the default model. Note that the

activation/deactivation kinetics are described based on experimental measurements

performed at 34 °C. HCN conductance, thus defined, lacks the temperature

dependence of activation/deactivation kinetics observed experimentally but

simulates the kinetics of HCN conductance at 34 °C only.

The spatial distribution was arrived empirically by fitting experimental data and

was described by the following sigmoidal function (Fig.2.4) (Magee, 1998) :

ḡh(d) = ḡh(soma) +
ḡh(max) − ḡh(soma)

1+ exp[(d1/2 −d)/dslope]
(2.5)

The distribution was defined by the location of the half-maximum conductance

density along the length of the apical dendrite, d1/2, and the slope of the sigmoidal

distribution, dslope. Default values for d1/2 and dslope were 175 µm and 60 a.u.

respectively.

Inclusion of the HCN conductance significantly altered the impedance phase

response that was observed in the passive model. The local impedance phase

profile (ZPPlocal) describes the local voltage-current phase relationship at a given
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Figure 2.5: Active CA1 neuronal model: (a) depicts the local impedance phase profile
(ZPPlocal) while (b) shows the ZPPsoma for inputs at the soma (black) and in the
dendrite at 300 µm (red) using dual whole cell recordings in CA1 neurons. (c) depicts
the ZPPlocal and (d) the ZPPsoma for inputs at the soma (black) and in the dendrite
at 300 µm (blue) using the active CA1 neuronal model after the inclusion of the HCN
conductance.
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location across a frequency range. The ZPPlocal showed distinct location-dependent

differences that were absent in the passive model (Fig.2.5). The local dendritic

voltage response showed a distinct phase advance across all frequencies compared

to that of the local somatic response reflecting the underlying increase in the HCN

conductance density (Narayanan and Johnston, 2008). The earlier voltage response

in the dendrite counteracted the propagative delay of distal inputs such that the

voltage response at the soma for the distal dendritic and the local somatic inputs was

synchronous at the soma, especially in the theta-frequency range. This showed that

the inclusion of the HCN conductance, defined by its voltage dependence, kinetics

and distribution was sufficient to reproduce the experimentally observed oscillatory

synchrony in the CA1 neuronal model (Fig.2.5). Using this model to complement

whole-cell recordings, we could now approach the functional and mechanistic details

of oscillatory synchrony that were inaccessible with a pure experimental approach.

2.3 Synchornization frequency in CA1 neuorns

HCN channels impart voltage resonance to the membrane in CA1 neurons (Leung

and Yim, 1986; Pike et al., 2000; Hu et al., 2002). Resonance Frequency ( fR) is

the peak frequency of this voltage resonance and describes the bandpass filtering

characteristics of the neuronal membrane. In CA1 neurons, fR increases with

distance from the soma with the underlying increase in HCN conductance and leads

to a plausible intraneuronal frequency map for local filtering of synaptic inputs

(Narayanan and Johnston, 2007). Since our observation of oscillatory synchrony

at around 7 Hz was at a fixed distance from the soma of 300 µm (section 2.1), we

asked if the frequency of synchronous response at the soma was constant along

the apical dendrite or if there was a corresponding intraneuronal frequency map for
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reduces with distance from the soma across the frequency range (upward phase
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the synchronization frequency. The blue arrow and the red electrode depict a
distance of 300 µm from the soma in the model and whole-cell recording respectively.
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sampled by dual-whole cell recordings between the soma and varying distance along
the dendrite. The data suggested a slightly positive trend which was statistically not
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phase synchrony at the soma.

To test this, we measured the ZPPlocal and the ZPPsoma at multiple locations

along the apical dendrite in the CA1 neuronal ball-and-stick model. When the

ZPPlocal was measured for locations along the length of the apical dendrite, a

uniform phase advance across the frequency range was observed with increasing

distance from the soma. This shows that for simultaneous inputs, the voltage

response was earlier in the dendrites than at the soma across all frequencies

(Fig.2.6a). This distance-dependent phase advance of the dendritic response was

however neutralized at the soma. The ZPPsoma for inputs across the apical dendrite

showed relatively smaller location-dependent differences. Moreover, there appeared

a single frequency at which inputs across the apical dendrite had a synchronous

somatic response (Fig.2.6b). We term this frequency synchronization frequency of the

neuron. This was a remarkable result suggesting that CA1 neurons could normalize

location-dependent temporal differences across the apical dendrite for oscillatory

inputs at a particular frequency.

To validate such an important finding, we decided to pursue the technically

challenging approach of experimentally verifying the outcome of the CA1 neuronal

model. We performed a simultaneous multi-site whole cell recording from the

soma, 150 µm and 300 µm and measured the ZPPlocal and ZPPsoma at multiple

locations along the apical dendrite. The experimental observations supported the

model predictions of a local phase advance with increasing distance from the soma

and the subsequent emergence of a single synchronization frequency for the entire

apical dendrite at the soma (Fig.2.6c,d). This frequency was in the theta-frequency

range suggesting that theta-frequency inputs across the apical dendrite had a

location-independent response phase or latency at the soma.

We also verified this phenomenon using dual whole cell recordings across
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different neurons with varying distance between the somatic and the dendritic

electrodes. If frequency of synchronous response at the soma was strongly

location-dependent in the population, it would argue against the likelihood of a

single synchronization frequency for a given neuron. Our observations showed that

although there was variability in the observed frequency of synchronous response

at the soma across the measured neurons, there was no significant correlation with

distance from the soma. This independently supported, although it did not explicitly

prove, the existence of a synchronization frequency in CA1 neurons at which inputs

across the apical dendrite would occur simultaneously at the soma (Fig.2.6e).

Thus, using experimental and modeling approaches, we find that the presence

of HCN channels synchronizes the somatic response for oscillatory dendritic inputs

across the apical dendrite in the theta frequency range. We next asked how HCN

conductance density, channel properties and distribution play a role, if any, in this

response synchrony.
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Chapter 3

Role of HCN gradient

3.1 Ion channel gradients in CA1 Neurons

The ion-channel content and its distribution within a single neuron is an important

factor that influences its input-output signal transformation. The CA1 neuron of

the rodent hippocampus is perhaps the most studied neuron for its intracellular

distribution of ion-channels and their influence on electrical activity within the

neuron. Although this is an extensive area of research in its own right, I’ll

present a brief overview of the major ion-channel distributions and their functional

implications for signal integration within the dendrites of CA1 neurons.

In CA1 neurons, Na+ channels are uniformly distributed along the apical

dendrites enabling the generation of dendritic action-potentials, back propagation

of somatic action potentials and amplification of EPSPs (Magee and Johnston

(1995a); Golding and Spruston (1998); Gasparini et al. (2004); Losonczy and Magee

(2006); Magee and Johnston (1995b), but see Lorincz and Nusser (2010)). Their

activity-dependent inactivation, however, is location-dependent and leads to smaller

amplitude of back-propagating action potentials with increasing distance from the
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soma (Colbert et al., 1997; Jung et al., 1997). This is attributed to the different

phosporylation states of the Na+ channel (Colbert and Johnston, 1998; Mickus et al.,

1999; Gasparini and Magee, 2002).

