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Abstract

Amyloid � (A�) peptides play a central role in the pathophysiology of Alzheimer’s disease (AD). The cellular mechanisms underlying
� toxicity, however, are poorly understood. Here we show that A�25-35 and A�1-40 acutely and differentially affect the characteristics of
classes of medial septum (MS) neurons in mice. In glutamatergic neurons A� increases firing frequency and blocks the A- and the

M-current (IA and IM, respectively). While the IA block is similar in other MS neuron classes, the block of IM is specific to glutamatergic
neurons. IM block and a simulated A� block mimic the A�-induced increase in spontaneous firing in glutamatergic neurons. Calcium
imaging shows that under control conditions glutamatergic neurons rarely fire while nonglutamatergic neurons fire coherently at theta
frequencies. A� increases the firing rate of glutamatergic neurons while nonglutamatergic neurons lose theta firing coherence. Our results
emonstrate that A�-induced dysfunction of glutamatergic neurons via IM decrease diminishes MS rhythmicity, which may negatively affect
ippocampal rhythmogenesis and underlie the memory loss observed in Alzheimer’s disease.
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1. Introduction

Nonfibrillar, water-soluble low-molecular weight assem-
blies of the amyloid � (A�) protein are believed to play an
mportant role in Alzheimer’s disease (AD) (Klein et al.,
001). Biochemical analysis of brain indicates that the lev-
ls of nonfibrillar forms of A� correlate well with synaptic
oss and presence of dementia (Lue et al., 1999) and that ex
ivo such assemblies can impair synaptic form and function
Shankar et al., 2008). While the predominant forms of A�

found in the human brain are A�1–40 and A�1–42 the exis-
tence of shorter forms such as A�25–35 with their own potent
effects on neuronal physiology cannot be ruled out (Mil-
lucci et al., 2010).

* Corresponding author at: Neuronal Oscillations Laboratory, KI-Alzhei-
mer Disease Research Center, NVS Novum Floor 5, Karolinska Institute,
14186 Stockholm, Sweden. Tel.: �46 737336627.
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Several studies have demonstrated the effect of A� oli-
gomers on synaptic transmission with glutamatergic syn-
apses appearing to be particularly vulnerable (Santos-Torres
et al., 2007). In the medial septum/diagonal band of Broca
(MS/DB) the synthetic A� oligomer 25–35 (A�25–35)
auses a decrease in glutamatergic excitatory postsynaptic
otential (EPSC) amplitude. In the hippocampus, A�25–35

disrupts network activity by decreasing both subthreshold
oscillations in CA1 pyramidal neurons and synaptic input to
these neurons (Peña et al., 2010). In contrast, it has also
been reported that A�25–35 in fibril form causes increased
xcitation (Nimmrich et al., 2008).

The advantage of being able to use both long (A�1–40

and A�1–42) and short forms (A�25–35) of A� lies in the fact
that it allows for investigating whether A� directly affects
the intrinsic neuronal machinery such as various ion cur-
rents and contrast it with the recently reported ability of A�

to form de novo ion-permeable pores in neuronal mem-
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branes (Jang et al., 2010). To exclude the formation of
ion-permeable pores by A� we initially used the short form
A�25–35, which likely is too short to form membrane-
spanning complexes (but see Chang et al., 2011) and lacks
the region of the long A� peptide responsible for the change
of secondary peptide structure from alpha-helix to beta-
sheet necessary to form beta-sheet barrel-type pores (Jang et
al., 2010; Nerelius et al., 2009). We then confirmed the
results obtained with A�25–35 using the long form A�1–40

showing that it, too, affects the intrinsic neuronal machinery
in the same way as A�25–35.

The MS/DB plays a critical role in hippocampal theta
rhythm generation (Bland and Colom, 1993; Bland et al., 1999;
Colom and Bland, 1991; Vinogradova, 1995). Classically, ace-
tylcholine and gamma amino butyric acid (GABA) were con-
sidered the main neurotransmitters involved in theta genera-
tion, but recent studies suggest that glutamate (Huh et al.,
2010), the most abundant excitatory neurotransmitter in the
central nervous system, is also essential for theta oscillations.
In the MS and the hippocampus application of NMDA antag-
onists significantly decreased theta wave amplitudes, and in-
trahippocampal AMPA antagonist application alters animal
behavior dramatically (Leung and Shen, 2004). Microinfusions
of NMDA on apical hippocampal neurons induce long-lasting
trains of theta field activity (Bland et al., 2007) and glutamate
injected in the MS induces hippocampal theta (Carre and
Harley, 2000). There is a large population of glutamatergic
neurons in the MS and the majority of these neurons seem to
be part of intra-MS circuits (Colom et al., 2005). However,
there is a population of glutamatergic neurons (approximately
1/5) that send axons to the hippocampus and these neurons
constitute around a quarter of the projections terminating in the
CA1, CA3, and dentate region of the hippocampus (Colom et
al., 2005). Septal glutamatergic neurons and their projections are
particularly well placed to control hippocampal excitability (Co-
lom, 2006) and are highly vulnerable to A� (Colom et al., 2010).

Here we show that A�25–35 and A�1– 40 have a near-
mmediate and differential affect on the 3 classes of
edial septum/diagonal band of Broca (MS/DB) neurons.

n glutamatergic neurons A�25–35 increases firing frequency
rom a near-quiescent control state and blocks the A- and the

-current (IA and IM, respectively). While the IA block is
imilar in glutamatergic, cholinergic, and GABAergic neurons,
he block of IM is greater in glutamatergic neurons. An IM

antagonist and a simulated A� block mimic the A�-induced
increase in spontaneous firing in glutamatergic neurons. Unlike
glutamatergic neurons, cholinergic and GABAergic neurons
fire coherently at theta frequencies in control conditions but
lose theta firing coherence in the presence of A�. This dimin-
ished synchrony may underlie the memory deficits typically
observed in AD. Our data show that both A�25–35 and A�1–40

have the ability to directly modulate components of the intrin-
sic neuronal machinery such as IM. Explanations of A� cyto-
oxicity therefore may not have to exclusively rely on the

ecently reported ability of A� to form ion-permeable pores in
neuronal membranes (Jang et al., 2010). Furthermore our re-
sults suggest that a decrease in IM may be an integral part of
AD pathophysiology, explaining why IM blockers fail to im-
prove cognition in AD clinical trials (Rockwood et al., 1997).

