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ARTICLE INFO SUMMARY

Neurons adjust their synaptic strength in a homeostatic manner following changes in network activity and
connectivity. While this form of plasticity has been studied in detail for excitatory synapses, homeostatic plas-
ticity of inhibitory synapses remains not well-understood. In the present study, we employed entorhinal cortex

Keywords:
Homeostatic synaptic plasticity
Synaptic scaling

Inhibition lesion (ECL) of organotypic entorhino-hippocampal tissue cultures to test for homeostatic changes in GABAergic
GABA o . . . .
Gephyrin neurotransmission onto partially denervated dentate granule cells. Using single and paired whole-cell patch-

clamp recordings, as well as immunostainings for synaptic markers, we find that excitatory synaptic strength is
robustly increased 3 days post lesion (dpl), whereas GABAergic neurotransmission is not changed after de-
nervation. Even under conditions of pharmacological inhibition of glutamatergic neurotransmission, which
prevents neurons to compensate for the loss of input via excitatory synaptic scaling, down-scaling of GABAergic
synapses does not emerge 3 days after denervation. We conclude that granule cells maintain structural and
functional properties of GABAergic synapses even in the face of substantial changes in network connectivity.
Hence, alterations in inhibitory neurotransmission, as seen in pathological brain states, may not simply reflect a

Organotypic slice cultures

homeostatic response to disconnection.

1. Introduction

Neurons adjust their structural and functional properties in response
to perturbations in network activity (e.g., Luscher and Malenka, 2012;
Bliss and Collingridge, 2013; Granger and Nicoll, 2014). In recent years,
several mechanisms have been identified that aim at maintaining
neurons in a stable state (Davis, 2006; Marder and Goaillard, 2006;
Turrigiano, 2011, 2017). One of the best studied mechanisms is
homeostatic synaptic plasticity, which adjusts synaptic strength in a
compensatory manner (Turrigiano, 2008). While pharmacologic and
genetic approaches have been employed to perturb network activity in
order to study the cellular and molecular mechanisms of homeostatic
synaptic plasticity, its significance under pathological conditions is still
debated (Small, 2008; Hulme et al., 2013; Maggio and Vlachos, 2014).

It is well accepted that neurons respond to denervation with struc-
tural and functional changes that partially compensate for the de-
nervation effects (Steward, 1994). In earlier work we were able to de-
monstrate that neurons which lose part of their input after traumatic
injury, ie., following in vitro entorhinal cortex lesion, increase their
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excitatory synaptic strength in a homeostatic manner (e.g., Vlachos
et al., 2012a). Interestingly, these changes occur predominantly in the
denervated zone, i.e., on distal dendritic segments which lose most of
their excitatory input and remodel their dendritic spines (Vlachos et al.,
2012b). Consistent with this observation, recent in vivo findings confirm
the existence of local homeostatic excitatory synaptic plasticity, which
accompanies lesion-induced spine remodeling (Barnes et al., 2017).
Although changes of GABAergic synapses have been reported in the
context of denervation [e.g. (Simbiirger et al., 2000, 2001; Maffei et al.,
2006; van Versendaal et al., 2012; Kinuchi et al., 2018)], it remains
unclear whether homeostatic changes in GABAergic neurotransmission,
as described for TTX-treated dissociated neuron preparations
(Turrigiano, 2011), accompany denervation-induced local excitatory
synaptic strengthening.

Considering the relevance of inhibition under physiological and
pathological conditions (Letzkus et al., 2015; Tremblay et al., 2016;
Tatti et al., 2017), we here employed in vitro entorhinal cortex lesion to
test for homeostatic scaling of GABAergic neurotransmission onto de-
nervated dentate granule cells. In this model the entorhino-
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Fig. 1. In vitro denervation induces an increase in excitatory synaptic strength.

(A) Overview of a mouse organotypic entorhino-hippocampal slice culture stained with nuclear stain (white) to visualize cytoarchitecture. The entorhino-hippo-
campal projection is visualized by AAV-hSyn-dTomato expression in the entorhinal cortex (EC). At 18-21 days in vitro the entorhino-hippocampal projection is
dissected without directly damaging the target neurons in the dentate gyrus (DG). Scale bar = 300 pm. (B) The dentate gyrus at higher magnification. Note dTomato-
stained fibers in the outer molecular layer (oml). Scale bar = 20 pm. gcl: granule cell layer; iml: inner molecular layer. (C) Example of a recorded, biocytin-filled and
post-hoc stained dentate granule cell (Streptavidin; green). Scale bar = 50 pm. (D) Sample traces of AMPA receptor-mediated miniature excitatory postsynaptic
currents (mEPSCs) recorded from dentate granule cells in non-denervated controls and age- and time-matched denervated tissue cultures 3 days post lesion (dpl). (E)
A significant increase in mean mEPSC amplitude and a reduction in mean mEPSC frequency are observed (control, n = 10 cells; denervated, n = 11 cells; Mann-
Whitney test, U-values < 21). (F) Sorting of mEPSC events by rise time reveals a significant difference in amplitudes between control and denervated dentate granule
cells for events with a rise time =0.85ms. Shorter rise times do not show significant differences between the groups (statistical comparisons made between mean
values of events < 0.85 and = 0.85 per cell; Mann-Whitney test, U-value = 19). Individual data points are indicated by gray dots. Values represent mean * s.e.m.