Similar to Na+ channels, Ca++ channels are also uniformly distributed in the

apical dendrites of CA1 neurons. However, they do show subtype dependent

differences in conductance densities. Specifically, the dendrites of CA1 neurons have

a higher density of T- and R- type channels along with a lower density of N-, L-, P-

and Q- type channels (Magee and Johnston, 1995a). Ca++ is an important mediator

of intracellular signaling cascades including those involved in synaptic plasticity

and Ca++ channels along with NMDA receptors are key regulators of Ca++ entry in

pyramidal neurons. In addition, dendritic Ca++ channels have been associated with

amplification of EPSPs as well as burst firing in CA1 neurons (Magee and Johnston,

1995b; Golding et al., 1999; Takahashi and Magee, 2009)

K+ channels are the most diverse of the voltage-gated dendritic ion channels.

Typically, the CA1 neuron contains a wide variety of potassium channels like the

A-, D- and the M-type, delayed rectifier and the calcium activated K+ channels, SK

and BK (Chen and Johnston, 2004; Golding et al., 1999; Poolos and Johnston, 1999).

While the role of most of these K+ channels in the dendrites of CA1 neurons is not

clear, the A-type and the D-type K+ channels inhibit sodium and calcium spiking

respectively (Hoffman et al., 1997; Golding et al., 1999). The transient A-type K+

channels show one of the most dramatic sub cellular distributions of ion-channels

in CA1 neurons. Their conductance density increases with distance from the soma

and is associated with inhibition of distal action potentials or back-propagation of

somatic action potentials into the dendrite (Hoffman et al., 1997).

It should be noted that although EPSP waveforms are amplified by Na+ and

Ca++ currents, most of these aforementioned currents have activation ranges
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predominantly in the suprathreshold voltage range. Unlike these channels that are

mainly active during action potential dynamics or neuronal spiking, HCN channels

are predominantly active in the subthreshold voltage range. They are thus important

contributors to the resting conductance and membrane potential. Activity in this

subthreshold voltage range makes them an important influence on the membrane

dynamics during synaptic integration in CA1 neurons.

In CA1 neurons, HCN channels are found in a gradient distribution which

increases with distance from the soma. While immunogold labeling techniques

for the HCN1 subunit estimate a 55-fold increase in plasma membrane density

between the proximal and distal regions (quantitative measurements were done in

the subicululm region not CA1), functional measurements of current density with

cell-attached patches suggest a more modest 7-fold increase of HCN current between

the proximal and distal regions of the CA1neuron (Lorincz et al., 2002; Magee,

1998). New data suggests that the current density distribution generated by this

increasing gradient plateaus in the stratum lacunosum moleculare, leading to a

sigmoidal distribution unlike the exponential distribution observed in cortical layer

5 pyramidal neurons (Magee, 1998; Bittner et al., 2012; Kole et al., 2006).

Functionally, the gradient of HCN channels has been associated with

normalization of voltage waveform at the soma for inputs at varying distances

along the apical dendrite (Magee, 1999). In our study, we find a similar frequency

dependent phenomenon where this gradient of HCN channels synchronizes the

somatic response for oscillatory dendritic inputs across the apical dendrite in the

theta frequency range. In this chapter, I will analyze the properties of HCN

conductance and the parameter space that allows for this temporal normalization

function of the HCN channel gradient.
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3.2 HCN conductance density determines synchronization

frequency

To understand the emergence of synchronization frequency with the presence of

HCN conductance, we altered the maximum HCN conductance density in the model

dendrite. The sigmoidal distribution in the model neuron was altered with the

maximum conductance density spanning a range of 10−4 to 10−2 S/cm2 (Fig.3.1a).

We then measured the phase difference at soma between the local somatic inputs

and dendritic inputs at successively distal locations along the apical dendrite.

(Fig.3.1b) shows the phase difference for distal inputs relative to the local somatic

input in a passive neuronal model. As expected, distal inputs are progressively

delayed corresponding to their input location in the dendrite. This phase difference

is also frequency dependent and increases with increasing frequency. What was

fascinating is that after the introduction of HCN conductance, even at the minimal

density of 10−4 S/cm2 in the distal region of the model, location-dependent phase

differences were reduced with an emergence of synchronization frequency at ∼3 Hz

(Fig.3.1c). An increase in HCN conductance led to a subsequent right-shift in

the synchronization frequency with a maximum conductance density of 10−3 S/cm2

leading to a synchronization frequency of ∼8 Hz. In CA1 neurons, the maximum

conductance density measured in CA1 neurons is on the order of 10−2 S/cm2 with a

synchronization frequency of ∼7 Hz (Magee, 1998).

We also plotted the measured synchronization frequency for the increase in

maximum conductance density from 10−4 to 10−2 S/cm2 (Fig.3.1c-g). The plot

revealed a perfect logarithmic relationship between increase in HCN conductance

and synchronization frequency for the sigmoidal distribution (Fig.3.1h).
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Figure 3.1: Exponential rise in maximum HCN conductance density leads to a
linear rise in synchronization frequency : (a) describes the HCN conductance density
along the apical dendrite for (c-g). The maximum conductance density for the
sigmoidal distribution was increased exponentially. (b-g) describe the the response
phase at the soma for a given input location relative to the local somatic response
(ZPPsoma(x µm) - ZPPsoma(0 µm)). (b) depicts the phase lag of the distal inputs
with increasing frequency and distance in a passive neuron. (c-g) are the same phase
profiles as measured in (a) but now with increasing density of HCN conductance.
Note the emergence of a synchronization frequency (arrow) at which all profiles
intersect suggesting voltage response at the soma is independent of input location
at that frequency. Conductance values denote the maximum HCN conductance in
the sigmoidal distribution. (h) summarizes the relationship between maximum HCN
conductance density and synchronization frequency, which turns out to be perfectly
exponential.
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3.3 Leak vs Inductance

HCN channels impart both inductance and resting conductance to the local

membrane properties (Narayanan and Johnston, 2007). Theoretically, a gradient of

increasing conductance by itself would decrease the local latency of response with

distance along the apical dendrite. This would reduce location-dependent phase

differences along the apical dendrite. What then is the significance of a channel that

imparts inductance along with conductance in achieving oscillatory synchrony? To

answer this question we established a pure conductance gradient by substituting the

HCN channels by leak channels of equivalent conductance in the theoretical apical

dendrite. We then compared the functional implications of the two gradients for

oscillatory synchrony as well as transfer impedance amplitude, which describes the

amplitude of voltage change at the soma for a unit current input in the dendrite at a

given frequency.

Increase in the maximum conductance density of the leak channels reduced

location dependent phase differences along the CA1 model dendrite but did

not eliminate them even at higher maximum conductance densities (Fig.3.2a).

In contrast, the gradient of HCN channels was more efficient at reducing

location-dependent phase differences and could achieve perfect synchrony at a lower

conductance density (Fig.3.2b,c). However, the significance of establishing a gradient

with an inductive conductance was much more pronounced when transfer impedance

amplitude was considered. At the conductance density for perfect synchrony, the

HCN channel gradient had an almost 7-fold higher transfer impedance to the soma

as compared to the gradient with pure leak conductance. Moreover, in the case where

perfect synchrony was approached using just leak channels, the transfer impedance
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Figure 3.2: Gradient of inductance achieves response synchrony with less voltage
attenuation: (a) & (b) depict the difference in the phase between the dendritic input
and the somatic input when measured at the soma. Negative values indicate the
appearance of the somatic input before the dendritic input and vice versa. All
responses are measured at 7 Hz for an increasing conductance density of leak in
(a) and HCN in (b). Values on the side denote the maximum conductance density
in S/cm2 in a sigmoidal distribution of the conductances. Note that the dashed
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for input at any location along the dendrite. (c) summarizes the data in (a),(b) for
an input at 300 µm (vertical dotted lines). (d) represents the transfer impedance
amplitude for the same data points represented in (c).

