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Differential expression of voltage-gated K+ currents in medial
septum/diagonal band complex neurons exhibiting distinct firing
phenotypes

Emilio R. Garrido-Sanabria, Miriam G. Perez-Cordova, and Luis V. Colom*

Department of Biological Sciences, The Center for Biomedical Studies, The University of Texas at
Brownsville, 80 Fort Brown, Brownsville, Texas 78520

Abstract
The medial septum/diagonal band complex (MSDB) controls hippocampal excitability, rhythms
and plastic processes. Medial septal neuronal populations display heterogeneous firing patterns. In
addition, some of these populations degenerate during age-related disorders (e.g. cholinergic
neurons). Thus, it is particularly important to examine the intrinsic properties of theses neurons in
order to create new agents that effectively modulate hippocampal excitability and enhance
memory processes. Here, we have examined the properties of voltage-gated, K+ currents in
electrophysiologically-identified neurons. These neurons were taken from young rat brain slices
containing the MS/DB complex. Whole-cell, patch recordings of outward currents were obtained
from slow firing, fast-spiking, regular-firing and burst-firing neurons. Slow firing neurons showed
depolarization-activated K+ current peaks and densities larger than in other neuronal subtypes.
Slow firing total current exhibited an inactivating A-type current component that activates at
subthreshold depolarization and was reliably blocked by high concentrations of 4-AP. In addition,
slow firing neurons expressed a low-threshold delayed rectifier K+ current component with slow
inactivation and intermediate sensitivity to tetraethylamonium. Fast-spiking neurons exhibited the
smaller IK and IA current densities. Burst and regular firing neurons displayed an intermediate
firing phenotype with IK and IA current densities that were larger than the ones observed in fast-
spiking neurons but smaller than the ones observed in slow-firing neurons. In addition, the
prevalence of each current differed among electrophysiological groups with slow firing and
regular firing neurons expressing mostly IA and fast spiking and bursting neurons exhibiting
mostly delayer rectifier K+ currents with only minimal contributions of the IA. The
pharmacological or genetic modulations of these currents constitute an important target for the
treatment of age-related disorders.
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cholinergic neurons; slow firing; fast-spiking; regular spiking; voltage-gated K+ currents; firing
properties; medial septum; rat
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INTRODUCTION
The medial septum/diagonal band complex (MS/DB) plays a pivotal role in the
synchronization of septohippocampal pathways, pacing oscillatory activity such as the theta
rhythm (Andersen et al., 1979; Bland and Oddie, 2001; Bland et al., 1999; Bland and Bland,
1986; Jackson and Bland, 2006; Lawson and Bland, 1993). It is largely known that neurons
in the MS/DB express diverse intrinsic membrane properties (e.g. firing pattern, action
potential width, afterhyperpolarizing potentials and accommodation), which tend to correlate
with their neurochemical phenotypes (e.g. neurotransmitter content) (Garrido-Sanabria et al.,
2007b; Griffith, 1988; Griffith and Matthews, 1986; Knapp et al., 2000; Morris et al., 1999;
Sotty et al., 2003). For instance, slow firing neurons are known to express markers of
cholinergic neurons such as acetylcholinesterase, acetylcholine and nerve growth factor low-
affinity receptor P75 (Garrido-Sanabria et al., 2007b; Griffith and Matthews, 1986; Sotty et
al., 2003; Wu et al., 2003; Yoder and Pang, 2005). Typically, these neurons slow
significantly in their firing afterhyperpolarizing potential (sAHP) and wide action potentials
(Garrido-Sanabria et al., 2007b; Griffith and Matthews, 1986; Matthews and Lee, 1991;
Sotty et al., 2003). In contrast, fast-spiking and burst firing neurons usually express L-
glutamic acid decarboxylase (GAD) immunoreactivity, indicating that they are gamma-
aminobutyric acid (GABA)ergic neurons (Knapp et al., 2000; Morris et al., 1999; Serafin et
al., 1996; Sotty et al., 2003; Yoder and Pang, 2005). Among this group, parvalbumin-
containing neurons have been extensively studied in the MS/DB area. Parvalbumin-positive
neurons are characterized in vitro by their salient capability to fire short-duration action
potentials at sustained high-frequency rates with little accommodation (Griffith, 1988;
Knapp et al., 2000; Morris et al., 1999). The majority of parvalbumin-containing neurons
project their axons toward the hippocampus as part of the septohippocampal pathway
(Brauer et al., 1998; Freund, 1989; Kiss et al., 1990; Morris and Henderson, 2000).