(** P < .01; * P < .05; NS, non-significant differences).

hippocampal projection can be dissected without directly damaging the
target neurons (Fig. 1A-C). This leads to the partial denervation of
dentate granule cells in the outer molecular layer (Fig. 1B, C). Using
this in vitro model, we addressed the hypothesis that (1) partially de-
nervated neurons respond with a homeostatic decrease in inhibitory
synaptic strength, which accompanies the compensatory increase in
excitatory neurotransmission, and that (2) inhibitory neurotransmission
changes predominantly on denervated dendrites.

2. Materials and methods
2.1. Ethics statement

Mice were maintained in a 12h light/dark cycle with food and
water available ad libitum. Every effort was made to minimize distress
and pain of animals. All experimental procedures were performed ac-
cording to the German animal welfare legislation and approved by the
appropriate animal welfare committee and/or the animal welfare of-
ficer at Goethe-University Frankfurt, Faculty of Medicine, and Albert-
Ludwigs-University Freiburg, Faculty of Medicine.

2.2. Preparation of slice cultures

Entorhino-hippocampal tissue cultures were prepared at postnatal
day 4-5 from C57BL/6 J and GAD65-GFP (heterozygous for GFP; Lopez-
Bendito et al., 2004) mice of either sex. Cultivation medium contained
50% (v/v) MEM, 25% (v/v) basal medium eagle, 25% (v/v) heat-in-
activated normal horse serum, 25 mM HEPES buffer solution, 0.15%

(w/v) bicarbonate, 0.65% (w/v) glucose, 0.1 mg ml ™! streptomycin,
100 U ml ™! penicillin, and 2 mM glutamax. The pH was adjusted to 7.3,
and the medium was replaced three times per week. All slice cultures
were allowed to mature for at least 18 days in humidified atmosphere
with 5% CO, at 35°C. Complete transection of the perforant path
(Fig. 1A) was ensured by removing the entorhinal cortex. All experi-
ments were performed at 3 days post lesion (dpl) and/or corresponding
age- and time-matched 4-week-old non-denervated control cultures.

2.3. Pharmacology

In some experiments slice cultures were treated with CNQX (50 pM)
and APV (50 uM) for 3 days to block a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPAR) and N-Methyl-p-aspartate (NMDAR)
receptors, respectively. Treatment started immediately after the lesion.
Age- and time-matched non-denervated control cultures were treated in
the same way, except for entorhinal cortex lesion.

2.4. Perforant path tracing

Adeno-associated viruses (AAV) obtained from SignaGen
Laboratories, = Maryland  (AAV2-Synapsin-tdTOMATO,  catalog
#SL100896) were injected into the entorhinal cortex at 3-5 days in vitro
at a Zeiss Axioscope 2 equipped with a 4 X objective (air, NA 0.1) using
borosilicate glass pipettes. Cultures were returned to the incubator
immediately after injection and allowed to mature for at least 18 days
in humidified atmosphere with 5% CO, at 35 °C.
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Fig. 2. Homeostatic down-scaling of GABAergic synapses does not occur during denervation-induced excitatory synaptic strengthening.

(A) Sample traces of GABA, receptor-mediated miniature inhibitory postsynaptic currents (mIPSCs) recorded from dentate granule cells in non-denervated controls
and age- and time-matched denervated tissue cultures 3 days post lesion (dpl) using 40 mM CsCl-containing internal solution. (B) Mean mIPSC amplitude and
frequency are not significantly different between the two groups (control, n = 8 cells; denervated, n = 8 cells; Mann-Whitney test). (C) Sorting mIPSC events by rise
time does not reveal any significant differences between the groups (Two-Way-ANOVA with Bonferroni post-hoc correction for multiple testing). (D-F) In an
independent set of non-denervated and denervated tissue cultures, mIPSC recordings were carried out using 125 mM CsCl-containing internal solution. No significant
differences between the two groups were observed in these experiments (control, n = 9 cells; denervated, n = 9 cells). Individual data points are indicated by gray

dots. Values represent mean =+ s.e.m. (NS, non-significant differences).