41



was negligible (Fig.3.2d). This suggests that if response synchrony were to be

achieved with a gradient of pure conductance, it would be at the cost of considerable

attenuation and possibly filtering out of dendritic inputs before they reach the soma.

Instead, a gradient of inductive conductance ensures that the dendritic inputs reach

the soma with less attenuation and that they are perfectly synchronous when they

do.

We also observed that for a gradient of HCN channels, the synchronization

frequency corresponds to the transfer resonance frequency (the frequency at which

the transfer impedance to the soma is maximum) (Fig.3.3a).This relationship

between synchronization frequency and impedance transfer was robust to variations

in the maximum conductance density and thus to the corresponding variations in

synchronization frequency (Fig.3.3b). This theoretical prediction was supported by

observations from dual-whole cell recordings, where synchronization frequency and

transfer resonance frequency showed a strong positive correlation with the slope of

the regression line statistically not different from 1 (Fig.3.3c).

Previous studies have shown that dendritic signals are band-pass filtered around

the transfer resonance frequency in CA1 pyramidal neurons (Cook et al., 2007).

This implies that synchronous signals are exclusively transferred to the soma or

conversely, the only signals that reach the soma are the ones that are synchronous

across the apical dendrite. This filtering of signals around synchronization frequency

would thus optimize location independence of dendritic inputs at the soma. The HCN

gradient thus plays an important role in not only achieving oscillatory synchrony but

also ensuring maximum transfer efficiency for the synchronous inputs.
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All responses are measured at 7 Hz for an increasing conductance density of HCN
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of measurement. (a-c) Oscillatory synchrony at the soma is observed in all three
distributions. (d-f) Oscillatory synchrony in the dendrites at 300 µm is observed only
in the uniform distribution but not in sigmoidal or linear distributions.
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3.4 Spatial Distribution

To understand the relevance of the spatial distribution of HCN conductance in

oscillatory synchrony, we altered the sigmoidal distribution in the model neuron with

either a linear or a uniform distribution. Oscillatory synchrony could be observed in

all three distributions with an increase in HCN conductance (Fig.3.4a,b,c). Moreover,

all three distribution required approximately the same maximum conductance

density to achieve this synchrony. The only apparent difference between the

distributions was that unlike for the sigmoidal or linear distribution, oscillatory

synchrony in the uniform distribution was not local to the soma but could be observed

also in the dendrites (Fig.3.4d,e,f). This was unlike the oscillatory synchrony

observed with whole-cell recordings in CA1 neurons (Pg.23).

A closer look at oscillatory synchrony with different distributions revealed

important differences that would influence signal integration at the soma. As

oscillatory synchrony was observed at roughly the same maximum conductance

density in the linear, sigmoidal and uniform spatial distributions of HCN channels

(Fig.3.5a,b,c), by default, the linear and sigmoidal gradients were more efficient at

achieving synchrony than the uniform distribution. This is reflected in the total

HCN conductance calculated for all three gradients when oscillatory synchrony

was achieved at approximately 7 Hz (Fig.3.5d). Consequently, higher conductance

in the uniform distribution significantly reduced the transfer impedance from the

dendrites to the soma (Fig.3.5e,f). More importantly, however, the concurrence of

synchronization frequency and transfer resonance frequency was disturbed in the

uniform distribution but intact in the linear or sigmoidal distribution (Fig.3.5e,g).

This suggests that the spatial distribution of HCN channels in an increasing gradient

(linear or sigmoidal) is important in maximizing the gain of signal transfer at the
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Figure 3.5: Gradient distribution of HCN channels increases transfer efficiency of
synchronous inputs. (a-c) depict location-dependent phase differences measured at
the soma similar to that in Fig.3.4. (d) shows the total HCN conductance for a
sigmoidal, linear and uniform gradient with maximum conductance density of 10−3

S/cm2, which achieves perfect synchrony in (a),(b) and (c). (e) shows the transfer
impedance amplitude profiles for dendritic inputs a the soma across the three
distributions. Note synchronization frequencies are marked for their corresponding
distributions. (f) shows that linear and sigmoidal gradients have significantly higher
transfer impedance at synchronization frequency than that in a uniform gradient
irrespective of the maximum conductance density of the distribution. (g) shows
that transfer impedance amplitude is maximum at synchronization frequency in
sigmoidal or linear distribution but not in the unifrom distribution. (e),(f) & (g)
describe impedance measurements from 300 µm in the dendrite to the soma.
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synchronization frequency of the neuron.

Thus, the spatial distribution of HCN channels is an important aspect of

oscillatory synchrony not for just achieving synchrony but for the efficient transfer

of synchronous frequencies to the soma. The linear and the sigmoidal distribution

ensures that the gain of signal transfer for the synchronous components is

maximum. Moreover, since the apical dendrite acts like a band-pass filter around

these synchronous frequencies, the frequency components at the soma would

be composed of predominantly the synchronous frequencies. This would reduce

location-dependent temporal differences for similar synaptic inputs, irrespective of

their input frequency content.

We also altered the sigmoidal distribution by changing the slope of the increasing

HCN conductance along the apical dendrite or dslope (Pg.28). Oscillatory synchrony

was effectively unaltered with changes in dslope (Fig.3.6 a,b). Altering the location of

rise for the sigmoidal gradient or d1/2 had similarly no effect on synchrony of inputs

at the soma. This suggests that oscillatory synchrony is not sensitive to the exact

distribution parameters of HCN conductance. In fact, the similarity of results from

the linear distribution suggest that it is not the perfect sigmoidal distribution that

is important as much as an increasing distribution of conductance from soma to the

dendrite.

3.5 HCN channel properties and Oscillatory synchrony

Finally, we explored the dependence of oscillatory synchrony on the HCN channel

properties like voltage dependence or kinetics of activation/deactivation. Altering

V1/2 had an effect on oscillatory synchrony similar to that of increasing the

maximum HCN conductance (Fig.3.7a,b). This was somewhat expected considering
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Figure 3.6: Oscillatory synchrony is insensitive to alterations in the slope and
location of the sigmoidal gradient of HCN conductance. (a) & (c) show the local
HCN conductance density with distance from soma. Note the change in slope in
(a) and location of the gradient in (c) for the altered values of dslope and d1/2 tested
respectively. (b) & (d) depict the difference in the phase between the dendritic input
and the somatic input when measured at the soma. Negative values indicate the
appearance of the somatic input before the dendritic input and vice versa. Note that
variations in dslope for (b) and d1/2 for (d) do not affect oscillatory synchrony observed
in the model at 7 Hz.
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Figure 3.7: Dependence of oscillatory synchrony on the voltage dependence of
activation and kinetics of HCN channels. (a) shows the alterations in the voltage
dependence of activation (V1/2) of the HCN conductance tested. (b) describes the
scaling of the voltage dependence of activation/deactivation time constants. (b) &
(d) depict the difference in the phase between the dendritic input and the somatic
input when measured at the soma. Negative values indicate the appearance of the
somatic input before the dendritic input and vice versa. Note that variations in
V1/2 significantly altered oscillatory synchrony at 7 Hz in (b) while scaling of the
activation/deactivation time constants did not (d).
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the availability of more HCN channels because of the shift in voltage dependence

was similar to increasing the total number of active channels. It should be noted,

however, that the inductance property of HCN channels is limited to the dynamic

region of voltage dependence or the slope area on the voltage dependence graph.

