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Protein kinase C activation mediates
interferon-B-induced neuronal excitability
changes in neocortical pyramidal neurons
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Abstract

Background: Cytokines are key players in the interactions of the immune and nervous systems. Recently, we
showed that such interplay is mediated by type | interferons (IFNs), which elevate the excitability of neocortical
pyramidal neurons. A line of indirect evidence suggested that modulation of multiple ion channels underlies the
effect. However, which currents are principally involved and how the IFN signaling cascade is linked to the
respective ion channels remains elusive.

Methods: We tested several single and combined ionic current modulations using an in silico model of a
neocortical layer 5 neuron. Subsequently we investigated resulting predictions by whole-cell patch-clamp
recordings in layer 5 neurons of ex vivo neocortical rat brain slices pharmacologically reproducing or prohibiting
neuronal IFN effects.

Results: The amount and type of modulation necessary to replicate IFN effects in silico suggested protein kinase C
(PKQ) activation as link between the type | IFN signaling and ion channel modulations. In line with this, PKC activation
with 4B-phorbol 12-myristate 13-acetate (43-PMA) or Bryostatin1 augmented the excitability of neocortical layer 5
neurons comparable to IFN-B in our ex vivo recordings. In detail, both PKC activators attenuated the rheobase and
increased the input-output gain as well as the input resistance, thereby augmenting the neuronal excitability. Similar to
IFN-B they also left the threshold of action potential generation unaffected. In further support of PKC mediating
type | IFN effects, IFN-B, 4B-PMA and Bryostatin1 reduced the amplitude of post-train after-hyperpolarizations

in a similar manner. In conjunction with this finding, IFN-p reduced M-currents, which contribute to after-
hyperpolarizations and are modulated by PKC. Finally, blocking PKC activation with GF109203X at the catalytic site
or calphostin C at the regulatory site prevented the main excitatory effects of IFN-{3.

Conclusion: Multiple ion channel modulations underlie the neuromodulatory effect of type I IFNs. PKC activation
is both sufficient and necessary for mediating the effect, and links the IFN signaling cascade to the intrinsic ion
channels. Therefore, we regard PKC activation as unitary mechanism for the neuromodulatory potential of type |
IFNs in neocortical neurons.
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Introduction

IENs are cytokines with diverse biological capabilities,
ranging from their antiviral and anti-inflammatory prop-
erties to their regulation of normal and malignant cell
growth [1-3]. This accounts for the clinical use of IFNs
for various diseases, such as multiple sclerosis or hepatitis
C. Among the three known receptor-specific IFN subtypes,
type I IENs (IFN-a and IFN-f) are prominent as the first
antiviral reaction to infection. They are produced within
the central nervous system by glial cells, mostly microglia
and astrocytes, but also by neurons [4]. In addition, type I
IFNs directly influence neuronal function. Type I IEN re-
lease on the central nervous system, more specifically on
the cerebral cortex as for instance in viral encephalitis,
affects the excitability level of pyramidal neurons. These ef-
fects were presumably due to slight modulation of various
ion channels [5]. Such small modulations would cause a
more effective (and stable) change of neuronal states as
opposed to a large modulation at a single channel [6]. Yet,
the precise mechanism of type I IEN neuronal action has
remained elusive.

Binding of type I IFNs to their receptors activate
receptor-associated Tyk-2 and Jak-1 kinases, resulting in
activation of different downstream pathways [7,8]. Com-
mon downstream pathways include phosphorylation of
the Signal Transducer and Activator of Transcriptionl
(STAT1) [9], activation of the p38 mitogen-activated pro-
tein kinase signaling pathway [3] and activation of the
PI3-K pathway [10]. One ubiquitous component of the
downstream type I IFN signaling cascade is the activation
of various types of protein kinase C (PKC) [2,3]. Activa-
tion of PKC isoforms also modulates several voltage sensi-
tive ion channels [11]. In detail, PKC activation reduces
the M-type potassium current (Iy;) amplitude [12], modu-
lates the hyperpolarization-activated cyclic nucleotide-
gated current (/) in various expression systems [13,14],
changes the opening probability of channels mediating the
large-conductance calcium-dependent potassium currents
(Igk) [15] and shifts the activation curve of the persistent
sodium currents (/x,p) [16].

To explore whether PKC activation and consecutive
ion current changes mediate neuronal type I IFN ef-
fects, we here used a combined approach of in silico
and ex vivo methods. We focused on pyramidal neo-
cortical layer 5 neurons because they are well charac-
terized in terms of content and distribution of ionic
currents, expression of dendritic IFN- receptors and
response to type I IFNs [5] under neuroinflammatory
conditions [17].

This study corroborates that neuromodulatory effects
of type I IFNs are based on multiple modulations of
intrinsic ion channels. Combining the results of explora-
tory analysis by in silico modeling with those from a
number of comprehensive ex vivo experiments we present
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PKC activation as unitary mechanism linking the IFN
signaling cascade to these ion channels.

Methods

Interferon and PKC activators/inhibitors

Chinese hamster ovary-derived recombinant rat IFN-§
protein (U-CyTech, Utrecht, Netherlands) was dissolved in
sterile double-distilled water to a concentration of 10° IU
and stored at —20°C. The final concentration was 1,000 IU
IEN-B ml, as this was previously shown to effectively
increase suprathreshold responses [5] and is assumed to
occur during viral infections [17,18]. PKC activators 4{-
phorbol 12-myristate 13-acetate (43-PMA) or Bryostatinl
and PKC inhibitors GF109203X (also known as Bisl or
G066850) or calphostin C (all Tocris Bioscience, Bristol,
UK) were dissolved in 99.8% Dimethyl sufoxide (Sigma-
Aldrich, Steinheim, Germany) to stock concentrations
of 10 mM (4B3-PMA, Bryostatinl, GF109203X) or 1 mM
(calphostin C) and stored at —20°C. The final concentra-
tions in artificial cerebrospinal fluid (ACSEF, for content
see patch clamp recordings) were 1 pM (4B-PMA,
Bryostatinl, GF109203X, for all: 10 ul to 100 ml ACSF)
and 100 nM (calphostin C, 10 pl to 100 ml ACSE). In all
cases the final Dimethyl sulfoxide percentage accounted
for 0.01%.

