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Inhibition in neuronal networks of the neocortex serves a multitude of functions, such as balancing excitation and structuring neuronal
activity in space and time. Plasticity of inhibition is mediated by changes at both inhibitory synapses, as well as excitatory synapses on
inhibitory neurons. Using slices from visual cortex of young male rats, we describe a novel form of plasticity of excitatory synapses on
inhibitory neurons, weight-dependent heterosynaptic plasticity. Recordings from connected pyramid-to-interneuron pairs confirm that
postsynaptic activity alone can induce long-term changes at synapses that were not presynaptically active during the induction, i.e.,
heterosynaptic plasticity. Moreover, heterosynaptic changes can accompany homosynaptic plasticity induced in inhibitory neurons by conven-
tional spike-timing-dependent plasticity protocols. In both fast-spiking (FS) and non-FS neurons, heterosynaptic changes were weight-
dependent, because they correlated with initial paired-pulse ratio (PPR), indicative of initial strength of a synapse. Synapses with initially high
PPR, indicative of low release probability (“weak” synapses), had the tendency to be potentiated, while synapses with low initial PPR (“strong”
synapses) tended to depress or did not change. Interestingly, the net outcome of heterosynaptic changes was different in FS and non-FS neurons.
FS neurons expressed balanced changes, with gross average (n � 142) not different from control. Non-FS neurons (n � 66) exhibited net
potentiation. This difference could be because of higher initial PPR in the non-FS neurons. We propose that weight-dependent heterosynaptic
plasticity may counteract runaway dynamics of excitatory inputs imposed by Hebbian-type learning rules and contribute to fine-tuning of
distinct aspects of inhibitory function mediated by FS and non-FS neurons in neocortical networks.
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Introduction
Inhibitory neurons with profoundly diverse morphology, dis-
tinct electrophysiology, and pattern of protein expression, serve a

multitude of functions in neocortical networks. Ultimate classi-
fication of inhibitory neurons should be thus functional, deter-
mined by the combination of their inputs and, most importantly,
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Significance Statement

Dynamic balance of excitation and inhibition is fundamental for operation of neuronal networks. Fine-tuning of such balance requires
synaptic plasticity. Knowledge about diverse forms of plasticity operating in excitatory and inhibitory neurons is necessary for under-
standing normal function and causes of dysfunction of the nervous system. Here we show that excitatory inputs to major archetypal
classes of neocortical inhibitory neurons, fast-spiking (FS) and non-fast-spiking (non-FS), express a novel type of plasticity, weight-
dependent heterosynaptic plasticity, which accompanies the induction of Hebbian-type changes. This novel form of plasticity may
counteract runaway dynamics at excitatory synapses to inhibitory neurons imposed by Hebbian-type learning rules and contribute to
fine-tuning of diverse aspects of inhibitory function mediated by FS and non-FS neurons in neocortical networks.
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axonal projections. Classes defined solely by morphology, elec-
trophysiology, or protein expression have partial overlap, but do
not coincide completely with the functional classification (Kawa-
guchi and Kubota, 1997; Markram et al., 2004; Ascoli et al., 2008;
Battaglia et al., 2013; DeFelipe et al., 2013; Jiang et al., 2015;
Tremblay et al., 2016). From an electrophysiological perspective,
the majority of inhibitory neurons in the neocortex can be attrib-
uted to one of the two archetypal classes: fast spiking (FS) and
non-fast spiking (non-FS; Druckmann et al., 2013). Most FS neu-
rons are basket or chandelier cells, and express parvalbumin (PV)
but not somatostatin (SST). Non-FS neurons exhibit diverse
spiking patterns, including adapting, bursting, low-threshold
spiking (LTS), and irregular; belong to diverse morphological
types, e.g., Martinotti, bipolar, bitufted, and non-basket multi-
polar; express SST and other marker-proteins, but not PV (Kawa-
guchi and Kubota, 1997; Markram et al., 2004; Ascoli et al., 2008;
Gentet, 2012; Battaglia et al., 2013; Druckmann et al., 2013; Jiang
et al., 2015; Liguz-Lecznar et al., 2016; Tremblay et al., 2016).

Roles served by inhibition in cortical networks include main-
tenance of an overall excitation/inhibition balance (Wehr and
2003; Okun and Lampl, 2008; Ozeki et al., 2009; Moore et al.,
2018), control over the spread of activity (Adesnik and Scanziani,
2010; Cardin, 2018), and shaping response selectivity (Vidyasa-
gar et al., 1996; Monier et al., 2003; Barnes et al., 2015). Moreover,
inhibition is a factor controlling cortical plasticity including crit-
ical periods (Hensch et al., 1998; Hensch, 2005; Froemke et al.,
2007; Gandhi et al., 2008; Feldman, 2009; Dorrn et al., 2010;
Liguz-Lecznar et al., 2016). To achieve these functions during
development (Maffei et al., 2004, 2006; Garkun and Maffei, 2014;
Miska et al., 2018) and in adult brain (Huang et al., 2013; Chen et
al., 2015) inhibition is fine-tuned by synaptic plasticity. Plasticity
of inhibition may be mediated by changes of inhibitory connec-
tions per se, as well as by plasticity of excitatory inputs to inhib-
itory neurons. Here we consider that latter locus.

Sparse studies of plasticity of excitatory inputs to inhibitory
neurons in the neocortex report heterogeneous results. In slices
from mouse visual or somatosensory cortex, long-term potenti-
ation (LTP) was observed at excitatory inputs to FS neurons, but
not in non-FS neurons (Sarihi et al., 2008). Another study found
LTP in FS neurons only in presence of �1 and � adrenergic ago-
nists, and regular spike-timing-dependent plasticity (STDP) that
required activation of NMDA and adrenergic receptors in SST-
expressing neurons (Huang et al., 2013). Strong theta-burst stim-
ulation induced NMDA-independent LTP in SST-neurons
(Chen et al., 2009). In slices from rat neocortex, LTS neurons
expressed STDP, whereas FS neurons expressed only long-term
depression (LTD) and no LTP before P17 (Lu et al., 2007) and
LTP after P22 (Lefort et al., 2013). Moreover, during develop-
ment, connections from L4 star pyramids to FS neurons can be
potentiated by visual deprivation (Maffei et al., 2006).