If the voltage activation of HCN channels is distinctly different than the resting

potential, with HCN channels either completely open or close, the HCN inductance

would be absent and so would be oscillatory synchrony. Thus, it is important for

the V1/2 of voltage activation for HCN channels to be in the vicinity of the resting

membrane potential for oscillatory synchrony to occur.

The dependence of oscillatory synchrony on the kinetics of HCN channels was

more puzzling. Increasing or decreasing the voltage dependence of the HCN channel

activation/deactivation time constant (τh) did not alter the ability of HCN channels to

achieve oscillatory synchrony (Fig.3.7c,d). A detailed analysis revealed that change

in τh did in fact change the phase of response for local inputs along the apical

dendrite. However, since this change in phase response was similar for distal and

proximal inputs, it did not have significant influence on oscillatory synchrony at the

soma.

In this chapter, we have highlighted a number of salient feature of the HCN

gradient of inductive reactance that compensates the location-dependent temporal

delays in CA1 neurons. We have shown that the use of HCN channels, which

impart inductance, is crucial to achieving synchrony along with minimizing voltage

attenuation of dendritic signals during propagation to the soma. We also find that

the characteristic sigmoidal distribution of HCN channel is important in ensuring

that the synchronous frequencies are exclusively transferred to the soma with a high
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impedance. In the next chapter, we will take a look at how these filtering properties

of the CA1 dendrite influence synaptic input waveforms during propagation from

dendrites to the soma.
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Chapter 4

Physiological implications of

oscillatory synchrony

4.1 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

impedance 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 input frequencies associated with 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 µm along the apical dendrite and at the soma using the dynamic-clamp method

to simulate realistic synaptic currents. The use of the dynamic clamp method was

crucial in avoiding current injection errors associated with the simulation of high
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Fig.4.1: 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 µm (red) or at the soma (black). (a) 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-β)=0.95, paired t-test)]. (d) 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-β)=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-β)=0.303, paired
t-test)].
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frequency synaptic inputs. 1

When we compared the voltage waveform at the soma for a single synaptic event

or a burst of 5 events at 60 Hz, the waveform at the soma was identical irrespective

of the synaptic input location proximally at the soma or distally in the dendrite

(Fig.4.1a,b). This suggests that voltage waveform at the soma is independent of the

synaptic input location in CA1 neurons in agreement with our proposed hypothesis.

Addition of ZD7288 (20 µM) to block HCN channels led to distinct 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.4.1c,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.4.1e). This shows that HCN channels were

important in establishing this location independence of the voltage waveform.

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, L5 somatosensory

neurons and purkinje cells of the cerebellum (Magee, 1999; Williams and Stuart,

2000; Angelo et al., 2007). 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.4.2a,b), both the

1More information about the implementation of the dynamic-clamp technique and its role in
avoiding current injection errors during simulation of high frequency synaptic inputs can be found
in Appendix B
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Figure 4.2: 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 µm 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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patterns of synaptic input differed significantly in their frequency content2. 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.4.2c,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.4.2e,f; Fig.2.1c). This was not

necessarily a surprising result, considering HCN inductance has been associated

with band-pass filtering of theta-frequency (4-12 Hz) signals (Cook et al., 2007; Hu

et al., 2009). 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 CA1 neurons that counteracts

location-dependent temporal differences of synaptic inputs associated with capacitive

filtering.

Application of ZD7288 abolished this frequency selectivity and disrupted

oscillatory synchrony leading to location-dependent differences in voltage waveform

at the soma further supporting this hypothesis. (Fig.4.1, Fig.4.3). This validated

our hypothesis that oscillatory synchrony along with the selective transfer of

synchronized frequencies leads to location-independence of voltage waveform at the

soma for synaptic inputs across the apical dendrite.

It can also be argued that since the voltage waveform at the soma appears to

2Frequency analysis of these waveforms was carried out using wavelet analysis. Details of this
analysis can be found in Appendix C
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Figure 4.3: Addition of ZD7288 alters the band-pass filtering of synchronous
frequencies : (a) & (b) describe the synaptic current injected by the dynamic clamp
system at 300 µm 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 after application of 20 µM ZD7288. (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 similar to that in control (Fig.4.2), the
voltage waveform at the soma is now composed of low-frequency components that do
not show synchrony at the soma.
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be exclusively comprised of the synchronous theta frequency components (Fig.4.2e,f),

that temporal patterns of synaptic events that generate a strong theta-frequency

component in the input current take maximum advantage of oscillatory synchrony as

well as transfer to the soma with maximum impedance. For example, when the input

current generated by a single synaptic event is compared with that generated by a

burst of 5 events at 60 Hz, the burst current input has 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.4.2c,d). This is obvious and reflected in

the somatic voltage waveforms.

We thus explored different temporal patterns of synaptic input to identify those

that have a strong theta-frequency component in the input current and are thus at

an advantage for both oscillatory synchrony and propagation to the soma with high

impedance.

4.2 Gamma frequencies have a stronger theta component

To identify the temporal patterns of synaptic input with a strong theta frequency

component, we started with the burst input and altered the frequency of the synaptic

events within the burst (Fig.4.4a). We then analyzed the slow-frequency components

in the dendritic current input that constitute the majority of the voltage output at

the soma (Fig.4.4b,c). Our results indicate 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.4.4d). This suggests that gamma-frequency

synaptic bursts are at an advantage in achieving oscillatory synchrony as well as

signal transfer to the soma with high impedance. We directly confirmed this proposed

efficiency of signal transfer by measuring the transfer impedance at the peak input
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Fig.4.4: Gamma frequency synaptic bursts generate theta-frequency components
important for oscillatory synchrony: (a) describes the synaptic current input at
300 µm 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) 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).
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current frequency using the simultaneously recorded voltage output at the soma

(Fig.4.4e). Our results confirmed that gamma frequency burst inputs maximize the

impedance 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 (Bragin

et al., 1995; Harris et al., 2003). Our results suggesting that gamma frequency

synaptic inputs are suited to take adventage of 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.

4.3 Oscillatory synchrony during network oscillations

During the active state of the hippocampal network, gamma oscillations are

modulated by the overarching theta oscillations (Bragin et al., 1995). From the

cellular perspective, synaptic integration during these network oscillations involves

rhythmic dendritic excitation and alternatively somatic inhibition contributed

by a multitude of synapses (Kamondi et al., 1998). Is oscillatory synchrony

relevant for synaptic integration in such a noisy background where multiple

synaptic conductances, excitatory and inhibitory, influence membrane potential

in a rhythmic manner? To answer this question, we used the dynamic clamp

system to simulate dendritic excitation and alternative somatic inhibition from

a multitude of synapses simultaneously. Each synapse provided stochastic burst

inputs in the gamma frequency range (∼90 Hz), which was modulated at a theta

frequency (7 Hz) to simulate theta frequency excitation and inhibition (Fig.4.5a).

