
 

 

 

 

DISSERTATION 

 

 

Impact of Interferon-γ on neocortical inhibition 
 
 

Der Einfluss von Interferon-γ auf die Inhibition im Neocortex 
 
 
 
 

zur Erlangung des akademischen Grades  
Medical Doctor - Doctor of Philosophy (MD/PhD) 

 

 

 

vorgelegt der Medizinischen Fakultät  

Charité – Universitätsmedizin Berlin 

 

 

von  

 

Gabriel Martin Salvator Janach 

 

 

 

Erstbetreuer: Prof. Dr. med. Ulf Strauß  

Datum der Promotion: 29. November 2024 

 



 

 

  



 i 

 

Table of contents 

List of tables ................................................................................................................... iii 

List of figures .................................................................................................................. iv 

Abbreviations ................................................................................................................... v 

Abstract .......................................................................................................................... vi 

1 Introduction ............................................................................................................. 10 

1.1 IFN-γ - a multifaceted cytokine ............................................................................. 10 

1.2 IFN-γ and CNS function ....................................................................................... 11 

1.3 Effects of type I and II IFNs on neocortical Ih and excitability ............................... 11 

1.4 Research question ............................................................................................... 13 

2 Materials and Methods ........................................................................................... 14 

2.1 Interferon and kinase blockers ............................................................................. 14 

2.2 Animals and slice preparation .............................................................................. 14 

2.3 Electrophysiological data acquisition ................................................................... 15 

2.4 Evoked, spontaneous, and miniature IPSCs ........................................................ 16 

2.5 Pressure application of GABA .............................................................................. 17 

2.6 Paired pulse recordings ....................................................................................... 18 

2.7 Peak-scaled non-stationary noise analysis .......................................................... 19 

2.8 Single channel recordings and GABAA receptor driving force .............................. 21 

2.9 Statistical analysis ................................................................................................ 21 

3 Synopsis of Major Results ...................................................................................... 23 

3.1 IFN-γ increases IPSC amplitudes in late juvenile rats .......................................... 23 

3.2 IFN-γ increases sIPSC amplitudes in adult rats ................................................... 25 

3.3 IFN-γ increases mIPSC amplitudes in female rats ............................................... 26 

3.4 IFN-γ selectively impacts inhibitory transmission via a postsynaptic mechanism 27 

3.5 IFN-γ increases postsynaptic GABAAR number ................................................... 29 

3.6 The IFN-γ related increase in mIPSC amplitudes is PKC-dependent .................. 31 



 ii 

 

3.7 IFN-γ leaves GABAAR single channel conductance unchanged .......................... 33 

3.8 IFN-γ does not affect chloride homeostasis under resting conditions .................. 35 

4 Discussion .............................................................................................................. 38 

4.1 Summary of results .............................................................................................. 38 

4.2 Intracellular signaling and isoform specificity ....................................................... 39 

4.3 IFN-γ, PKC activation and altered inhibition due to changes in synaptic GABAAR 

quantity in the context of health and disease ............................................................. 40 

4.3.1 Sickness behavior ......................................................................................... 40 

4.3.2 Epilepsy ......................................................................................................... 40 

4.3.3 Depression .................................................................................................... 41 

4.4 Pharmacological implications ............................................................................... 41 

4.5 Future directions .................................................................................................. 42 

4.6 Strengths and limitations ...................................................................................... 43 

5 Conclusion .............................................................................................................. 44 

6 References ............................................................................................................. 45 

7 Statutory Declaration .............................................................................................. 54 

8 Declaration of Contribution ..................................................................................... 55 

9 Printing Copy of Publication 1 ................................................................................ 56 

10 Printing Copy of Publication 2 ................................................................................ 69 

11 Curriculum Vitae ..................................................................................................... 85 

12 Complete List of Publications ................................................................................. 86 

13 Acknowledgements ................................................................................................ 87 

 

 

 



List of tables iii 

 

List of tables 

Table 1: Composition of bath and pipette solutions. ...................................................... 22 

Table 2: Synopsis of major results. ................................................................................ 37 

 

  



List of figures iv 

 

List of figures 

Figure 1: Type I and II IFNs overlap in Ih attenuation but differ in their effects on 

excitability. ..................................................................................................................... 12 

Figure 2: Current responses to pressure applied GABA of two layer 5 pyramidal neurons 

under different experimental conditions. ........................................................................ 18 

Figure 3: Exemplary relations between parameters from mIPSCs used in peak-scaled 

NSNA. ........................................................................................................................... 20 

Figure 4: Single channel current disappearance over time. ........................................... 21 

Figure 5: IFN-γ increases the amplitude of evoked IPSCs in neocortical layer 5 pyramidal 

neurons.......................................................................................................................... 23 

Figure 6: IFN-γ increases the amplitude of spontaneous IPSCs in neocortical layer 5 

pyramidal neurons of late juvenile rats. ......................................................................... 24 

Figure 7: IFN-γ increases mIPSC amplitude in neocortical layer 5 neurons. ................. 25 

Figure 8: IFN-γ increases the amplitude of spontaneous IPSCs in neocortical layer 5 

pyramidal neurons of adult rats. .................................................................................... 26 

Figure 9: Acute application of IFN-γ augments mIPSC amplitudes in layer 5 pyramidal 

neurons of female rats. .................................................................................................. 27 

Figure 10: IFN-γ acutely increases postsynaptic GABAergic current responses in 

neocortical layer 5 pyramidal neurons without impacting presynaptic properties. ......... 28 

Figure 11: IFN-γ acutely increases plasma membrane localization and postsynaptic 

number of GABAARs without affecting synaptic GABAAR conductance. ....................... 30 

Figure 12: Increase of inhibition upon acute application of IFN-γ depends on PKC 

mediated GABAAR phosphorylation. ............................................................................. 32 

Figure 13: GABAAR single channel conductance is comparable with and without IFN-γ in 

neocortical layer 5 pyramidal neurons. .......................................................................... 34 

Figure 14: Acute application of IFN-γ does not alter [Cl−]i or DFGABA in neocortical layer 5 

pyramidal neurons. ........................................................................................................ 36 

 

 

 



Abstract in German and English v 

 

Abbreviations 

ACSF ......................................................................................... artificial cerebrospinal fluid 
Akt ............................................................................................................. protein kinase B 
Cl– ........................................................................................................................... chloride 
CNQX ....................................................................... 6-cyano-7-nitroquinoxaline-2,3-dione 
CNS ................................................................................................ central nervous system 
CSF ........................................................................................................ cerebrospinal fluid 
DAP-5 ............................................................... D-(-)-2-amino-5-phosphonopentanoic acid 
DFGABA(A) ................................................................................ GABAA receptor driving force 
E/I balance ............................................................................... excitation-inhibition balance 
ECl– .............................................................................................. chloride reversal potential 
eIPSC ...................................................................... evoked inhibitory postsynaptic current 
Erev ........................................................................................................... reversal potential 
F-I slope .................................................................. slope of frequency current relationship 
FLIM ................................................................... fluorescence lifetime imaging microscopy 
GABA ............................................... gamma-aminobutyric acid, gamma-aminobutyric acid 
GABAAR .................................................................................................... GABAA receptor 
IFN ........................................................................................................................ interferon 
Ih ................................................................................... hyperpolarization-activated current 
KCC2 ................................................................................. chloride potassium symporter 5 
MHC ................................................................................ major histocompatibility complex 
mIPSC .................................................................. miniature inhibitory postsynaptic current 
MQAE ....................................... N-(Ethoxycarbonylmethyl)-6-methoxyquinolinium bromide 
NSNA ..................................................................................... non-stationary noise analysis 
P .................................................................................................................... postnatal day 
PI3K ..................................................................................... phosphatidylinositol 3-kinases 
PKC ........................................................................................................... protein kinase C 
PPR ......................................................................................................... paired pulse ratio 
PSC ..................................................................................................... postsynaptic current 
Rs .............................................................................................................. series resistance 
sACSF ................................................................. high sucrose artificial cerebrospinal fluid 
sIPSC ............................................................. spontaneous inhibitory postsynaptic current 
STAT1 ..................................................... signal transducer and activator of transcription 1 
TTX ................................................................................................................... tetrodotoxin 
Vhold ................................................................... command voltage in whole-cell recordings 
Vmem ....................................................................................................... membrane voltage 
Vp .................................................................. command voltage in cell-attached recordings 

 

 



Abstract in German and English vi 

 

Abstract 

IFN-γ is a pro-inflammatory cytokine with wide-ranging properties from host defense and 

suppression of tumor growth to alteration of brain function. While low levels of IFN-γ in 

the CNS are essential for normal social behavior, many CNS diseases including infection, 

epilepsy, stroke and depression go along with elevated levels of IFN-γ. In addition, 

therapeutically applied recombinant IFN-γ leads to frequent CNS related adverse effects 

as headache and fatigue and IFN-γ rises in infectious disease have been associated to 

sickness behavior. 

Previous studies on neocortical pyramidal neurons demonstrated corresponding effects 

of type I IFNs and IFN-γ upon the hyperpolarization activated cation current Ih but 

deviating effects upon neuronal excitability. Therefore, we here investigated whether 

acutely (20 - 45 min) elevated levels of IFN-γ (1.000 IU ml–1) alter perisomatic inhibition 

in layer 5 pyramidal neurons in the primary somatosensory neocortex of late juvenile male 

Wistar rats.  

By analysis of evoked, spontaneous, and miniature inhibitory postsynaptic currents, we 

revealed that elevated levels of IFN-γ indeed augment neocortical inhibition. The 

strengthening of inhibition is mediated at the postsynapse, as supported by unaltered 

paired pulse ratios and increased inhibitory postsynaptic current amplitudes in response 

to pressure applied GABA.  

We found that the underlying mechanism of effect encloses a markable increase in 

synaptic GABAAR number, as demonstrated by peak-scaled non-stationary noise 

analysis of mIPSCs and GABAAR γ2 subunit biotinylation. Changes in GABAAR single 

channel properties or decreased intracellular chloride levels unlikely contributed to the 

observed IFN-γ effect, since we could not find alterations in single channel currents of 

GABAARs recorded in cell-attached mode, GABAAR driving force and in fluorescence 

lifetime imaging of intracellular chloride.  

The pro-inhibitory effect of IFN-γ depends on functional protein kinase C (PKC), but not 

phosphoinositide 3-kinases, as shown by blocker experiments using Wortmannin and 

Calphostin C and increased serine phosphorylation of PKC motifs at GABAAR γ2 subunits. 

The persistence of augmented inhibition due to acutely elevated IFN-γ in female and adult 

rats indicates that the effect is not sex dependent or restricted to late juvenile age. 