2. Methods

Electrophysiological and Ca2� imaging experiments were
performed in coronal MS/DB slices of p17–21 mice of ei-
ther sex (C57B6, BAC-vesicular glutamate transporter 2
(VGLUT2)::Cre (Vglut2-Cre) (Borgius et al., 2010) or glu-
tamic acid decarboxylase 2 (GAD2)tm2(cre)Zjh/J (GAD-Cre)
(Jackson Labs, Bar Harbor, ME, USA)). These respective Cre
mice lines were used for the identification of glutamatergic and
GABAergic neurons while ChAT� neurons were identified
post hoc using immunohistochemistry. Unless otherwise
noted, Vglut2-Cre mice were crossed with Z/EG reporter
mice to drive the expression of GFP in Vglut2� neurons
(Borgius et al., 2010) while GAD2-Cre mice were crossed with

6; 129S6-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J (Jack-
on Labs). All procedures followed Karolinska Institute or
ppsala University guidelines for the care and use of labora-

ory animals. In some experiments using C57B6 mice, the
ytoplasm and organelles were sucked into the recording pi-
ette tip after patch-clamp recordings to use subsequent single
ell polymerase chain reaction (PCR) as an alternative method
o identify glutamatergic, GABAergic, or cholinergic cells.
a2� imaging was performed using epifluorescence and elec-

roporation of the Ca2� indicator Oregon Green BAPTA 1
(Molecular Probes, Eugene, OR, USA) (Nevian and Helm-
chen, 2007). In Ca2� imaging experiments, firing synchrony
between neuron pairs were assessed by cross-correlation
(Trappenberg, 2002). Student t test was used for statistical
analysis. Data are stated as value � standard error of the mean.

2.1. Electrophysiology

Mice were decapitated and the brain rapidly removed
and placed in ice-cold artificial cerebrospinal fluid (ACSF,
in mM: KCl 2.49, NaH2PO4 1.43, NaHCO3 26, glucose 10,
sucrose 252, CaCl2 1, MgCl2 4). The brain was then
trimmed and coronal 350-�m thick MS/DB slices were
obtained using a vibratome (Leica VT1000S, Wetzlar, Ger-
many). Slices were kept in a submerged holding chamber
containing ACSF (in mM: NaCl 124, KCl 3.5, NaH2PO4

1.25, MgCl2 1.5, CaCl2 1.5, NaHCO3 26, glucose 10),
constantly bubbled with 95% O2 and 5% CO2, incubated at
35 °C for 1 hour and then allowed to cool to room temper-
ature. For recordings, slices were transferred to a submerged
recording chamber (28 °C) under an upright microscope
equipped with infrared and DIC (differential interference
contrast) optics and perfused with oxygenated ACSF at a
rate of approximately 1 mL per minute. In experiments with
BAC-Vglut2::Cre//Z/EG mice MS/DB glutamatergic neu-
rons were identified by green fluorescence after blue exci-

tation (GFP [green fluorescent protein]) (Borgius et al.,
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2010). The internal recording solution were composed of (in
mM) 17.5 KCl, 122.5 K-gluconate, 9 NaCl, 1 MgCl2, 3 Mg
adenosine triphosphate (ATP), 0.3 guanosine triphosp-
hate (GTP)-Tris, 1 HEPES (4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid), 0.2 EGTA (ethylene glycol tet-
raacetic acid) (pH was adjusted to 7.2 using KOH). An
Axoclamp 2A and an Axopatch 200B (Molecular Devices,
Sunnyvale, CA, USA) were used for current and voltage-
clamp recordings. Glass pipettes with tip resistance between
3 and 5 M� were used. Data were digitized using a (data
acquisition) card (National Instruments, Austin, TX, USA)
and the software WinWCP 4.0.7 and WinEDR 3.0.1 (Dr.
John Dempster, spider.science.strath.ac.uk/sipbs/software_
ses.htm) and analyzed in Matlab 7.5 (MathWorks, Natick,
MA, USA). A�25–35 and A�1–40 (human, � 95% purity)
and XE991 were obtained from Tocris (Ellisville, MO,
USA). The reverse peptide A�35–25, CNQX, and D-AP5
were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Dynamic clamp

To simulate the effect of IA by A�, we analyzed the
inetics of the native IA in MS/DB glutamatergic neurons

by fitting a Boltzman function to the normalized conduc-
tance versu voltage relationship for IA activation (Rothman
nd Manis, 2003):

g ⁄ g� � �1 � e�(v�v1⁄2) ⁄ k��1 (1)

and:

g ⁄ g� � �1 � e�(v�v1⁄2) ⁄ k��1

for IA inactivation. Activation and inactivation time con-
tants were fitted using the function (Rothman and Manis,
003):

�u(V) �
SF

Cae
Va(V�Vc) � Cbe

Vb(V�Vc)
� M (2)

The values for each coefficient were obtained by least-
square fitting mean conductance and time-constants versus
voltage. Values are presented in the Results section. To
simulate the effect of A�25–35 in noninactivating K� cur-
ents, we used our previous model for IM in CA3 pyramidal
eurons (Leão et al., 2009). The functional effects in
S/DB glutamatergic neurons of IA were further investi-

gated by simulating a 2 �M A�25–35 block using dynamic
lamp (for details of implementation see Leao et al., 2006).

The A�25–35-sensitive current was simulated based on our
patch-clamp data and injected with reverse polarity to
MS/DB glutamatergic neurons.

2.3. Single-cell PCR

External and internal solutions used for experiments in
which cells were collected for single-cell PCR were filtered
with a 0.2 �m pore diameter filter. After recordings, the
ytoplasm and organelles were sucked into the recording

ipette tip. Pipettes were quickly removed and tips were A
roken into 1.5 mL tubes containing 2.5 �L of water and 2
�Lof first-strand buffer (in mM: 250 Tris-HCl, pH 8.3; 375
KCl, 15 MgCl2). Collection tubes were incubated for 5
minutes at 70 °C followed by 5 minutes at 4 °C. First strand
synthesis was executed by adding a master mix containing
(in �L) 1.2 dNTP’s (2.5 mM each, Fermentas, St. Leon-Rot,

ermany), 0.3 dt-T7 oligo(100 ng/�L, Fermentas), 1 DTT
(100 mM, Sigma), 2 H2O and 0.5 RNase inhibitor (Fermen-
as). DNA templates were amplified using the “DreamTaq”
CR Master Mix (Fermentas) using the following primers:

ChAT (Accession: NM_009891). Sense: CCTGCCAGT-
AACTCTAGCC (Position: 636); Antisense: ATACA-
AGAGGCTGCCCTGA (Position: 818)
GAD2 (Accession: NM_008077). Sense: CACAAACT-

AGCGGCATAGA (Position: 1392); Antisense: CTG-
AAGAGGTAGCCTGCAC (Position: 1541)
VGLUT2 (Accession: NM_080853). Sense: ACCT-

AGGCCTAGGAAGCTC (Position: 40); Antisense: TC-
CTGTTCTGGAAGTCACC (Position: 258).