Although this simplified protocol may not approach the spatiotemporal complexity

and the multitude of synaptic inputs in vivo, it helped us analyze the input current
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Figure 4.5: Current and voltage frequency components for rhythmic synaptic inputs:
(a) (Top) illustrates the experimental paradigm of rhythmic synaptic excitation
in the dendrite from 4 excitatory synapses (red) and alternating inhibition from
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somatic inhibition in CA1 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.

63



frequencies that are in play during a realistic scenario with 1) stochastic inputs,

2) multitude of synapses and 3) presence of inhibition. Although the inhibitory

synapses had a higher synaptic conductance and slower time constant than the

excitatory synapses (Appendix B), they generated smaller currents conforming to the

role of inhibition as a shunting mechanism (Fig.4.5a). The input currents generated

were predominantly from dendritic excitation and in spite of stochastic firing from

a multitude of synapses were dominated by the rhythmic nature of synaptic bursts.

This was apparent in the strong theta frequency component observed in the input

currents (Fig. 4.5b). 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. 4.5a,c) (Harvey

et al., 2009; Lee et al., 2006).

Since oscillatory synchrony is optimum in this theta-frequency range, we

predicted that the somatic voltage response to rhythmic excitation would be

similar irrespective 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.4.6). This underscores the

functional relevance of oscillatory synchrony in synaptic integration of inputs during

the active state of the hippocampal network.
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Chapter 5

TRIP8b is essential to establish a

functional HCN gradient

In chapter 3, we saw that the gradient distribution of HCN channels is important for

the selective propagation of synchronized frequencies with high transfer impedance.

While the subcellular localization of HCN channels plays a critical role in formation

of these functional gradients, the trafficking mechanisms that determine this

localization are not fully understood. Since ion channel function and localization

are often influenced by interacting proteins, we explored the role of tetratricopeptide

repeat-containing Rab8b-interacting protein (TRIP8b), a HCN channel auxiliary

unit, in establishing a functional HCN gradient in CA1 neurons1.

TRIP8b is a HCN channel interacting protein that colocalizes with HCN1 and

HCN2 in distal dendrites of pyramidal neurons in the CA1 region and neocortical

1Contents of this chapter have been adapted from Lewis AS, Vaidya SP, Blaiss CA, Liu Z,
Stoub TR, Brager DH, Chen X, Bender RA, Estep CM, Popov AB, Kang CE, Van Veldhoven
PP, Bayliss DA, Nicholson DA, Powell CM, Johnston D, Chetkovich DM (2011) Deletion of
the hyperpolarization-activated cyclic nucleotide-gated channel auxiliary subunit TRIP8b impairs
hippocampal Ih localization and function and promotes antidepressant behavior in mice. J. Neurosci.
31:7424-7440.
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layer V (Santoro et al., 2004). In temporal lobe epilepsy, the gradient distribution

of HCN channels is significantly altered in CA1 pyramidal neurons (Shin et al.,

2008). This mislocalization of HCN channels is concurrent with their dissociation

with TRIP8b. This suggests that TRIP8b plays a crucial role in establishing the

gradient of HCN channels.

In vitro studies have shown that TRIP8b significantly regulates the voltage

gating and kinetics of the HCN channel current, while alternative splicing of the

TRIP8b N-terminus generates splice isoforms that differentially affect HCN channel

surface trafficking toward or away from the surface plasma membrane (Lewis et al.,

2009; Santoro et al., 2009; Zolles et al., 2009). We sought to determine if TRIP8b is

indeed essential for the establishment of the HCN gradient in vivo. Whole brain

knockout mice lacking all TRIP8b expression (TRIP8b−/−) were generated in the

lab of Dr. Dane Chetkovich at Northwestern University, IL. Using these mice, we

performed whole-cell current-clamp recordings at the soma and in the dendrites of

CA1 neurons. Our current-clamp protocols were designed to ascertain the presence

of Ih in the CA1 neurons from these knock-out mice.

5.1 Somatic measurements of Ih in TRIP8b−/− mice

To examine how Ih is altered following deletion of TRIP8b, we evaluated

Ih-dependent membrane properties in the soma of CA1 pyramidal neurons in

TRIP8b−/− and TRIP8b+/+ mice. Previous studies show that short hairpin

RNA-mediated knockdown of all TRIP8b isoforms significantly reduces native Ih

from cultured hippocampal neurons (Lewis et al., 2009) suggesting that in vivo

TRIP8b may also be required for proper expression of Ih.
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Fig.5.1: Deletion of TRIP8b results in functional loss of Ih in CA1 pyramidal neurons:

(A) Input resistance (RN) was increased in TRIP8b−/− neurons (128.23 ± 6.03 MΩ,n
= 30) compared to TRIP8b+/+ (wildtype) controls (74.97± 3.4 MΩ, n = 23).

(B) Neurons from TRIP8b−/− mice had a significantly lower rebound slope (0.00
± 0.006, n=30) compared to wildtype controls (-0.14 ± 0.04 ,n = 23). Dashed box
represents voltage traces used to measure rebound potential.

(C) TRIP8b−/− mice displayed increased temporal summation (39.61 ± 4.31 %, n=18)
compared to wildtype controls (4.75± 2.05 %, n = 11).

(A-C) Inset, Average response of three traces for (A) 500 ms current injections
from -50 pA to +50 pA in increments of 10 pA, (B) 500 ms current injections from
0 pA to -200 pA in increments of -20 pA and (C) 5 α-EPSP current injections at 20 Hz.

(D) Neurons from TRIP8b−/− mice (n = 28) show no resonance (resonance frequency,
fR, = 1.04 ± 0.02 Hz) as compared to wildtype controls (n = 23; fR = 3.47± 0.17 Hz).

(A-D) ZD7288 (20 µM) significantly altered RN (A), rebound slope (B), temporal
summation (C), and fR (D), in wildtype but not TRIP8b−/− neurons.

(E) Plot of fR vs. membrane voltage (Vm) revealed that TRIP8b−/− neurons (n = 5)
have a significantly lower fR at hyperpolarized voltages compared to wildtype mice
(n = 5) with no significant difference at depolarized voltages. Inset, impedance
amplitude profiles for wildtype (black) and TRIP8b−/− (red) mice measured at
-70 mV (left) and -30 mV (right).

(F) Depolarizing current injection elicited significantly more action potentials from
TRIP8b−/− neurons (n = 10) compared to wildtype neurons (n = 8). In all panels, open
symbols represent individual experiments and filled symbols represent the mean ±
s.e.m. *p < 0.05, **p < 0.01, ***p < 0.005.
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2The CA1 neurons in the TRIP8b−/− mice had a significantly more hyperpolarized

somatic resting membrane potential compared to TRIP8b+/+ mice (TRIP8b+/+, -66

± 0.6mV, n=19; TRIP8b−/−, -71 ± 0.7mV; n=29, p < 0.001) and thus, in order

to compare the intrinsic neuronal properties between TRIP8b+/+ and TRIP8b−/−

mice all subsequent measurements were made with the membrane potential held

at -70mV. Recordings from TRIP8b−/− mouse CA1 pyramidal neuron somata had a

significantly higher input resistance (RN) and a distinct absence of the characteristic

voltage sag (TRIP8b+/+, 14.23 ± 0.96%, n=23; TRIP8b−/−, 0%, n=30; p < 0.001),

indicating a significant reduction in Ih as compared to TRIP8b+/+ littermate controls

(Fig.5.1A). The negative slope of the line, when the magnitude of voltage rebound

above baseline at the end of a hyperpolarizing step pulse is plotted as a function

of the steady-state voltage from which it is released is another reliable indicator of

the presence of Ih (Brager and Johnston, 2007) and consistent with the hypothesis

of distinctly reduced Ih we also found the absence of voltage rebound in TRIP8b−/−

but not TRIP8b+/+ neurons (Fig.5.1B). Application of the Ih blocker ZD7288 (20 µM)

significantly increased RN and abolished voltage rebound in TRIP8b+/+ but did not

affect TRIP8b−/− neurons (Fig.5.1A, B) as would be expected in the absence of Ih .