These studies show that at least some excitatory synapses on
inhibitory neurons express associative Hebbian-type plasticity.
Hebbian-type rules introduce positive feedback on synaptic
changes, making synapses prone to runaway potentiation or de-
pression. However, synaptic weights in real neurons do not ex-
press runaway dynamics, but instead remain in an operational
range. This implies the existence of additional mechanism(s)
counteracting the runaway dynamics. Our prior experimental
and computational analysis of plasticity in pyramidal neurons
from visual and auditory cortex demonstrated that this role can
be served by weight-dependent heterosynaptic plasticity; changes
at synapses that were not active during the induction of plasticity
(Volgushev et al., 2000; Lee et al., 2012; Chen et al., 2013; Volgu-

shev et al., 2016; for review, see Chistiakova et al., 2014, 2015).
Here we ask, whether excitatory synapses to inhibitory neurons of
major electrophysiological classes express a similar form of het-
erosynaptic plasticity.

Materials and Methods
All experimental procedures are in compliance with the U.S. National
Institutes of Health regulations and were approved by the Institutional
Animal Care and Use Committee of the University of Connecticut.

Preparation of slices
Details of slice preparation and recording are similar to those used in
previous studies (Volgushev et al., 2000; Lee et al., 2012; Bannon et al.,
2014). Male Wistar rats (15–34 d old, Charles River Laboratories or
Harlan) were anesthetized with isoflurane, decapitated, and the brain
quickly removed and placed into an ice-cold oxygenated artificial CSF
solution (ACSF), containing the following (in mM): 125 NaCl, 25
NaHCO3, 25 glucose, 3 KCl, 1.25 NaH2PO4, 2 CaCl2, 1 MgCl2, bubbled
with 95% O2/5% CO2, pH 7.4. Coronal slices (350 �m thickness) con-
taining the visual cortex were prepared from the right hemisphere. After
at least 1 h recovery at room temperature, individual slices were trans-
ferred to a recording chamber mounted on an Olympus BX-50WI or
Olympus BX-51WI microscope equipped with IR-DIC optics. For pair
recording slices were incubated for 45 min at 34°C immediately after
cutting and then kept at room temperature. During recordings slices
were perfused with oxygenated ACSF at 28 –32°C.

Intracellular recording
Whole-cell recordings were made from inhibitory interneurons from
layers 1, 2/3, 4, and 5 of the visual cortex. Intracellular pipette solution
contained, in mM: 130 K-gluconate, 20 KCl, 10 HEPES, 10 Na-
phosphocreatine, 4 Mg-ATP, 0.3 Na2-GTP, pH 7.4 with KOH. For re-
cording, neurons of nonpyramidal shape were preselected. Neurons were
classified electrophysiologically using responses to long depolarizing
pulses (0.2–1 s), voltage-current relationships and parameters of their
action potentials (APs). Some neurons were labeled with Neurobiotin
(Vector Laboratories; 0.2% added to the intracellular solution) for mor-
phological identification. For recordings from connected pairs of neu-
rons, after patching a nonpyramidal neuron, several nearby pyramidal
neurons were tested for a synaptic connection in a loose-patch configu-
ration with the electrode filled with ACSF. After a connected neuron was
found, it was patched with an electrode containing regular intracellular
solution. Both presynaptic and postsynaptic neurons in recorded pairs
were characterized electrophysiologically.

Experimental design: synaptic stimulation
Synaptic responses were evoked either by extracellular stimulation or by
presynaptic spikes in paired recordings. In paired recordings, presynap-
tic APs were induced by brief (5 ms) depolarizing pulses applied in pairs
(50 ms interval) each 10 s. Evoked EPSCs were recorded at a holding
potential between �70 and �80 mV. In the main series of experiments
extracellular stimulation was used. Monosynaptic EPSPs of small ampli-
tude were evoked using two pairs of bipolar tungsten electrodes (S1 and
S2) placed in the vicinity of the recorded neuron. Paired stimuli with a 50
ms interpulse interval were applied to S1 and S2 in alternating sequence,
so that each input was stimulated with paired pulses each 15 s. To verify
that recorded postsynaptic responses are excitatory, several responses
were recorded at depolarized potentials between �50 and �40 mV,
which is above the reversal potential for Cl � with our extracellular and
intracellular solutions (Zhang et al., 2015). Only those PSPs that were still
depolarizing (PSCs remained inward in paired recordings) at this mem-
brane potential were considered excitatory and included in the analysis.
To further confirm that recorded synaptic responses are excitatory and
that observed plastic changes of these responses are not contaminated by
changes of inhibition, a series of experiments was performed in the pres-
ence of the GABAA blocker picrotoxin (50 �M; Sigma-Aldrich, catalog
#528105; CAS 124-87-8) in the recording solution. Membrane potential
(or holding current in voltage-clamp mode used in paired recordings)
and input resistance were monitored throughout experiments; cells in
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which either parameter changed by �15% by the end of recording were
discarded.