Electrophysiologically, neurons in the medial septal region have been classified as slow-
firing, fast-spiking, regular-spiking, and burst-firing neurons (Henderson et al., 2001). The
emergence of such dissimilar firing phenotypes depends on the interaction of different ionic
currents. Among these currents, potassium (K+) conductances are known to shape electrical
properties of cells, influencing the duration and repolarization phase of action potentials,
afterhyperpolarizing potentials and repetitive firing patterns (Li et al., 2006). Several types
of K+ channels have been identified based on their electrophysiological and pharmacological
properties. The most widely distributed K+ channels are the delayed outward rectifier (IDR),
transient A-type (IA), and calcium-activated potassium (IKCa) conductances (Coetzee et al.,
1999; Rudy, 1999). The IDR and IA conductances regulate the timing of action potential
formation and the repetitive firing pattern of neuronal cells (Hernandez-Pineda et al., 1999;
Peusner et al., 1998; Schwindt et al., 1988; Song et al., 1998; Traub et al., 1991). Correlation
between firing behavior and K+ currents has previously been explored in the MS/DB. For
example, apamin-sensitive Ca2+-dependent K+ currents underlying slow
afterhyperpolarizing potentials (sAHP) have been described in slow firing cholinergic
neurons of the MS/DB, and they are thought to contribute to the neurons’ strong spike
adaptation (Griffith, 1988; Griffith and Matthews, 1986; Matthews and Lee, 1991). In
contrast, fast-spiking neurons exhibiting markedly fast afterhyperpolarizing potential
(fAHP) and little accommodation express modest apamin-sensitive Ca2+-dependent K+

current (Morris et al., 1999; Sotty et al., 2003). Previous experiments in striatum have
revealed that cholinergic neurons are able to fire at low frequencies due to the presence of a
pronounced A-type K+ current, which is mainly mediated via Kv 4.2 channels (Song et al.,
1998; Tkatch et al., 2000). However, a comparative study on major types of K+ currents has
not been performed among neurons with distinct firing repertoires in the MS/DB.
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The septo-hippocampal system is affected by aging and Alzheimer’s disease (Geula, 1998;
Hall et al., 2008; Schliebs and Arendt, 2006). Medial septal neurons act as pacemakers for
the hippocampal theta rhythm, a functional state that enhance synaptic plasticity and
memory processes (Colom, 2006). The rhythmical firing patterns of medial septal neurons
are dependent on their intrinsic membrane properties. In turn, intrinsic membrane properties
are shaped by ionic conductances. K+ channels constitute the largest family of membrane
ionic channels. Their extraordinary diversity makes them a perfect tool to control neuronal
excitability and firing properties. Some K+ channels, such as the Kv3.1 of medial septal
GABAergic neurons may contribute to hippocampal theta activity through the regulation of
transmitter release from axonal terminals (Henderson et al., 2010). Furthermore, IKD and IA
currents have been associated with Alzheimer’s disease pathogenesis, contributing to brain
dysfunction and cell death mechanisms (Angulo et al., 2004; Colom et al., 1998; Kerrigan et
al., 2008; Kidd et al., 2006; Kidd and Sattelle, 2006; Pannaccione et al., 2007; Plant et al.,
2006; Ye et al., 2003; Yu et al., 2006). Thus, the characterization of K+ currents in medial
septal neurons is necessary to understand the septo-hippocampal function as well as
devastating disorders such as Alzheimer’s disease.

Here, we explore the properties of voltage-gated K+ currents that can determine distinct
discharge patterns in electrophysiologically-identified neurons in the MS/DB area. In this
study, we have used the whole-cell, patch-clamp technique to examine the voltage-gated K+

currents that participate in the generation of the firing patterns of MS/DB neurons. Our
results suggest that physiologically defined neuron subtypes display diverse voltage-gated
K+ currents, which actively contribute to shaping the action potential waveforms, spike
frequency and excitability of MS/DB neurons.

MATERIALS AND METHODS
Medial septum/diagonal band complex preparations

Animal protocols used in this study complied with pertinent institutional and federal animal
welfare regulations (Protocol#2003-004-IACUC). Electrophysiological experiments were
performed using the coronal MS/DB slice preparation. 35, male, Sprague Dawley rats (21–
35 days old; Charles River Laboratories, Raleigh, NC) were deeply anesthetized with 80 mg/
kg ketamine i.p. (Butler Animal Health Supply, Dublin, OH) and decapitated with a rodent
guillotine. The brain was rapidly removed and placed into ice-cold (~4°C) sucrose-artificial
cerebrospinal fluid (ACSF) containing (in mM): 240 sucrose, 3 KCl, 1 CaCl2, 5 MgSO4,
0.15 NaH2PO4, 26 NaHCO3, 25 glucose, pH 7.4 following aeration with 95% O2 and 5%
CO2; osmolarity was 295–305 mOsm as measured with a freezing point osmometer
(Advanced Instruments; Needham, MA). The block was glued to the stage of a vibrating
tissue slicer (OTS-4000, EMS, Fort Washington, PA), and coronal slices of the MS/DB area
(350 μm) were sectioned in ice-cold, oxygenated ACSF. Slices were allowed to recover in a
holding chamber containing oxygenated standard ACSF (see below) for 1–2 hours at room
temperature until needed.