The high density of Ih in CA1 pyramidal neurons strongly influences integrative

properties (Magee, 1999). To assess the effect of TRIP8b deletion on temporal

summation, a train of five current pulses (modeled by an alpha function, αEPSPs)

was used to mimic EPSPs. Five αEPSPs were injected into the soma at 20 Hz, a

frequency shown to be sensitive to changes in the amount of Ih (Poolos et al., 2002).

Consistent with decreased Ih we found that TRIP8b−/− CA1 pyramidal neurons

had significantly more temporal summation compared to TRIP8b+/+ controls, and

2Darrin H. Brager, Ph.D. contributed to results in Fig.5.1
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ZD7288 only increased temporal summation in TRIP8b+/+ but not TRIP8b−/−

neurons (Fig.5.1C).

CA1 pyramidal neurons from TRIP8b−/− mice did not display any resonance

compared to TRIP8b+/+ mice (Fig.5.1D), and ZD7288 significantly decreased fR only

in TRIP8b+/+ neurons. At -70 mV, HCN channels should be the only conductance

that contributes to cell resonance (Hu et al., 2002; Narayanan and Johnston, 2007).

To determine whether changes in another resonating conductance may contribute to

our observations, we made measurements of fR across a range of voltages (Fig.5.1E).

We found that resonance in TRIP8b−/− mice was significantly lower compared to

controls at all voltages hyperpolarized to -50 mV (where Ih dominates) with no

significant difference at voltages depolarized to -50 mV (where IM dominates). These

data demonstrate that deletion of TRIP8b results in a highly significant yet specific

reduction of Ih in CA1 pyramidal neurons.

Functionally, downregulation of Ih can manifest as increased excitability.

Consistent with loss of Ih CA1 pyramidal neurons from TRIP8b−/− mice showed

higher action potential firing frequency compared to TRIP8b+/+ mice (Fig.5.1F).

This increase was not due to a significant change in action potential threshold or

half-width (AP threshold: TRIP8b+/+, -49.2 ± 1.4 mV; TRIP8b−/−, -50.5 ± 1.8 mV; p

> 0.05 and half-width: TRIP8b+/+, 1.03 ± 0.05 ms; TRIP8b−/−, 1.09 ± 0.07ms; p >
0.05).

5.2 Dendritic measurements of Ih in TRIP8b−/− mice

As the majority of Ih is localized within distal dendrites of CA1 pyramidal neurons,

our somatic recordings cannot exclude the possibility that dendritic HCN channels

are minimally affected by deletion of TRIP8b. We thus performed whole-cell
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Fig.5.2: Functional loss of Ih due to knockout of TRIP8b occurs in the dendrites of
CA1 pyramidal neurons.

(A) Dendritic recordings from CA1 pyramidal neuron dendrites revealed that
TRIP8b−/− mice had a significantly higher dendritic > (85.76 ± 5.29 MΩ, n = 6)
compared to TRIP8b+/+ (wildtype) controls (66.96 ± 6.22 MΩ, n = 4). Inset, voltage
responses used to measure dendritic RN from wildtype and TRIP8b−/− neurons.
Scale bar = 5 mV and 100 ms.

(B) Rebound slope measured in the dendrites of CA1 pyramidal neurons from
TRIP8b−/− mice was significantly decreased (0.00 ± 0.008, n = 6) compared to
wildtype controls (-0.23 ± 0.03, n = 3). Scale bar = 10 mV and 100 ms.

(A-B) Inset, Average response of three traces for (A) 500 ms current injections from
-50pA to +50pA in increments of 10 pA, and (B) 500 ms current injections from 0 pA
to -200 pA in increments of -20 pA .

(C) Dendritic fR in CA1 pyramidal neurons from TRIP8b−/− mice was significantly
lower (1.00 Hz, n=6) compared to wildtype controls (3.73 ± 0.47 Hz, n = 4). Inset,
impedance amplitude profiles for wildtype and TRIP8b−/− CA1 pyramidal neurons.

(D) CA1 pyramidal neurons from TRIP8b−/− mice showed significantly more
temporal summation in the dendrites (24.88 ± 4.96 %, n = 6) compared to wildtype
controls (7.7± 6.6 %, n = 3). Inset, α-EPSPs used to measure temporal summation
from wildtype (black) and TRIP8b−/− (red) neurons. Scale bar = 2 mV and 50 ms.
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recordings from the apical dendrite of CA1 pyramidal neurons (recording distance

from soma: TRIP8b+/+, 161 ± 5 µm n=10; TRIP8b−/−, 170 ± 4 µm n=11; p >
0.05). Consistent with our somatic recordings, we found significant differences in all

Ihdependent parameters like input resistance, rebound slope, resonance and α-EPSP

summation indicating the absence of any functional Ih in the distal dendrites of

TRIP8b−/− mice as compared to TRIP8b+/+mice (Fig.5.2). Post-hoc morphological

analysis of reconstructed neurons from TRIP8b+/+ and TRIP8b−/− mice revealed no

significant differences in total dendritic length, volume, or surface area (data not

shown). Taken together with the data obtained from somatic recordings above, these

results demonstrate that deletion of TRIP8b results in a significant functional loss of

Ih throughout the entire CA1 pyramidal neuron.

It should be noted, however, that application of 20 µM ZD7288 resulted in an

increase in input resistance and αEPSP summation at 20 Hz in the TRIP8b−/−

dendrites, while the absence of resonance and rebound voltage remained unaltered.

This may indicate the presence of some residual Ih in the dendrites, but considering

the distinct phenotype of TRIP8b−/− dendrites indicating the absence of Ih when

analyzed for all Ih -dependent parameters, we argue that residual Ih if present,

is still inconsequential in influencing the physiology of the CA1 neuron. As input

resistance and α-EPSP summation are more prone to be influenced purely by

conductance unlike resonance and voltage rebound, we investigated the possibility

that there may be non-Ih realated differences affecting the conductance state of

TRIP8b−/− dendrites. However, analysis of the input resistance and membrane time

constant in the presence of 20 µM ZD7288 (TRIP8b+/+, 107.75 ± 14 MΩ; TRIP8b−/−,

149.6 ± 18 MΩ; p > 0.05 and TRIP8b+/+, 44.4 ± 6.4 ms; TRIP8b−/−, 48.12 ± 6.2 ms;

p > 0.05) failed to indicate any non-Ih related differences in conductance of TRIP8b

+/+ and TRIP8b−/− dendrites.
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These results suggest that TRIP8b is essential for establishment of the HCN

gradient in vivo. Subsequent analysis also showed that TRIP8b−/− neurons

synthesized HCN1 protein but the HCN subunits could not be trafficked to the

plasma membrane and were thus excessively degraded via the lysosomes. Absence

of HCN gradient also led to behavioral deficits in TRIP8b−/− mice in the form of

impaired motor learning and surprising antidepressant behavior (Lewis et al., 2011).
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Chapter 6

Discussion

In this study we show that the distribution of HCN channels in CA1 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 computational modeling, 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 frequency components that are

synchronous at the soma. An outcome of these filtering properties is that the voltage

waveform at the soma is independent of the synapse input location in 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.