Animals and slice preparation

Juvenile male Wistar rats between postnatal day (P)11
and P27 (Research Institutes for experimental medicine
(FEM), Berlin, Germany) were used throughout the study.
Animals were kept under standard laboratory conditions
and all treatments were performed in agreement with the
European Communities Council Directive of 22 September
2010 (2010/63/EU). Animals were deeply anesthetized with
isoflurane (Abbott GmbH, Wiesbaden, Germany) and de-
capitated. The brain was quickly removed and immediately
transferred to cold (2 to 5°C) sucrose artificial cerebro-
spinal fluid (sACSF) containing (in mM): 85 NaCl (Sigma-
Aldrich), 2.5 KCI, 1 NaH,PO,, 7 MgCl,, 26 NaHCO3, 10 D
(+)-glucose, 50 sucrose and 0.5 CaCl, (all from Merck,
Darmstadt, Germany) bubbled with a gas mixture of 95%
O, and 5% CO,. Using a vibrating microtome (VT1200,
Leica, Nussloch, Germany), cortical brain slices of 300 to
400 pum containing the somatosensory cortex were cut in 2
to 5°C cold sACSF. Slices were transferred to 33 +1°C
warm sACSF to recover for at least 0.5 hours and kept in
sACSF at room temperature.

Patch clamp recordings

Brain slices were transferred to a recording chamber con-
stantly perfused with 32 to 34°C warm ACSF containing
(in mM): 119 NaCl (Sigma-Aldrich), 2.5 KCI, 1 NaH,PO,,
1.3 MgCl,, 26 NaHCOs3, 10 D (+)-glucose and 2.5 CaCl,
(all from Merck, Darmstadt, Germany) bubbled with a gas
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mixture of 95% O, and 5% CO,. Cortical pyramidal neu-
rons were visualized in layer 5 with an Axioskop 2 FS +
microscope (Carl Zeiss Microlmaging GmbH, Goéttingen,
Germany) equipped with infrared differential interference
contrast. Patch pipettes were pulled (P-97 micropipette
puller, Sutter Instruments, Novato, CA, USA) to a re-
sistance of 3 to 5 MQ. For recordings with 43-PMA and
Bryostatinl intracellular solution comprised (in mM)
120 K-gluconate, 10 Na-phosphocreatine, 11 EGTA,
2 Mg?"ATP, 0.3 Tris-GTP (Sigma-Aldrich), 10 KCI, 1
MgCl,, 1 CaCl, and 10 HEPES. For experiments with
IFN-B, pipette solution contained (in mM): 120 K-methyl-
sulphate (KMeSO,) (ICN Biomedical Inc, California, USA),
20 KCI, 14 Na-phosphocreatine, 4 NaCl, 0.5 EGTA, 10
HEPES, 4 Mg2 “-ATP, 0.3 Tris-GTP and 0.1 cAMP (Sigma-
Aldrich). The pH of intracellular solutions was adjusted
with KOH (Carl Roth, Karlsruhe, Germany) to 7.2.

Data and statistical analysis
Experiments were recorded with an EPC-10 amplifier
(HEKA, Lambrecht, Germany) and controlled by Patch-
Master v2.32 software (HEKA). Data were filtered with 3
or 10 kHz and sampled with 10 or 20 kHz, respectively.
Offline analysis was performed with FitMaster (HEKA)
and Origin 8.5 (Origin Labs, Northampton, MA, USA).
Input resistance was calculated from a linear fit of the
I-V plot (data points of the current pulse of +50 pA and
0 pA). The relationship between input current and
number of action potential (F-I) is characterized by two
parameters: rheobase and F-I slope. Both were calculated
by a linear fit of the F-I plot in its first, assumingly physio-
logically most relevant, linear proportion. The rheobase
equates intersection of fit and abscissa. Data are given as
mean + SEM throughout. Statistical analyses were per-
formed with paired ¢-tests. In case of non-normal distri-
bution or for datasets smaller than n = 8 nonparametric
tests for paired data (Wilcoxon signed rank tests) were
used. Results were regarded as statistically significant
when P < 0.05.

Layer 5 pyramidal neuron model

The model layer 5 pyramidal neuron was constructed
using published morphological and passive membrane
properties ([19], Figure 1A therein). In short, the specific
intracellular resistivity Ry, (68.0 Q) and specific mem-
brane capacitance (1.5 pF/cm?) were distributed uni-
formly. The membrane resistance was assigned to be
sigmoidal throughout the dendrites and ranged from
36.0 kQ c¢m? to 5.4 kQ cm? (soma to distal dendrite
tips). Spines were incorporated by decreasing membrane
resistance and by increasing membrane capacitance and
active channel conductances twofold, starting at a dis-
tance of 20 pum for basal dendrites and at a distance of
100 um for the apical trunk.
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To account for the specificity of the type I IFN effect
to the hyperpolarization-activated cyclic nucleotide (HCN)-
gated channel subunit HCN1, we substituted the original
HCN channel description [19] with a specific model of
HCN1 and HCN2 channels [17]. In addition, we devel-
oped a large-conductance calcium-dependent potassium
(Kgk) channel model that incorporates simultaneous de-
pendencies of this channel on voltage and calcium con-
centration (see Additional file 1 and Additional file 2:
Figure S1).

