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ββββ

α+
+

+

α

β

Kv1.1 Kv1.2 Kv1.3 Kv1.4 Kv1.5 Kv1.6Kvβ1 Kvβ2 Kvβ3

Kvβ

Voltage activated K+ channels

Kv1 Kv3Kv2 Kv4 Kv5 Kv6 Kv8 Kv9

Shaker+

Kv2.1 Kv2.2 Kv4.1 Kv4.2 Kv4.3Kv3.2Kv3.1 Kv3.3 Kv3.4

+

KChIP1 KChIP2 KChIP3

KChIP
ShawShab Shal

SK1 SK2 SK3

SK

HCN 1 HCN 2 HCN 3 HCN 4

Hyperpolarization activated
 Na+/K+ channels

HCN

Small Conductance 
Calcium activated K+ channels

Voltage activated Ca2+  channels

α1E

Intermediate Voltage
 (IVA)

α1A α1Cα1B α1D α1F

High Voltage
(HVA)

Ca β 1 Ca β 2 Ca β 3 Ca β 4

Ca β

α1G α1H α1I

 (LVA)
Low Voltage

Kv

α

β

Fig. 2  Voltage activated, small conductance calcium activated K+  channel families, hyperpolarization activated Na+ /K+  channel
family and voltage activated calcium channel families alpha and beta subunits. Channel architecture and family tree. Enclosed by
a squareare the subunits whose mRNA expression was simultaneously tested in this study.

-40

-20

0

20

40

pA

1.00.80.60.40.20.0

-72

-70

-68

-66

-64

-62

-60

-58

m
V

1.00.80.60.40.20.0

-180

-160

-140

-120

-100

-80

-60

-40

pA

1.00.80.60.40.20.0

-95

-90

-85

-80

-75

-70

m
V

1.00.80.60.40.20.0

-90

-85

-80

-75

m
V

1.00.80.60.40.20.0

-80

-60

-40

-20

0

pA

1.00.80.60.40.20.0

-200

-100

0

100

pA

2.01.51.00.50.0

-80

-60

-40

-20

0

20

m
V

2.01.51.00.50.0

-120

-100

-80

-60

-40

-20

0

20

40

pA

2.01.51.00.50.0

-80

-75

-70

-65

-60

-55

m
V

2.01.51.00.50.0

-350

-300

-250

-200

-150

-100

-50

0

pA

0.50.40.30.20.10.0

-95

-90

-85

-80

-75

-70

m
V

0.50.40.30.20.10.0

-15

-10

-5

0

5

10

pA

543210

-71.0

-70.5

-70.0

-69.5

-69.0

-68.5

-68.0

m
V

543210

-600

-400

-200

0

200

400

600

pA

2.01.51.00.50.0

-85

-80

-75

-70

-65

-60

-55

m
V

2.01.51.00.50.0

-200

-150

-100

-50

0

pA

3.02.52.01.51.00.50.0

-80

-60

-40

-20

0

20

m
V

3.02.52.01.51.00.50.0

120

100

80

60

40

20

0

-20

pA

2.52.01.51.00.50.0

-60

-40

-20

0

m
V

2.52.01.51.00.50.0

Subthreshold white noise 
current injection

Membrane filtering properties at different MPs

No current injection
Subthreshold noise 

current injection
Membrane response to sine 
spectrum current injection

Hyperpolarizing test current for input resistance

With priming 
hyperpozarization

With priming 
depozarization

At rest

Membrane 
time constant

Hyperpolarizing-activated 
currents

sAHP

-150

-100

-50

0

50

pA

1.21.00.80.60.40.20.0

-90

-80

-70

-60

-50

m
V

1.21.00.80.60.40.20.0

I-V 
Relationship

Fig. 3  Electrophysiological protocols used in order to test for the neuron’s active and passive properties.
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Fig. 4  Agarose Gels showing the PCR products for the 51 mRNAs simultaneously tested (in this case from 250pg of total brain cDNA).

Bitufted Cell

CB PV CR NPY
VIP SOM

CCK
GAPDH

Kv1.
1
K v1.2

K v1.6

K v2.1
K v2.2

K v3.1

K v3.2

K v4.2

K vββββ1
K vββββ2

HCN1
HCN2

Gad
65
Gad67

Kv1.
4
K v3.3

K v3.4

K v4.3
KChIP1

K ChI P
2

K ChI P
3

HCN3
HCN4

Caαααα1A
Caαααα1B

Caαααα1E
Caαααα1G

Caαααα1H
Caαααα1I

Caββββ1
Caββββ3333Caββββ4444 SK

1
SK 2

SK 3
ChA

T
POM

C

pENK
Dyn SP nN

OS
CRH

CGRP

T-type Ca2+

channel

Ih

Ih

Delay rectifiers

Kv4.2 - A-type
Kv1.1 - Delayed rectifier 
that becomes A-type when
 co-expressed with Kvb1

P/Q type
Ca2+- channel

Fig. 5  A representative example of a layer 3 bitufted cell. 3-D computer reconstruction: soma and dendrites in red; axonal arbor in
blue. Representative responses to step current injections. Calcium binding proteins, neuropeptides, enzymes K+ and Ca2+ channel
mRNA expression profile.