Our results provide a molecular basis for further research on behavioral effects of 

pronounced IFN-γ release and its underlying mechanisms. Moreover, they can contribute 

https://en.wikipedia.org/wiki/Phosphoinositide_3-kinase
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to the pathophysiological understanding of numerous CNS diseases and provide a link to 

future research on novel therapeutical approaches. 
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Zusammenfassung 

IFN-γ ist ein proinflammatorisches Zytokin, das nicht nur der Wirtsabwehr und der 

endogenen Tumorkontrolle dient, sondern auch die Gehirnfunktion beeinflusst.  

Während niedrige IFN-γ-Spiegel im ZNS essenziell für normales Sozialverhalten sind, 

gehen ZNS-Erkrankungen wie Infektionen, Epilepsie, Schlaganfall und Depression mit 

erhöhten IFN-γ-Spiegeln einher. Darüber hinaus führt die Therapie mit rekombinantem 

IFN-γ häufig zu ZNS-bezogenen Nebenwirkungen wie Kopfschmerzen und Müdigkeit, 

und IFN-γ-Anstiege im Rahmen von Infektionen wurden mit sickness behavior assoziiert.  

Frühere Studien an neokortikalen Pyramidenzellen haben gezeigt, dass Typ-I-Interferone 

und IFN-γ den durch Hyperpolarisation aktivierten Kationenstrom Ih gleichsam 

reduzieren, dass aber ihre Auswirkungen auf die neuronale Erregbarkeit voneinander 

abweichen. Daran anknüpfend haben wir untersucht, ob kurzfristig (20 - 45 min) erhöhte 

IFN-γ-Spiegel (1.000 IU ml-1), die Inhibition von Pyramidenzellen der Schicht 5 im 

primären somatosensorischen Neokortex von spät juvenilen männlichen Wistar-Ratten 

verändern. 

Durch Analyse von elektrisch evozierten sowie spontanen und miniatur inhibitorischen 

postsynaptischen Strömen (e/s/m IPSCs) zeigten wir, dass erhöhte IFN-γ-Spiegel zu 

einer Verstärkung der Inhibition führen. Diese Verstärkung wird, entsprechend 

unveränderten paired pulse ratios und einem Amplitudenanstieg von IPSCs nach 

Präsynapsen-unabhängiger GABA-Applikation, über die Postsynapse vermittelt.  

Der zugrundeliegende Wirkmechanismus beinhaltet einen deutlichen Anstieg der 

synaptischen GABAA-Rezeptoranzahl. Dies konnten wir mittels peak-scaled nicht-

stationärer Noiseanalyse von mIPSCs und der Biotinylierung von GABAAR γ2 

Untereinheiten zeigen. Veränderungen der GABAAR-Einzelkanaleigenschaften oder 

verringerte intrazelluläre Chloridspiegel trugen wahrscheinlich nicht zu der beobachteten 

IFN-γ-Wirkung bei, da wir keine Veränderungen der cell-attached aufgenommenen 

GABAAR-Einzelkanalströme, der GABAAR driving force und in der 

Fluoreszenzlebensdauer-Mikroskopie von intrazellulärem Chlorid feststellen konnten. 

Der pro-inhibitorische Effekt von IFN-γ hängt von einer funktionierenden Proteinkinase C 

(PKC), nicht aber Phosphoinositid-3-Kinasen ab, wie Blockerexperimente mit 

Wortmannin und Calphostin C sowie ein Anstieg der Serinphosphorylierungen von PKC-

Motiven an GABAAR γ2 Untereinheiten zeigten. Die Tatsache, dass die neokortikale 

Inhibition auch bei weiblichen und erwachsenen Ratten verstärkt wird, weist darauf hin, 
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dass der Effekt nicht geschlechtsabhängig oder auf das spät juvenile Alter beschränkt ist. 

Unsere Ergebnisse bieten eine molekulare Grundlage für die weitere Erforschung 

verhaltensverändernder IFN-γ-Wirkungen und ihrer zugrundeliegenden Mechanismen. 

Darüber hinaus können sie beim Verständnis der Pathophysiologie zahlreicher ZNS-

Erkrankungen helfen und einen Anknüpfungspunkt für die zukünftige Erforschung neuer 

Therapieansätze bieten. 
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1 Introduction 

1.1 IFN-γ - a multifaceted cytokine  

IFN-γ, the only type II interferon, is commonly known as a pro-inflammatory cytokine 

involved in host defense. IFN-γ is primarily produced and secreted by natural killer cells, 

e.g. after pattern recognition receptor activation or binding of other cytokines, and T 

lymphocytes in response to specific pathogen recognition via T cell receptors (Ivashkiv, 

2018). However, IFN-γ is also produced by resident CNS cells such as neurons, 

astrocytes, cerebral endothelial cells and microglia following different stimuli as traumatic 

injury or ageing (reviewed in Monteiro et al., 2017), suggestive of functions beyond 

pathogen defense.  

 

After binding of IFN-γ homodimers to ubiquitously present (Bach et al., 1997) IFN-γ 

receptors, different signaling pathways can be activated. Whereas in the classical 

pathway, Janus kinase activity results in homodimerization of STAT1 and consecutive 

initiation of transcription (Gough et al., 2008), numerous alternative pathways exist. 

Alternative pathways include activation of PI3K, different isoforms of PKC and Akt (Gough 

et al., 2008; Green et al., 2017), putatively allowing for a more rapid modulation of cellular 

functions. 

 

The consequences of IFN-γ receptor activation do not only comprise increased 

expression of chemokines, MHC-molecules and anti-pathogenic factors, long-lasting 

activation of macrophages, T cell response modulation and B cell class switch, but also 

suppression of tumor cell proliferation, regulation of autoinflammation and prolonged or 

transient alteration of CNS function (Monteiro et al., 2017; Ivashkiv, 2018).  

To date, the origin of IFN-γ in the CNS has not been solved conclusively. While it has 

been shown that IFN-γ can be directly released by parenchymal CNS cells under various 

conditions (Monteiro et al., 2017) and that meningeal T-cells are able to express IFN-γ 

(Filiano et al., 2016), IFN-γ and/or IFN-γ producing immune cells may also enter the CNS 

from the periphery. Possible routes for this scenario include transit of peripheral immune 

cells or IFN-γ via the blood-brain or the blood-CSF barrier as well as passage via 

circumventricular organs (Clark et al., 2022). Access of peripheral IFN-γ via 

circumventricular organs seems particularly likely as it has been shown that an 
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intravenously administered protein with similar molecular weight as IFN-γ homodimers 

can enter the brain through the median eminence (Broadwell et al., 1983; Clark et al., 

2022). However, it remains unclear under which conditions and to which extent baseline 

and elevated CNS IFN-γ levels, e.g. after CNS infection (Frei et al., 1988), neurotrauma 

(Lau and Yu, 2001) or stroke (Li et al., 2001), can be assigned to different sources. 

1.2 IFN-γ and CNS function 

Increased CNS levels of IFN-γ in non-infectious conditions (Monteiro et al., 2017), CNS 

related side effects - e.g. headaches and fatigue - in response to therapeutically applied 

IFN-γ (Miller et al., 2009) and a link between IFN-γ and sickness behavior (Kirsten et al., 

2020) suggest a neuromodulatory role beyond its immunogenic properties. While the 

consequences of elevated IFN-γ in acute neurological conditions as stroke and 

neurotrauma are unclear, temporarily increased IFN-γ in meningitis leads to long-term 

behavioral changes (Too et al., 2014). Further, IFN-γ has been shown to account for 

depressive-like behavior after infection with Bacillus Calmette-Guérin (O'Connor et al., 

2009) and intrathecal application of IFN-γ leads to anxiety- and depressive-like demeanor 

(Mandolesi et al., 2017).  

On the contrary, maintenance of basal IFN-γ levels is pivotal for normal social behavior 

in mice (Filiano et al., 2016), implying an important role in mammalian brain function that 

may be negatively affected by acutely increased IFN-γ levels.  

1.3 Effects of type I and II IFNs on neocortical Ih and excitability 

Before my research, acute neuromodulatory effects of type I IFNs that are likewise 

important immunoregulatory cytokines, have been studied with a focus on IFN-β. Similarly 

to IFN-γ, type I IFNs have been linked to sickness behavior (Dantzer et al., 2008) and 

provoke CNS-related adverse effects when used as therapeutics (e.g. IFN-α in hairy cell 

leukemia or IFN-β in multiple sclerosis) (Bayas and Rieckmann, 2000; Tayal and Kalra, 

2008). In detail, IFN-β is a type I interferon that acts via a different receptor complex and 

is - in contrast to IFN-γ - considered as an anti-inflammatory cytokine, but overlaps in 

signaling properties with IFN-γ (Chow and Gale, 2015; McNab et al., 2015). When directly 

applied to ex vivo rat brain slices, high levels (1.000 IU ml–1) of IFN-β have been shown 

to acutely alter sub- and supra-threshold excitability of neocortical pyramidal neurons 

(Hadjilambreva et al., 2005; Reetz et al., 2014). Furthermore, IFN-α as well as IFN-β led 
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to attenuation of Ih (Stadler et al., 2014) that is involved in shaping of neuronal networks 

and modulation of synaptic transmission (Wahl-Schott and Biel, 2009). To decipher 

whether IFN-γ affects neocortical pyramidal neurons in a similar way, corresponding 

experiments were performed with IFN-γ. Interestingly, the same concentration of IFN-γ 

led to corresponding effects on Ih in neocortical layer 5 pyramidal neurons, but left sub- 

(according to steady input resistance) and supra-threshold excitability (according to 

steady F-I slope and rheobase values) unchanged (Janach et al., 2020).  

Thus, likewise attenuation of Ih (Fig. 1A/B) suggested functional cross-talk between type 

I and type II IFNs, while the absence of sub- and supra-threshold (Fig. 1C/D) excitability 

changes pointed towards a deviation in the neuromodulatory effects of IFN-γ. 

 

 

Figure 1: Type I and II IFNs overlap in Ih attenuation but differ in their effects on excitability. 

A/B: Exemplary recordings of offline leak subtracted Ih in response to the voltage steps displayed 

beyond the current traces under the influence of IFN-α (a type I IFN) and IFN-γ. Both, type I and 

type II IFNs led to attenuation of maximum Ih amplitude (Stadler et al., 2014; Janach et al., 2020). 