Descriptions of remaining channels were adopted from
existing studies [20-24]. We modified channel conduct-
ance to reconstruct ex vivo firing behavior (all conduc-
tances in pS/um?): ion channels in the simulated axon
included large voltage-gated sodium conductance (Na,,
3500), resembling the (in-)activation properties of the
sodium channels specifically found in the axon initial seg-
ment (Na,-type in [21]). In addition, the axon contained
potassium channels of the delayed rectifier type (Ky; 40)
and of the slowly activating and non-inactivating M-type
(Kyp 50) ([20,22], respectively).

In the soma, the voltage-gated sodium conductance
(Na) was set to 420 (Na-type in [21]). Furthermore, the
soma included a persistent sodium channel (Nap, 10) com-
ponent [24]. Potassium channels consisted of Ky (20), Ky
(10), Kgk (0.6) and A-type potassium channels (Kap 150)
with properties that are found in the proximal region
in vitro [23]. The high voltage activated (Ca) calcium chan-
nel conductance [23] was set to 2. The HCN conductance
(0.95) consisted of two-thirds HCN1 subtype and one-
third HCN2 subtype, respectively [17].

For the dendrites, Na and K, channels were distrib-
uted differently in the apical and basal dendrites [23].
The Na" conductance (same channel type as in the
soma) decreased linearly from 150 by a factor of 0.5 in
the basal dendrites, whereas it was set to 350 (proximal)
and 320 (distal) in apical dendrites. All A-type potas-
sium channel conductances started with a proximal
variant (K,p) that was exchanged with a distal variant
(Kap, differing by the Vi, of the activation curve). This
exchange occurred linearly within the first 300 pm of
the dendrites [25]. The net amount of channels of both
types was set to 300 for the apical dendrites. In the basal
dendrites the density increased linearly from 150 with a
factor of 0.7 [23]. The other channel conductances were
similar for both apical and basal dendrites and the chan-
nels were of the same type as in the soma. Ky, channels
were distributed in an exponentially decreasing fashion
(with a length constant of 80 um) and a proximal start-
ing value of 20. Only the proximal part (first 100 um of
the apical dendrite, first 20 um of the basal) of dendrites
included M-channels (5). Kgx and Ca** channel dens-
ities were set uniformly along all dendrites to values of
0.6 and 2, respectively. Low voltage activated calcium
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Figure 1 Concerted protein kinase C modulation of ionic conductances mimic type | IFN effects on suprathreshold excitability in silico.
(A) Cell geometry used in the model. (B) Voltage response of the simulated neuron to different input currents for control conditions (black
traces) and after simulating protein kinase C (PKC)-mediated ionic current modulations (green traces). Virtual 1-second rectangular current injections
are given below trace families. Note that the virtual current injection of 250 pA did not elicit an action potential under control conditions whereas it
caused extensive firing when PKC-dependent ionic currents were modulated. (C) Omnidirectional trial of various ionic current modulation effects on
rheobase (open columns) and F-I slope (solid columns). Peak currents were reduced (arrows to the right) or increased (arrows to the left) by 25 or 50%.
All tested modulations failed to reproduce our ex vivo results (leftmost columns). (D) lonic current modulations matching described PKC effects. Our
ex vivo results were reproduced when known PKC modulated currents mediated by hyperpolarization-activated cyclic nucleotide gated channel
subunit HCNT (f), M-type (lv), large conductance calcium-activated potassium channels BK (fs) and persistent sodium channels Na(p) (Inap) were
altered (compare leftmost columns in (C) with (D)). In detail, the F-I slope increased to 116 Hz/nA (1.56 X initial value) and the rheobase decreased
to 146 pA (048 x initial value). For /., we modulated the V;, instead of the peak conductance (as in (C)). An orchestrated modulation of all
PKC-dependent channels is necessary to reproduce the effect since trials in which we merely altered one, two or three of the four PKC-modulated
currents failed to do so.
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conductance (IT2) [23] was distributed solely on distal
parts of dendrites (0.5). Net HCN conductance (two-
thirds HCN1 and one-third HCN2) was distributed
exponentially across compartments with a 40-times
increasing density starting from 0.95 and having a length
constant of 323 [17,20]. Nominal temperature was set to
32°C. Simulations were performed in NEURON (version
7.1, available at http://www.neuron.yale.edu/neuron/ [26])
and model code is available on ModelDB (http://senselab.
med.yale.edu/ModelDB - accession number 168148).

Results

In silico modulation of known protein kinase C-linked
channels reproduces IFN effects

Application of IFN-f increases the suprathreshold excit-
ability of layer 5 pyramidal neurons in two ways [5].
First, the current threshold for triggering action potentials
(rheobase) drops. Second, the number of action potentials
elicited at fixed input current levels (gain or slope of the
F-I curve) increases. To identify necessary channel modu-
lations underlying this effect we utilized a morphological
realistic model of a layer 5 neuron (Figure 1A) and
adjusted its conductances to match the firing behavior ob-
served ex vivo (Figure 1B top). We then separately modu-
lated various conductances that could account for the
changes in firing behavior seen upon type I IEN applica-
tion. None of these separate modulations were sufficient
to fully reproduce the excitability changes induced by
IEN-B ex vivo (some examples are depicted in Figure 1C).
In particular, previously shown modulation of HCN1
mediated 1}, [17] alone only marginally altered firing be-
havior despite its role in setting resting membrane po-
tential and input resistance. Also combined modulation
of HCN channels with various other channels did not
alter firing behavior in a manner comparable to our pre-
vious ex vivo studies.