For recording, individual slices were transferred to a slice chamber, which was fixed to the
stage of an upright microscope (Axioskop; Zeiss, Oberkochen, Germany), fitted with a water
immersion objective (40×, 0.75 numerical aperture) and viewed with near infrared light
(>775 nm) trans illumination and differential interference contrast optics (IR-DIC). Slices
were continuously perfused (at 1.5 ml min−1) with ACSF containing (in mM):125 NaCl, 3
KCl, 2 CaCl2, 2 MgSO4, 5 BES, 15 D-glucose, aerated with 95 % O2.5 % CO2. All drugs
were added into the perfusate by switching to reservoirs containing the appropriate test
solution. A waiting period of ~10 min was used to allow for equilibration before data were
collected.

Garrido-Sanabria et al. Page 3

Neurosci Res. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Electrophysiology
Recordings were made from visually identified neurons in the MS/DB area. All neurons
were initially identified on the basis of somata shapes using IR-DIC optics. Recording
pipettes pulled in multiple stages on a Flaming-Brown P-97 horizontal puller (Sutter
Instruments, Novato, CA) from borosilicate glass (1.5 mm ID), which had a resistance of 3
to 5 M . Patch electrodes were filled with a solution comprising the following (in mM): 120
K-gluconate, 10 KCl, 1 MgCl2, 2.5 Mg-ATP, 10 HEPES, 0.25 Na2-GTP, 0.1 BAPTA and
0.1% neurobiotin (pH 7.2 with KOH; 290 mOsm). The patch electrode was advanced
towards a visualized neuron using a stepping micromanipulator (PMC 100, Newport; Irvine,
CA). Once the pipette made contact with a cell, negative pressure was used to form a
gigaohm (>1 GΩ) cell-pipette seal. Then, gentle suction was applied to rupture the patch
membrane. Seal formation was performed in current-clamp mode, and membrane
breakthrough was monitored by observing the response to a hyperpolarizing current step
(0.3 nA).

Whole-cell patch-clamp techniques were used in current-clamp and voltage-clamp modes on
the same cell. This was done to identify the voltage-gated K+ currents present and to
examine their contribution to the firing pattern of the cell. Neurons were first recorded in
current-clamp mode for the analysis of intrinsic membrane properties (e.g. action potential
shape and firing characteristics). This was done using the electronic “bridge” circuit of
Axopatch 1D amplifier (Molecular Devices Corporation, Sunnyvale, CA) with the output
filter set at 10 kHz. Signals were digitized with a DIGIDATA 1300A A/D board (Molecular
Devices Corporation) and stored on PC running pClamp9 software (Molecular Devices
Corporation). After completing the examination of action potential and firing patterns in
current-clamp mode, we switched to the voltage-clamp configuration to record K+ currents.
Series and access resistance were monitored continually, and cells were discarded if access
resistance was unstable or changed by more than 20%. Potentials were recorded with respect
to the Ag/AgCl reference electrode located near the outflow of the chamber. Liquid junction
potentials ~10 mV were estimated between the pipette and external solutions, but values of
membrane potentials were not corrected.

Intrinsic properties were analyzed off-line using the Clampfit 9 program of pCLAMP9
software. The firing pattern was defined by the response of the cell to 400-ms increment
depolarizing steps. Other parameters measured included resting membrane potential, input
resistance, membrane time constant, action potential height, action potential half-width, rise
slope and decay slope. The action potential threshold was defined as the lowest current
injected that elicited an action potential with an overshoot. The frequency was calculated as
the maximum number of action potentials elicited at the activation threshold. The action
potential overshoot was determined from 0 mV to the peak of an action potential. The
duration of the action potential was measured at 50% and 75% of the peak amplitude from
the resting membrane potential. This was done because the 50% amplitude was close to the
base of the action potential and the 75% amplitude was close to the inflection on the falling
phase of the action potential (Stucky and Lewin, 1999) (Stucky and Lewin, 1999).