2.5. Post-hoc staining

Cultures were fixed in a solution of 4% (w/v) paraformaldehyde
(PFA) in phosphate-buffered saline (PBS, 0.1 M, pH 7.4) and 4% (w/v)
sucrose for 1 h. Fixed cultures were incubated for 1 h with 10% (v/v)
normal goat serum (NGS) in 0.5% (v/v) Triton X-100-containing PBS.
Biocytin filled cells were counterstained with Alexa488-conjugated
Streptavidin (Invitrogen; 1:1000; in PBS with 10% NGS, 0.1% Triton X-
100) for 4h and DAPI staining was used to visualize cytoarchitecture
(1:5000; in PBS for 10 min). Slices were washed, transferred and
mounted onto glass slides for visualization. Streptavidin stained granule
cells were visualized with a Leica TCS SP8 laser scanning confocal
microscope equipped with a 40 X oil immersion objective lens (NA 1.3).

2.6. Immunostaining and imaging

Slice cultures were fixed in a solution of 4% (w/v) PFA in PBS
(0.1 M, pH7.4) and 4% (w/v) sucrose for 1h, followed by 2% (w/v)
PFA and 30% (w/v) sucrose in PBS overnight. Cryostat sections (30 pum)
of fixed slice cultures were prepared, and stained with antibodies
against GABAjR-a2 (Santa Cruz Biotech., sc-7350; 1:500), gephyrin
(Synaptic Systems, clone mAb7a; 1:500), and parvalbumin (Swant, PV-
28; 1:200) following a modified protocol previously described (Lenz
et al., 2016). Briefly, sections were incubated for 1 h with 10% (v/v)
normal goat serum (NGS) or normal horse serum (NHS) in 0.5% (v/v)
Triton X-100-containing PBS to reduce unspecific staining and subse-
quently incubated for 48h at 4 °C with the respective primary anti-
bodies (in PBS with 10% NGS or NHS and 0.1% Triton X-100). Sections
were washed and incubated for 3 h with appropriate Alexa488- or 568-
labeled secondary antibodies (Invitrogen; 1:1000, in PBS with 10% NGS
or NHS, 0.1% Triton X-100). TO-PRO’ (Invitrogen) or DAPI nuclear
stain was used to visualize cytoarchitecture (1:5000; in PBS for 10 min).
Sections were washed, transferred onto glass slides and mounted for

visualization with anti-fading mounting medium.

Confocal images were acquired using a Nikon Eclipse Clsi laser-
scanning microscope with a 4 X objective lens (NA 0.2, Nikon), a 20 x
objective lens (NA 0.9, Nikon), and a 60 X oil-immersion objective lens
(NA 1.4, Nikon). Three visual fields per region of interest were imaged
in each culture at high magnification. Detector gain and amplifier were
initially set to obtain pixel intensities within a linear range.

2.7. Whole-cell patch-clamp recordings

Whole-cell voltage-clamp recordings from dentate granule cells of
slice cultures were carried out at 35 °C (2-5 neurons per culture). The
bath solution contained 126 mM NaCl, 2.5 mM KCIl, 26 mM NaHCOs,
1.25 mM NaH,PO,, 2 mM CaCl,, 2 mM MgCl,, and 10 mM glucose. For
mEPSC recordings patch pipettes contained 126 mM K-gluconate, 4 mM
KCl, 4mM Mg-ATP, 0.3mM Na,-GTP, 10mM PO-creatine, 10 mM
HEPES, and 0.1% biocytin (pH = 7.25 with KOH, 290 mOsm with su-
crose). For mIPSC recordings patch pipettes contained 40 mM CsCl,
90 mM K-gluconate, 1.8 mM NaCl, 1.7mM MgCl,, 3.5mM KCl,
0.05mM EGTA, 2 mM Mg-ATP, 0.4 mM Na,-GTP, 10 mM PO-Creatine,
10mM HEPES (pH = 7.25 with KOH, 290 mOsm with sucrose) or
125mM CsCl, 5mM NaCl, 2mM MgCl,, 2mM Mg-ATP, 0.5 mM Na,-
GTP, 0.1mM EGTA, and 10mM HEPES (pH = 7.33 with CsOH;
274mOsm with sucrose) having a tip resistance of 4-6MQ.
Spontaneous IPSCs (sIPSCs) were recorded with 125mM CsCl con-
taining internal solution. Alexa488 or Alexa568 (both 10uM) was
added to the internal solution in some experiments to visualize neu-
ronal morphology prior to recordings. For mIPSC and mEPSC record-
ings neurons were recorded at a holding potential of —70mV in the
presence of 0.5puM TTX and 10 uM APV. For mIPSC recordings 10 uM
CNQX was added to the bath solution as well. sSIPSC recordings were
performed in the presence of APV and CNQX (both 10 uM), but without
adding TTX to the bath solution. Series resistance was monitored in
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Fig. 3. No changes in GABA, receptor (subunit a2) and gephyrin clusters 3 days after in vitro denervation.