It is perhaps prudent that I start this discussion highlighting the limitations

of the experimental findings in this project. It is important to be aware that the

procured experimental data is limited to the stratum radiatum and hence is relevant

to synchrony of inputs from just the schaeffer collateral pathway. Any extension
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of the oscillatory synchrony to the perforent pathway inputs would be speculative

in nature. The recordings are also limited to the apical dendrite of CA1 neurons.

Since the ion channel distributions in the obliques are unknown, it is difficult to

state whether this synchrony extends to the location of individual spines, especially

in their distal regions.

The analysis in this study is also limited to the subthreshold integration of inputs

at the soma and does not account for the generation of dendritic spikes that involve

active propagation. It should be noted, however, that inputs in the theta-rhythm

have been shown less likely to generate dendritic spikes compared to the sharp wave

state (Gasparini and Magee, 2006).

The limiting of this analysis to subthreshold voltages also eliminates any possible

interaction of this HCN -dependent phenomenon with IM , the muscarine sensitive

potassium current associated with KCNQ channels (but see George et al. (2009)). IM

imparts membrane inductance similar to HCN channels at depolarized voltages and

is often thought to be a complementary resonance filter considering its predominant

distribution at the soma and depolarized voltage range (Hu et al., 2002, 2009)

In CA1 neurons, the conductance density of synaptic AMPA receptors increases

with distance from the soma. The higher amplitude synaptic response in

the dendrites compensates for voltage attenuation resulting in uniform voltage

amplitude at the soma for synaptic inputs across the apical dendrite (Magee

and Cook, 2000; Andrasfalvy and Magee, 2001). 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.
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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 CA1 neurons of the hippocampus, L5 pyramidal neurons of the

somatosensory cortex and cerebellar purkinje cells (Magee, 1999; Williams and

Stuart, 2000; Angelo et al., 2007). 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. For instance, the importance of the gradient

distribution in transfer of inputs was not only overlooked, but deemed unnecessary

by previous studies (Angelo et al., 2007). Moreover, our analysis encourages

a paradigm shift in our understanding of the phenomenological HCN-dependent

temporal summation normalization. Our results would argue, that temporal

summation is but a stray outcome of a system that is primarily designed to handle

the rhythmic inputs of the hippocampal-entorhinal complex.

It should also be noted that the gradient of HCN distribution is one of the first

ion-channel distributions to be disturbed in disease states like status epilepticus or

after exposure to cellular stressors disturbing the intracellular calcium homeostasis

(Shin et al., 2008; Narayanan et al., 2010). Pathophysiology of neural disorders

like schizophrenia also depict abnormalities in the synchronized activity of neurons

(Uhlhaas and Singer, 2010). These factors suggest that a mechanism that is

necessary to encode incoming oscillatory information in a pyramidal neuron is an

important aspect of its healthy functional state.

One of the interesting observations from this study is that every CA1 neuron

has a set latency of somatic response for inputs 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
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potentially alter the response latency or phase of CA1 neuronal output (Fan et al.,

2005; Brager and Johnston, 2007; Narayanan and Johnston, 2008). In fact, a similar

outcome where Hebbian plasticity is used as a mechanism to alter the timing of

neuronal output has been described in the insect olfactory system (Cassenaer and

Laurent, 2007). 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 could provide a new tuning mechanism for precise

temporal output.

In a wide variety of biological networks, information is represented by transiently

active neuronal ensembles or cell assemblies (Laurent, 1996; Buzsaki, 2010). 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/recall(Harris et al., 2003; Buzsaki, 2010). 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.

Epilogue

We started this dissertation with an appreciation for the need of functional synchrony

at the multiple levels of organization in the nervous system. A number of studies

in a wide variety of biological systems have identified neuronal oscillations as a

key mechanism of achieving this synchrony at the network level. This study, to

my knowledge, is the first to stress the importance of oscillations for functional

synchrony at the level of single cells.

While this mechanism highlights the adaptation of the cellular biophysical
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machinery to the functional demands of network computation, the beauty lies in the

details of how at every level from the total HCN conductance present in the system

to its total distribution, the system strives for optimization of function.
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Appendix A

Physiology Methods

Surgery and Slice Preparation

All procedures performed were approved by the University of Texas at Austin

Institutional Animal Care and Use Committee. Male Sprague Dawley rats (12-16

weeks) were anesthetized with an IP injection of Ketamine (135 mg/kg) and Xylazine

(15 mg/kg) and transcardially perfused with an ice-cold solution of [in mM]: 210

Sucrose, 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 0.5 CaCl2, 7 MgCl2, 7 Dextrose.

Hippocampal slices (350 µm thick) were made after an approximate 15° blocking cut

to the saggital plane for each hemisphere using a Vibratome 3000 (The Vibratome

Co.). The slices were incubated for 15 min at 37°C and at room temperature (∼22°C)

thereafter in ACSF containing [in mM] : 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 25

NaHCO3, 2 CaCl2, 2 MgCl2, 12.5 Dextrose, 1.3 Ascorbic Acid and 3 Na-pyruvate

(aerated with 95%O2/5%CO2).
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Electrophysiology

After recovery of slices for at least an hour and up to 7 hours after slicing, they were

submerged in a chamber running ACSF (similar to incubating ACSF but containing

instead 3 mM KCl, 1mM MgCl2 and no Ascorbic Acid/ Na-Pyruvate) at ∼2 ml/min.

Temperature at the center of the chamber was maintained at ∼34°C using an in-line

heater (SF-28; Warner Instruments). Neurons were visualized using differential

interference contrast (DIC) microscopy with infrared illumination on an upright

microscope (Nikon Eclipse E600FN) fitted with a 60X water-immersion objective

(Nikon Fluor). Whole-cell patch-clamp recordings were made in the current-clamp

mode using a Dagan IX2-700 dual channel amplifier and/or Dagan BVC-700A single

channel amplifier. Data was acquired using custom-written software in Igor Pro

environment (Wavemetrics Inc.) and digitized at 10 kHz by ITC-18 data acquisition

interface (Instrutech Corp.) after low-pass analog filtering at 3 kHz (Frequency

Devices 901 Lowpass Filters). For both somatic and dendritic recordings, data

was discarded if series resistance exceeded 30 MΩ. Patch pipettes (4-8 MΩ) were

pulled from borosilicate glass (PG52165-4, World Precision Instruments, Inc) using a

Flaming/Brown micropipette puller (model P-97, Sutter Instruments) and filled with

internal solution containing [in mM] : 120 K-Gluconate, 20 KCl, 4 NaCl, 11 HEPES,

7 K2-phosphocreatine, 4 Mg-ATP and 0.3 Na-GTP (pH 7.35 with KOH). Neurobiotin

(0.1% ) was included for subsequent histological processing. Voltages have not been

corrected for liquid junction potential of ∼8 mV. The resting potential of the neurons

at the soma was typically around -65 mV (dendritic potential was ±2 mV from

the soma). All reported results (except the triple recording, which was performed

at resting potential) were performed at -70 mV to minimize the holding current

injection needed to counteract the hyperpolarization of the cell after application
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of ZD7288. Holding current injection, when needed, was applied first from the

somatic electrode and only if the difference between the two recording sites was <
2mV, adjustments were made with dendritic holding current. This ensured that the

dendrite was isopotential between the two recording sites. Experiments involving

application of ZD7288 were performed with synaptic blockers (20 µM DNQX, 50 µM

APV and 2 µM Gabazine) to prevent the potential change in synaptic conductance

from affecting post-synaptic measurement (Chevaleyre and Castillo, 2002). ACSF

reagents were obtained from Sigma-Aldrich Co.,LLC and Thermo Fischer Scientific

Inc., while pharmacological ligands were obtained from Tocris Bioscience and Ascent

Scientific (now Abcam Biochemicals).