Experimental design: plasticity induction
Synaptic plasticity was induced by either a pairing (STDP) procedure or
intracellular tetanization. Pairing procedure consisted of 30 bursts of 5
postsynaptic APs induced by brief depolarizing pulses (5 ms, 5 pulses at
100 Hz), with one of the inputs (S1 or S2) stimulated 10 ms before each
burst of spikes. The other input (S2 or S1) was not stimulated during the
pairing. Intracellular tetanization consisted of the same pattern of post-
synaptic activation: 30 bursts of 5 APs induced by depolarizing pulses (5
ms, 5 pulses at 100 Hz) through the recording electrode, but without any
concurrent presynaptic stimulation. In recordings from connected pairs
of neurons, intracellular tetanization was applied to the postsynaptic
(inhibitory) neuron in bridge mode. Following the induction, test syn-
aptic stimulation was resumed, and EPSP/EPSC responses were recorded
for another 40 – 60 min.

There are two broad types of synaptic changes: homosynaptic plastic-
ity (at synapses activated during the induction) and heterosynaptic plas-
ticity (at non-activated synapses). We use these definitions following the
original paper on heterosynaptic plasticity by Lynch et al. (1977). With
the induction protocols used in the present study, the term homosynap-
tic refers to plastic changes at synapses stimulated during the pairing
procedure. Heterosynaptic are changes at synapses which were unpaired
(not stimulated) during the pairing procedure. Also heterosynaptic are
changes at any test inputs occurring after intracellular tetanization, be-
cause it is a purely postsynaptic protocol and no synapses were activated
during the intracellular tetanization.

Data processing and statistical analysis
Data analysis was made using custom-written programs in MATLAB
(MathWorks), and scripts in R (The R Foundation for Statistical Com-
puting). All inputs included in the analysis fulfilled the following criteria:
(1) excitatory nature of EPSP/EPSC, as verified by the absence of reversal
when recorded at potentials between �40 and �50 mV; (2) stability of
EPSP/EPSC amplitudes during the control period; (3) stability of the
membrane potential and input resistance throughout the recording; and
(4) stability of the onset latency and kinetics of the rising slope of the
EPSP/EPSC. Amplitudes of EPSPs (or EPSCs) are measured as the dif-
ference between the mean membrane potential (or current) during two
time windows, the first time window placed before the onset and the
second window placed on the rising slope of the synaptic response, just
before the peak. Amplitude of the response to the second pulse in the
paired-pulse stimulation paradigm was measured using windows of
the same duration and separation, but shifted by the length of the inter-
pulse interval (50 ms). The paired-pulse ratio (PPR) was calculated as the
amplitude of the second EPSP (EPSC) divided by the amplitude of the
first. For calculating significance of response amplitude changes after a
plasticity-induction protocol at individual inputs, amplitudes of re-
sponses to the first pulse were used. t Test was used to compare control
responses recorded before the application of plasticity-induction proto-
col (n � 15–35 responses from a stationary period just before plasticity
induction) to responses after plasticity induction (n � 40 –120 responses
from a period typically �30 – 60 min after the induction). Response
changes (LTP or LTD) were considered significant at p � 0.05. For cal-
culation of population averages across inputs, response amplitudes in
each input were first normalized to control, and then averaged across
inputs. For correlations, Pearson’s r was used. P values for Pearson cor-
relations and � 2 tests were calculated using an online calculator (Social
Science Statistics, 2018; https://www.socscistatistics.com/). In the text, p
values �0.001 are given in full and p values � 0.001 as p � 0.001. In the
figures significance is denoted as corresponding to p values of
*0.05,**0.01, and **0.001.

Identification of cell types: morphology and neuron reconstruction
Reconstruction and morphological identification of cells recorded with
Neurobiotin (Vector Laboratories; 0.2% added to the pipette solution)
was done as following. For Neurobiotin injection into the cells current
pulses applied during pairing procedure or intracellular tetanization (as
in Experimental design: plasticity induction above) were sufficient; in

some cases after plasticity experiment was completed, we applied an
additional staining protocol consisting of anodal 0.05– 0.2 nA current
pulses at 0.5 s duty cycles for 5–20 min. After withdrawing the recording
pipette the injected cells were allowed to survive for 5–20 min. At the end
of experiments slices were immediately transferred in fixative containing
4% paraformaldehyde and 1% glutaraldehyde in 0.1 M phosphate buffer,
pH 7.4, and stored in fixative at 4°C for 4 –10 d, until histological
processing.

Histology. For visualizing labeled cells, slices were resectioned on a
vibratome (Leica 1000S, Leica Biosystems) to 80 �m thickness. To ensure
the parallel alignment of slices with the sectioning plane of the vibratome,
first a tissue block of 2–3 mm thickness (a piece of any fixed brain) was
glued to the cutting stage and trimmed for providing a smooth surface
parallel to the blade trajectory. Then the brain slice containing the
region-of-interest was glued on the smooth tissue surface. For fostering
flatness, the slice was gently pressed by touching it with a glass slide from
above. Because the recorded cells were typically located 15–50 �m below
the surface care was taken for gluing the slices with their opposite surface
and resection them to 80 �m thick sections. A total of 4 –7 sections per
slice could be obtained of which the lowermost section was usually lost
because of infiltration of the glue.

Sections of each slice were collected in a glass vial. For revealing neu-
robiotin label, the following histological protocol was used. Sections were
washed for 10 min in 0.1 M PB and 10 min in 0.05 M Tris buffered saline
(TBS; pH 7.6) at room temperature. Then TBS containing 0.1% Triton
X-100 was used 2 � 10 min followed by avidin-biotin-complexed-HRP
(ABC-Elite, Vector Laboratories) diluted at 1:200 in 0.05 M TBS contain-
ing 0.1% Triton X-100 overnight at 4°C. Next, the sections were washed
in 0.05 M TBS (2 � 10 min) and 0.05 M Tris-buffer (TB; pH 7.6, 10 min)
and incubated in 0.05% of 3,3-diaminobenzidine (Sigma-Aldrich) in TB
containing 0.0025– 0.005% CoCl2 for 30 min. The chromogen was visu-
alized by adding H2O2 (0.01% at final concentration) to the incubating
medium. After 1–3 min, the reaction was stopped by diluting out the
reagent solution with an excess of TB in succession. Sections were post-
fixated in OsO4 (1% in 0.1 M PB, 45 min; Sigma-Aldrich) and dehydrated
in ascending series of ethanol (10 min each) and 2 � 10 min propylene
oxide (Merck). Finally, the sections were transferred in resin (Durcupan
ACM, Sigma-Aldrich) for overnight, mounted on slides, coverslipped
and cured at 56°C in oven for 24 h (Freund et al., 1989).