0

1 0

2 0

3 0

4 0

5 0

6 0

7 0

8 0

Kv1.1 Kv1.2 Kv1.4 Kv1.6 Kvb1 Kvb2 Kv2.1 Kv2.2 Kv3.1 Kv3.2 Kv3.3 Kv3.4L Kv3.4h Kv4.2 Kv4.3L Kv4.3h KChIP1 KChIP2 KChIP3

AC (n=44) IS (n=5) STUT (n=13) NAC (n=23)

E
xp

re
ss

io
n 

F
re

qu
en

cy
 (

%
)

0

1 0

2 0

3 0

4 0

5 0

6 0

7 0

HCN1 HCN2 HCN3 HCN4 SK1 SK2 SK3 Ca1aA Ca1aB Ca1aE Ca1aG Ca1aH Ca1aI Cab1 Cab3 Cab4

AC (n=44) STUT (n=13) NAC (n=23)

HCN, SK and Ca2+ Channel Expression

Kv Channel Expression

E
xp

re
ss

io
n 

F
re

qu
en

cy
 (

%
)

Fig. 6  Charts showing the expression of Kv, HCN, SK and voltage activated Ca 2+ channels in neocortical neurons grouped by 
discharge at steady state: Accommodating (AC), Stuttering (STUT) and Non Accommodating (NAC).
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Conclusions
• This study revealed interesting insights in how gene

expression can influence the electrophysiological behavior of
a neuron.

• I t has given a det ailed descript ion of  rat neocort ical
interneurons, which up t o now had not been syst emat ically
studied on the molecular level  combined wi th
electrophysiological behavior.

• This study showed that the molecular diversit y of
interneurons is far greater than assumed from their
seemingly homogeneous electrophysiological behavior. The
core of  the study is t hat mat hematical means could be
applied to f ind correlations bet ween electrophyiological
features and gene expression profiles.

• Using the applied techniques it will also be possible to get
precise informat ion about  development al changes in ion
channel expression and f iring pat terns in healt hy and non-
healthy animals.

Abstract
• A f ull understanding of  how ion channels are expressed and

function in non-pathological conditions is the f irst st ep in order
t o de t ermine the identit y of  i on channels whose malfunction
leads to pathological situat ions.

• Up till now st udies invest igating ion channel expression and
function have been limited to a few channels. The complex fining
pat t erns displayed by neurons are not due to a single ion channel
but to the interaction between ion channel const ellat ions co-
expressed by the neuron.

•  We recently developed single cell multiplex RT-PCR protocols t ha t
allow simultaneous det ection of mRNAs encoding for more than
5 1 proteins from fully morphologically and electrophysiologically
characterized neurons.

• This mRNA profile includes 3 c alcium binding proteins, 9
neuropeptides, 5 enzymes and over 24 K + and 9 C a2+ channel
alpha and beta subunits.

• Whole-cell pa tch clamp recordings from int erneurons in layers 2
to 6  were performed in somatosensory cortex neocortical slices
of  juvenile rats (P13-P16) .  A ft er  whole-cell t he
electrophysiological properties of  the cells were studied in detail,
t he neuron was loaded wi th biocytin for subsequent 3 D
anatomical compu ter reconstructions and at t he end of  the
experiment cytoplasm was aspirated for subsequent single cell
RT-PCR.

Introduction  
A major challenge in t he post -genomic era is t o establish

the funct ions o f specif ic genes and combina tions of genes. This
becomes a high-priorit y issue in t he case o f channelopathies,
pat hological states suspected t o be caused by ion channel
malfunct ion.  In order to de termine which ion channels are
causing t hese pathologies we must  first fully understand how
ion channels are express and function in non -pathological
condit ions. Up t ill now studies invest igat ing ion channel
expression and function have been limited to a few channels.
Nevertheless t he complex neuron’s fining pa t terns are no t
result of  the activit y of  a single ion channel bu t of  the
interac tion be tween ion channel const ellations co-expressed by
the neuron. While it  is believed t hat t hese electrophysiological
behaviors are generated because neurons express dif feren t
combina tions o f ion channel genes, t he actual expression
prof ile that underlies t he behavior of  any speci fic type of
neuron, is not known. The aim of t his study was to derive the
genetic basis of t he electrophysiological behaviors o f normal
interneurons. To achieve t his goal the electrophysiological
behavior of  single neocort ical int erneurons was obtained using
the whole-cell patch-clamp technique and the gene expression
prof ile (mRNA) of  a spectrum of ion channels and molecular
markers was det ermined by harvesting t he cytoplasm of  the
neuron and using the single cell multiplex RT-PCR technique.
Neurons were also loaded with the neuronal dye, biocy tin, t o
allow 3D anatomical computer reconstruction and ident i ficat ion
o f the recorded neurons.