Note, that while the example in A was recorded under the influence of IFN-α, likewise attenuation 

occurred under the influence of IFN-β (Stadler et al., 2014). C/D: Exemplary recordings of voltage 
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responses to rectangular current injections of -300, -50, 50 and 450 pA (C) or -300, -50, 50 and 

250 pA (D) before and after the application of IFN-β and IFN-γ respectively. While the type I IFN 

IFN-β led to an increase in supra-threshold excitability illustrated by a comparatively increased 

action potential frequency in response to the same current injection (C) and increased sub-

threshold excitability according to increased input resistance (not displayed here) (Hadjilambreva 

et al., 2005; Reetz et al., 2014), these effects remained absent under the influence of IFN-γ (D) 

(measurement of input resistance not shown).  All recordings shown were performed in layer 5 

pyramidal neurons of the primary somatosensory rat neocortex. Figure compiled for this thesis 

by: Gabriel Janach. A was adapted from (Stadler et al., 2014), Fig. 2A; B and D were adapted 

from (Janach et al., 2020), Fig. 3A and 2A respectively; C was adapted from (Reetz et al., 2014), 

Fig. 2G. 

 

1.4 Research question 

To better understand the effect of elevated IFN-γ in the CNS and potentially counteract 

adverse effects of recombinant IFN-γ as well as behavioral alterations after infection and 

neuroinflammation, a detailed understanding of IFN-γ effects on CNS function is 

necessary. In my studies, I focused upon acute effects of IFN-γ, as this putatively parallels 

the rise in CNS infection or after therapeutic application of IFN-γ and cerebral increase of 

IFN-γ levels seems to alter behavior with a relatively fast time-course of < 12 h (Mandolesi 

et al., 2017). These observations are in line with previous reports on rapid 

neuromodulation by type I IFNs that intersect with IFN-γ signaling and CNS effects (see 

section 1.3) on a single cell (Hadjilambreva et al., 2005; Reetz et al., 2014; Stadler et al., 

2014) and network level (Stadler et al., 2014). Furthermore, the investigation of relatively 

short-term effects allows for untangling IFN-γ effects from that of other, consecutively 

released cytokines (e.g. TNF-α or IL-6) (Boehm et al., 1997; Ivashkiv, 2018). At the 

beginning of my research work, the overlap in Ih attenuation conditional upon type I IFNs 

or IFN-γ and the lack of excitability changes after the application of IFN-γ (Fig. 1 and 

section 1.3) gave rise to the assumption that IFN-γ increases neuronal inhibition and 

therewith prevents the excitability changes following type I IFN elevation. This hypothesis 

was reinforced by pilot experiments on action potential independent inhibitory 

postsynaptic currents (mIPSCs) from Olivia Reetz that revealed an amplitude increase 

after acute application of IFN-γ (Janach et al., 2020). Therefore, I concentrated on the 

question whether IFN-γ does indeed alter inhibitory neurotransmission in the neocortex 

and if so, what the underlying mechanisms of action are. 
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2 Materials and Methods 

This chapter comprises extended information on materials and the relevant methods I 

used. Information on techniques that were exclusively used by co-authors can be found 

in the corresponding sections of the attached publications. According to the Charité 

requirements for good scientific practice, I am citing the underlying publications (Janach 

et al., 2020; Janach et al., 2022) also in the corresponding subsections. Information on 

equipment, programs and manufacturers/suppliers is solely provided in the attached 

publications and not restated in this thesis. 

2.1 Interferon and kinase blockers  

I used Chinese hamster ovary or Escherichia coli derived recombinant IFN-γ at a final 

concentration of 1.000 IU ml–1 in all experiments involving IFN-γ. This concentration is in 

the range of what has been observed in the CSF after viral meningitis (Frei et al., 1988). 

Further, in previous experiments on IFN-β, 1.000 IU ml–1 (applied for 30 min) showed 

maximum effects on membrane characteristics of neocortical pyramidal neurons 

(Hadjilambreva et al., 2005). Following reconstitution in sterile double-distilled water,  

I stored aliquots of 100.000 IU IFN-γ at –20°C and added it to the ACSF prior to individual 

experiments (Janach et al., 2020; Janach et al., 2022).  

Whereas in my longitudinal experiments the application period of IFN-γ ranged from 20 - 

45 min (Janach et al., 2020; Janach et al., 2022), it ranged from 15 - 60 min in cell-

attached recordings of preincubated neurons (Janach et al., 2022).  

I diluted the PI3K inhibitor Wortmannin and the PKC inhibitor Calphostin C in dimethyl 

sulfoxide and applied them at a final concentration of 100 nM each (Janach et al., 2020; 

Janach et al., 2022). 

During the experiments involving Wortmannin I ensured protection from light due to its 

light sensitivity. In Calphostin C experiments, I exposed the diluted Calphostin C to 

ordinary white light during pre-incubation and bath application, because inhibition of PKC 

by Calphostin C is light-dependent (Bruns et al., 1991). 

2.2 Animals and slice preparation 

We obtained male and female specific pathogen-free (SPF) Wistar rats from Janvier labs 

or from the Charité central animal facility and performed all procedures in agreement with 
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the European Communities Council Directive of September 22nd, 2010 (2010/63/EU) 

under the licenses T 0212/14 and T-CH 0034/20 (Janach et al., 2020; Janach et al., 

2022). I prepared acute 300 - 400 µm thick (for immunohistochemistry and fluorescence-

lifetime imaging a slice thickness of 50 or 250 µm was used respectively) coronal brain 

slices containing primary somatosensory cortex (S1) from postnatal day (P) 10 - 84 rats 

as described in (Janach et al., 2022, section 2.2). Notably, I carried out most experiments 

on brain slices from rats P21 (average age for each series stated below figures in 

according publications) or older, rendering an impact of undeveloped GABAergic 

transmission less likely (Miller, 1988; Del Rio et al., 1992; Le Magueresse and Monyer, 

2013). In brief, I rapidly removed the brain after isoflurane anesthesia and decapitation 

and cut in 2°C carbogenated (i.e. enriched with 95% O2 and 5% CO2 to assure constant 

oxygenation of brain slices and maintain pH balance) sACSF (Table 1) using a vibratome. 

To recover, I stored the slices for 30 min in 33 ± 1 °C sACSF, then kept them at room 

temperature in a holding solution containing 2-[4-(2-hydroxyethyl)piperazin-1-

yl]ethanesulfonic acid (20 mM) (Table 1) to prevent tissue swelling and increase pH 

buffering capacity (MacGregor et al., 2001). I performed electrophysiological experiments 

after ≥ 30 min storage in the holding solution. 

2.3 Electrophysiological data acquisition 

I performed patch clamp recordings on layer 5 pyramidal neurons in the primary 

somotasosensory cortex (S1). After transfer to the recording chamber, I constantly 

perfused the slices with carbogenated 32 ± 2°C ACSF (Table 1) as described in (Janach 

et al., 2020; Janach et al., 2022, section 2.3).  

Besides cell selection due to location (S1, layer 5) and typical morphology (pyramidal 

shape and apical dendrite) as visualized by infrared differential interference contrast 

video microscopy, we further characterized a subset of neurons by responses to current 

injections and post hoc visualization (examples displayed in Janach et al., 2022, Fig. S2). 

In whole-cell experiments, selection of layer 5 pyramidal cells was corroborated by 

relatively high capacitance values (mean capacitance 196.2 ± 12.4 pF, n = 101), 

determined in response to square voltage pulses (20 ms, 10 mV) (Janach et al., 2020; 

Janach et al., 2022). The membrane capacitance corresponds with the (clamped) 

membrane surface of studied neurons and typically shows higher values in comparison 

to interneurons and layer 2/3 pyramidal neurons.  
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In most whole-cell experiments, I tolerated a change ≤ 25 % in series resistance (Rs). 

Besides the pipette resistance, Rs encloses the access resistance between the pipette 

and the cell membrane, being affected by e.g. moving organelles that may clog parts of 

the pipette tip, flapping cell membrane or leak current. Accordingly, the accuracy of 

voltage clamp is affected by Rs changes, leading to seemingly altered transmembrane 

current amplitudes. Therefore, it is important to keep Rs relatively stable in paired long-

term experiments when measuring postsynaptic current (PSC) amplitudes. The relative 

stability (ΔRs ≤ 25 %) of my individual recordings was corroborated by comparable Rs 

values in all experimental series analyzed for mean PSC amplitudes (Janach et al., 2020; 

Janach et al., 2022). During the patch clamp experiments for (Janach et al., 2022) I 

switched from lead glass pipettes to borosilicate glass pipettes (Janach et al., 2022), as 

personal experience revealed tighter seals and more stable Rs values when using 

borosilicate glass. I gathered Rs values from current responses to square voltage pulses 

(20 ms, 3 or 10 mV) (Janach et al., 2020; Janach et al., 2022). In case of mIPSC 

recordings for peak-scaled non-stationary noise analysis (NSNA), I tolerated only a 10 % 

Rs change (Janach et al., 2022), because Rs alterations may lead to inaccurate channel 

number estimations (Heinemann and Conti, 1992). Further details on data acquisition can 

be found in the according publications (Janach et al., 2020; Janach et al., 2022, section 

2.3). 

2.4 Evoked, spontaneous, and miniature IPSCs 

Recording of evoked, spontaneous, and miniature IPSCs permits analysis of current 

amplitudes and - in the case of s/mIPSCs - event frequency. While eIPSCs evoked by 

electrical stimulation result in presynaptic vesicle release from interneuronal axons, 

sIPSCs and mIPSCs are part of spontaneous network activity. sIPSCs originate from 

either action potential dependent or action potential independent spontaneous 

presynaptic vesicle release, whereas mIPSCs are exclusively due to action potential 

independent presynaptic vesicle release.  

For the recording of e/s/mIPSCs I blocked ionotropic glutamate receptors via 10 - 20 µM 

6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and 25 µM D-(-)-2-amino-5-

phosphonopentanoic acid (DAP-5) (Janach et al., 2020) to minimize interference with 

excitatory transmission. In addition, I blocked voltage-sensitive sodium channels using 
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1µM tetrodotoxin (TTX) in the case of mIPSCs to prevent action potential propagation 

(Janach et al., 2022). 

For details regarding the recording and analysis of IPSCs, refer to materials and methods 

sections of the according publications (Janach et al., 2020; Janach et al., 2022, section 

2.9). Composition of the pipette solutions used is given in Table 1. 

Note that the increase in electrochemical chloride driving force due to 10 mV more 

negative Vhold and 12 mM more Cl–  in the pipette solution, as well as the blockage of 

shunting potassium currents via cesium in (Janach et al., 2022) compared to (Janach et 

al., 2020) may explain the difference in averaged mIPSC amplitude values between the 

publications. I made these changes in (Janach et al., 2022) to enhance mIPSC quality 

and increase mIPSC amplitudes for peak-scaled NSNA. 