Neuron reconstruction. Labeled neurons were reconstructed in
3-dimensions using the Neurolucida reconstruction system (Neurolu-
cida v.5.65) and a Leica DMBR light microscope fitted with a computer
controlled xyz-moving stage (Märzhäuser Wetzlar). For reconstructing
cell bodies, dendrites, axons and axon terminals of each labeled neuron,
two to four consecutive sections were used. Alignment of adjoining sec-
tions was made with the help of least-square fitting algorithm for corre-
sponding cut ends of the labeled structures such as axonal and dendritic
segments (Buzás et al., 1998). Cortical layers were defined based on the
following morpho-histological features: layer 1 is a cell-sparse zone be-
low which is a layer containing pyramidal cells (layer 2/3), with the size of
pyramidal cells progressively increasing toward the bottom of layer 3;
layer 4 contains a high density of small neurons; layer 5 displays the
largest pyramidal cells; and layer 6 being often the thickest layer, which
contains a neuronal population with variable morphology. The type of
labeled neurons was determined using physiological and morphological
criteria in line with the scheme of Ascoli et al. (2008). Figure 1, A and B,
shows examples of reconstructed Martinotti and basket cells and their
electrophysiology.

Identification of cell types: electrophysiological classification
For electrophysiological classification of neurons, we used a combination
of formal classification algorithms and expert classification. For measur-
ing parameters of an AP, we first detected its threshold using two ap-
proaches. In the first “acceleration” approach used in our prior work
(Naundorf et al., 2006; Baranauskas et al., 2010), the threshold was de-
fined as the point at which dV/dt reached 20 mV/ms. In the second
“geometrical” approach, the threshold was defined as the point on the AP
trace that had maximal distance from the line connecting AP peak and a
point on the trace 5 ms before the AP peak. For the formal classification
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we measured the following parameters of APs
and firing patterns. For APs: voltage at the
threshold, at the peak, and at the peak of after-
hyperpolarization (AHP); amplitude ( peak �
threshold); depth of AHP (threshold � AHP
peak); peak-to-AHP voltage ( peak � AHP
peak); and ratio of AP amplitude to AHP am-
plitude (amplitude/depth of AHP). Using the
timing of the threshold, AP peak, and AHP
peak, we calculated: time to peak (timing of the
peak � timing of the threshold), time from AP
peak to AHP peak; and total AP time (timing of
AHP peak � timing of the threshold). We also
calculated the width of AP at 50% amplitude
and at 20% amplitude (Fig. 1). From responses
to depolarizing current steps we calculated AP
amplitude accommodation (ratio of the ampli-
tudes of the last AP in the response to the am-
plitude of the first AP; and ratio of the
amplitudes of the second/first APs), interspike
interval accommodation (the ratio of the last/
first interspike intervals, and the ratio of the
interval between second and third AP divided
by the interval between first and second APs);
average, SD, and coefficient of variation (SD/
mean) of interspike intervals.

For the formal classification, we used a linear
discriminant model (R version 3.4.0, functions
lda and predict; The R Foundation for Statisti-
cal Computing, 2017). We first trained the
model on a subset of neurons (n � 74) consist-
ing of typical representatives of FS, non-FS,
and pyramidal neurons. After training, we run
multivariate classification on all neurons (n �
200). Results of the formal classification were
then compared with the results of expert clas-
sification. After trying different combinations
of the above parameters for classification of
neurons, we have selected the following four:
ratio of AP amplitude to AHP amplitude, AP
width at 20% amplitude, time from the AP
peak to the AHP peak, and coefficient of vari-
ation of interspike intervals (SD/mean). Selec-
tion of these parameters is in agreement with
prior work on formal electrophysiological clas-
sification of cortical neurons (Battaglia et al.,
2013; Druckmann et al., 2013).

Code accessibility. Custom-written software
codes used for data processing are available
upon request (maxim.volgushev@uconn.edu).

Results
Classification of FS versus non-FS inhibitory neurons
The multitude of functions served by inhibition in neocortical
networks is mediated by the great variety of inhibitory neurons.
Functional role of each class of inhibitory neurons is ultimately
determined by a combination of their morphology including
synaptic inputs and axonal projections, electrophysiology and
protein expression. Classes of inhibitory neurons defined by sub-
sets of these features commonly show an overlap, but do not
coincide completely (Kawaguchi and Kubota, 1997; Markram et
al., 2004; Ascoli et al., 2008; Battaglia et al., 2013; Jiang et al., 2015;
Tremblay et al., 2016). Here we classify inhibitory neurons us-
ing electrophysiology and laminar location of the somata,
complemented in some cases with reconstruction of the den-
dritic and axonal field and hence identification of the morpho-
logical type.

From electrophysiological perspective, majority of inhibitory
neurons (Battaglia et al., 2013; Druckmann et al., 2013) can be
attributed to one of the two archetypal classes: FS and non-FS neu-
rons. Figure 1 illustrates a typical non-FS neuron, a Martinotti cell
from layer 4 (Fig. 1A1,B1), and two typical FS neurons, basket cells
from layer 4 and layer 3 (Fig. 1A2,B2 and A3,B3). FS and non-FS
neurons differ by the firing pattern in response to depolarizing cur-
rent steps and by the waveform of the AP (Fig. 1B1 vs B2,B3). Both
classes of interneurons, FS and non-FS, differ from the spikes and
firing patterns of pyramidal neurons (Fig. 1C–E).