Subsequently, we speculated that activation of PKC
could link the type I IEN signaling cascade to the neuro-
modulatory effect. Activation of PKC has been shown to
modulate various ion channels (see Introduction). We
implemented these findings by reduction of: 1) HCN1
conductance to 42.5% [17]; 2) M-type potassium con-
ductance to 76%; 3) BK calcium-dependent potassium
conductance to 50%; and 4) shifted the V;,, of the per-
sistent sodium conductance by -2 mV. This combin-
ation of ion channel modulations reproduced the change
in firing behavior observed upon IFN-{ application ex vivo
(Figure 1D green). Trials where we only modulated a
subset of channels showed that every single channel
modulation is necessary but only the combined effect of
all modulation is sufficient to reproduce the entire effect
(Figure 1D black). This also suggested a ranking of contri-
bution: J,, < Iy < Ipk < Inap-
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The in silico results indicate that the change in firing
behavior upon type I IEN application is indeed due to
multiple ion channel modulations. A common character-
istic of all affected ion channels is their modulation by
PKC, a kinase activated by type I IFN.

Pharmacological protein kinase C activation corroborates
in silico predictions for suprathreshold excitability
changes in neocortical pyramidal neurons

To directly test our model-supported hypothesis that the
concerted influence of PKC modulated conductances af-
fects the excitability of cortical pyramidal neurons, we
subsequently performed a number of ex vivo experiments
in slices containing the somatosensory cortex of rats. We
started with applying membrane permeable PKC activa-
tors during ex vivo somatic whole-cell patch-clamp re-
cordings because if type I IEN effects are mediated by
PKC, direct pharmacological PKC activation should mimic
the type I IEN effects.

Indeed, applying 1 uM of 4B-PMA (Figure 2A-C), the
high affinity stereo selective agonist of the cysteine rich
C1/4f phorbol binding pocket [13], for 30 minutes in-
creased the neuronal input resistance by about 40%
(Table 1, Figure 2B), and the slope of the F-I curve by
about 26%. The rheobase decreased by about 17% (Table 1,
Figure 2C). Consistency of series resistance (Rs, Table 1)
throughout the entire recording excluded technical bias.

To investigate whether these changes are indeed due to
activation of PKC or whether they are 43-PMA specific,
we used another PKC activator, Bryostatinl (Figure 2D-F).
Bryostatinl activates classic and novel PKCs and belongs
to the group of macrocyclic lactones [27]. Comparable to
4B-PMA, Bryostatinl (1 pM) increased the input resist-
ance by about 26% (Table 1, Figure 2E) after 30 minutes of
application. In addition, it also augmented the F-I slope by
about 26% and by trend decreased the rheobase to 12%
(Table 1, Figure 2F). Bryostatinl did not significantly affect
Rs throughout the recording period (Table 1).

In summary, two different PKC activators grossly mim-
icked the changes we saw previously upon IFN-p applica-
tion [5] and upon i silico modification of PKC-dependent
conductances, suggesting that PKC mediates suprathres-
hold IFN-f effects.

Influence of IFN-B on suprathreshold excitability persists
under whole-cell recording conditions

A necessary condition for the link between PKC activation
and suprathreshold type I IEN effects is the independence
of the effects on recording conditions - that is, excitability
changes found with sharp microelectrodes should be re-
producible under whole-cell recording conditions. Consist-
ent with the findings obtained with sharp microelectrodes
[5] and under whole-cell conditions with pharmacological
PKC activation (this study), IFN-p augmented the neuronal


http://www.neuron.yale.edu/neuron/
http://senselab.med.yale.edu/ModelDB
http://senselab.med.yale.edu/ModelDB

Reetz et al. Journal of Neuroinflammation 2014, 11:185 Page 6 of 14
http://www.jneuroinflammation.com/content/11/1/185
A C
20 mv] 3007 %% - 15] e ctr 3007 % 2007 %%
0.2s & i o 4pPMA Q —
.TE L 8 O E 150
. g200{0—7° 510 e ° T o200 £
-65 mV = ‘ca'L . % O 5 :
o« = @ O 51001 /750
g 5 £ g ° |70
1001 @ 2 1004 o Z=0
= G . 50
4BPMA #
65 mV i : .
o : : . 1
E—1 1) 0 100 200 300 % %
0 pA -50 pA I [PA] S = E =1
-300 pA p 5] < oS <
D E F
3007 % . 207 e ctrl = 2007 o 1507 & o
3 ® Bryostatin1 ° /
1) < —_
o i 1504 \a T I8
-67 mV _ 200 / % [ ] <é_ E 1001
= Q40 o o
2 {© e 10 & 1001 g
< : S :
Bryo 100+ - < 5] g . L 507
y statin1 = #*
-67 mV — O{omm o
_  300pA 0 ——— o 0
50 pA oE 0 100 200 300 400 = =
Uiph ~50 pA T o8 £ % = oF
-300 pA 3 aB IpA] T O S oan
G H I
AUy 1607 % e e ot . 1 * 807 %
. C/D o] e INFp -
© 3001 <
ctr = 1207 £ 12 il T £ 60 ~
_ 4 g8 = Z
LU —— s 5 9 i = @)
¢ 80— 5 § s 8 401 o
— 3 ] 8 150 =
A & a £ N
INF-p 401 < & | 20 1
-70mV € 01 e @
———— 450 pA 0 F . . . T o 0
0 pA gg pﬁ @ 0 100 200 300 400 @ <«
= = = = = - z
-300 BA 3 k IpA] g L s L