2.5 Pressure application of GABA 

Direct pressure application of neurotransmitters evokes postsynaptic currents that are 

independent of presynaptic vesicle release. Therefore, contribution of the postsynapse to 

a change in e/s/mIPSC amplitudes can be investigated discretely. 

For pressure ejection experiments, I locally applied GABA diluted in ACSF. I tested 

different GABA concentrations, electrolyte configurations and command voltages to 

accomplish consistent responses that are large enough for precise analysis of current 

amplitudes but still enable a reasonable clamp (examples shown in Fig. 2) with the result 

of 100 µM GABA, 50 mM intracellular Cl– and a command voltage of –70 mV. During the 

process of establishing the pressure ejection method I experimented with a variety of 

pipette tip diameters to achieve an ideal balance between infrequent clogging of the 

pipette and negligible tissue swelling. The resulting tip of the ejection pipette had an 

approximate resistance of 0.5 MΩ when the pipette was filled with ACSF. After positioning 

the pipette tip 5 - 10 µm from the soma, I kept pressure and duration of application 

constant during individual experiments. I monitored tissue swelling and pipette positioning 

visually and discontinued experiments in case of alterations (Janach et al., 2022). 

Composition of the pipette solution used can be found in Table 1. 
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Figure 2: Current responses to pressure applied GABA of two layer 5 pyramidal neurons 

under different experimental conditions.  

A: Response to pressure application of 1 mM GABA, equimolar intra- and extracellular chloride 

concentration (chloride reversal potential, ECl– ~ 0 mV) and command voltage of –60 mV. In this 

example the membrane voltage most likely depolarized to a value beyond action potential 

threshold due to unclamped ionic currents. B: Response to pressure application of 100 µM GABA, 

50 mM intracellular Cl–  (ECl– ~ –25 mV) at a command voltage of –70 mV. Here, I reduced the 

concentration of GABA and the concentration gradient of Cl– to decrease the amplitude of Cl– 

currents. Further, I increased the difference between command voltage and action potential 

threshold to lower the probability of action potential generation. For both exemplary recordings I 

applied GABA in ACSF for 3 ms with 0.3 bar pressure. Note that current is inwardly directed 

(corresponding to an outflow of negatively charged Cl– ions from the cytosol) because electrolyte 

configurations result in an ECl– that is more depolarized than the command voltage. Under 

physiological conditions ECl– is roughly equivalent to or more hyperpolarized than resting 

membrane voltage of developed neurons, resulting in shunting inhibition or hyperpolarization 

when GABAARs open. Figure compiled for this thesis on the basis of my term report in module 23 

(‘Wissenschaftliches Arbeiten’, sixth semester). 

2.6 Paired pulse recordings 

For paired pulse experiments, I evoked two consecutive eIPSCs with a frequency of 10 

(inter-stimulus interval = 100 ms) or 20 Hz (inter-stimulus interval = 50 ms) and calculated 
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the paired pulse ratio (PPR) as amplitude of second eIPSC divided by amplitude of first 

eIPSC. The reference point for current measurement was the holding current prior to the 

eIPSC stimulation artifact (Janach et al., 2022). When comparing the two conditions 

(control vs. application of IFN-γ) I averaged 20 consecutive PPRs respectively. Changes 

in PPR may indicate alterations in presynaptic properties including release probability of 

presynaptic vesicles, local presynaptic calcium concentration and the size of the readily 

releasable pool (Regehr, 2012). I chose an interval of 10 s between individual paired 

pulse stimuli, as neither IPSC amplitude rundown nor PPR alterations were observed 

previously at this frequency in rat visual cortex (Imbrosci et al., 2013). Note that in this 

experimental series, Rs significantly increased from Rs-ctrl = 11.1 ± 0.1 MΩ to Rs-IFN-γ = 13 

± 0.1 MΩ (Janach et al., 2022). However, changes in Rs should not affect the ratio of 

consecutively evoked current responses. Further details on recording of paired pulse 

responses can be found in (Janach et al., 2022, section 2.5), whereas the pipette solution 

used is documented in Table 1.   

2.7 Peak-scaled non-stationary noise analysis 

Peak-scaled non-stationary noise-analysis (NSNA) (reviewed in Hartveit and Veruki, 

2007) is based on variance in channel openings and closings during PSC decay. In 

contrast to biotinylation experiments that quantify protein levels, peak-scaled NSNA 

allows for estimation of functional synaptic receptor numbers and unitary channel current 

amplitudes. 

Details on acquisition and selection of mIPSCs for peak-scaled NSNA can be found in 

(Janach et al., 2022, section 2.10). Prior to analysis of mIPSCs I tested the data for time 

stability to investigate the possibility of electrotonic filtering and synchronous presynaptic 

release. Therefore, I correlated chronological event number of mIPSCs selected for 

NSNA with peak amplitudes, 10 - 90 % rise times and decay time constants from 

monoexponential fits in each experimental condition using Spearman’s rank-order 

correlation test. If significant correlation (P < 0.05) indicated lack of time stability in one 

condition, I excluded the respective experiment from analysis. Further, I only considered 

experiments without significant correlation between rise and decay time (that would point 

towards electrotonic filtering (Hartveit and Veruki, 2007)) and without significant negative 

correlation between rise / decay time and amplitude (that would point towards IPSC 

summation due to synchronous presynaptic release and/or electrotonic filtering (de 
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Koninck and Mody, 1994)) for peak-scaled NSNA (Janach et al., 2022). Examples for 

correlation can be found in Fig. 3. 

After determination of mean current and variance values of binned mIPSCs, I plotted the 

data and fitted it with the parabolic function σ² = iI – I²/N to determine the average number 

of channels, open at the peak of an mIPSC (N) and the weighted mean unitary channel 

current (i). In the given formula σ² is the variance and I is the average current. I calculated 

chord conductance as i / (Vmem - Erev) for a temperature of 32° C (Janach et al., 2022).  

 

 

 

Figure 3: Exemplary relations between parameters from mIPSCs used in peak-scaled 

NSNA.  

A - C: Time stability was given, as there was no significant correlation between chronological 

event number and mIPSC peak amplitude, 10 - 90 % rise time or decay time. D / E: No significant 

correlation between 10 - 90 % rise time and decay time or mIPSC peak amplitude and 10 - 90 % 

rise time could be detected. F: For the experimental condition shown, I found a positive correlation 

between mIPSC peak amplitude and decay time. However, this is contrary to the anticipated 

correlation in case of electrotonic filtering (Gill et al., 2006). Figure compiled for this thesis by: 

Gabriel Janach. 
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2.8 Single channel recordings and GABAA receptor driving force 

Cell-attached recordings of single ion channels permit calculation of single channel 

conductance and electrochemical driving force devoid of interference with intracellular 

signaling during IFN-γ application, because the neuronal membrane remains intact.  

For cell-attached recordings of GABAAR currents I used inverted command voltages (–

Vp) between –80 and +80 mV. Further details on acquisition and analysis of single 

channel currents, as well as calculation of DFGABA(A) can be found in (Janach et al., 2022, 

sections 2.11 and 3.5). Composition of pipette solution is documented in Table 1. 

Interestingly in most long-term cell-attached recordings (21/25), single channel currents 

vanished after 10 - 20 minutes (example in Fig. 4) although seal resistance remained 

stable throughout (Janach et al., 2022). This may be attributed to endocytosis or lateral 

diffusion from the patch (Herring et al., 2003; Luca et al., 2017; Janach et al., 2022). 

 

 

Figure 4: Single channel current disappearance over time.  

Exemplary current traces from a long-term cell-attached recording. After seal stabilization (T0) 

clear channel openings can be observed at different –Vp values. 10 (T10), 20 (T20) and 30 (T30) 

minutes after, no change in baseline noise could be registered, although the seal resistance 

remained stable (T0 = 22.6 GΩ, T10 = 24.2 GΩ, T20 = 24.3 GΩ, T30 = 26.1GΩ). For all given –

Vp values and time points I recorded a minimum duration of 10 sec. Figure from (Janach et al., 

2022). 

 

2.9 Statistical analysis 

To compare likely normally distributed samples (P > 0.05 in Shapiro-Wilk test) in 

longitudinal experimental series, I used paired t-tests. When normal distribution was 
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unlikely (P < 0.05 in Shapiro-Wilk test), I used Wilcoxon signed-rank tests. To compare 

the means of independent samples, I used two-sample t-tests (P > 0.05 in Shapiro-Wilk 

test for all independent conditions). For the analysis of cumulative probabilities, I used 

two-sample Kolmogorov-Smirnov tests. I set the significance level to 5% and report all 

data as mean ± standard error of the mean (SEM) (Janach et al., 2020; Janach et al., 

2022). 

 

Table 1: Composition of bath and pipette solutions. 

sACSF holding ACSF e / s / mIPSC2 mIPSC1 PE PPR CA

NaCl 85 92 119 4 4 120

CsCl 140

KCl 2.5 2.5 2.5 130 44 40 5

K-gluconate 86 86

MgCl2 7 1.3 1 1 2 2 10

MgSO4 2

CaCl2 0.5 2 2.5 1 1 1 0.5

NaH2PO4 1 1.2 1

NaHCO3 26 30 26

Na-phosphocreatine 10

Glucose 10 25 10 10

Sucrose 50

HEPES 20 10 10 10 10 10

Sodium ascorbate 5

Sodium pyruvate 3

Thiourea 2

EGTA 0.1 11 11 11 5

GTP 0.3 0.3 0.5 0.5

Mg2+-ATP 2 2 2

Na2+-ATP 2

QX-314 5 5

TEA 20

4-AP 5

GABA 0.001

V hold –70 / –60 / –70 –60 –70 –70   
 
Table 1: All values are given in mM, except for Vhold given in mV. Abbreviations: sACSF = high sucrose 

artificial cerebrospinal fluid for slicing, holding = holding solution for storage, ACSF = artificial cerebrospinal 

fluid for recording, e / s / mIPSC2 = pipette solution for eIPSCs / sIPSCs in (Janach et al., 2020) and 

mIPSCs in (Janach et al., 2022), mIPSC1 = pipette solution for mIPSCs in (Janach et al., 2020), PE = 

pipette solution for pressure ejection experiments, PPR = pipette solution for paired pulse experiments, CA 

= pipette solution for cell-attached recordings. 
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3 Synopsis of Major Results 

Here, I recipatulate and link major results from (Janach et al., 2020) and (Janach et al., 

2022). I delineated some of the results from (Janach et al., 2020), that were not acquired 

by myself, in the introduction (section 1.3). In part, I include results that were not acquired 

by me (refer to page 55 for a detailed summary of personal contributions) in this chapter, 

due to their contextual relevance.  