For attributing the recorded neurons to electrophysiological
classes of FS or non-FS cells we used a combination of expert
classification and a formal classification algorithm. For formal
electrophysiological classification we used the following AP pa-
rameters (Fig. 1D,E): width at 20% amplitude, time from the AP
peak to the peak of AHP, ratio of AP peak amplitude measured
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Figure 1. Distinct morphology, firing patterns, and AP shapes in FS, non-FS interneurons, and L2/3 pyramidal neurons in rat
visual cortex. A, B, Distinct morphology and electrophysiology of FS and non-FS cells. A Martinotti cell from layer 4 with non-FS
electrophysiology (A1, B1), and two basket cells with FS electrophysiology, a large basket from layer 4 (A2, B2), and a basket cell
from layer 3 (A3, B3). In reconstructions (A1–A3), cell soma and dendrites are shown in blue and axons in red. Traces (B1–B3)
show responses to 250 ms long pulses of suprathreshold depolarizing current (left), 100 ms pulses of threshold current (middle),
and AP waveforms at expanded timescale (right). C, D, Quantification of distinct waveforms of APs in FS, non-FS, and pyramidal
neurons. C, Typical examples of firing patterns in response to a 200 ms near-threshold depolarization pulses and 500 ms suprath-
reshold pulses in FS, non-FS, and pyramidal neurons. D, Characteristic points of APs and parameters measured for their classifica-
tion. Magenta circles show AP threshold and peak, and the peak of AHP. Vertical dashed lines show time of AP peak and AHP peak.
Horizontal dashed lines show potential at the AP threshold, peak, 20% of peak amplitude, and at the peak of AHP. Thick black bars
indicate the magnitude of measured parameters: AP width at 20% amplitude (1), time from AP peak and AHP peak (2), AP
amplitude from the threshold (3), and amplitude of AHP from the threshold (4). E, Comparison of APs in FS, non-FS and L2/3
pyramidal neurons, with parameters 1– 4 color-coded for FS, non-FS, and pyramidal cells.
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from the threshold to the AHP amplitude measured from the
threshold. From responses to depolarizing current steps, we mea-
sured coefficient of variation of interspike intervals (SD divided
by the mean). We found, in correspondence with prior studies
(Battaglia et al., 2013; Druckmann et al., 2013), that these four
parameters have the strongest predictive power and therefore
they were selected for classification of electrophysiological types
of neurons of 19 parameters which we have measured and tested
for formal classification (see Materials and Methods).

For the formal classification, we first trained an algorithm on
typical representatives of FS (n � 53), non-FS (n � 22), and
pyramidal (n � 39) neurons. Scatter plots illustrate clear separa-
tion of pyramidal neurons from inhibitory interneurons (Fig.
2A1), and FS from non-FS cells (Fig. 2B1). After training a linear
discriminant model on this dataset, we run multivariate classifi-
cation on all (n � 200) neurons (R version 3.4.0, functions lda
and predict; The R Foundation for Statistical Computing, 2017).
In the first iteration, we discriminated between pyramidal neu-
rons and interneurons. Scatter plots in Figure 2, A2 and B2, com-
pare results of expert and formal classification. Results of expert
and formal classification were the same in all but 11 cases: 2
expert-classified interneurons and 9 pyramidal neurons were at-
tributed to a different class by the formal algorithm. All neurons
classified as pyramidal by the expert and/or by the formal algo-
rithm were excluded from the following analyses. After using
these rigorous criteria of combined expert and formal classifica-
tion, inhibitory neurons were classified as FS versus non-FS cells
(Fig. 2A3,B3). Inhibitory neurons used for analyzing plasticity,
were attributed to three groups as following: neurons for which
results of expert and formal classification coincided, were attrib-

uted to either FS (1) or non-FS (2) group; neurons for which
expert and formal classification did not agree, were attributed to
a mixed FS/non-FS group (3). Results of plasticity experiments
were analyzed for (1) all inhibitory neurons including the latter
Group 3, and (2) separately for the groups of FS and non-FS
neurons.

Plasticity of excitatory inputs to inhibitory neurons: pairing
procedure induces changes at both paired and unpaired
inputs
We first ask whether a conventional pairing protocol (pre-
before-post-STDP) induces plasticity at excitatory synapses to
inhibitory neurons, and whether plastic changes are restricted to
the stimulated synapses, or also occur in non-stimulated inputs.
We used a weak STDP procedure consisting of 30 pairings of
EPSPs followed by a burst of postsynaptic spikes with 10 ms
interval. Figure 3A shows an example of LTP of excitatory trans-
mission induced in a Martinotti cell (Fig. 3A1) by the STDP
procedure (Fig. 3A2). EPSP amplitude increased in this example
from 1.53 mV in control to 3.07 mV after the pairing (201%, p �
0.001). Potentiation persisted for the length of recording of this
cell (60 min post-pairing; Fig. 3A3). Of 10 cells tested, 5 expressed
significant LTP with average potentiation to 164 � 10% of con-
trol (mean � SEM, n � 5). In two further cells LTD was observed,
and in the remaining three neurons EPSP amplitude did not
change after the pairing. When averaged over all tested neurons,
responses in the paired inputs were potentiated to 129 � 13% of
control (n � 10, t test, p � 0.0514). We observed LTP of the
paired inputs to both FS and non-FS neurons. Notably, plastic
changes were not restricted to the paired inputs. Rather, unpaired
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Chistiakova, Ilin et al. • Plasticity in Cortical Inhibitory Neurons J. Neurosci., August 28, 2019 • 39(35):6865– 6878 • 6869



inputs could also express significant LTP (Fig. 3B) or LTD (Fig.
3C). Despite significant LTP or LTD in individual inputs, re-
sponses to unpaired inputs averaged over all tested neurons did
not show significant changes (110 � 10% of control, n � 10, p �
0.29).