.4. Immunohistochemistry

In some experiments the neurotransmitter identity of
S/DB neurons was assessed by immunohistochemistry.
fter recordings, slices were rescued and fixed in 4% para

ormaldehyde in phosphate buffer overnight for immuno-
istochemical assessment. After fixation, slices were
ashed in 0.1 M phosphate-buffered saline (PBS), and
locked using normal donkey serum (1:10 PBS plus 0.1%
riton-PBS-T) for 30 minutes. Sections were incubated
ith antibodies against Cre (rabbit polyclonal, 1:2000, a
ind gift from G. Shutz), ChAT (goat polyclonal, 1:250,
at. #AB144P, Chemicon, Billerica, MA, USA), KCNQ2

mouse monoclonal, 1:50, Cat. #75–079, Neuromabs, Da-
is, CA, USA) and GFP (mouse monoclonal, 1:100, Cat.
75–131, Neuromabs) for 2 days. After incubation with
rimary antibodies, secondary antibodies (Jackson Labs)
ith appropriate flurophores were applied to the sections

1:1000) for 1 hour. Slices were then washed in PBS and
ounted for confocal microscopy.

.5. Calcium imaging

In order to analyze rhythmicity of MS/DB neurons in
ifferent network states as well as synchrony among differ-
nt MS/DB neurons 1 mM of the Ca2� indicator Oregon
reen BAPTA 1 (Molecular Probes) was electroporated

nto single cells with 1–3 ten-ms long pulses (�10 V am-
litude) using patch pipettes (4–5 neurons per MS/DB)
Nevian and Helmchen, 2007). Fluorescence measurements
ere performed using an Andor DU-860 electron multiply-

ng (EM) charge-coupled devise (CCD) camera (Andor,
elfast, Ireland). To minimize noise, the electron multiply-

ng gain was maintained at 10% and the CCD sensor was
ooled to �80 °C. The specimen was excited with a 470 nm
ED (light emitting diode) array (Roithner Laser, Vienna,

ustria) and the emission light was filtered with a 505 nm
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low-pass filter. Images were captured at 1000 frames per
second using a custom-made Labview (National Instru-
ments) software (“KiaFluor”) for each measurement, sam-
ples were exposed to the light for 20 seconds and bleaching
was � 10% after each exposure cycle. Kinetic imaging
series were analyzed in Matlab (MathWorks) using custom-
made routines. Cross-correlations between spike times of a
neuron i with a neuron j was calculated according to the
formula:

C(n) � �si(t)sj(t � n��)� � �si��sj� (3)

here s(�t) � 1 when a spike occurred at the interval �t (or
otherwise; Trappenberg, 2002). Histograms were normal-

zed by dividing the counts by the total spike count.

.6. MS/DB mathematical model

To better understand the role of glutamatergic neurons in
S/DB rhythmogenesis and how A�25–35 can affect septal

output, we model a simplified network containing 400 glu-
tamatergic (PGlu) and 200 GABAergic neurons (PG) inter-
connected (2:1 proportion; Colom et al., 2005). Ionic cur-
rents for both types of neurons were simulated using
Hodgkin and Huxley’s connotations. Membrane potential
for PGlu was determined by the following equation:

Cm dV � dt � INa � IA � IKS � IM � IL � Isyn (4)

and in PG by:

Cm dV � dt � INa � IA � IKS � IM � IL � IH � Isyn (5)

here INa is a fast inactivating Na� current, IA is an A-type
K� current, IKS is a slowly inactivating K� current, IM is an

-type K� current, IH is cationic hyperpolarization-acti-
vated current, IA is an unspecific leakage current and Isyn are
excitatory and inhibitory synaptic currents. INa and IKS dy-
amics were based on the MS/DB network model imple-
ented by Ujfalussy and Kiss (2006), IM is described in
eão et al. (2009), IH is based on a “slow” IH model in Leao

et al. (2006) and IA kinetics was obtained experimentally.
xcitatory and inhibitory synaptic currents were simulated
sing alpha functions with time constants equal to 5 and 10
s, respectively. Maximum ionic conductances for currents

gNa, gA, gKS, gM, gL) of PGlu were equal to 50, 10, 15,
, and 0.5 ms/cm2, respectively. In PG, gNa, gA, gKS, gM,

gH, and gL were equal to 50, 14, 15, 2, 5, and 0.1 ms/cm2,
respectively. Excitatory and inhibitory conductances were
equal to 0.01 and 0.05 ms/cm2, respectively. To introduce
eterogeneity, leakage excitatory and inhibitory synapse
onductances were varied by � 10%. Two hundred “Pois-
on” neurons (PP) firing with average frequency of 30 Hz
rovided excitatory drive to PG and PGlu. In the absence of
ynaptic currents PG neurons fired spontaneously (4–12
z) while PGlu were quiet. Connection sparseness between
ifferent populations were arbitrarily chosen to produce
scillatory activity and were equal to: PP/PG � 0.2,

G/PG � 0.5, PP/PGlu � 0.3, PGlu/PG � 0.8, PG/PGlu �
.3, and PGlu/PGlu � 0.25. Simulations were implemented
n “Brian” (Goodman and Brette, 2008) using python lan-
uage and results were computed after 500 seconds of
imulation for the stabilization of network activity.

. Results

Synthetic A� peptides have the tendency to form aggre-
gates (Ryan et al., 2010) and different A� conformations
(i.e., oligomers or fibrils) have very distinct effects on neu-
rons (Hung et al., 2008). Therefore we first determined the
conformation of the A� peptides in the preparations used in
our experiments. To check whether the protocols used to
dissolve A�25–35 and A�1–40 lead to oligomer or fibril
ormation, we analyzed different A�25–35 and A�1–40 solu-
ions using atomic force microscopy. Oligomers and oli-
omer aggregates were observed when A�25–35 was initially
olubilized with Me2SO (to 2 mM) and then diluted to 2 �M
n ACSF � 0.1% bovine serum (Fig. 1A and D). Fibrils and
ligomers were observed when A�25–35 was diluted to 2
M in H2O, incubated for 24 hours at 37 °C and then

iluted to 2 �M in ACSF (Fig. 1B and E). The dilution of
�25–35 (2 mM) in 0.1% TFA (Trifluoroacetic acid) stock

olution followed by a dilution to 2 �M in ACSF produced
redominantly oligomers (Fig. 1C and F). The same dilution
rotocol also produced predominantly oligomers when used
o dissolve the full peptide A�1–40 (Fig. 1G–L). Hence all
ata shown in this study was obtained in ACSF � 1/106