Figure 2 Ex vivo whole cell recordings in neocortical rat slices prove that pharmacological protein kinase C activation with 4B-phorbol
12-myristate 13-acetate or Bryostatin1 increased the suprathreshold excitability of layer 5 pyramidal neurons, thereby reproducing
the effect of IFN-f. (A), (D) and (G) Example trace of layer 5 pyramidal neurons in current-clamp recorded before (top) and after application of
(A) 1 uM 4B-phorbol 12-myristate 13-acetate (43-PMA), (D) 1 uM Bryostatin1 or (G) 1,000 IU mI~" IFN-B (middle). In all in vitro current-clamp
experiments we injected 1-second long rectangular current pulses with an increment of 50 pA and an interval of 5 seconds. For the sake of
clarity, merely the voltage responses to the current injections indicated at the bottom are depicted in this and the following figures. The initial
input resistance and capacitance of the depicted neurons were (A) 43 MQ and 250 pF, (D) 45 MQ and 230 pF and (G) 50 MQ and 167 pF,
respectively. (B), (E) and (H) Population data demonstrate an increase of input resistance (R;,) under respective protein kinase C (PKC)-activat-
ing conditions. (C), (F) and (1) Action potential rate of a respective example neuron plotted as a function of the input current (left). Population
data demonstrate a decreased rheobase for 43-PMA and IFN-B or a tendency of decrease for Bryostatinl (F) (middle) and an increase of the
F-I slope (right) following application of PKC activators or IFN-3. Note that we restricted our fit to the first linear part of the F-I plot, because

we regard this part as physiologically most relevant. *P < 0.05, **P < 0.01. ctrl, Control.




Table 1 Influence of different protein kinase C activators and inhibitors on neocortical layer 5 neurons

Control versus 43-PMA

Control versus Bryostatin1

Control versus IFN-f8

Control versus
GF109203X + IFN-

calphostin C versus
calphostin C+ IFN-B

Experiments (n)

Input resistance (MQ)

Rheobase (pA)

F-I slope (Hz/nA)

After-hyperpolarization (mV)

Series resistance (MQ)

748 +98 vs 1051 £ 136

1241 £16 vs 1035+ 14.1

76+49vs 96+75

58+03vs27+03

799+0.27 vs 85047

7

69.13+£153 vs 87.3+255

(P < 005"

1208420 vs 1056+ 17
(P=02"

81+10vs 103+ 11

(P <005"

64+ 064 vs 36+ 042
(P <0.05"

8.89 +0.56 vs 8.94 + 0,67
(P=1"

8
765+97 vs 89.1+ 111
(P < 005"

1852+ 28 vs 1469 + 20
(P < 0.05%)

477+39vs 579453
(P < 005"

5+025vs 34+05

(P < 001"

78403 vs 81404
(P=02%

9

68.1+112vs 733+ 10
(P = 04"

1483 +29 vs 140.6 + 24
(P=07"

91.1+£99 vs 87.8+638
(P=07"

374044 vs 31+04
(P=01"
85+06vs82+06
(P=07"

12
67.7+103 vs 742+ 119
(P=09"

170+ 19 vs 200+ 17
(P=01%

100+ 118 vs 104+ 96
(P=05"

39+05vs 26+04

(P < 0.005"

89+05vs 128+29
(P=08"

*Paired t-test; 'Wilcoxon signed rank test. 48-PMA, 4B-phorbol 12-myristate 13-acetate.
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excitability (Figure 2G-I). In detail, IEN-{ increased the input
resistance by about 17% (Table 1, Figure 2H) and the F-I
slope by about 22% (Table 1, Figure 2I). The rheobase
decreased to 21% (Table 1, Figure 2I). Also here Rg
remained constant (Table 1).

The effect was not as prominent, although qualitatively
similar, as recorded with sharp microelectrodes (R;,: +17%
versus +142%; rheobase: —22% versus —-50%; F-I slope:
+21% versus +60%). This could be due to an incomplete
dilution of cytosolic contents [14], presumably close to the
recording pipette, but also suggests that in areas remote
from the recording pipette and in particular in close prox-
imity to the cell membrane putative PKC-mediated mech-
anisms still work. Specifically, the anchoring of PKCs to
the cell membrane by A-kinase anchoring proteins, enab-
ling PKC-ionic current interactions (for example, for Iy
[28]), supports this view. Alternatively, the effect differ-
ence between recording conditions could result from the
wide age range of animals used in the present study and
the consequential disparities in the level of ionic conduct-
ance development and/or distribution. However, the effect
size of IFN-PB on the input resistance had a tendency to-
wards a negative correlation to age (Ry: r=-0.66,
P = 0.07); that is, the Ry, of younger neurons seemed to
respond slightly more to IEN-B. Nevertheless, IFN-f
effects on rheobase (r = 0.52, P = 0.2) and F-I slope
(r=-0.19, P = 0.6) did not depend on the age of the
animals. Likewise, direct PKC activation by pharmaco-
logical activators appeared not to be correlated to the age
of the animals (Rinsp-pma I = =0.03, P = 0.89; Rinpryostatini
r = 0.11, P = 0.8; rheobasesg.pya r = 0.02, P = 0.9;
rheobasep,yostatin1 I = 0.19, P = 0.7; F-1 slopesg.pnma
r=-0.39, P = 0.1; F-I slopegyostatin1 T = 0.27, P = 0.56).

Thus, modulating multiple ionic conductances by
PKC exerts an age-independent effect on neuronal
excitability. This is also true for the IEN effect medi-
ated by PKC despite a slight tendency towards larger
IEN-pB effects on R, in more juvenile animals.

Protein kinase C activation reduced I, and consequently
decreased after-hyperpolarizations

If IEN-B exerts its effects via PKC activation, PKC modu-
lated currents should also be directly affected by IFN-B. As
proof of principle we studied I; because: 1) it determines
neuronal firing behavior [29]; 2) it modulates 1, effects on
neuronal integration [30]; and 3) previous pharmacological
experiments suggested a modulation of this current by
IFN-B [5]. To investigate I; we blocked confounding cur-
rents, such as T-type Ic,, Iy, and [, by 10 uM LaCl;, 1 uM
TTX and 50 pM ZD7288, respectively, and recorded Iy, tail
currents before and after bath application of 1,000 IU ml™*
IEN-B. Under such conditions, Iy was reduced by 24%
(Inctt = 61.9 + 24.1 pA versus Iyypn.p = 49.9 £29.7 pA; n =
6; P < 0.05; Figure 3A). Rg did not change in these
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experiments (Rs.yy = 6.6 £ 0.5 MQ versus Rgienp = 6.6 £
0.6 MQ; n =6; P =0.4).