3.1 IFN-γ increases IPSC amplitudes in late juvenile rats 

The overlap in modulation of Ih between type I IFNs (Stadler et al., 2014) and IFN-γ 

(Janach et al., 2020), as well as the divergence in excitability changes after the application 

of IFN-β (a type I IFN) and IFN-γ (Hadjilambreva et al., 2005; Janach et al., 2020) 

suggested a potential role of GABAergic inhibition (section 1.3 and Janach et al., 2020). 

Therefore, we recorded IPSCs that involve pre- and postsynapse in layer 5 pyramidal 

neurons of S1 in late juvenile male Wistar rats. In all three experimental series (eIPSCs, 

sIPSCs, mIPSCs) application of 1.000 IU ml–1 IFN-γ for 20 - 40 min led to a significant 

increase in IPSC amplitudes (Fig. 5 - 7; Table 2). 

 

Figure 5: IFN-γ increases the amplitude of evoked IPSCs in neocortical layer 5 pyramidal 

neurons.  

Electrically evoked IPSCs were recorded in the presence of CNQX and DAP5 to block ionotropic 

glutamate receptors. 

A: Exemplary layer 5 pyramidal neuron stained with biocytin and reconstructed to ensure neuronal 

identity when electrophysiological characterization was impaired by recording conditions. Soma 

and dendrites are represented in black, the axon in blue. B: Example traces of IPSCs evoked 
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before (grey) and after 30 minutes of IFNγ application (1.000 IU ml-1; rose). Averaged traces are 

shown in black (before IFN-γ application) and red (after IFN-γ application). A scheme of the 

experimental setup, including the apicolaterally positioned bipolar stimulation electrode, is 

depicted below. C: Maximum amplitudes of all eIPSCs increased under the influence of IFN-γ. 

Analysis of eIPSC amplitudes was performed before and 20 to 40 minutes after the application of 

IFN-γ. 

Figure and figure legend modified from (Janach et al., 2020). For further details see Fig. 4 in 

(Janach et al., 2020). 

 

Event frequency of spontaneous or miniature IPSCs was not consistently altered, but 

markedly increased in a few individual experiments (Fig. 6B right and Fig. 7B right). The 

occasional increase in event frequency may be indicative of a partial persistence of nitric 

oxide dependent IPSC frequency increase due to IFN-γ as observed in early postnatal 

development (Döhne et al., 2022).  

Interestingly, the increase in eIPSC amplitudes (48 % mean increase) was considerably 

stronger than that of s/mIPSCs (14.6 % / 20 % mean increase). This discrepancy may be 

attributed to the segregation of evoked and spontaneous inhibitory neurotransmission 

(Horvath et al., 2020) and/or the putative activation of transiently increased extrasynaptic 

GABAARs, as further discussed in (Janach et al., 2022, section 4.1). 

 

 

Figure 6: IFN-γ increases the amplitude of spontaneous IPSCs in neocortical layer 5 

pyramidal neurons of late juvenile rats.  

Spontaneous IPSCs were measured in the presence of CNQX and DAP5 to block ionotropic 

glutamate receptors.   

A: Example traces of sIPSCs of late juvenile rats before (black) and after application of IFN-γ 

(1.000 IU ml-1; 20 minutes; red). B: IFN-γ application (20 to 30 minutes) increased sIPSC 
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amplitudes of pyramidal neurons of late juvenile rats (left) but left sIPSC frequency (right) 

unchanged.  

Figure and figure legend modified from (Janach et al., 2020). For further details see Fig. 5 in 

(Janach et al., 2020). 

 

 

Figure 7: IFN-γ increases mIPSC amplitude in neocortical layer 5 neurons.  

A: Example traces of mIPSCs recorded in the presence of CNQX, DAP5 and TTX before (black) 

and upon application of IFN-γ (1.000 IU ml-1; 20 minutes; red). B: Mean mIPSC amplitudes (left) 

increased upon application of IFN-γ, while mIPSC frequency (right) remained unaltered.  

Figure and figure legend modified from (Janach et al., 2020). For further details see Fig. 6 in 

(Janach et al., 2020). 

3.2 IFN-γ increases sIPSC amplitudes in adult rats 

Although the biggest part of inhibitory circuitry forms in the postnatal period up to P21 

(Miller, 1988; Del Rio et al., 1992; Le Magueresse and Monyer, 2013), an age that 

complies with our late juvenile cohort, further developmental changes in inhibitory 

transmission (Luhmann and Prince, 1991) and neocortical GABAAR density (Xia and 

Haddad, 1992) occur later on. Therefore, we recorded sIPSCs under the influence of 

1.000 IU ml–1 IFN-γ (20 - 30 min) in adult male rats to assess potential alterations of the 

IFN-γ effect. In adult male rats, IFN-γ increased sIPSC amplitudes in a similar extent as 

in late juvenile rats (Fig. 8; Table 2), arguing for a comparable impact of IFN-γ onto 

neocortical inhibition in the adult rat brain. Further, our analysis of sIPSCs in adult rats 

revealed a strong increase in baseline sIPSC frequency compared to late juvenile rats. 

These results may be delineated in a future publication. 
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Figure 8: IFN-γ increases the amplitude of spontaneous IPSCs in neocortical layer 5 

pyramidal neurons of adult rats.  

Spontaneous IPSCs were measured in the presence of CNQX and DAP5 to block ionotropic 

glutamate receptors. 

A: Example traces of sIPSCs of adult rats before (black) and after application of IFN-γ (1.000 IU 

ml-1; 20 minutes; red). B: IFN-γ application (20 to 30 minutes) increased sIPSC amplitudes of 

pyramidal neurons of adult rats (left) but left sIPSC frequency (right) unchanged.  

Figure and figure legend modified from (Janach et al., 2020). For further details see Fig. 5 in 

(Janach et al., 2020). 

3.3 IFN-γ increases mIPSC amplitudes in female rats 

As subunit expression of GABAARs varies depending on the stage of the estrous cycle 

(Lovick, 2006) and not only pharmacokinetics, but also pharmacodynamics often differ 

between male and female individuals (Farkouh et al., 2020), we investigated whether 

synaptic inhibition onto layer 5 pyramidal neurons is similarly affected by IFN-γ in female 

rats. Recording and analysis of mIPSCs before and after 25 - 35 min of continuous 

application of 1.000 IU ml–1 IFN-γ (Fig. 9; Table 2) indicated a likewise (male: 20.7 % vs. 

female: 25.3 %) increase in current amplitudes (Janach et al., 2022), suggestive of a sex-

independent mechanism of action. 
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Figure 9: Acute application of IFN-γ augments mIPSC amplitudes in layer 5 pyramidal 

neurons of female rats.  

A: Example traces of mIPSCs before and after 25 minutes of persistent IFN-γ (1.000 IU ml–1)  

application. B: Average mIPSC amplitudes (left) increased, whereas event frequency remained 

unchanged (right) after persistent application of IFN-γ as shown in respective population data 

plots.              

Figure and figure legend modified from (Janach et al., 2022). For further details see Fig. 6 in 

(Janach et al., 2022). 

3.4 IFN-γ selectively impacts inhibitory transmission via a postsynaptic 

mechanism 

To study the mechanism by which IFN-γ strengthens neocortical inhibition onto layer 5 

pyramidal neurons, we first segregated pre- and postsynapse as potential targets of IFN-

γ. 

Replacement of presynaptic GABA release by pressure application of 100 µM GABA 

before and 20 - 35 min after persistent IFN-γ application (1.000 IU ml–1) revealed an 

increase in IPSC amplitudes and charge transfer (Fig. 10 A/B; Table 2) (Janach et al., 

2022). The mean increase in IPSC amplitudes after pressure application of GABA (49 %) 

(Janach et al., 2022) corresponded to the mean increase in eIPSC amplitudes (48 %) 

(Janach et al., 2020), pointing towards a pro-inhibitory modulation of postsynaptic, but 

not presynaptic properties. This assumption was further supported by unchanged PPRs 

(inter-stimulus intervals: 50 and 100 ms) after 25 - 40 min of persistent IFN-γ application 

(Fig. 10C/D; Table 2) (Janach et al., 2022). 
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Figure 10: IFN-γ acutely increases postsynaptic GABAergic current responses in 

neocortical layer 5 pyramidal neurons without impacting presynaptic properties.  

A: Five individual current responses (thin lines) to GABA (100 µM, pressure applied for 3 ms, 

arrow) before and 30 minutes after start of IFN-γ application are averaged (bold lines). Responses 

appear as negative deflections (efflux of Cl− ions) due to experimentally elevated [Cl−]i (see 2.11). 

Insets illustrating pressure ejection (top) and current-clamp characterization of the recorded layer 

5 pyramidal neuron (bottom right). B: IFN-γ increases averaged current amplitude and charge 

transfer (integrated area under the curve, AUC), as depicted in respective population data. C: 

Left: Visualization of biocytin-filling confirming the identity of a layer 5 pyramidal neuron, located 

approximately 950 µm from the pia mater (scale bar = 50 µm). Right: Example traces of current 

responses to electrical stimulations with 100 ms inter-pulse interval (10 Hz) before and with 40 

minutes of IFN-γ application (stimulation artifact truncated). Although 20 consecutive responses 

(thin lines) were averaged (bold lines) for clarity, paired pulse ratios (PPR) were calculated for 

every trace and averaged subsequently (bottom scheme).  Inset depicts the somatic whole-cell 

configuration with apicolateral position of stimulating electrode. D: IFN-γ did not alter PPR at 100 

ms (left) or 50 ms (right) inter-pulse intervals (population data). 

Figure from (Janach et al., 2022), figure legend modified from (Janach et al., 2022). For further 

details see Fig. 1 in (Janach et al., 2022). 
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3.5 IFN-γ increases postsynaptic GABAAR number  

The strength of synaptic inhibition on the level of the postsynapse is determined by 

multiple factors including synaptic GABAAR quantity, GABAAR single channel properties 

and GABAAR driving force. 

Synaptic GABAAR quantity is linked to the amplitude of IPSCs because GABAARs at the 

postsynaptic membrane are likely saturated after presynaptic GABA vesicle release (Otis 

et al., 1994; Nusser et al., 1997). To assess the quantity of membrane-bound GABAAR 

γ2 subunits, Marta Rosário performed cell surface biotinylation of neocortical tissue. 

These experiments revealed a significant increase in GABAAR γ2 protein levels (Fig. 

11A/B; Table 2) upon 30 min of IFN-γ application (1.000 IU ml–1) (Janach et al., 2022). 

We chose the γ2 subunit for these experiments because it is predominantly embedded in 

synaptic GABAARs at mature synapses (Schweizer, 2003) and essential for the synaptic 

clustering of GABAARs (Thomson and Jovanovic, 2010). The result suggests an increase 

in synaptic GABAARs underlying the augmentation of postsynaptic inhibition due to IFN-

γ. However, elevated protein quantity of membrane-bound subunits does not prove 

correct assembly, function, and synaptic localization of GABAARs.  