Electrical Impedance (Z) was measured as the ratio of the Fast Fourier

Transform (FFT) of the voltage response to that of the current input.

Impedance phase (in radians) was derived from this ratio as:

φ( f )= tan−1 Im(Z( f ))
Re(Z( f ))

(A.1)

while, impedance amplitude was derived as:

|Z( f )| =
√

(Re(Z( f )))2 + (Im(Z( f )))2 (A.2)

where, Re(Z( f )) and Im(Z( f )) are the real and imaginary parts of the complex Z

at frequency f .

For physiological experiments, Impedance Phase Profile (ZPP) across a frequency

range was calculated by using 2 s pure sinusoidal current injections at a given

frequency (100 pA; Frequency Range 1-15 Hz; increment 1 Hz) as well as a chirp
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stimulus (100 pA; Frequency Range 1-15 Hz in 15 s). Since no stimulus-dependent

differences were observed for the two protocols, only the chirp stimulus was used for

subsequent analysis.
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Appendix B

Dynamic Clamp Methods

Dynamic Clamp Methods

Our primarily goal in using a dynamic clamp or conductance clamp method to

simulate synaptic currents was to avoid current injection errors associated with

high frequency synaptic stimulation patterns (Fig.B.1). The use of dynamic clamp

also ensured that the decay kinetics for synaptic conductances were similar to

the experimentally measured values for excitatory and inhibitory synapses in CA1

neurons.

The Dynamic Clamp system was implemented using the StdpC software

(Kemenes et al., 2011) on a standard PC [Intel Core 2 Duo E8400; 3 GHz with 2

GB RAM and Windows 7 (64 bit)]. A National Instruments (NI) Data Acquisition

card (PCIe-6251) along with a connector block (BNC-2110) was used to interface

the dynamic clamp system with the amplifier inputs/outputs. The StdpC system

has a variable ’soft’ real-time dynamic clamp cycle unlike the real-time Linux based

systems which guarantee constant update-cycle intervals. When tested with the

above PC configuration, the StdpC system could reliably achieve update cycle speeds
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50 Hz

20 Hz

100 Hz

a b

c d

50 ms
5 mV

Dynamic Clamp
Current Clamp

Figure B.1: Accuracy of Dynamic clamp over Current clamp for high frequency
synaptic inputs. A model cell was injected with synaptic current described either
by an α-EPSC function in current clamp (red) or by calculating conductance using
a single exponential decay model in the dynamic clamp system (black). (a) The
α-EPSC tau, which described the waveform of the current clamp synaptic current
was adjusted such that the voltage waveform generated by both the systems were
similar. (b), (c) & (d) show that with higher burst frequencies, there are significant
differences between current injected by the two systems reflected here in the voltage
amplitudes. This is because the dynamic clamp system accounts for the driving force
during multiple opening events which is unaccounted for in the current clamp. A
dynamic clamp ‘synapse’ thus injects more realistic currents.
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of 10 kHz for 6 simultaneous synaptic inputs without any current injection errors. All

our experiments were performed at this update speed, which was significantly higher

than what would be needed to simulate the relatively slower synaptic conductances.

The synaptic current, Isyn, was generated as follows:

Isyn = ḡsyns(t)(Vm −Esyn) (B.1)

where, ḡsyn is the maximum synaptic conductance; Vm is the membrane voltage

at time t and Esyn is the synaptic reversal potential.

The kinetics of the gating variable s were described as follows:

ds
dt

= 1
τsyn

s∞(Vpre)− s(t)
1− s∞(Vpre)

(B.2)

s∞(Vpre)=
tanh [Vx(t)−Vthresh

Vslope
]

0

i f Vpre >Vthresh

otherwise
(B.3)

A synaptic event was signaled by a TTL pulse from the current clamp acquisition

system. The use of the TTL pulse ensured that transiently Vpre >> Vthresh for the

given values of Vthresh and Vslope (50mV & 25 mV respectively). This resulted in the

synaptic event generating a near instantaneous rise in the synaptic conductance to

its maximum value, ḡsyn, followed by a single exponential decay described by τsyn

The excitatory synapse model had a τsyn of 3 ms. This was modeled after the

EPSC τdecay measured in CA1 neurons (2.5 - 3.5 ms) (Magee and Cook, 2000). The

Esyn was set at 0 mV for the excitatory synapse and the conductance was adjusted

to give an EPSP of amplitude ∼2 mV at the soma per synapse. Arguably, this

conductance was 5-fold higher than what would be expected for a single synapse.
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This amplification was done to subdue the influence of spontaneous membrane

fluctuations on the subsequent analysis.

The inhibitory synapse model had a τsyn of 8 ms. This was modeled after IPSG

τdecay measured in CA1 neurons (8 ms) (Glickfeld and Scanziani, 2006). The Esyn

was set at -80 mV for the inhibitory synapse and the conductance at 3 nS per synapse.

This was ∼3-fold higher than that estimated for basket cell inputs onto CA1 neurons.
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Appendix C

Frequency Analysis by CWT

Frequency Analysis of current and voltage waveforms was performed using the

Continuous Wavelet Transform (CWT). The CWT provides a time-frequency analysis

for non-stationary signals (signals whose spectral content changes with time) with

a high spectral resolution for low-frequency components (albeit with low temporal

resolution) and vice-versa. CWT was implemented in the Igor Pro (Wavemetrics Inc.)

environment following guidelines from (Torrence and Compo, 1998) using a complex

Morlet wavelet described as:

Ψ0(ω, x)= 1
π1/4 eiωxe

−x2
2 (C.1)

The transform co-efficients for power thus obtained were corrected for their energy

bias so that spectral peaks could be compared across scales (frequencies) (Liu et al.,

2007).

Although time-frequency analysis was performed for all described signals, only

the average of the frequency spectrum across the time series, described as ‘global

average’ (Torrence and Compo, 1998) was reported in the main figures so that
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Time Domain Time Frequency
Analysis

Frequency Domain
(Average)a

b

c

d

Figure C.1: Time-Frequency Analysis using Continuous Wavelet Transform: (a)-(d)
depicts the time domain signals from Fig. 6 and their scaleogram (Time-Frequency
Analysis) obtained by the continuous wavelet transform method. Note that the lower
frequencies have a higher spectral resolution but bad temporal resolution and higher
frequencies have lower spectral resolution but good temporal resolution. Traces on
the right depict the time series average of the scaleogram.
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analysis from multiple cells could be shown simultaneously. For all cases described,

the global average was a satisfactory representation of the spectral components

across the time series (Fig.C.1).
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