After assessing the intrinsic properties, neurons were voltage-clamped at −70 mV to study
outward rectifier (IK) and A-type K+ currents (IA). To selectively record K+ currents and
minimize the contributions from Ca2+ and Na+ currents, the extracellular solution was
replaced by a solution containing 1 μM tetrodotoxin (TTX, from Sigma-Aldrich, St. Louis,
MO). Since Ca2+ currents were not easily eliminated even in the Ca2+ -free control solution
in slice preparation, we replaced Ca2+ on an equimolar basis by Mg2+ and added 0.2–0.4
mM CdCl2 to the ACSF solutions. In some experiments, tetraethylammonium chloride
(TEA-Cl) or 4-aminopyridine (4-AP) was applied. When 4-AP was included in the ACSF,
the pH was adjusted to 7.4 using H2SO4. When high concentrations (≥1 mM) of 4-AP or
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TEA-Cl were added to the solution, the osmolarity was adjusted by reducing NaCl from the
ACSF solutions.

Charge transfer densities for IK and IA currents were calculated to account for the small
variations in cell size and inactivation kinetics. Current density was obtained by dividing the
current amplitude by the cell capacitance, which was estimated by fitting the current induced
by a small (10 mV) hyperpolarizing step. To activate voltage-gated K+ currents, pre-
designed protocols of depolarizing test pulses whereas a 100-ms hyperpolarizing prepulse
(to −110 mV) was applied to maximally activate IA as depicted in Figure 1. A conditioning
pre-pulse (100-ms) of −50 mV was used to inactivate IA to allow for trace subtraction and
isolation of the A-type component from the total K+ current. The voltage threshold for
activation was determined as the voltage at which the upward inflections of the current
traces start to occur when evoked via specific voltage step protocols for IA and IK. Linear
leak currents, through membrane capacitance, were cancelled on-line using P/4 procedure in
Pclamp 9.

Data were analyzed using the Clampfit 9 software program (PCLAMP9). Whole cell
current-voltage (I–V) curves for individual neurons were generated by calculating the mean
peak outward current at each testing potential and normalizing them for cell capacitance.
The amplitude of the K+ current was measured at the peak.

Data were fitted to the Boltzmann equation:

In this equation, V0.5 is the membrane potential at which 50% of activation was observed; k
is the slope of the function; C is a constant (= 0 in the IV relation); Imax is the maximal K+

current density, and Vm is the membrane potential. 4-AP and TEA-sensitive K+ currents
were obtained by subtracting the 4-AP and TEA-resistant K+ current from the total K+

current. Concentration-response data were fitted according to the Hill relationship {I/Imax =
1/[1+(X)/IC50]n}. Data are presented as mean ± standard error of the mean (SEM or as mean
± standard deviation (SD). `Comparisons between means were tested for significance using
paired and unpaired Student's t-test or one-way ANOVA with post-hoc comparisons by
Tukey’s Honest Statistical Difference (HSD); P<0.05 is considered statistically significant.

Chemicals
Tetradotoxin (TTX), 4-aminopyridine (4-AP), tetraethylamonium chloride (TEA-Cl) were
purchased from Sigma-Aldrich Co, Saint Louis, USA.

RESULTS
A-type, K+ current density is expressed differentially among MS/DB neurons with distinct
firing phenotypes

Neurons in the MS/DB area exhibit a distinct firing repertoire, suggesting possible
differences in the expression of voltage-activated K+ channels using whole-cell patch clamp
recordings (Fig. 2). We have, therefore, investigated the depolarization-evoked, K+ currents
in these four, electrophysiological subtypes of neurons using whole-cell patch clamp
recordings.

Firing phenotype and intrinsic properties were first examined using the current-clamp
configuration (Fig. 2, Upper row). Neurons were classified as slow firing (n=6), regular
firing (n=4), fast spiking (n=6) and burst firing (n=5) according to criteria described
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Figure 4.
4-aminopyridine (4-AP, 200 μM) impairs action potential (AP) repolarization and slows
high-frequency firing of RGCs. (A) left panel shows repetitive firing of RGC under control
conditions. Right panel shows the responses to identical currents in the presence of 200 μM
4-AP. 4-AP profoundly reduced the steady-state firing frequency for all intensities of
stimulating currents, which are indicated above each pair of traces. The holding current was
−210 pA. (B) 200 μM 4-AP caused AP broadening of a neuron by reducing the
repolarization rate and suppressing afterhyperpolarization of single APs evoked by near-
threshold depolarizations. Left panel shows the voltage waveform. Right panel shows the
numerical time derivative of this waveform. IS-SD break is indicated by arrow. (A) and (B)
are from different cells.
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