To tackle these imponderabilities, we analyzed mIPSCs using peak-scaled NSNA that 

allows for the determination of average synaptic receptor number open at the peak of an 

mIPSC and chord conductance of synaptic receptors (see section 2.7 in this thesis and 

(Janach et al., 2022, section 2.10)). Indeed, peak-scaled NSNA showed an increase in 

postsynaptic GABAAR number (Fig. 11C - G; Table 2) that was comparable to the average 

increase in mIPSC amplitudes (23.5 % vs. 20.7 %) after 20 - 35 min of persistent IFN-γ 

application (1.000 IU ml–1) (Janach et al., 2022). In conjunction with the results from 

surface biotinylation experiments, this finding renders elevated synaptic GABAAR number 

as cause for the IFN-γ related augmentation of postsynaptic inhibition likely.  
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Figure 11: IFN-γ acutely increases plasma membrane localization and postsynaptic 

number of GABAARs without affecting synaptic GABAAR conductance.  

A/B: IFN-γ promotes plasma membrane localization of GABAAR γ2 subunits. A: Levels of surface 

expressed (biotinylated) and total GABAAR γ2 compared in animal-matched control and IFN-γ 

stimulated neocortical samples. B: Quantification of IFN-γ induced increase in surface / total ratio 

of γ2 subunit containing GABAARs normalized to respective controls. C/D: IFN-γ increased mIPSC 

amplitudes in neocortical layer 5 pyramidal neurons that underwent non-stationary noise analysis 

(NSNA – E-G). C: Consecutive example traces of mIPSCs recorded held at –70 mV without and 
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with IFN-γ (applied for 25 minutes).  D: Population data on paired comparison of mIPSC 

amplitudes. E-G: IFN-γ increased synaptic GABAAR number without affecting conductance as 

revealed by NSNA. E: Sections of mIPSC recordings before and under the influence of IFN-γ. 

Extended mIPSCs are superimposed with the respective peak-scaled average mIPSC waveform. 

Note the increase in mIPSC deviance from the averaged waveform during decay under influence 

of IFN-γ. F: Current-variance plots for the experiment in C. While comparable slope values in the 

initial part of parabolic fits account for roughly unchanged synaptic channel conductance, mean 

current and variance increases after 30 minutes of persistent IFN-γ application. G: Population 

data on IFN-γ effects on channel numbers (left) and chord conductance (right). 

Figure from (Janach et al., 2022), figure legend modified from (Janach et al., 2022). For further 

details see Fig. 2 in (Janach et al., 2022). 

3.6 The IFN-γ related increase in mIPSC amplitudes is PKC-dependent 

Due to the relatively fast onset of the IFN-γ induced effect, mediation via modulation of 

protein kinase activity is more likely than via transcriptional modification. In search of 

promising candidates, we focused on PI3K and PKC because both kinase families have 

been shown to be activated by IFN-γ in different cell types (Gough et al., 2008; Green et 

al., 2017) and to strengthen inhibitory neurotransmission as well as to elevate GABAAR 

quantity (Serantes et al., 2006; Vetiska et al., 2007; Terunuma et al., 2008). Furthermore, 

IFN-γ-dependent activation of PKC in layer 5 pyramidal neurons appeared likely, since 

the attenuation of Ih upon application of type I IFNs (Stadler et al., 2014) that is 

presumably PKC-dependent (Reetz and Strauss, 2013; Reetz et al., 2014) paralleled the 

IFN-γ effect onto Ih (Janach et al., 2020). 

Pre-incubation of acute brain slices in 100 nM of the PI3K inhibitor Wortmannin, followed 

by mIPSC recording and 20 - 30 min co-application of 100 nM Wortmannin with 1.000 IU 

ml–1 IFN-γ (Fig. 12A/B; Table 2) did not block the IFN-γ effect on mIPSC amplitudes 

(Janach et al., 2022). In contrast, blockage of PKC via pre-incubation in 100 nM 

Calphostin C and subsequent mIPSC recordings before and after 20 - 30 min of co-

application with 1.000 IU ml–1 IFN-γ (Fig. 12C/D; Table 2) prevented the augmentation of 

mIPSC amplitudes by IFN-γ (Janach et al., 2022). This indicates essential contribution of 

activated PKC to the observed effect.  

As GABAAR phosphorylation at a multitude of subunits has been shown to affect receptor 

trafficking (Nakamura et al., 2015) and membrane-bound quantity of GABAAR γ2 subunits 

increased after IFN-γ application (Janach et al., 2022), we aimed to explore whether IFN-
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γ alters the PKC-associated serine phosphorylation state at GABAAR γ2 subunits. Indeed, 

experiments conducted by Marta Rosário revealed that after incubation of cortical tissue 

in 1.000 IU ml–1 IFN-γ for 30 min, levels of PKC-substrate serine phosphorylation at 

GABAAR γ2 subunits (Fig. 12E/F; Table 2) were increased (Janach et al., 2022). The 

change in phosphorylation state of GABAAR γ2 subunits may be - putatively besides 

further PKC-related phosphorylation at other GABAAR subunits - explicative for increased 

synaptic GABAAR membrane presence. This assumption is corroborated by others’ 

findings, linking PKC activation to increased synaptic efficacy (Field et al., 2021) and 

phosphorylation of GABAAR γ2L subunits at a PKC-specific site to accumulation of 

GABAARs at inihibitory synapses (Meier and Grantyn, 2004).    

 

 

Figure 12: Increase of inhibition upon acute application of IFN-γ depends on PKC mediated 

GABAAR phosphorylation.  
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A/B: Augmentation of mIPSC amplitudes upon application of IFN-γ persists under blockade of 

PI3K. A: Example traces depict increased mIPSC amplitudes after 30 minutes of persistent IFN-

γ (1.000 IU ml−1) + Wortmannin (100 nM) application (right) following Wortmannin (100 nM) 

preincubation (left). B: Average mIPSC amplitudes increased after IFN-γ application despite PI3K 

blockade with Wortmannin.  

C/D: Augmentation of mIPSC amplitudes upon application of IFN-γ is prevented by blockade of 

PKC. C: Current traces exemplify lack of change in mIPSC amplitudes after 20 minutes of 

persistent IFN-γ (1.000 IU ml−1) + Calphostin C (100 nM) application (right) following Calphostin 

C (100 nM) preincubation (left). D: Blockade of PKC by Calphostin C prevented an increase in 

average mIPSC amplitudes by IFN-γ.  

E/F: IFN-γ promotes phosphorylation of GABAAR γ2 at PKC substrate sites. E: 

Immunoprecipitation of endogenous GABAAR γ2 from animal-matched control or IFN-γ stimulated 

neocortical slices.  Levels of PKC-substrate serine phosphorylation of GABAAR γ2 

immunoprecipitates was detected by Western blotting with an antibody directed against 

phosphorylated PKC substrate motifs. Representative images for two animals are shown. F: Fold 

change in PKC-directed serine phosphorylation on endogenous GABAAR γ2 (P-Ser levels/total 

immunoprecipitated GABAAR γ2).  

Figure from (Janach et al., 2022), figure legend modified from (Janach et al., 2022). For further 

details see Fig. 4 in (Janach et al., 2022). 

3.7 IFN-γ leaves GABAAR single channel conductance unchanged 

Although the increase in synaptic GABAAR number determined by peak-scaled NSNA 

may directly explain the augmentation of mIPSC amplitudes (Janach et al., 2022), we 

investigated whether IFN-γ affects GABAAR single channel conductance. Chord 

conductance, calculated from unitary currents at  –70 mV Vhold in peak-scaled NSNA 

remained stable (Fig. 11G; Table 2) after 20 - 35 min of IFN-γ (1.000 IU ml–1) application. 

However, chord conductance calculations do not take voltage dependency as a common 

channel property into account and solely rely on one current amplitude at one given 

membrane voltage. To calculate slope conductance values, we recorded GABAAR single 

channel currents in cell-attached configuration. The few sufficient recordings from long-

term cell-attached experiments (Fig. 13A - C; Table 2) were indicative of unchanged 

GABAAR slope conductance (Janach et al., 2022). Because longitudinal experiments 

were relatively inefficient (see also section 2.8), we conducted additional cell-attached 

recordings using a preincubation approach. These experiments did not show relevant 

changes in GABAAR slope conductance either (Fig. 13D - F; Table 2). Collectively, the 
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results from peak-scaled NSNA and cell-attached experiments argue against GABAAR 

single channel conductance alterations in response to acute application of IFN-γ (Janach 

et al., 2022).  

 

Figure 13: GABAAR single channel conductance is comparable with and without IFN-γ in 

neocortical layer 5 pyramidal neurons.  

A-C: GABAAR single channel slope conductance remained unchanged in long-term cell-attached 

recordings. A: Single channel current amplitudes at 60 and 80 mV inverted command voltage (–

Vp) in a long-term cell-attached recording (before and after 20 minutes of persistent IFN-γ 

application) remained comparable (left). Inset depicts scheme of somatic cell-attached 

configuration. Probability histogram (right) shows consistent single channel current amplitude 

distributions at 80 mV –Vp in both conditions. B: GABAAR conductance for the experiment 

displayed in A was similar after ongoing application of IFN-γ, as shown in respective slopes. C: 

Paired analysis of 4 long-term single channel recordings shows comparable GABAAR slope 

conductance after persistent application of IFN-γ for 20 - 30 minutes. D: Top: current traces of 

single channel openings in ACSF and after 60 minutes of preincubation with IFN-γ for different 

command voltages. Probability histograms (bottom) show current amplitude distribution for 80 mV 

(–Vp). Note that while one channel was detected in the control recording, there were two after 

IFN-γ preincubation. E: Slope conductance from the two experiments shown in D is comparable. 

Larger absolute single channel current values do not necessarily increase slope conductance, as 
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exemplified. F: 25% - 75% box plots and corresponding individual slope conductance values from 

cell-attached recordings in ACSF or after 20 - 60 minutes of preincubation with IFN-γ. Thin lines 

in the box plots indicate median, bold lines crossing box plots and individual data indicate average 

slope conductance values. 

Note that current traces have been inverted because Cl– influx appears outwardly directed in cell-

attached configuration and vice versa. Pipette voltage is inverted for comprehensibility, because 

positive Vp hyperpolarizes the membrane in cell-attached recordings.  

Unpaired experiments were age matched by use of alternating slices. 

Figure from (Janach et al., 2022), figure legend modified from (Janach et al., 2022). For further 

details see Fig. 3 in (Janach et al., 2022). 