(A-C) Slice cultures stained for GABA, receptors (subunit a2; green). Cluster sizes and numbers assessed in the outer (oml) and inner molecular layer (iml) of the
dentate gyrus. Three visual fields were imaged at higher magnification per region of interest and slice culture. No significant differences in GABAsR-a2 cluster sizes
and numbers were observed between non-denervated controls and age- and time-matched denervated tissue cultures at 3 days post lesion (control, n = 20 cultures;
denervated, n = 10 cultures; Mann-Whitney test). White, TO-PRO nuclear stain. Scale bars = 10 um (A) and 4 um (B). (D-F) A different set of cultures was stained for
the postsynaptic scaffolding protein gephyrin (green). Cluster sizes and numbers assessed as described above. No significant differences between the two groups were
detected in these experiments (control, n = 17 cultures; denervated, n = 10 cultures; Mann-Whitney-test; one value outside the axis limits in the control group for
number of clusters in OML and in IML). Scale bars = 10 ym (D) and 4 um (E). Individual data points are indicated by gray dots. Values represent mean * s.e.m. (NS,

non-significant differences).

2 min intervals, and recordings were discarded, if leak current or series
resistance changed significantly and/or reached =30 MQ.

2.8. Paired recordings

Simultaneous whole-cell patch-clamp recordings of neurons were
carried out as described previously (Lenz et al., 2016). Slice cultures
prepared from GAD65-GFP mice were used to readily identify inter-
neurons projecting their axons onto dendrites of dentate granule cells,
respectively. Internal solution for presynaptic recordings of GFP-ex-
pressing interneurons contained 126 mM K-gluconate, 4mM KCl,
4 mM Mg-ATP, 0.3 mM Na,-GTP, 10 mM PO-creatine, 10 mM HEPES,
and 0.1% biocytin (pH = 7.25 with KOH, 290 mOsm with sucrose).
Postsynaptic dentate granule cells were recorded with an internal so-
lution containing 125 mM CsCl, 5mM NaCl, 2mM MgCl,, 2mM Mg-
ATP, 0.5 mM Na,-GTP, 0.1 mM EGTA, and 10 mM HEPES (pH = 7.33
with CsOH; 274 mOsm with sucrose) at a holding potential of —70 mV.
Action potentials were generated by 3 ms square current pulses (1 nA)
elicited at 0.2Hz (up to 50 pulses), while recording inhibitory

postsynaptic currents from dentate granule cells (recordings performed
in the presence of APV and CNQX, both 10 uM. For short-term plasti-
city, 5 action potentials were applied at 20 Hz (inter-sweep-interval: 5s;
30 repetitions).

2.9. Quantification and statistics

Analysis was performed by investigators blind to experimental
conditions. Electrophysiological data were analyzed using pClamp 10.6
(Axon Instruments) and MiniAnalysis (Synaptosoft) software. 150-350
mIPSC/sIPSC or mEPSC events were analyzed per recorded neuron.
Rise time analysis was performed using rise 10-90 [ms] of single
mEPSC or mIPSC/sIPSC events. Mean amplitude [pA] per rise time was
calculated by matching amplitude and rise 10-90 with a rise time bin of
0.1 or 0.2, respectively.

Paired recordings were manually assessed using pClamp 10.6 (Axon
Instruments). Network connectivity was estimated by calculating the
ratio between connected pairs and the total number of probed pairs.
The percentage of action potentials not successfully evoking



M. Lenz et al.

A

_ _ 10y

g = NS

P -~ 8 ——— O control
e] [$]

2 s @ 3dpl
g > O 3dpl (APV+CNQX)
] £

O O

(2] (%]

a o

€ €

w

80 NS 257 ns
< 70{ - N —
= = 204 O control
%) 60 = 00 >
g 50 qc) 15 . @ 3dpl
E 40 % O 3dpl (APV+CNQX)
& 30 5 2
e 2 £ 5
» 10 [}
0- 0-

Fig. 4. In vitro denervation does not affect GABAergic neurotransmission in
presence of glutamate receptor blockers.

(A, B) AMPA receptors and NMDA receptors were pharmacologically blocked
with CNQX (50 uM) and APV (50 uM), respectively. No significant differences in
miniature and spontaneous inhibitory postsynaptic currents (A, mIPSC; B,
sIPSC) were detected in these experiments. APV- + CNQX-treated non-dener-
vated controls and age- and time-matched untreated controls were pooled, since
no significant differences were detected between the groups (mIPSCs: control,
n = 21 cells; denervated, n = 15 cells; denervated (APV + CNQX), n = 6 cells.
sIPSCs: control, n =10 cells; denervated, n =8 cells; denervated
(APV + CNQX), n = 6 cells. Kruskal-Wallis test followed by Dunn's post-hoc
correction). Individual data points are indicated by gray dots. Values represent
mean *+ s.e.m. (NS, non-significant differences).