TFA (for control conditions) or ACSF � 1/106 TFA �
�25–35 or A�1–40. Unlike the effects of A�1–40 and A�1–42

on neuronal networks, which only manifest after several
hours incubation time (Nerelius et al., 2009), in this study
we focused on potential fast mechanisms that impact the
intrinsic machinery of neurons such as the possible modu-
lation of ionic conductances by A�. In order to be able to
exclude the formation of ion-permeable pores by A� inser-
tion into cell membranes (Jang et al., 2010) we used 2
different A� peptide lengths; 1 (A�25–35) which is too short
to form membrane spanning complexes and lacks the region
of the full A� peptide responsible for the change of sec-
ondary peptide structure from alpha-helix to beta-sheet,
which is necessary to form beta-sheet barrel-type pores
(Jang et al., 2010; Nerelius et al., 2009). We then repeated
some experiments with a full form of A� (A�1–40) to show
hat it can replicate the fast action of A�25–35. All A�25–35-
nd A�1–40-induced effects described in this study mani-

fested within 3 to 4 minutes of A� application.
Two methods were used to identify different classes of

neurons in the MS/DB: mice expressing Cre-recombinase in
Vglut2� (glutamatergic) (Borgius et al., 2010), ChAT�
(cholinergic) and GAD2� (GABAergic) neurons (Fig. 2)
and single cell PCR from neurons of wild type mice (Fig. 3).
No difference in firing properties or frequency was found
between neurons identified by Cre-recombinase expression

or PCR. In mice carrying Cre-recombinase, MS/DB neurons
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were identified by Cre immunohistochemistry (in Vglut2-
Cre mice), fluorescent protein exression (Vglut2-Cre or
GAD2-Cre) or post hoc ChAT immunohistochemistry. For
single-cell PCR experiments, only neurons that expressed a

Fig. 1. Atomic force microscope analysis of amyloid � (A�) solubilized
aggregates in A�25-35 samples solubilized in 2 mM Me2SO diluted to 2 �
presence of fibrils and oligomers in samples prepared by dilution of 2 mM
ACSF. (C and F) show abundant oligomers in samples prepared by diluti
The presence of oligomers and fibrils in samples prepared by dilution of 2
the exclusive presence of abundant oligomers in some A�1-40 samples. (H
ame A�1-40 preparation. Calibration bars: (A–C, and G–I), 700 nm; (D–
single marker (expression of mRNA encoding ChAT, V
GAD2, or VGLUT2) were used. While cytoplasm was har-
vested from 95 neurons, we were able to unequivocally
observe the expression of just a single marker in only 27
neurons (9 ChAT mRNA�, 5 GAD mRNA� and 13

SO, H2O, and TFA. (A and D) The presence of oligomers and oligomer
tificial cerebrospinal fluid (ACSF) � 0.1% bovine serum. (B and E) The

35 H2O stock solution incubated for 24 hours at 37 °C diluted to 2 �M in
mM A�25-35 0.1% TFA stock solution diluted to 2 �M in ACSF. (G–L)

�1-40 0.1% TFA stock solution diluted to 2 �M in ACSF. (G and J) show
nd L) The presence of oligomers and small fibrils in other samples of the
–L), 300 nm, x-y range.
in Me2

M in ar
A�25-

on of 2
mM A

, I, K, a
F, and J
GLUT2 mRNA� neurons; Fig. 3).
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3.1. A�25–35 and A�1–40 differentially increases the firing
requency of glutamatergic and reduce theta rhythmicity
f nonglutamatergic MS/DB neurons

In this set of experiments we aimed to study the acute
hanges exerted by A�25–35 and A�1–40 application on the

electrophysiological characteristics of glutamatergic, cho-
linergic, and GABAergic neurons. Recordings from MS/DB
GFP� neurons of Vglut2-Cre mice showed the absence of
spontaneous firing or a low firing frequency (0.29 � 0.17
Hz) in control conditions and an increase in frequency
following A�25–35 application (2 �M; to 1.96 � 0.34 Hz;
n � 8; p � 0.001; paired t test; Fig. 2A). Cre� neurons
identified by immunohistochemistry) in Vglut2-Cre dis-
layed a similar behavior in firing frequency after A�25–35

application (control: 0.27 � 0.24 Hz; 2 �M A�25–35: 1.62 �
0.27 Hz; n � 5; p � 0.01; paired t test). Even at near
physiological temperature (32 °C), glutamatergic neurons of
Vglut2-Cre mice showed very low firing frequencies

Fig. 2. Firing frequency in Vglut2 neurons in Vglut2-Cre mice is increased
section of a Vglut2-Cre mouse. In this example, a GFP� neuron (used fo

ight, gap-free current-clamp recording of the neuron marked by the arrows
ection in which a neuron filled with neurobiotin expresses ChAT. Scale b

arrows on the left before and after the addition of 2 �M A�25-35 showing th
application. (C) Photomicrograph (DIC image overlaid with tdTomato fluo
recording of the neuron patched on the left before and after the addition o
(0.10 � 0.10 Hz; n � 4; data not shown). Application of 2
�M A�35–25 (inverted peptide, n � 4) or 1 �M A�25–35

caused no significant change in spontaneous firing of GFP�
neurons of Vglut2-Cre mice (data not shown).

In order to test whether the acute action of A�25–35 on
glutamatergic MS/DB neurons is presynaptic in nature
(Chin et al., 2007; Nimmrich et al., 2008) we performed
current clamp recordings of GFP� neurons in MS/DB sec-
ions of Vglut2-Cre mice in the presence of 20 �M CNQX

and 50 �M D-AP5 (Sigma-Aldrich) before and after the
addition of 2 �M A�25–35. With AMPA (2-amino-3-(5-
methyl-3-oxo-1,2-oxazol-4-yl) propanoic acid) and NMDA
(N-methyl-D-aspartic acid) receptors blocked firing fre-
quency of glutamatergic neurons increased from 0.19 �
0.12 Hz to 0.94 � 0.18 Hz after the addition of 2 �M
A�25–35 (n � 4; p � 0.01; paired t test; data not shown).
This shows that the A�25–35-induced effect on glutamater-
ic neurons persists in the absence of synaptic transmission
ia AMPA and NMDA receptors, indicating that A�25–35

yloid � (A�) application. (A) Expression of GFP and ChAT in an MS/DB
t clamp recordings) was filled with Alexa 555 (arrow). Scale bar, 50 �m.
and after the addition of 2 �M A�25-35. (B) Photomicrograph of an MS/DB
m. Right, gap-free current-clamp recording of the neuron marked by the

e ChAT� neurons can also exhibit increased firing frequency after A�25-35

e of a GAD2-Cre slice) (scale bar, 50 �m). Right, gap-free current-clamp
A�25-35.
after am
r curren
before
ar, 50 �
at som
rescenc
affects this neuron class directly.
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ChAT� neurons (identified by immunohistochemistry)
also showed a diverse change in firing frequency after
A�25–35 application. Some ChAT� neurons displayed an
increase in firing frequency (n � 3) but overall, no signif-
icant change in spontaneous firing frequency in response to