One of the functional consequences of Iy, is its contribu-
tion to after-hyperpolarizations (AHPs) [31]. This contribu-
tion also applies for [;,, another current regulated by both
type I IFNs [17] and PKC [14]. Therefore, we hypothesized
that PKC activation affects AHP. Hence, we recorded
AHPs after a train of action potentials elicited by injected
currents between 200 and 450 pA, respectively. Comparing
respective amplitudes of AHPs after similar current injec-
tions, before and after activation of PKC, yielded a clear
amplitude reduction. In detail, pharmacological PKC acti-
vation by 43-PMA decreased AHP amplitudes by about
53% (Table 1, Figure 3C). PKC activation by Bryostatin1 at-
tenuated AHP amplitudes by 43% (Table 1, Figure 3D).
Similarly, application of IFN-f reduced the AHP amplitude
by about 31% (Table 1, Figure 3B).

Taken together, the IFN-B-induced reduction of I, - a
current, which is also reduced by PKC - further hints at
the mediation of type I IEN effects by PKC as proposed in
our model. The reduction of Iy; - presumably together
with the attenuation of I, - reduces AHPs and therefore
partially contributes to the observed excitability increase.

Voltage threshold for action potential generation under
pharmacological or IFN-f induced protein kinase C
activation

Previous studies revealed inconsistent results regarding ef-
fects of PKC activation on the voltage threshold of action
potential generation. To investigate this, we estimated the
voltage threshold for action potential generation in layer 5
neurons in addition to the respective current threshold
(rheobase). As exemplified for 43-PMA, we determined
the voltage threshold by taking the membrane potential
at the time of the first peak in the third derivate of the
action potential voltage [32] (Figure 4A) and found the
voltage threshold for action potential generation un-
changed when we activated PKC with 43-PMA (-37 +
0.7 mV under control conditions versus —34+ 1.2 mV
under 1 uM 4B-PMA; P = 0.06, paired ¢-test; Figure 4A,
B). Comparable to this and to our previous experiments
with sharp microelectrodes [5], IFN-p application for
30 minutes also left the voltage threshold for action po-
tential generation unchanged in our whole-cell experi-
ments (—34 + 1.1 mV under control conditions versus —
35+ 1.8 mV under 1,000 IU ml™ IEN-B; n = & P = 0.2,
paired t-test; Figure 4C). Consistent with this, the volt-
age threshold was left unperturbed even when we only
increased Iy, by shifting its voltage sensitivity towards
hyperpolarization (Figure 4D) and under all other simula-
tions (Additional file 3: Figure S2) in our in silico model.
However, voltage thresholds for action potential gener-
ation in neurons treated with Bryostatinl became slightly
depolarized from —39 + 1.4 mV under control conditions
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Figure 3 IFN-B reduced Iy, and accordingly attenuated amplitudes of after-hyperpolarizations, as did pharmacological protein kinase C
activation in layer 5 pyramidal neurons on neocortical ex vivo rat slices under whole-cell recording conditions. (A) Voltage-clamp recordings
of Iy tail currents depicted at the deactivating voltage of -50 mV following a 30-second depolarization to =30 mV (top) in a layer 5 pyramidal
neuron before (black trace) and during (green trace) application of 1,000 IU ml™! IFN-B. Population data of IFN-B-mediated reduction of /y
(bottom). (B-D) Current-clamp recordings reveal after-hyperpolarizations (AHP) following a train of action potentials at similar suprathreshold
depolarization (top) without (black traces) and with activation of protein kinase C (PKC) by 1,000 IU ml™! IFN-3 (B), 1T uM 4B-phorbol 12-myristate
13-acetate (43-PMA) (C), and T uM Bryostatin1 (D) (green traces). We estimated AHP amplitudes as difference between the steady state of tail
current and the largest hyperpolarization of AHP. Population data show a consistent reduction under all PKC activating conditions (bottom).
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to =37 £ 1.2 mV under the influence of 1 pM Bryostatinl
(P < 0.05, Wilcoxon signed rank test).

Our ex vivo and supporting in silico experiments provide
evidence that the concerted action of PKC-dependent in-
trinsic currents does not hyperpolarize the voltage thresh-
old for action potential generation in layer 5 pyramidal
neurons of the somatosensory cortex. Under certain
conditions (Bryostatinl might activate another set of
PKCs) activation of PKC even slightly depolarizes the
voltage threshold.

Protein kinase C inhibition prevents IFN-f effects

If IFN-B modulates neuronal excitability entirely via PKC
activation, blocking the latter should preclude any IFN-3
effects. To test this we first co-applied the potent PKC in-
hibitor GF109203X (1 uM, [33]) and IFN-B (1,000 IU
ml, Figure 5A-C). This treatment neither affected input