Table 1

Pharmacological inhibition of AMPA receptors with CNQX (50 uM) and NMDA
receptors with APV (50 uM) does not alter GABAAR-a2 and gephyrin cluster
sizes in the inner molecular layer (iml) and outer molecular layer (oml) 3 days
post lesion (dpl). n = 5 cultures in each group, Mann-Whitney-test. Values re-
present mean * s.e.m., normalized to non-denervated control cultures.

Cluster size control 3 dpl (APV + CNQX)

iml oml iml oml
GABAsR-a2 1.0 = 0.09 1.0 = 0.04 0.84 + 0.07 0.98 + 0.12
Gephyrin 1.0 = 0.15 1.0 = 0.06 1.13 = 0.11 1.09 = 0.07

postsynaptic current responses was determined (synaptic failure rate),
as well as the mean amplitude of all successfully evoked postsynaptic
responses. Amplitudes of postsynaptic responses were normalized to the
first pulse in averaged traces of short-term plasticity recordings. Sizes
and numbers of immunolabeled GABA,R-a2 and gephyrin clusters were
assessed using the Image-J software package (available from http://rsb.
info.nih.gov/ij) as previously described (Vlachos et al., 2013b). Data
were analyzed using GraphPad Prism 7 (GraphPad software, USA).
Mann-Whitney test (to compare two groups) or the Kruskal-Wallis test
followed by Dunn's post-hoc test (for multiple comparisons) were used.
For evaluation of mIPSC rise time analysis, two-way-ANOVA following
Bonferroni's post-hoc correction was performed. P-values of < .05 were
considered a significant difference. All values represent mean *
standard error of the mean. In the figures * denotes P < .05 and **
P < .01; non-significant differences are indicated with ‘NS’. Single data
points are indicated by gray dots. U-values provided for significant
results in the figure captions.
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2.10. Digital illustrations

Confocal image stacks were stored as TIF files. Figures were pre-
pared using Photoshop graphics software (Adobe, San Jose, CA, USA).
Image brightness and contrast were adjusted.

3. Results

3.1. Entorhinal cortex lesion in vitro induces a compensatory increase in
excitatory synaptic strength

Individual dentate granule cells were patched, and AMPAR-medi-
ated miniature excitatory postsynaptic currents (mEPSCs) were re-
corded from denervated and age- and time-matched non-denervated
controls (at 3 dpl; Fig. 1). A significant increase in mean mEPSC am-
plitude and a reduction in mEPSC frequency were observed in the de-
nervated group (Fig. 1D, E). This result is in line with our earlier
findings on a denervation-induced compensatory increase in excitatory
synaptic strength, which accompanies the reduction in spine synapse
numbers following in vitro entorhinal cortex lesion (e.g., Vlachos et al.,
2013a).

In order to test whether all excitatory synapses of a denervated
neuron respond equally, we sorted mEPSC events by rise time, as the
rise time of mEPSCs can be used to determine the distance of synapses
from the soma of patched neurons (e.g., Soltesz et al., 1995; Wierenga
and Wadman, 1999; Letzkus et al., 2006; Sjostrom and Hausser, 2006;
Williams and Mitchell, 2008; Peng et al., 2009; Lenz et al., 2015). In our
previous work we used computational modeling and local electrical
stimulation to confirm that mEPSC events with a rise time = 0.85ms
originate from synapses on dendrites in the outer molecular layer, i.e.,
the layer which is partially denervated (Vlachos et al., 2012a). Indeed,
this analysis revealed that events with a rise time = 0.85 ms show a
significant difference in mEPSC amplitudes between lesioned and non-
lesioned cultures, whereas events with a faster rise time derived from
synapses close to the soma do not show significant differences (Fig. 1F).
These findings confirm that in vitro entorhinal cortex lesion induces an
increase in excitatory synaptic strength on distal granule cell dendrites.

3.2. Changes in GABAergic synaptic strength are not observed 3 days
following in vitro entorhinal cortex lesion

In a different set of experiments, we tested for changes in GABAergic
synaptic strength following in vitro entorhinal cortex lesion. Granule
cells were patched, and GABA, receptor-mediated miniature inhibitory
postsynaptic currents (mIPSCs) were recorded (Fig. 2). No significant
differences in mean mIPSC amplitude and frequency were observed
between the two groups at 3 dpl. To test for local adaptation in in-
hibition, which may have escaped the statistical assessment of mean
values, rise time analysis of mIPSC events was performed. No sig-
nificant differences between the groups were observed (Fig. 2A-C).

In an independent set of experiments, we used high-chloride in-
ternal solution to increase the sensitivity of our mIPSC recordings
(Fig. 2D-F). Again, no significant differences in mIPSC amplitude and
frequency were detected between the groups. We conclude that de-
nervation-induced excitatory synaptic strengthening (c.f., Fig. 1) is not
accompanied by major functional changes in GABAergic synaptic
strength at 3 dpl.