These results show that changes of responses averaged over all
studied neurons are consistent with Hebbian-type input specific
plasticity: potentiation at paired inputs after pre-before-post-
pairing, and no changes of the grand average of all unpaired
inputs. However, plastic changes in individual excitatory inputs
to inhibitory neurons substantially deviate from these general
rules. First, in the paired inputs, a “potentiating” pre-before-post
protocol could induce a depression, or do not lead to any changes
at all. Second, in the unpaired inputs both potentiation and de-
pression were observed, thus providing evidence for heterosyn-
aptic changes occurring in parallel to input-specific plasticity.

One concern in experiments with extracellular stimulation is
independence of tested inputs. If the sets of stimulated presynap-
tic fibers overlap, this may lead to “seemingly-heterosynaptic”
changes that were actually mediated by changes in the synapses
activated by both stimuli. Such a scenario predicts that “het-
erosynaptic” changes at unpaired inputs are of the same sign as
changes in the paired inputs, but of a smaller magnitude. More
generally, changes in occluding inputs to a cell should be posi-
tively correlated. These predictions did not hold for our dataset.
In none of five cells in which paired inputs expressed LTP, the
unpaired inputs were potentiated; in two cells expressing LTD in
the paired inputs, one case of LTP and one case of LTD was

observed in the unpaired inputs. Similar configuration of record-
ing and stimulation electrodes was also used in experiments with
intracellular tetanization (described in the next three sections),
therefore we tested for correlation between synaptic changes
in two test inputs (S1 and S2; see Materials and Methods,
Experimental design: synaptic stimulation) to neurons in
which both S1 and S2 fulfilled inclusion criteria (see Materials
and Methods, Data processing and statistical analysis). No
correlation between changes in the two inputs was found in
these neurons (r � 0.072, n � 90, p � 0.5), indicating that
there was no significant overlap between two tested inputs to
the same neuron in our experiments. Thus, changes at un-
paired inputs were indeed heterosynaptic.

Heterosynaptic plasticity of unitary excitatory inputs to
inhibitory neurons
To verify that heterosynaptic plasticity observed in the above
experiments indeed could be induced without presynaptic acti-
vation we used recordings from monosynaptically connected
neuron pairs. This allowed us to monitor activity of both presyn-
aptic (excitatory) and postsynaptic (inhibitory) neurons, and
control for a possibility of occasional presynaptic spikes which
may potentially lead to a “spurious” pairing (Abraham et al.,
2007). In these experiments we used protocol of intracellular
tetanization, established in our prior studies of plasticity in pyra-
midal neurons (Volgushev et al., 2000; Chen et al., 2013; Chistia-
kova et al., 2015; Bannon et al., 2017). Our prior work showed
that, in pyramidal neurons, intracellular tetanization induces
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strong calcium influx, with the magnitude proportional to the
number of APs (Balaban et al., 2004). This rise in intracellular
calcium concentration is necessary for the induction of het-
erosynaptic plasticity, because plasticity is blocked if the calcium
chelator EGTA (10 mM) is added to the pipette solution (Lee et
al., 2012; Volgushev et al., our unpublished data). We propose
that in inhibitory neurons intracellular tetanization leads to a
similar influx of calcium, which then triggers heterosynaptic
plasticity.

Intracellular tetanization mimics the conditions which un-
paired inputs experience during the pairing procedure. It con-
sisted of 30 bursts of 5 APs induced by bursts of short
depolarizing pulses in the postsynaptic neuron, without presyn-
aptic stimulation. Figure 4A shows an example of one burst of
spikes evoked in the postsynaptic inhibitory neuron, and absence
of spikes in the presynaptic pyramidal neuron. In this and in all
other experiments with paired recordings, no spikes in the pre-
synaptic neuron occurred during intracellular tetanization.

Figure 4B shows example of LTP induced by intracellular tet-
anization in a connection between pyramidal cell and a FS in-
terneuron from layer 3. EPSCs recorded in the FS interneuron
increased from 62 � 2.9 pA in control to 86 � 3.1 pA after
intracellular tetanization (potentiation to 139% of control; p �
0.001). In another experiment, intracellular tetanization induced
LTD in a connection from pyramidal neuron to a non-FS neuron
from layer 3 (Fig. 4C). EPSC amplitudes in the non-FS neuron
were reduced from 118 � 6.8 pA in control to 74 � 2.2 pA
(depression to 63%, p � 0.001). Of the n � 16 unitary pyramid-
to-interneuron connections tested in paired recordings, intracel-
lular tetanization led to plastic changes in 10 cases (7 cases of
potentiation and 3 cases of depression).

These experiments demonstrate that intracellular tetanization
could induce lasting changes at unitary excitatory connections to
inhibitory neurons. The observed plasticity was clearly het-
erosynaptic, as it occurred at synapses that were not activated
during the induction.

Although paired recordings provide a clear case for heterosyn-
aptic plasticity, technical difficulty of plasticity experiments with
connected pairs of neurons makes such experiments impractical

for collecting large data samples. Therefore for the main experi-
mental series with intracellular tetanization, we opted to use EP-
SPs evoked in inhibitory neurons by extracellular stimulation.

Heterosynaptic plasticity of pharmacologically isolated
excitatory inputs to inhibitory neurons
One drawback of extracellular stimulation is that, in line with
activating synaptic inputs to the recorded neuron, it also activates
unknown number of other neurons in the slice. Because the sub-
ject of this study is plasticity of excitatory synapses on inhibitory
neurons, it was important to exclude possible contribution of
changes of inhibition. Although inhibition did not contribute to
the studied synaptic responses directly, as verified by depolariza-
tion/reversal test, extracellular stimulation might activate inhib-
itory neurons that do not make synapses on the recorded
postsynaptic cell, but still release GABA. To confirm that ob-
served plastic changes of excitatory responses are not contami-
nated by changes of inhibition, we performed a series of
experiments with a GABAA-receptor blocker picrotoxin (50 �M)
added to the extracellular solution.