resistance, nor rheobase nor F-I slope after 30 minutes. In
line with this, co-application of GF109203X and IFN-{ left
the AHP unchanged. Again, Rg was similar throughout
the recording (Table 1). We encountered two drawbacks
in using GF109203X. First, as a broad PKC inhibitor,
GF109203X disabled a longer pre-incubation due to quick
deterioration of the neurons. Second, because GF109203X
acts at the catalytic domain, binding to scaffold protein as
AKAP might protect bound PKC from inhibition [28].
Therefore we subsequently used calphostin C, a potent,
irreversible and light-dependent PKC inhibitor [34],
which acts at the regulatory domain of PKC [35,36] and
is insensitive to protein binding. Further, pretreatment
of >1 hour did not deteriorate neuronal properties.
After pre-incubation with calphostin C, IFN-B influ-
enced neither the input resistance (Table 1, Figure 5E),
nor the slope of the F-I curve, nor the rheobase (Table 1,
Figure 5F). Consistency of Rg throughout the recording
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Figure 4 Voltage threshold for action potential generation is
unchanged by 4B-phorbol 12-myristate 13-acetate or IFN-§ in
ex vivo whole-cell recordings of layer 5 neocortical neurons
and in silico. (A) Voltage traces showing the first action potential
with (green trace) and without (black trace) protein kinase C (PKC)
activation (top). Note that due to the rheobase shift (Figure 2A) the
first action potential appeared at a current injection of 150 pA
under control conditions (black trace) but at 100 pA following
4B-phorbol 12-myristate 13-acetate (4f3-PMA) (1 uM) application
(green trace). Analysis of voltage thresholds are from the above
recordings (according to [32]). The membrane potential at the time
of the first peak of the third derivate of the action potential is taken
as voltage threshold (bottom). Dots represent time points for
estimating voltage thresholds throughout the figure. (B) Population
data demonstrate similar voltage thresholds before and during PKC
activation with 43-PMA. (C) Comparable voltage thresholds for
action potential generation in voltage trajectories before (black
trace) and after 30 minutes of treatment with 1,000 IU ml™' IFN-3
(green trace, left). Again, rheobase shift caused the first action
potential to appear already at 220 pA under IFN-( instead of at 350
pA as under control conditions. Population data confirm similar
voltage thresholds (right). (D) In silico hyperpolarizing V;, of Iap
(adopted from [24]) in our NEURON model by 4 mV does not alter
the voltage threshold for action potential generation. ctrl, Control.

(Table 1) excluded technical bias. Since the pre-incubation
period prohibited a comparative whole-cell analysis (that
is, initial whole cell recordings in the absence of calphos-
tin C) we cannot exclude intrinsic actions of calphostin C
putatively preventing IFN effects independent of PKC
blockade.

Moreover, in contrast to GF109203X, pretreatment with
calphostin C could not prevent the IFN-B-induced reduc-
tion of post-train AHP amplitudes by about 33% (Table 1).
Even if the effect of IEN on I; might be properly blocked
with calphostin C there appear to be other players con-
trolled by PKCs not blocked by calphostin C (but puta-
tively by GF109203X): size and shape of post-train AHPs
depend on several currents such as I, Iy, Ixca (SK-type)
and other [ic,. Some of these might additionally be mod-
ulated by protein phosphorylation putatively in some cases
independent of PKC [37].

However, the lack of major IFN- effects on neuronal
excitability when PKC activation was blocked adds fur-
ther evidence for PKC mediation of type I IFN actions.

Discussion

We performed this study in search of a mechanism link-
ing IFN-p to its boosting effects on neuronal excitability.
Resulting data provide a line of evidence for PKC activa-
tion as a unitary mechanism for type I IFN-mediated
modulation of excitability in layer 5 pyramidal neocor-
tical neurons. (1) An in silico model based on our previ-
ous blocking experiments [5] endorsed our hypothesis
that only a concerted modulation of HCN1-mediated 1},
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Figure 5 Blocking protein kinase C activation prevents IFN-B effects on excitability of neocortical layer 5 neurons in ex vivo whole-cell
recordings. (A) Family of voltage traces from a layer 5 neuron recorded in current clamp mode compared with under control conditions
(artificial cerebrospinal fluid, black traces, top) and following 30 minutes co-application of protein kinase C (PKC) inhibitor 1 uM GF109203X and
1,000 IU miI™" IFN-B (green traces, middle) yield no obvious differences in firing behavior. The initial input resistance and capacitance of the depicted
neuron were 132 MQ) and 130 pF, respectively. (B) Population data reveal similar input resistance (Rin), suggesting that PKC activation is necessary
for subthreshold IFN-f effects. (C) Rate of action potentials of a layer 5 neuron plotted against the strength of rectangular current injections
(left). Population data show that rheobase (middle) and F-I slope (right) remain comparable to control values when IFN- was co-applied with
GF109203X. (D) Example traces of a layer 5 neuron after pre-incubation with 100 nM calphostin C (black traces) and 20 minutes after application
of IFN-B (1,000 IU ml™) (green traces) revealed also no difference in firing behavior. The initial input resistance and capacitance of the depicted
neuron were 158 MQ) and 157 pF, respectively. (E) Population data of R, confirmed that PKC activation is needed for IFN-B effects. (F) Number of
action potential plotted against the strength of rectangular current injection (left). Population data indicate no difference of rheobase
(middle) or F-I slope (right) between pre-incubation of calphostin C and 20 minutes of IFN-f administration. ctrl, Control.

I\, Igk and Iy, reproduce all type I IEN effects on neur- PKC activation, a ubiquitous component in the inter-
onal excitability. All these channels are also modulated feron signaling cascade [2,3], had been shown to modulate
by activated PKC. (2) Ex vivo pharmacological activation  all channels proposed in silico: it reduces Iy; [12], Igk [15]
of PKC in somatosensory layer 5 pyramidal neurons by and /, [13,14]. It also shifts the activation curve of Iyap
43-PMA or Bryostatinl increased the neuronal excitability = closer to the resting membrane potential, therefore de-
similar to IFN-B application under whole-cell recording creasing the rheobase [16]. In our initial study [5], we
conditions. (3) We showed a reduction of post-train AHPs  discussed PKC activation as an unlikely candidate for me-
and confirmed a modulation of Iy; by IFN-B ex vivo. (4)  diating the type I IFN effects because voltage thresholds
Blocking PKC activation at the catalytic or at the regula-  for action potential generation were unchanged, as op-
tory side prevents almost all IFN-B effects on neuronal posed to earlier experiments following PKC activation in
excitability. In summary, we conclude that PKC is both  cortical neurons [38]. However, although PKC-dependent
sufficient and necessary for the downstream mediation of  sodium channel phosphorylation is known to contribute to
neuronal IFN-f effects. the functional balance between excitation and inhibition