3.8 IFN-γ does not affect chloride homeostasis under resting conditions 

GABAAR driving force is determined by chloride homeostasis that is, in turn, primarily 

controlled by the chloride potassium symporter KCC2 after early postnatal development 

(Kaila et al., 2014). Interestingly, PKC has been shown to positively affect cell surface 

stability and activity of KCC2 (Lee et al., 2007; Kfir et al., 2020). Accordingly, IFN-γ may 

lead to changes in chloride levels and DFGABA(A), therewith augmenting postsynaptic 

inhbitory strength. To test this hypothesis, we recorded GABAAR single channel currents 

in the cell-attached mode using different approaches (longitudinal design and 

preincubation, also compare section 2.8; Fig. 14C - E; Table 2), and found no substantial 

change in GABAAR driving force (Janach et al., 2022). These results were corroborated 

by studies of putative alterations in intracellular chloride levels before and after application 

of 1.000 IU ml–1 IFN-γ using fluorescence lifetime imaging microscopy of the chloride 

indicator N-(Ethoxycarbonylmethyl)-6-methoxyquinolinium bromide (MQAE; refer to 2.13 

in (Janach et al., 2022) for methodological details) under resting conditions. In these 

experiments that were conducted and analyzed by Max Böhm and Ulf Strauss, we did 

not observe any change in the rate of fluorescence decay (Fig. 14A/B; Table 2), indicating 

a constant level of intracellular chloride (Janach et al., 2022).  

These results render a critical impact of acutely elevated IFN-γ on chloride homeostasis 

unlikely. 
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Figure 14: Acute application of IFN-γ does not alter [Cl−]i or DFGABA in neocortical layer 5 

pyramidal neurons.  

A: Left and right panel: one fifth of a fluorescence lifetime imaging microscopy image before and 

after 20 minutes of persistent superfusion with IFN-γ. Note the slight shift in the z-plane, leading 

to a different ROI number in time, reasoning an unpaired approach when comparing both 

conditions. The middle panel depicts 25% - 75% box plots and corresponding individual 1/τ data 

for neurons under each condition in this experiment. Mean values are indicated by bold lines 

crossing box plots and individual data. Median values are concealed, due to the overlap with 

average values. B: Population data illustrating averaged 1/τ (exemplified by bold lines in A) for 

each experiment before and after 20 minutes IFN-γ incubation. C: DFGABA(A) calculated from long-

term single channel recordings was not altered upon 20 - 30 minutes of persistent IFN-γ 

application. D: Left panel: examples of GABAAR single channel currents at various pipette 

voltages. Right panel: corresponding I-V-plot. DFGABA(A) resembles –Vp at EGABA(A) (x-intercept of 

the linear fit, here 10 mV). Inset displays somatic cell-attached configuration. E:  25% - 75% box 

plots and corresponding individual values of DFGABA(A) in control conditions or after 20 - 60 minutes 

of preincubation with IFN-γ. Bold lines crossing box plot and individual values indicate mean, 

whereas thin lines in box plot indicate median values (overlap of mean and median for IFN-γ). 

Average values in paired and unpaired experiments slightly shifted towards a more depolarized 

DFGABA(A), rendering a decrease in intracellular Cl– or HCO3
– unlikely. Single channel current 

traces and Vp have been inverted for clarity, as in Fig. 13. Unpaired experiments were age 

matched by use of alternating slices.  

Figure from (Janach et al., 2022), figure legend modified from (Janach et al., 2022). For further 

details see Fig. 5 in (Janach et al., 2022). 
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Table 2: Synopsis of major results. 

ctrl

(mean ± SEM)

IFN-γ

(mean ± SEM)
% increase n p-value

eIPSC amplitude 605 ± 160 pA 889 ± 263 pA 48 % 6 < 0.05

sIPSC amplitude 

(late juvenile)
62.4 ± 8.7 pA 69.5 ± 8.8 pA 14.6 % 9 < 0.05

sIPSC amplitude  

(adult)
45.4 ± 4.4 pA 52.2 ± 5.2 pA 15.7 % 8 < 0.05

mIPSC amplitude 

(2020)
13.8 ± 1.2 pA 16.5 ± 1.5 pA 20 % 10 < 0.01

GABA PE amplitude 311 ± 20 pA 461 ± 73 pA 49% 8 < 0.05

GABA PE AUC 31.4 ± 8 pA * ms 51 ± 25 pA * ms 62.2 % 8 < 0.05

PPR (10 Hz) 0.64 ± 0.04 0.63 ± 0.07 - 6 0.57

PPR (20 Hz) 0.62 ± 0.03 0.62 ± 0.06 - 6 0.94

GABAAR γ2

biotinylation
1 (normalized) 1.8 ± 0.2 - fold - 5 < 0.05

mIPSC amplitude 

(2022)
35.2 ± 5.4 pA 42.5 ± 6.3 pA 20.7 % 6 < 0.05

NSNA 

channel number
36.5 ± 3.0 44.8 ± 3.2 23.5 % 6 < 0.001

mIPSC amplitude

(Wortmannin)
26.9 ± 3.6 pA 31.3 ± 4.6 pA 16 % 8 < 0.05

mIPSC amplitude 

(Calphostin C)
23.2 ± 2.2 pA 22.9 ± 2.3 pA - 7 0.65

PKC motif

phosphorylation
1 (normalized) 1.55 ± 0.01 - fold - 3 < 0.001

mIPSC amplitude 

(females)
37.4 ± 7.4 pA 44.4 ± 7.2 pA 25.3 % 8 < 0.01

NSNA conductance 23.1 ± 2.7 pS 23.0 ± 2.5 pS - 6 0.89

cell attached 

cond. (longitudinal)
16.6 ± 2.4 pS 15.6 ± 2 pS - 4 0.21

cell attached 

cond. (preincubation)
15.1 ± 1.0 pS 15.3 ± 1.0 pS - 22 vs. 23 0.88

MQAE FLIM

fluorescence decay
0.315 ± 0.006 ns-1 0.315 ± 0.005 ns-1 - 6 0.96

GABAAR DF 

(longitudinal)
14.4 ± 3.8 mV 17.5 ± 1.6 mV - 4 0.57

GABAAR DF 

(preincubation)
11.4 ± 3.2 mV 13.8 ± 2.6 mV - 22 vs. 23 0.56

 
 

Table 2: comparative representation of central results from (Janach et al., 2020) and (Janach et al., 2022). 

Newly introduced abbreviations: PE = pressure ejection, cond. = conductance, FLIM = fluorescence lifetime 

imaging microscopy. 
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4 Discussion 

In the discussion here, I focus onto topics that have not been covered in the attached 

publication’s discussion sections (Janach et al., 2020; Janach et al., 2022) and expand 

some of the subjects. Topics that we have covered in the according publications include: 

placing of results in context with existing research (Janach et al., 2020; Janach et al., 

2022), putative reasons for the deviation of effect between type I IFNs and IFN-γ (Janach 

et al., 2020), putative microglial involvement in the mediation of IFN-γ effects (Janach et 

al., 2020; Janach et al., 2022), potential consequences of short-term increase in inhibitory 

synaptic transmission (Janach et al., 2020; Janach et al., 2022), possible 

pathophysiological consequences of increased IFN-γ levels (Janach et al., 2020; Janach 

et al., 2022) and the difference between amplitude increase in spontaneous and artificially 

evoked IPSCs (Janach et al., 2022). 

4.1 Summary of results 

We demonstrated a novel role for IFN-γ in modulating neocortical inhibition by showing 

that acute elevation of IFN-γ to 1.000 IU ml–1 augments synaptic inhibition onto layer 5 

pyramidal neurons in late juvenile male and female rats as well as adult male rats. We 

investigated the underlying mechanism of action in late juvenile male rats. Our studies 

reveal that the augmentation of inhibition is based on a postsynaptic mechanism. In detail, 

short-term (20 - 45 min) application of 1.000 IU ml–1 IFN-γ led to an acute increase in 

functional synaptic GABAARs and membrane presence of the GABAAR γ2 subunit that is 

present in most synaptic GABAARs (Thomson and Jovanovic, 2010). PKC block, but not 

PI3K block prevented the augmentation of synaptic inhibition, arguing for PKC-

dependency. This was corroborated by an increase in serine phosphorylation of GABAAR 

γ2 subunits at PKC substrate motifs. Analysis of GABAAR single channel recordings did 

not show altered conductance or GABAAR driving force. Further, intracellular chloride 

levels determined via MQAE FLIM remained stable. Therefore, changes in intracellular 

chloride levels under resting conditions or GABAAR single channel conductance unlikely 

contributed to the increase in synaptic inhibition. 
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4.2 Intracellular signaling and isoform specificity 

While we discussed how PKC activity may increase synaptic inhibition (Janach et al., 

2022, section 4.1), we did not debate hypotheses about the distinct pathway between 

IFN-γ and PKC activation as well as isoform specificity of the effect there. There are three 

classes of PKC isoenzymes, namely classical (α, βI, βII, γ), novel (δ, ε, η, θ) and atypical 

(ι, ζ) PKCs, differing in molecular structure, tissue distribution and function (Zeng et al., 

2012). 

Because we used the PKC inhibitor Calphostin C that inhibits classical, novel and atypical 

PKC isoforms (Keenan et al., 1997; Siddiqi and Mansbach, 2008), we cannot give clear 

evidence on the isoform(s) responsible. IFN-γ activates various isoforms of PKC, 

including PKCδ (Deb et al., 2003) and PKCε (Choudhury, 2004). However, the latter two 

isoforms are likely activated downstream of PI3K (Deb et al., 2003; Choudhury, 2004) 

and our results suggest that IFN-γ activates one or multiple PKC isoform(s), responsible 

for the increase in synaptic GABAAR number, independently of PI3K (Janach et al., 2022). 

This notion is compatible with PKCα and PKCβI/II activation by IFN-γ (Giroux et al., 2003; 

Nikodemova et al., 2007; Seo et al., 2009) and the proposition of activated classical PKC 

isoforms as modulators of lateral GABAAR diffusion, leading to increased synaptic 

inhibition (Bannai et al., 2015), although the latter was not linked to known 

phosphorylation sites at GABAAR γ2 subunits. Classical PKC isoforms also seem to be 

promising candidates because, in contrast to PKCδ and PKCε that can be activated by 

type I IFNs as well as by IFN-γ (Wang et al., 1993; Deb et al., 2003; Choudhury, 2004; 

Yanase et al., 2012), classical PKCs have - to the best of my knowledge - not been shown 

to be activated by other IFNs than IFN-γ. This could clarify the deviation in effect between 

type I IFNs and IFN-γ - i.e. both IFN classes may activate novel PKCs (namely δ and ε), 

therewith modulating currents as Ih, whereas solely IFN-γ would activate classical PKCs, 

therewith additionally enhancing inhibitory synaptic neurotransmission.  