Figure 5 shows a scheme of intracellular tetanization experi-
ments using extracellular stimulation (Fig. 5A) and two examples
of LTP (Fig. 5B,C). In the first example, the amplitude of EPSP in
a FS cell increased from 0.77 mV in control to 1.17 mV after
intracellular tetanization, thus expressing an LTP of 152% (Fig.
5B). Another input to that neuron tested in the same experiment
did not express significant changes after intracellular tetanization
(amplitude 91% of control, data not shown). In the second ex-
ample, an input to another FS cell expressed LTD, with the am-
plitude of EPSP decreasing to 55% of control after the
tetanization, from 3.22 to 1.76 mV (Fig. 5C). Of the 37 pharma-
cologically isolated EPSPs tested in this series, intracellular teta-
nization led to LTP in 9 (24%), LTD in 14 (38%) inputs and did
not induce significant changes of EPSP amplitude in 14 (38%)
inputs. These results show that intracellular tetanization could
induce bidirectional heterosynaptic plasticity in the presence of
GABAA receptor blocker PTX.

Our prior work demonstrated that one of the determinants of
the direction of heterosynaptic changes is initial PPR, which is a
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correlate of presynaptic release mechanisms. However, electrical
stimulation in the presence of blockers of GABAA-mediated in-
hibition tends to evoke polysynaptic responses, which become
especially pronounced with paired-pulse stimulation used in our
study. Indeed, in 9 of 37 inputs included in the above analysis,
responses to the second pulse in the paired-pulse stimulation
paradigm were strongly contaminated by polysynaptic responses
evoked by the first pulse, thus making the calculation of the PPR
unfeasible. Therefore, we opted to do experiments in control
solution, without blocking the GABAA-receptors, and testing for
excitatory nature of recorded responses using depolarization/re-
versal test (see Materials and Methods).

Heterosynaptic plasticity of excitatory inputs to FS and
non-FS neurons
To induce heterosynaptic plasticity we used the protocol of intra-
cellular tetanization, established in our prior work on pyramidal

neurons (Volgushev et al., 2000; Chen et al., 2013; Chistiakova et
al., 2015; Bannon et al., 2017) and verified for excitatory inputs
to inhibitory interneurons in paired-recording experiments
(Fig. 4) and in experiments with presence of GABAA blocker
PTX (Fig. 5).

Figure 6 shows examples of LTP induced by intracellular tet-
anization in FS and non-FS cells. In cells of both types, intracel-
lular tetanization could induce LTP (Fig. 6A1,B1) or LTD (Fig.
6A2,B2), or did not change synaptic transmission at excitatory
synapses to these cells. The frequency of occurrence of LTP and
LTD was, however, significantly different in FS and non-FS cells
(Fig. 6, pie charts). In the n � 142 inputs to n � 93 FS neurons
tested, intracellular tetanization could lead to about equal num-
ber of cases of LTP, LTD, or no changes. N � 45 inputs (32%)
expressed LTP, n � 48 inputs (34%) expressed LTD, and in n �
49 inputs (34%) EPSP amplitudes did not change. In contrast, in
n � 66 tested inputs to n � 39 non-FS neurons intracellular
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tetanization led to LTP more often [31/66 inputs (47%)] than to
LTD [10/66 inputs (15%)]. In 25 of 66 inputs (38%) to non-FS
neurons amplitude of EPSPs did not change after intracellular
tetanization. The difference between FS and non-FS neurons in
the frequency of occurrence of LTP, LTD, or no changes was
significant (� 2 score � 8.64, p � 0.013).

Factors determining the direction of heterosynaptic plasticity
of excitatory inputs to inhibitory neurons
In both FS and non-FS neurons the direction and the magnitude
of synaptic changes were significantly correlated with initial PPR
(Fig. 7A; FS: r � 0.23, n � 142, p � 0.0059; non-FS: r � 0.56, n �
66, p � 0.0001; all inhibitory neurons, including FS, non-FS, and
mixed FS/non-FS group pooled together: r � 0.34, n � 233, p �
0.0001). PPR, calculated as the ratio of averaged amplitudes of
responses to the second and the first pulses applied with a 50 ms
interval, is inversely related to the release probability, and is
broadly used to assess the state of presynaptic release mechanisms
(Voronin, 1993; Murthy et al., 1997; Oleskevich et al., 2000).
Correlation of LTP changes with initial PPR indicates that after
intracellular tetanization, inputs with initially lower release prob-
ability (high PPR) tended to underdo LTP, whereas inputs with
initially higher release probability (low PPR) tended to undergo
LTD or did not change.

To further evaluate possible factors that may determine het-
erosynaptic plasticity we analyzed a linear model, in which the
change of EPSP amplitude after intracellular tetanization was
considered a response, and cell type (FS or non-FS), layer, animal
age on a day of slice preparation, and parameters of EPSP in
control (amplitude, slope, latency, and PPR) were considered
predictors. In the model which included all seven of the above
predictors (FDF(7,159) � 6.218, p � 0.001) the strongest predictor
was the initial PPR (t � 4.989, p � 0.001), followed by the EPSP
slope (t � 2.715, p � 0.0074). Predictive power of the remaining
factors (cell type and layer, animal age, EPSP amplitude, and
latency) was not significant (p � 0.1; function lm, R version 3.4.0;

The R Foundation for Statistical Computing, 2017). For subsets
of each size the optimal combination of predictors that mini-
mized the residual error (function regsubsets in the library leaps)
always included the PPR. EPSP slope was the second-most fre-
quent predictor. Interestingly, there was no significant correla-
tion between EPSP amplitude change and initial slope for the
whole sample (r � �0.026, n � 233, p � 0.1) as well as for FS
neurons (r � 0.124, n � 142, p � 0.1); however, within the group
of non-FS neurons there was a significant negative correlation
(r � �0.31, n � 66, p � 0.0102).