Reetz et al. Journal of Neuroinflammation 2014, 11:185
http://www.jneuroinflammation.com/content/11/1/185

[39], the actual effect of PKC modulation appears rather
complex and may vary in different neuronal populations
and further depend on slight differences of PKC activating
substances and/or co-activators on various PKC isoen-
zymes. Phosphorylation - whether PKC-dependent or not -
variably affects Iy,, amplitude, but consistently induces a
negative shift in the activation curve of I\, [16,24,38,40].
Although this certainly enhances its depolarizing contribu-
tion to neuronal discharges, the exact contribution to volt-
age thresholds remains controversial. Indeed, in layer 5
neurons, the voltage threshold for action potential gener-
ation threshold may shift much less than previously
thought (about —1.5 mV [40]). In particular this might be
due to concomitant PKC effects on transient sodium cur-
rents (Ina) [40], which in turn directly influence voltage
thresholds. Conflicting results have also been reported re-
garding the influence of PKC activation on Itc, [41,42].
However, changes in firing behavior do not rely on a
modulation of Itc, in silico in pyramidal layer 5 neurons.

Our study links the numerous individual studies on
PKC effects on single conductances, therefore contribut-
ing to the increasingly complex picture of neuronal
kinase actions. However, our conductance-based in-silico
model was designed for gross screening and does not expli-
citly include all ion channels known to be present in neo-
cortical layer 5 neurons. For example, various two-pore
domain potassium conductances have been combined into
one leak conductance. In addition, we neglected potassium
currents through two trans-membrane domains (/i;,), small
calcium-dependent potassium currents (Is) and synaptic
conductances. Moreover, the model does not account for
any context-dependent roles of ionic conductances as, for
instance, somato-dendritic versus axonal I; [43]. Because
our model was not intended to be exhaustive, we cannot
exclude additional minor changes of conductances not in-
corporated in the model, particularly synaptic inputs.

In line with the time course of ion channel modulation,
application of type I IFNs leads to PKC activation within
5 minutes (as shown for IFN-B [44]). Cortical neurons
contain all major isoenzyme groups, such as conventional,
novel, and atypical [45], but composition may differ in in-
dividual neurons. Beyond that, the PKC activators used
here, 43-PMA and Bryostatinl, might slightly differ in
their action, although both bind to a C1 domain [46]. This
might be responsible for slight differences in effects on
cortical layer 5 neurons. However, both PKC activators act
on the conventional and novel PKCs [27], and the PKC in-
hibitor GF109203X inhibits all three classes of PKC isoen-
zymes, but is more efficient on conventional and novel
PKCs [46]. Therefore, we assume that the PKC isoen-
zymes mediating neuronal type I IEN effects belong to the
conventional and/or novel class.

Inducible cytokines as, for instance, IFNs are key
players in innate and adaptive immune responses that
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are produced in response to peripheral somatic or cen-
tral nervous system inflammation [1] and are important
in mood disorders [47]. The signaling pathway of IFN
actions within the central nervous system is, however,
poorly understood and the exact extracellular IFN pro-
tein levels during inflammation are still unknown. How-
ever, several hints suggest that cytokines generally act
together in inflammation and are locally produced [1].
Therefore IFNs putatively activate their receptors even
at low tissue concentrations. Neuromodulatory effects
of cytokines have been discussed in regard to modula-
tion of hormones and in regard to release and detection
of neurotransmitters [47-50]. Our study shows that type
I IFNs additionally modulate several neuronal ion chan-
nels, profoundly increasing neuronal excitability. In fact,
our data provide an impressive confirmation of the find-
ings that small alterations in a sensitive set of conduc-
tances have powerful effects [6] and they extend them
to the mammalian central nervous system and to a pu-
tatively clinically relevant context. They also position
type I IFNs in the row of neuromodulators that modify
existing conductances along sensitive directions [6]
via putatively membrane-bound PKCs. During central
nervous system inflammations, IEN-f is produced by neu-
rons [1] and is upregulated in myeloid cells [51]. More-
over, type I IENs elicit responses in all cell types of the
central nervous system, including neurons [1,52,53]. PKCs
- at least Ca®*-dependent isoenzymes - are also activated
by neuronal activity itself, for instance by high frequency
stimulation in rat hippocampus [54]. Together this implies
a kind of feed-forward mechanism, eventually leading to
over-excitatory states. Extrapolating these basic functional
changes to human inflammatory states might help to
explain sickness behavior and increased susceptibility to
depression [47,55].

Even in uninfected or non-inflamed brains, type I IFNs
might play a neuromodulatory role given the basal IFN-
B levels under those conditions [51].

Our data suggest that activation of PKC links the type
I IEN signaling cascade to multiple neuronal ion chan-
nels. Based on this study, type I IFN can be linked to
various other PKC-mediated neuronal effects such as
impeding the regeneration of damaged axons [56] or
even controlling dendrite arborization during develop-
ment [57].

Additional files

Additional file 1: Large-conductance calcium-dependent potassium
(BK) channel model.

Additional file 2: Figure S1. Steady state opening probability of

simulated BK-channels. Incorporating the values from Table 1 yielded a
Ca”* and voltage dependence of the opening probability as depicted.
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The Ca”* concentration is scaled to incorporate the coupling between
BK and Ca’* channels.

Additional file 3: Figure S2. Various simulated changes in /yap
properties (adapted from [6] to our NEURON-model); that is, V;,, 2 mV
hyperpolarized (grey), lnap conductance increased to 110% (blue), 125%
(green) and 150% (red) did not change the voltage threshold for action
potential generation.
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