Fig. 3. Amyloid � (A�) increases spontaneous firing frequency of VGLUT
f a VGLUT2� (A), ChAT� (B), and GAD2� (C) neuron before and after

to a 200 pA depolarizing current step as well as agarose gel of PCR produc
of VGLUT2�, ChAT�, and GAD2� neurons (� p � 0.01). (E) Summary
neurons (open circles, dashed lines) (� p 	 0.02). (F) Diagram showing t
VGLUT2� (e) neurons shown in (D). Note the “core-and-mantel” distrib
A�25–35 application (2 �M) was observed in these neurons
from 1.79 � 0.32 Hz to 2.43 � 0.60 Hz; n � 8; p � 0.4;
ig. 2B). GAD2� neurons (identified by tdTomato expres-
ion in GAD2-Cre mice) showed a nonsignificant increase
n firing frequency following A�25–35 application (2 �M;
rom 7.18 � 0.56 Hz to 7.34 � 0.6 5 Hz; n � 8; p � 0.22,

rons. Examples of gap-free current-clamp recordings (no injected current)
ition of 2 �M A�25-35 (right, typical firing patterns of neurons in response
e recorded neurons in these examples). (D) Summary of firing frequencies
ficient of variation (CV) of ChAT� (dark circles, solid line) and GAD2�
oximate locations within the MS/DB of the ChAT� (●), GAD2� (x) and
f ChAT� and VGLUT2� neurons, respectively.
2� neu
the add
ts of th
of coef

he appr
paired t test; Fig. 2C).
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The above results were confirmed in wild type mice with
MS/DB neurons identified by single cell PCR. Typical ac-
tion potential (AP) firing patterns of VGLUT2, ChAT, or
GAD2 mRNA� neurons in current-clamp recordings (no
injected current) as well as in response to depolarizing
current steps (200 pA) are shown in Fig. 3. VGLUT2
mRNA� neurons either did not fire spontaneous APs (n �
4) or fired at a very low frequency (0.61 � 0.32 Hz; n � 4).
The global average of spontaneous firing frequency of
VGLUT2 mRNA� neurons was 0.30 � 0.19 Hz (n � 8;
Fig. 3A and D). In response to current injection VGLUT2
mRNA� neurons displayed cluster firing (Fig. 3A), simi-
larly to a previous report (Sotty et al., 2003). In contrast all
neurons expressing ChAT or GAD2 mRNA fired spontane-
ously in the lower theta-frequency range with a significantly
higher frequency than VGLUT2 mRNA� neurons (p �
0.005 for both cases, Fig. 3A–D). Spontaneous firing fre-
quency was greater in GAD2 mRNA� than in ChAT
mRNA� neurons (5.05 � 0.98 Hz vs. 2.34 � 0.59 Hz,
respectively; n � 11; p � 0.02, t test; Fig. 3B–D). Appli-
cation of 2 �M A�25–35 caused a significant increase of

ring frequency of VGLUT2 mRNA� neurons from
.30 � 0.19 Hz to 2.00 � 0.54 Hz (n � 8; p � 0.01, paired
test; Fig. 3A and D). There was no significant change in
ring frequency after the application of 2 �M A�1–40,
owever, 4 �M increased the firing frequency of VGLUT2
RNA� neurons from 0.44 �0.22 Hz to 1.88 � 0.40 Hz

n � 5; p � 0.007, paired t test). In contrast, the A�25–35-
induced changes in firing frequency of GAD2 mRNA� and
ChAT mRNA� neurons were not significant (GAD2� from
5.05 � 0.98 Hz to 6.92 � 2.01 Hz; n � 4; ChAT� from
2.34 � 0.59 Hz to 2.44 � 0.73 Hz; n � 7; Fig. 3B–D). We
have also tested the effect of 4 �M A�1–40 in 4 GAD2
mRNA� and 6 ChAT mRNA� neurons and found no signif-
icant change in spontaneous firing frequency (data not shown).

The coefficient of variation (CV) of interspike intervals
for ChAT mRNA� neurons was 0.34 � 0.07 before and
0.43 � 0.11 after A�25–35 addition (2 �M; n � 7; p � 0.04,
paired t test; Fig. 3E). For GAD2 mRNA� neurons the CV
was 0.19 � 0.04 before and 0.21 � 0.04 after A�25–35 (2
�M; n � 4; p � 0.04, paired t test; Fig. 3E). This indicates
hat the addition of 2 �M A�25–35 significantly reduces the
hythmicity of ChAT mRNA� and GAD2 mRNA� neu-

rons. Similarly, A�1–40 increased the CV in ChAT
mRNA� neurons (from 0.31 � 0.02 to 0.38 � 0.03; n � 5;
p � 0.018, paired t test; data not shown) and GAD2
mRNA� neurons (from 0.15 � 0.02 to 0.22 � 0.02; n � 4;
p � 0.007, paired t test; data not shown). Only 2 neurons
among the 8 VGLUT2 mRNA� neurons fired spontaneous
APs in the absence of A�25–35. Thus it was not possible
statistically to test the effect of A�25–35 or A�1–40 on the
CV of VGLUT2 mRNA� neurons. VGLUT2 mRNA�
neurons also showed a small increase in resting membrane
potential after A�25–35 application (from �61.35 � 1.06
V to �59.67 � 1.20 mV; n � 8; p � 0.04, paired t test). i
Fig. 3F shows the location distribution within the MS/DB of
the 27 ChAT, GAD2, and VGLUT2 mRNA� neurons that
expressed just a single marker (expression of mRNA en-
coding ChAT, GAD2, or VGLUT2). Note the “core/man-
tel” distribution of ChAT mRNA� and VGLUT2 mRNA�
neurons, respectively.

3.2. A�25–35 and A�1–40 block a noninactivating and an
nactivating outward current in glutamatergic neurons of
he MS/DB

In order to establish the potential role of ionic conduc-
ances we further investigated the mechanisms underlying
he A�25–35- and A�1–40-induced increase of spontaneous
P firing observed in glutamatergic neurons of the MS/DB.
ne-second long depolarizing voltage steps from �90 to 0
V (10-mV steps) were used to investigate the effect of
�25–35 (2 �M) and A�1–40 (4 �M; higher concentration to

offset slower tissue penetration by the longer peptide) on
outward currents in glutamatergic neurons in MS/DB slices
of Vglut2-Cre mice (neurons identified by GFP expression).
ACSF was supplemented with 1 �M TTX (Tetrodotoxin) to
block Na� currents and 50 �M CdCl2 to block Ca2� cur-
ents. Application of 2 �M A�25–35 or 4 �M A�1–40 caused
decrease in the noninactivating component of the outward

urrent recorded from MS/DB VGLUT2� neurons (Fig. 4A
and B). At 0 mV, the steady state current (measured at 950
ms after step onset) decreased from 1.56 � 0.46 nA to 1.16 �
0.33 nA (n � 6; p � 0.03, paired t test) after 2 �M
A�25–35 application and from 1.12 � 0.21 nA to 0.79 �

.19 nA (n � 4; p � 0.02, paired t test) after 4 �M
�1– 40 (Fig. 4A and B). In GFP-negative neurons, we

found no statistically significant difference in steady state
current amplitude before and after A�25–35 or A�1– 40

application (data not shown).
In additional experiments IA was studied in GFP� neu-

ons of Vglut2-Cre mice using voltage-clamp protocols de-
cribed previously (Rothman and Manis, 2003). IA is an

inactivating outward current that is known to be affected by
A� peptides (Chen, 2005; Good et al., 1996) and this effect
has been confirmed here. Application of 2 �M A�25–35 in
glutamatergic MS/DB neurons of Vglut2-Cre mice caused a
decrease of 32.6 � 3.0% in IA amplitude (from 1385.1 �
296.4 pA to 961.5 � 239.6 pA; n � 6; p � 0.01, paired t
est; Fig. 4C). Changes in IA amplitude were not followed
y changes in IA kinetics (Fig. 4C and D). We analyzed the
inetics of IA in control conditions by fitting a Boltzmann

function (Eq. 1) to the mean normalized gA versus voltage-
elationship and another equation (Eq. 2) to the mean IA

time constant versus voltage-relationship. Boltzmann func-
tions for IA activation had V½ and c coefficients equal to
43.9 mV and 13.2 mV, respectively (Fig. 4D). For IA inac-
tivation, these coefficients were equal to 74.6 mV and �8.4
mV, respectively. Least square fit of time constants versus
voltage-relationship for IA activation produced the follow-

ng coefficients: SF � 2465.99, Ca � 753.73 ms�1, Cb �
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129.23 ms�1, Va� �0.03 mV, Vb � 0.03 mV, Vc � 75.65
mV, M � 0.1 ms; and for inactivation: SF � 4611.76, Ca �
05.68 ms�1, Cb � 34.41 ms�1, Va� �0.03 mV, Vb � 0.02
V, Vc � 74.17 mV, M � 14.17 ms (Fig. 4D).

.3. IM block as well as simulation of A�25–35 block by
ynamic clamp increases the firing frequency of
lutamatergic neurons of the MS/DB

We confirmed the expression of IM conducting ion chan-
nels in glutamatergic neurons using an antibody against the
KCNQ2 subunit. KCNQ2 was strongly expressed in GFP�
neurons while the expression in other neurons was less
evident (Fig. 5A). To investigate the nature of the noninac-
tivating outward current blocked by A�25–35 we applied
1-second long depolarizing voltage steps from �90 to 0 mV
(10-mV steps, 1 �M TTX present) in glutamatergic neurons

Fig. 4. A�25-35 and A�1-40 block a noninactivating outward current as wel
f BAC-Vglut2::Cre//Z/EG mice. (A) Example of current traces of a GF

conditions (in the presence of 1 �M TTX) and in the presence of 2 �M
(measured 50 ms before the end of the voltage test step—arrow in (A)) in co
neurons (� p � 0.05). (C) Examples of IA recordings from a GFP� neuron
in control conditions.
identified by GFP expression in MS/DB slices of Vglut2- b
Cre mice. The steady state outward current was measured at
950 ms after step onset in control conditions, after the
addition of the selective IM antagonist XE911 (20 �M) and
after the additional application of A�25–35 (2 �M). At 0 mV,
the steady state outward current was equal to 1.39 � 0.24
A. Addition of 20 �M XE991 (Tocris) caused the current

to decrease to 1.03 � 0.18 nA (n � 4; p � 0.03, paired t
test; Fig. 5B and C). Additional application of 2 �M

�25–35 caused no further change in steady state outward
current (Fig. 5B and C). Current-clamp recordings of
Vglut2 mRNA� neurons in control conditions and after the
addition of 20 �M XE991 (Tocris) showed an increase of
firing frequency from 0.29 � 0.16 Hz to 1.45 � 9.26 Hz
(n � 5; p � 0, paired t test; Fig. 5D) mimicking the action
of A�25–35 and A�1–40 on glutamatergic MS/DB neurons.

ur results show that the noninactivating outward current

n GFP� neurons of the medial septum/diagonal band of Broca (MS/DB)
uron in response to voltage steps ranging from �90 to 0 mV in control

5 or 4 �M A�1-40. (B) Current-voltage relationships of outward currents
onditions and after the addition of 2 �M A�25-35 or 4 �M A�1-40 in GFP�
and after the addition of 2 �M A�25-35. (D) IA kinetics in GFP� neurons
l as IA i
P� ne
A�25-3

ntrol c
before
locked by A�25–35 likely is IM.
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In order to test whether the firing rate increase caused by
A�25–35 can be reproduced by block of the outward currents
we simulated an inverted A�25–35-sensitive current, which
was delivered to neurons using dynamic clamp. Special care

Fig. 5. Application of XE991 suppresses amyloid � (A�) block of nonin
diagonal band of Broca (MS/DB). (A) The IM conducting ion channel K
current traces of a GFP� neuron in response to voltage steps ranging from
f 20 �M XE991 and 20 �M XE991 � 2 �M A�25-35. (C) Current-voltag
est step) in control conditions (black trace) and after the addition of 20 �M
aired t test). (D) Gap-free current-clamp recordings of a Vglut2 mRNA�
E) Overlay of a current trace (0 mV voltage step) obtained from the digital

(from GFP� neurons of BAC-VGLUT2::Cre//Z/EG mice) and in the pre
A�25-35-sensitive current (red trace). (F) Gap-free current-clamp recording
lamp) A�25-35-like current block.
was taken with the simulated conductance size as large
amplitudes can destroy the neuron recorded from (currents
of the form I � -g(V–Vreversal) with Vreversal � V tend to
grow exponentially the greater V is). Data from our voltage-
clamp recordings was used to simulate the inactivating

ing outward currents in Vglut2 mRNA� neurons of the medial septum/
is strongly expressed in GFP� (glutamatergic) neurons. (B) Example of
0 mV in control conditions (in the presence of 1 �M TTX), in the presence
nships of outward currents (measured 50 ms before the end of the voltage
1 (green trace) or 20 �M XE991 � 2 �M A�25-35 (red trace) (� p � 0.05,
efore (black trace) and after (green trace) the addition of 20 �M XE991.
tion (A�25-35-sensitive current) of a current recorded in control conditions

f 2 �M A�25-35 (A�25-35-sensitive current—black trace) and a simulated
FP� cell before (black trace) and after (red trace) the artificial (dynamic
activat
CNQ2
�90 to
e relatio

XE99
cell b

subtrac
sence o
s of a G
component (IA) and an IM model (Leão et al., 2009) was
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used to simulate the noninactivating component of the
A�25–35-sensitive current. The combination of these 2 cur-
rents (IA- and IM-like) produced a current similar to the

�25–35-sensitive current (Fig. 5E). Applying the dynamic
clamp blockade of either the IA-or IM-like components
lone did not produce a long-lasting (� 1 minute) increase
n action potential frequency without disrupting the patch in
lutamatergic MS/DB neurons of BAC-Vglut2::Cre//Z/EG
ice (data not shown). However, using dynamic clamp to

pply the combined IA- and IM-like currents with conduc-
tances for inactivating and noninactivating currents equal to
5 nS and 2.5 nS, respectively, produced a significant in-
crease in firing frequency from 0.04 � 0.03 Hz to 1.55 �
0.44 Hz (n � 4; p � 0.02, paired t test; Fig. 5F). If
conductances for inactivating and noninactivating currents
equal to 3.5 nS and 1.8 nS, respectively, were applied,
action potential frequency was equal to 0.81 � 0.17 Hz
(n � 4; p � 0.01, paired t test; data not shown).