3.3. GABA, receptor-a2 and gephyrin cluster properties are not changed in
the denervated zone 3 days following in vitro entorhinal cortex lesion

Our previous work established a close interrelation between func-
tional changes in GABAergic neurotransmission and GABA, receptor-
a2 cluster properties in entorhino-hippocampal slice cultures (Lenz
et al., 2016). Hence, to confirm and extend our mIPSC findings slice
cultures were immunostained for GABA,R-a2 subunits. As shown in
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Fig. 5. No differences in GABAergic sy-
naptic strength, efficacy and connectivity
3 days after in vitro denervation.

(A) A slice culture prepared from GAD65-
GFP mice (green), stained for parvalbumin
(red) is shown. GFP-expressing inter-
neurons in the hilar region do not express
parvalbumin and project mainly into the
outer molecular layer (oml; arrowheads
point to GFP-labeled axons) of the dentate
gyrus. Note parvalbumin signal in the
granule cell layer (gcl). White, TO-PRO
nuclear stain. Scale bar = 100 um. (B)
Example of successfully evoked time-locked
postsynaptic currents from dentate granule
cells. Up to 50 action potentials were in-
duced at 0.2 Hz in presynaptic GFP-expres-
sing interneurons while recording from

control

connected
not connected

3dpl
(APV+CNQX)

postsynaptic granule cells. (C-D) No
14 NS changes in the probability to find connected
1.2 pairs (C) and evoked IPSC (eIPSC) ampli-
E oY Do 1 — tude and failure rates are observed between

the groups [control: 10 connected/41

probed pairs; denervated (3 dpl): 8 con-

0.8

06 nected/27 probed pairs; denervated (3 dpl,
O m control APV + CNQX): 6 connected/28 probed
0.21 @ 3dpl pairs]. (E) Short-term plasticity was tested
0.0 1D Sdp;(APVJ;CNQXl z by inducing five action potentials at 20 Hz.

The amplitude of each consecutive in-

pulse-number o . N .
hibitory postsynaptic current is normalized

to the amplitude of the first response. No significant difference between non-denervated controls, age- and time-matched denervated tissue cultures, both untreated
and pharmacologically treated (APV + CNQX, 50 uM each), was observed [control: 10 pairs; denervated (3 dpl): 8 pairs; denervated (3 dpl, APV + CNQX): 6 pairs;

Kruskal-Wallis test, followed by Dunn's post-hoc correction]. Individual data points are indicated by gray dots. Values represent mean

differences).

Fig. 3A-C, no significant differences in GABAsR-a2 cluster properties
were detected between the two groups at 3 dpl. Specifically, in the
denervated outer molecular layer (oml) cluster sizes and numbers re-
mained unchanged (Fig. 3C).

Similar results were obtained when cultures were stained for ge-
phyrin (Vlachos et al., 2013c), which is the major postsynaptic scaf-
folding protein to which GABA, receptors anchor (Essrich et al., 1998,
Feng et al., 1998; Kneussel et al., 1999; Fig. 3D-F). Together with our
mIPSC recordings we conclude that no major functional or structural
reorganization of GABAergic postsynapses occurs in dentate granule
cells 3 days after in vitro entorhinal cortex lesion.

3.4. Pharmacological inhibition of glutamatergic synapses of denervated
granule cells does not trigger changes in GABAergic neurotransmission

Based on the results obtained above, we speculated that the ad-
justment of excitatory synapses may suffice to compensate for the de-
nervation-induced loss of input. Hence, changes in GABAergic neuro-
transmission may not be required to compensate for in vitro entorhinal
cortex lesion. To address this issue, entorhinal cortex lesion and phar-
macological inhibition of glutamatergic neurotransmission were com-
bined to hinder denervated neurons from compensating via excitatory
synaptic scaling. We speculated that under this experimental condition
a compensatory reduction in GABAergic synaptic strength might
emerge.

AMPARs and NMDARs were pharmacologically blocked with CNQX
[50 uM] and APV [50 uM] immediately after denervation (for 3 days),
and mIPSCs were recorded from dentate granule cells. Fig. 4 shows no
significant changes in mIPSC properties in these experiments. Also,
APV- + CNQX-treatment of non-denervated control cultures had no
significant effect on mIPSC amplitudes and frequencies (Nuntreated con-
trol = 15 cells, Neontrol (aPV+cnox) = 6 cells; mIPSC amplitude: untreated
control, 18.5 + 0.58 pA; control (APV + CNQX), 19.8 = 1.4 pA;

+

s.e.m. (NS, non-significant

Mann-Whitney test, p = .42; mIPSC frequency: untreated control,
2.9 = 0.4Hz; control (APV + CNQX), 3.4 + 0.5Hz; Mann-Whitney
test, p = .52). Similar results were obtained for GABA,R-a2 and ge-
phyrin immunostainings (Table 1). Hence, GABAergic synaptic strength
is not adjusted in a homeostatic manner, even when the adjustment of
excitatory neurotransmission at 3 dpl does not compensate for the de-
nervation-induced loss of input.