These assumptions are based on reports regarding PKC activation in various body 

regions and are highly speculative, because kinase activation profiles by IFN-γ can vary 

upon different cell types (see e.g. Seo et al., 2009). 
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4.3 IFN-γ, PKC activation and altered inhibition due to changes in synaptic GABAAR 

quantity in the context of health and disease 

4.3.1 Sickness behavior  

CNS related side effects of therapeutically applied IFN-γ, e.g. fatigue (Miller et al., 2009), 

as well as consequences of elevated IFN-γ levels in CNS infection, e.g. depressive-like 

and sickness behavior (Kirsten et al., 2020), may be associated with increased synaptic 

inhibition. This assumption is underlined by reports on increased synaptic inhibition in the 

arcuate nucleus, that underlies an animal model of depression (Fang et al., 2021). 

Further, a connection between increased synaptic inhibition in layer 5 neocortical 

pyramidal neurons by enhanced GABAAR exocytosis and slow wave sleep has been 

revealed (Kurotani et al., 2008). Considering these findings, IFN-γ is a promising 

candidate for the mediation of sickness behavior including fatigue, reduced social 

interaction and depression, during the initial stages of immune response and after 

therapeutic application of IFN-γ.    

4.3.2 Epilepsy 

Post- and interictal elevation in CNS IFN-γ levels has been observed in humans (Gao et 

al., 2017) and IFN-γ has been shown to ameliorate epileptic seizures, putatively via 

augmentation of tonic inhibition due to increased layer I interneuron activity (Filiano et al., 

2016). The activation of PKC by IFN-γ may contribute to the increase in tonic inhibition 

as PKC-dependent phosphorylation of different GABAAR subunits led to increased cell 

surface expression of extrasynaptic GABAARs (Abramian et al., 2010). Additionally, 

enhancing the membrane presence of γ2 subunit containing GABAARs, that is consistent 

with the effect we reported in (Janach et al., 2022), may compensate for reduced surface 

expression of γ2 subunit containing GABAARs as a pathomechanism of epilepsy (Tan et 

al., 2007). These findings are corroborated by improved outcomes in pilocarpine induced 

epilepsy when IFN-γ is co-applied intraperitoneally (Li et al., 2017), altogether arguing for 

an anti-epileptic role of IFN-γ. On the contrary, limbic seizures after infection with West 

Nile virus have been shown to be IFN-γ-dependent (Getts et al., 2007). Because the latter 

study compared IFN-γ-/- with wild type mice and basal levels of IFN-γ are essential for 

normal cortical connectivity (Filiano et al., 2016), it cannot be excluded that 

neurodevelopmental alterations due to the absence of IFN-γ contributed to the observed 

effect. 
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4.3.3 Depression 

Whereas IFN-γ has been postulated to be involved in the pathogenesis of depression by 

interference with tryptophan metabolism (Widner et al., 2002; Myint et al., 2013) and 

anhedonic behavior in rats correlates with increased peripheral IFN-γ levels (Géa et al., 

2019), it may also contribute to depression or depression-like conditions by increasing 

synaptic inhibition. This assumption is supported by a study linking enhanced inhibitory 

synaptic transmission in the arcuate nucleus to the persistence of an animal model of 

depression (Fang et al., 2021). In return, there is evidence that chronic depression may - 

at least in part - be explicable by a deficit in GABA and an imbalance of inhibitory and 

excitatory transmission, whereas antidepressant therapies can reverse the GABA deficit 

and therewith ameliorate depression (Kalueff and Nutt, 2007; Duman et al., 2019). This 

underlines the importance of a tightly controlled balance between excitation and inhibition 

and connects to studies showing that normal brain function neither prevails in the absence 

(Filiano et al., 2016) nor during elevation of IFN-γ (Miller et al., 2009). 

 

However, further studies are needed to determine whether different parameters as 

concentration, duration and localization of CNS IFN-γ increase could explain its beneficial 

vs. pathogenic consequences in the above-mentioned conditions. 

4.4 Pharmacological implications 

In previous studies, a link between GABAAR phosphorylation by various kinases including 

PKC and the properties of inhibitory transmission had been stated (reviewed in Nakamura 

et al., 2015). While modulation of GABAAR properties is the underlying mechanism of 

action for various sedatives and anesthetics (Saari et al., 2011), regulation of inhibitory 

efficacy by GABAAR quantity is a less established concept in GABAAR pharmacology that 

may serve as a future therapeutic target (Vien et al., 2016). Our findings complement 

various reports on fast (< 15 min after application of PKC activators) changes in inhibitory 

neurotransmission due to altered GABAAR trafficking (Kittler et al., 2000; Kittler et al., 

2005) and PKC activity (Terunuma et al., 2008), that is often investigated by directly 

aiming at intracellular molecules via the pipette solution in whole-cell experiments. 

Evidence on protein kinase activity changes following binding of transmembrane 

receptors and subsequent alterations in GABAAR trafficking refer to a time course of 

hours (Serantes et al., 2006; Vithlani et al., 2013). We show that the mechanistic 
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sequence from external receptor binding to significant alteration in synaptic inhibitory 

transmission due to altered GABAAR membrane presence can be efficacious in less than 

30 minutes. This stresses the potential of relatively fast pharmacological intervention via 

PKC modulators that could e.g. significantly reduce the required dosage of well-

established sedatives/anaesthetics and therewith their adverse effects, or act beneficial 

on some of the conditions discussed in section 4.3. Putatively, IFN-γ could even be 

considered as a neuromodulatory therapeutic with specific signaling profiles, far beyond 

the simple mechanism of action of many drugs that operate via more discrete 

pharmacodynamics. For this, a thorough understanding of its signaling properties in 

different CNS and body regions is necessary.  

4.5 Future directions 

Given the many functions of PKC isoforms (Zeng et al., 2012) and previous research on 

PKC activation in neocortical layer 5 pyramidal neurons (Reetz et al., 2014), as well as 

the variety of parallel signaling pathways following IFN-γR binding (Gough et al., 2008), 

IFN-γ presumably not only alters synaptic GABAergic transmission (Janach et al., 2020; 

Janach et al., 2022) and Ih (Janach et al., 2020), but also many other neuronal properties. 

This is important to consider, when reflecting upon clinical implications for the observed 

IFN-γ effect and attempts for its induction or antagonization. External modulation of 

GABAergic transmission or PKC activity in parallel to disease or therapy related elevation 

of CNS IFN-γ levels may destabilize E/I balance or alter cellular metabolism in an 

unforeseen manner. Thus, further experiments on the molecular, cellular, and behavioral 

consequences in three areas (elevated IFN-γ levels, PKC activation, increased functional 

synaptic GABAAR number in neocortical layer 5 pyramidal neurons) are necessary, prior 

to the establishment of a translational approach. 

In detail, our research (1) focuses on one particular part of IFN-γ effects onto neuronal 

function. (2) Our studies leave a knowledge gap concerning specific PKC isoform(s) 

activated by IFN-γ. As different PKC isoforms comprise different functions (Zeng et al., 

2012), this question should be resolved in order to establish a more accurate concept of 

the IFN-γ effect. (3) The impact of elevated synaptic GABAAR number onto neuronal 

transmission and subsequent psychopathological characteristics remain unclear. This 

question may be investigated in the context of conditions involving elevated CNS IFN-γ 

levels, using electrophysiological techniques and behavioral experiments. (4) It remains 
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to be defined, to which extent the increase in synaptic GABAAR number and inhibitory 

strength persists after more long-lasting elevation of CNS IFN-γ levels. 

Once these questions are answered, detailed knowledge on detrimental and/or beneficial 

roles of IFN-γ elevation in the CNS could be applied in a therapeutic context - either by 

antagonism of the full or partial IFN-γ effect or artificial raise in CNS IFN-γ levels. 

4.6 Strengths and limitations 

In the two publications underlying this thesis (Janach et al., 2020; Janach et al., 2022) we 

assessed the effect of IFN-γ under precisely controlled conditions. Accurate adjustment 

and monitoring of experimental properties as composition of pipette and bath solutions, 

recording temperature, time of experiments, stimulus intensities and intervals allowed for 

high comparability between experiments. We used a paired approach in most 

experiments to minimize the impact of inter-neuronal or inter-individual differences and 

used at least two methods to answer most of our scientific questions. Further, the 

similarity of the pro-inhibitory effect of IFN-γ in female and adult male rats suggests that 

the observed effect is sex independent and persists in the adult brain. 

 

Limitations of our studies have been discussed in (Janach et al., 2022, section 4.3) and 

partly overlap with the outlook delineated in section 4.5 of this thesis. In brief, we only 

studied the IFN-γ effect in one cell type of one brain region in one species, namely layer 

5 pyramidal neurons in the somatosensory neocortex of Wistar rats. Although Wistar rats 

are an outbred line, they comprise a limited gene pool. Consequently, it is unclear to 

which extent the results can be generalized to other cell types, brain regions, strains, and 

species. Our experiments were limited to a relatively short application period without 

investigation of acute versus chronic long-term effects or behavioral consequences. 

Lastly, effects of cytokines that increase in response to IFN-γ and an involvement of 

microglia cannot be excluded on the basis of our experiments. 
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5 Conclusion 

In this work we (1) recorded evoked, spontaneous and miniature IPSCs to assess 

alterations in synaptic inhibitory neurotransmission, (2) conducted paired pulse and 

pressure ejection experiments to segregate pre- vs. postsynaptic mediation of the effect, 

(3) assessed changes in synaptic GABAAR number via peak-scaled NSNA and molecular 

biological determination of membrane bound GABAAR γ2 subunit quantity, (4) showed 

PKC-dependence of the effect via pharmacological inhibition and molecular biological 

evaluation of PKC motif phosphorylation, (5) examined GABAAR single channel 

conductance via peak-scaled NSNA and cell-attached recordings, and (6) evaluated 

changes in chloride homeostasis via MQAE FLIM and GABAAR driving force calculations. 

We hereby revealed an acute augmentation of synaptic inhibitory neurotransmission 

following elevation of IFN-γ at layer 5 pyramidal neurons in the somatosensory neocortex 

of late juvenile and adult male Wistar rats as well as late juvenile female Wistar rats. This 

augmentation was due to a PKC-dependent increase in synaptic GABAARs. 

The illumination of the pro-inhibitory property of IFN-γ and its mechanism of action may 

contribute to future research on pathogenic functions and therapeutic prospects of IFN-γ 

and PKC modulators.  
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