3.4. A�25–35 decreases theta firing-synchrony in MS/DB
eurons

Changes to the electrophysiological characteristics of
nterconnected neuronal classes such as we have demon-
trated for MS/DB neurons are likely to have a strong effect
n overall network function also. Synchrony among GFP�
i.e., glutamatergic) and GFP- (i.e., nonglutamatergic) neu-
ons in MS/DB slices of Vglut2-Cre mice was assessed by
etecting action potentials by imaging calcium transients
efore and after the addition of 2 �M A�25–35 (Fig. 6A,
upplementary Videos 1 and 2). In control conditions, the

ow firing rate of glutamatergic neurons would not permit
he calculation of the cross-correlogram with other (GFP�)
eurons. Hence, we applied 100 nM kainate in order to
epolarize and increase the firing rate of especially, but not
xclusively, GFP� neurons. In extracellular recordings
cell attached) of GFP� MS/DB neurons of Vglut2-Cre

mice, spontaneous firing rate was 0.60 � 0.15 Hz before
and 2.21 � 0.15 Hz after A�25–35 addition (2 �M; n � 4;

� 0.01, paired t test; data not shown). Likewise, in the
resence of kainate, glutamatergic cells significantly in-
reased their firing rate (from 0.575 � 0.12 Hz to 1.775 �
.40 Hz; n � 4; p � 0.02; data not shown). Firing syn-

chrony between MS/DB neurons was assessed by Ca2�

imaging. In 3 slices the indicator Oregon Green BAPTA-1
(Molecular Probes) was electroporated (Nevian and Helm-
chen, 2007) into 5 cells per slice (1 GFP� neuron and 4
GFP� neurons) and the fluorescent signal recorded before
and after the addition of 2 �M A�25–35 (Fig. 6A, Supple-

entary Videos 1 and 2). Cross-correlograms of each neu-
on’s spike timing in relation to its neighbors before and
fter the addition of 2 �M A�25–35 is shown in Fig. 6B.

The area underneath the curve for a �t between �1
econd and 1 second was used as a measure of synchrony
etween pairs of neurons (Abeles, 1991). A mean cross-

orrelation value was obtained for each neuron in the slice
Fig. 6C). For example, if the firing of neuron #1 correlates
ith the firing of neuron #2 with an index of 0.5 and with

he firing of neuron #3 with an index of 1, then the mean
ross-correlation value for neuron #1 would be 0.75. The
verage cross-correlation value for GFP� neurons was
qual to 0.11 � 0.02 and increased to 0.17 � 0.04 after the
ddition of 2 �M A�25–35 (n � 4; p � 0.02, paired t test).

In contrast, the average cross-correlation value for GFP�
neurons was equal to 0.53 � 0.06 and decreased to 0.31 �
0.02 after A�25–35 addition (n � 10; p � 0.01, paired t test;

ig. 6C). This indicates that especially nonglutamatergic
eurons (GFP�) experience a loss of firing coherence (syn-
hrony with their peers) after addition of A�25–35, which is
onsistent with our above data showing an A�-induced

decrease of theta rhythmicity in ChAT mRNA� and
GAD2� neurons (Fig. 3).

3.5. MS/DB mathematical model

To better understand the role of glutamatergic neurons in
MS/DB rhythmogenesis and how A�25–35 can affect septal
output, we modeled a simplified network containing 400
glutamatergic (PGlu) and 200 GABAergic interconnected
neurons (PG) (2:1 proportion; Colom et al., 2005; Fig. 7).
With IM intact, glutamatergic neurons fire at lower frequen-
cies and are far less synchronized than GABAergic neurons,
which fire synchronously in the theta frequency range (Fig.
7A and B). Without the glutamatergic drive, GABAergic
neurons start to fire asynchronously until firing disappears.
However, when IM is partially blocked, the network fires
synchronously and the theta peak in the power spectrum of
oth glutamatergic and GABAergic neurons disappears
Fig. 7A and B).

. Discussion

In this study we describe a strong and near-immediate
ffect of acute A�25–35 and A�1–40 application on sponta-

neous firing of 3 distinct classes of MS/DB neurons. By
using both long and short forms of A� we were able to
istinguish between direct A� effects on components of the

intrinsic neuronal machinery such as IM and the recently
eported ability of long A� oligomers to form de novo

ion-permeable pores in neuronal membranes (Jang et al.,
2010). The congruence of our A�25–35 and A�1–40 results
shows that we may not have to exclusively rely on the
pore-forming abilities of the clinically relevant long A�
oligomers to explain their cytotoxicity but that they can
directly affect neurons via decrease of IM. Also, the short
form of the peptide (A�25–35) may still be useful in AD
esearch despite the fact that its presence in AD patient
rains is at the moment unclear.

In addition, we have modeled the effect of A� on K�

currents and comprehensively described the kinetics of IA in
glutamatergic MS/DB neurons. To assure the unequivocal

identification of different types of neurons in the MS/DB,
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we have used 3 different tools: genetically modified mice,
immunohistochemistry, and single cell PCR. The effect of
A� was strongest in glutamatergic neurons of the MS/DB.
Cholinergic and GABAergic neurons were also affected
resulting in loss of synchrony. Our results show that MS/DB

Fig. 6. Amyloid � (A�) acts to desynchronize action potential firing in the m
single cell electroporation of OGB [Oregon Green BAPTA] Ca2� indicator) o

easurements on the right) before (black traces) and after (red traces) the add
hows a GFP� cell. (B) Spike-time (Ca2�) normalized cross-correlation histo
or details). (C) Mean area underneath the curve (of normalized cross-correla

(A).
glutamatergic neurons are particularly sensitive to A�. b
While the spontaneous firing frequency increased signifi-
cantly from a near-quiescent control state in glutamatergic
neurons in response to A�, cholinergic and GABAergic
ells did not increase their spontaneous firing rates. How-
ver, A� caused an increase in interspike interval CV in

ptum/diagonal band of Broca (MS/DB). (A) Calcium transients (obtained by
ons (shown on the micrograph on the left and the corresponding fluorescence
A�25-35. One hundred nM kainate was present in both recordings. The arrow
efore (black trace) and after the addition of 2 �M A�25-35 (red trace; see text
ograms) between the �1 second to 1 second intervals for the cells shown in
edial se
f 5 neur
ition of
grams b
tion hist
oth cholinergic and GABAergic neurons. Thus, septal glu-
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tamatergic neuron alterations may contribute to the network
dysfunction observed in the AD brain. We did not attempt
to verify whether recorded glutamatergic neurons project to
the hippocampus. Nevertheless MS/DB glutamatergic neu-
rons are heavily interconnected (Colom et al., 2005). Thus,
directly or indirectly, the hippocampus will be affected
by these A�-induced changes in septal glutamatergic

eurons.
A� influences brain networks through diverse effects,

including fast actions and long-term toxic effects. The long-
term toxic effects on basal forebrain neurons have been
extensively studied using both in vitro and in vivo models
(Colom et al., 1998, 2010). In contrast, only very few
studies have focused on the fast effects of A�. Furthermore,
those studies frequently focused in the A�-induced changes
f synaptic transmission and frequently reached contradictory
onclusions (Brorson et al., 1995; Santos-Torres et al., 2007).