3.5. Spontaneous GABAergic postsynaptic currents are not changed 3 days
after denervation

We also recorded spontaneous IPSCs (sIPSCs) from denervated and
non-denervated granule cells to test whether compensatory changes
occur at the level of spontaneous network activity (Fig. 4B). No sig-
nificant differences between the groups were observed at 3 dpl. Also,
pharmacological inhibition of glutamatergic neurotransmission in de-
nervated cultures did not alter mean sIPSC amplitude and frequency
(Fig. 4B).

3.6. Paired recordings of dendritically projecting hilar inhibitory
interneurons and dentate granule cells

Finally, paired whole-cell patch-clamp recordings of hilar inter-
neurons and dentate granule cells were performed to probe inhibitory
neurotransmission onto distal granule cell dendrites in the OML at the
level of individual connected pairs of neurons. Hilar interneurons were
readily identified by their GFP expression in slice cultures prepared
from GAD65-GFP mice (Fig. 5A, B).

The results can be summarized as follows: (1) The probability to
find connected pairs of neurons did not change 3 days after denervation
(Fig. 5C), (2) no significant differences in evoked IPSC amplitudes were
observed (Fig. 5D), (3) synaptic failure rates, i.e., the number of action
potentials not evoking IPSCs in connected pairs of neurons, were not
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significantly different (Fig. 5D), and (4) short-term plasticity (5 pulses
at 20Hz) was not significantly different between the two groups
(Fig. 5E). The data were also compared to a third group of denervated
and APV- + CNQX-treated cultures, which were recorded in parallel: no
significant changes in GABAergic neurotransmission were obtained in
this group as well (c.f., Fig. 5B-E). All together, we are confident to
conclude that unlike excitatory synaptic strength at 3 dpl, GABAergic
synapses are not adjusted in a homeostatic manner in denervated cul-
tured dentate granule cells.

4. Discussion

In this study, we tested whether homeostatic changes of GABAergic
neurotransmission accompany denervation-induced excitatory synaptic
plasticity. To this end, the well-established in vitro entorhinal cortex
lesion model was employed. While the previously reported compensa-
tory increase in excitatory synaptic strength was readily seen 3 days
after denervation (c.f., Vlachos et al., 2012a), we were not able to de-
tect corresponding changes, ie., down-scaling of GABAergic neuro-
transmission on partially denervated dentate granule cells; both at the
functional and structural level. Also, pharmacological inhibition of
glutamatergic neurotransmission had no major effect on GABAergic
neurotransmission in non-denervated and denervated cultures. These
results demonstrate that dentate granule cells maintain their GABAergic
synaptic set-point, while adjusting excitatory synapses in response to
major changes in network connectivity, ie., in vitro lesion-induced
deafferentation.

Work from recent years has shed new light on the role of inhibitory
neurotransmission in complex brain function (Griffen and Maffei, 2014;
Caroni, 2015; Froemke, 2015; Letzkus et al., 2015; Tremblay et al.,
2016). Studies employing optogenetic approaches demonstrate the re-
levance of local inhibitory networks in neural function and plasticity. It
was shown, for example, that a transient reduction in local network
inhibition mediates learning and memory (Letzkus et al., 2011; Pi et al.,
2013; Wolff et al., 2014; Fu et al., 2015). These studies confirm and
extend previous work demonstrating that decreased inhibition im-
proves learning (Collinson et al., 2002; Botta et al., 2015), while in-
creased GABAergic neurotransmission impairs learning and memory
formation (Davis, 1979; Sanger and Joly, 1985; McNaughton and
Morris, 1987; Brioni et al., 1989; Arolfo and Brioni, 1991; Harris and
Westbrook, 1995). Consistent with these results, alterations in in-
hibitory neurotransmission have been linked to pathological brain
states (Steinberg et al., 2015), such as schizophrenia (Yizhar et al.,
2011; Rowland et al., 2013), autism spectrum disorders (Rubenstein
and Merzenich, 2003; Rojas et al., 2014), panic disorders (Long et al.,
2013) and epilepsy (Peng et al., 2013; Gu et al., 2017; Bui et al., 2018).

In earlier work changes in GABAAR-02 and gephyrin im-
munoreactivity were assessed following in vivo entorhinal denervation
(Simbiirger et al., 2000, 2001). These in vivo studies focused on the
sprouting response occurring at later time points rather than on
homeostatic changes occurring during the first days post lesion. Sim-
biirger and colleagues demonstrated an increase of GABApR-a2 and
gephyrin immunoreactivity after one week of denervation, most likely
reflecting sprouting of GABAergic fibers (Deller et al., 1995) and re-
active synaptogenesis onto denervated granule cells. A slight reduction
in gephyrin immunoreactivity was reported 2 days after denervation
(Simbiirger et al., 2000), which the authors attributed to the loss of
GABAergic entorhino-hippocampal projections (Germroth et al., 1989,
1991; see also Melzer et al., 2012). In line with our results, another
study focusing on homeostatic plasticity of CA1 pyramidal neurons
(Dinocourt et al., 2011) reported no changes in GABAsR-a1, vGAT and
GADG67 expression within 14 days after in vivo Schaffer collateral lesion
(c.f., Simbiirger et al., 2001). These studies corroborate our major
conclusion that denervation does not trigger a homeostatic GABAergic
down-scaling response. Hence, alterations in GABAergic neuro-
transmission - as seen under pathological in vivo conditions (Lewis,
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2014; Radhu et al., 2015; Kiss et al., 2016) - may not simply reflect a
homeostatic adjustment of inhibition in response to disconnection.
Strikingly, GABAergic neurotransmission is kept constant also under
conditions in which glutamatergic neurotransmission is pharmacolo-
gically blocked (both in non-denervated and denervated slice cultures).
It is therefore conceivable that (1) mechanisms exist which maintain
GABAergic synaptic set-points (by preventing their homeostatic adjust-
ment), and/or (2) additional (pathological) stimuli are required for
structural and functional homeostatic plasticity of GABAergic synapses
to occur.

In our previous work we were able to show that homeostatic plas-
ticity of inhibitory neurotransmission can be induced in entorhino-
hippocampal slice cultures (Vlachos et al., 2013c). In the presence of
the allosteric GABA, receptor agonist diazepam, a compensatory re-
duction in inhibitory neurotransmission was observed in CAl pyr-
amidal neurons of 4-week-old slice cultures (Vlachos et al., 2013c).
Consistent with these functional changes, diazepam also caused a de-
stabilization of gephyrin clusters. Interestingly, treatment with TTX had
no apparent effects on gephyrin (Vlachos et al., 2013c), suggesting that
changes in network activity per se are not sufficient to trigger com-
pensatory changes of inhibition. Instead, changes in GABAergic neu-
rotransmission (and/or signals affecting interneuron function) might be
required. These findings strengthen the case for specific signals and
molecular pathways regulating synaptic scaling of inhibition.

The pro-inflammatory cytokine tumor necrosis factor (TNF) med-
iates excitatory synaptic scaling (Stellwagen and Malenka, 2006;
Steinmetz and Turrigiano, 2010) and down-regulates inhibitory neu-
rotransmission (Pribiag and Stellwagen, 2014). Since TNF-signaling
pathways have been linked to denervation-induced plasticity (Becker
et al., 2013, 2015; Barnes et al., 2017), we expected a reduction in
inhibitory neurotransmission in the denervated zone, which is char-
acterized by increased TNF levels (Becker et al., 2013). Because we did
not observe changes in inhibitory neurotransmission in the present
study, it is unlikely that TNF coordinates homeostatic changes of ex-
citatory and inhibitory neurotransmission in our experimental setting,
i.e, excitatory synaptic up-scaling and inhibitory synaptic down-
scaling; at least not in granule cells 3 days after in vitro entorhinal cortex
lesion.

Indeed, it has been recently shown that distinct mechanisms med-
iate homeostasis at excitatory and inhibitory synapses. For example,
CaMKIV-/pCREB-mediated homeostatic mechanisms account for com-
pensatory changes in excitatory synaptic strength (and intrinsic cellular
properties), while changes in inhibitory neurotransmission do not de-
pend on CaMKIV and pCREB (Joseph and Turrigiano, 2017). Likewise,
Clptml affects GABA, receptors without changing AMPAR-mediated
currents (Ge et al., 2018). While it remains to be shown whether (i) the
recruitment of calcineurin-dependent phosphatases (Bannai et al.,
2009; Lenz et al., 2016) and/or calcium-dependent serine proteases
(Tyagarajan et al., 2013) is required for a down-regulation of GA-
BAergic neurotransmission, and (ii) changes of GABAergic synapses
may occur at later time points after denervation (c.f., Simbiirger et al.,
2000, 2001; Kinuchi et al., 2018), at this point we can state with con-
fidence that in vitro entorhinal cortex lesion (and/or pharmacological
inhibition of glutamatergic neurotransmission) is not sufficient to in-
duce homeostatic synaptic down-scaling of GABAergic synapses 3 days
after denervation. Hence, additional pathological stimuli (e.g., direct
neuronal damage and/or cell death in the target region; c.f., Kinuchi
et al.,, 2018) may account for maladaptive structural and functional
homeostatic changes of GABAergic neurotransmission in denervated
brain regions.
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