Recent advances in elucidating septohippocampal connectivity
(Colom, 2006; Colom et al., 2005) allow us to predict the
functional changes in the septohippocampal system following
specific perturbations. Nevertheless, to appropriately predict
those changes, it is necessary to determine the perturbation’s

Fig. 7. In a simplified model of the medial septum/diagonal band of Broca (
containing only interconnected glutamatergic and GABAergic neurons glu
range. If IM is decreased or blocked, glutamatergic cells increase their firi
spectra.
effects on specific neuronal populations.
The septal glutamatergic neuronal population with hip-
pocampal projections (Colom et al., 2005; Huh et al., 2010)
is well positioned to control hippocampal excitability. A
recent study showed that MS/DB glutamatergic neurons
exert a strong effect on hippocampal pyramidal cells (Huh
et al., 2010). In that study, a small population of MS/DB
glutamatergic neurons firing spontaneously at theta frequen-
cies is described (Huh et al., 2010) but this finding was not
eproduced in our study. The reason for this discrepancy
ould be differences in the recording solutions or IM run-

down, which can occur depending on the composition of the
internal solution (Leão et al., 2009). Another explanation
for this discrepancy might be the fact that without rigor-
ously testing vglut2 versus ChAT expression it is possible to
record accidentally from ChAT� neurons that coexpress
VGLUT2. Another recent study showed that almost 50% of
cholinergic neurons of the MS/DB can corelease ACh and
glutamate (Huh, 2008).

While it has been determined recently that the MS/DB
glutamatergic cell population is highly susceptible to the
toxic effects of A� and that its damage contributes to
hippocampal dysfunction (Colom et al., 2010), fast A�

) IM is essential for theta synchronicity. In a network model of the MS/DB
rgic cells fire sparsely while GABAergic cells fire synchronously at theta
and GABAergic cells lose firing synchrony. (A) Raster plots. (B) Power
MS/DB
tamate
ng rate
effects on MS/DB glutamatergic neurons have never been
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investigated. The elucidation of those effects is critical to
nderstand AD brain dysfunction and the pathways involved in
�-induced neurodegeneration. Our study shows that the fir-

ing repertoire of MS/DB glutamatergic neurons is particularly
susceptible to A� and that the A�-induced effect on glutama-
tergic neurons persists in the absence of synaptic transmission
via AMPA and NMDA receptors. This indicates that A�
affects this neuronal class directly rather than via its effect on
cholinergic MS/DB neurons. The increase in MS/DB glutama-
tergic neuronal firing significantly impairs theta firing syn-
chrony among different populations of MS/DB neurons, which
likely leads to impaired theta oscillations.

A�25–35 and A�1–40 increase the firing rate of MS/DB
glutamatergic neurons by blocking 2 currents: IA and IM.

hile the IA block by A� appears not to be specific to
lutamatergic MS/DB neurons (Chen, 2005; Kerrigan et al.,
008), the block of IM is only significant in Vglut2� neu-
ons. Thus, the particular susceptibility of MS/DB glutama-
ergic neurons to A� may be dependent on a well-developed

IM, which would explain their lower firing rates in control
onditions. Interestingly, linopirdine, an IM blocker and a

neurotransmitter release enhancer, appeared to be a prom-
ising therapeutic agent for memory deficits including AD
(Lamas et al., 1997) but failed to deliver meaningful results
in clinical trials (Börjesson et al., 1999; Rockwood et al.,
1997). The more potent IM blocker and neurotransmitter
release enhancer XE991 (Tocris) is currently undergoing
clinical trials, with no significant results obtained so far
(Romero et al., 2004). Based on our results we hypothesize
that a reduced or blocked IM may be an integral part of AD
athophysiology. If so then the attempts to use specific IM

antagonists as procognitive drugs in clinical trials were
bound to fail and alternative therapies directed at relieving
IM dysfunction should be considered. For instance, in mice
suppression of IM increases neuronal excitability, impairs
ippocampus-dependent spatial memory, and reduces in-
rinsic subthreshold theta resonance in hippocampal neurons
Peters et al., 2005). Our results are in agreement with these
ndings and suggest that we should review therapeutic
trategies in AD. While many AD therapeutic approaches
ave attempted to increase neuronal excitability in brain
etworks, our current data support the opposite concept: a
eduction in excitability with enhanced rhythmicity may be
more promising approach. Functional changes to that effect
ay be achieved by the synthesis of new KCNQ2/3 selective

hannel openers. Such selective openers could conceivably
ounteract or rescue the reduced availability of IM-conducting

channels in AD and stabilize theta rhythmicity. Another ben-
eficial effect of KCNQ2/3 selective channel openers may be
the decrease of seizure occurrence by enhancing rhythmogen-
esis in the AD brain (Colom et al., 2006).

Our results show that the A�-induced effect on MS/DB
lutamatergic neurons persists in the absence of synaptic
ransmission via AMPA and NMDA receptors. This indi-

ates that A� affects this neuronal class directly rather than
via its effect on cholinergic MS/DB neurons. The increase
in MS/DB glutamatergic neuronal firing significantly im-
paired theta firing synchrony among different populations of
MS/DB neurons, which likely leads to impaired theta oscil-
lations. In summary, our work shows that MS/DB glutama-
tergic neurons are particularly susceptible to A� on a near-
mmediate time scale. This contrasts with previous theories
nd research that largely concentrated on and emphasized
he importance of septal cholinergic neurons. While septal
lutamatergic neurons increase their firing rate, non-gluta-
atergic (cholinergic and GABAergic) neurons lose their

heta firing coherence. A� causes a block of IA in all 3
lasses of MS/DB neurons, and an IM block that is specific

the glutamatergic class of neurons. These A�-induced ef-
fects in the MS/DB may negatively impact hippocampal
rhythmogenesis and contribute to the memory loss observed
in AD patients. By demonstrating that IM block may be an
integral part of AD pathophysiology our results also offer an
explanation as to why IM blockers fail to improve cognition
n AD clinical trials and suggest that such trials should be
irected at attempting to improve cognition in AD by en-
ancing IM rather than blocking it.
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