Although cortical layer was not a significant predictor of EPSP
amplitude change after intracellular tetanization, there were sig-
nificant correlations between EPSP amplitude change and layer
for the groups of non-FS neurons (r � 0.31, n � 66, p � 0.0116)
and FS neurons (r � 0.173, n � 142, p � 0.0395) when consid-
ered separately (Fig. 8A). For all inhibitory neurons pooled to-
gether, however, there was no significant correlation (r � 0.104,
n � 233, p � 0.113).

There was no significant correlation between animal age and
heterosynaptic plasticity. Scatter plot of EPSP amplitude change
against age did not reveal age dependence (Fig. 8B), and correla-
tion coefficients for FS neurons (r � 0.011, n � 142), non-FS
neurons (r � �0.176, n � 66), and all inhibitory neurons pooled
(r � �0.009, n � 233), were nonsignificant (p � 0.1 for all 3). We
note here that studying age dependence of heterosynaptic plas-
ticity was of scope of present study, and the results were obtained
chiefly from animals between P19 and P30 [206/233 inputs
(88%)].

The above analyses revealed that, among the analyzed param-
eters, the initial PPR was the strongest predictor of the direction
and magnitude of EPSP amplitude changes after intracellular tet-
anization. We refer to the correlation between initial PPR and
direction of heterosynaptic changes as “weight-dependence” of
plasticity (Volgushev et al., 1997; Chistiakova et al., 2015; Bannon
et al., 2017). This terminology follows experimental studies that
established weight-dependence of synaptic plasticity in cultured
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hippocampal neurons (Bi and Poo, 1998; Debanne et al., 1999).
Synaptic weight in these studies was measured as amplitude of
averaged EPSPs, which is a product of release probability, quantal
size and the number of release sites. In our study we measured a
correlate of synaptic weight, PPR, which is inversely proportional
to the release probability and thus to synaptic weight. Note that
synaptic weight defined as above combines “reliability” of a syn-
apse (determined by presynaptic release probability) and “synap-
tic efficacy” (postsynaptic effect of released transmitter), which
are often considered separately.

Distinct features of synaptic transmission and heterosynaptic
plasticity in FS and non-FS neurons
Excitatory transmission to FS and non-FS neurons differed, how-
ever, in several important aspects.

First, in control, before intracellular tetanization, inputs to
non-FS neurons expressed significantly higher PPRs than inputs
to FS neurons (1.90 � 0.16, range 0.15. . . 5.3, n � 66 non-FS vs
0.9 � 0.03; range 0.17. . . 2.1, n � 142 FS; p � 0.0001). This
conclusion is supported by analysis of a linear model, in which
the initial PPR was considered a response, and measured electro-
physiological parameters characterizing cell type (cell type, FS, or
non-FS; the amplitude, AHP, and width of APs) and postsynaptic
response (slope and latency) were considered predictors (func-
tion lm, R version 3.4.0; The R Foundation for Statistical Com-
puting, 2017). Cell type was the strongest predictor of the PPR

(t � 4.72, p � 0.001). For subsets of each size, the optimal com-
bination of predictors that minimized the residual error (func-
tion regsubsets in the library leaps) always included cell type.
Further, initial PPR strongly correlated with cell type (r �
�0.342, n � 201, p � 0.001). Next strongest predictor of initial
PPR was the slope of EPSP (t � �3.87, p � 0.001). Possible
reason for this relation could be that EPSP slope was correlated
with cell type (r � �0.184, n � 208, p � 0.0078), and was differ-
ent between FS and non-FS neurons (1.04 � 0.07 mV/ms in FS, vs
0.74 � 0.07 in non-FS, p � 0.013).

Second, inputs to non-FS neurons expressed LTP more
frequently, and LTD less frequently, than inputs to FS neurons
(Fig. 7B). LTP was observed in 47% of inputs to non-FS cells
(31 of 66), but in 32% of inputs to FS neurons (45 of 142). LTD
occurred in 15% of inputs to non-FS cells (10/66) but in 34%
of inputs to FS neurons (48/142). For comparison, in pyrami-
dal neurons (data from our prior study, Volgushev et al.,
2016), frequency of occurrence of LTP (32% of cases) and
LTD (36% of cases), was similar to that in FS neurons but
significantly different from the frequency of LTP and LTD in
non-FS neurons (Fig. 7B).

Third, the net effect of intracellular tetanization on excitatory
synaptic transmission to non-FS neurons was potentiation to
116 � 4.9% of control (n � 66, p � 0.001). This net potentiation
stands in a marked contrast to balanced synaptic changes induced
by intracellular tetanization in FS neurons (106 � 3.7% of con-
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Figure 8. Properties of heterosynaptic plasticity of excitatory transmission to inhibitory neurons induced by intracellular tetanization. Each point represents data for one tested synaptic input to
FS (red diamonds or dashes; n � 142) or non-FS (green circles or dashes; n � 66) cells. A, B, Heterosynaptic plasticity involves presynaptic mechanisms. In both, FS and non-FS neurons, changes
of EPSP amplitude after intracellular tetanization were significantly correlated with changes of the PPR (A) and changes of the CV �2 (B). C, Changes of EPSP amplitude after intracellular tetanization
in inhibitory neurons from different layers. For each layer, data points are slightly shifted to the left for FS neurons (red), and to the right for non-FS neurons (green). Significant correlation was
observed only for non-FS neurons. D, Changes of EPSP amplitude after intracellular tetanization in inhibitory neurons recorded in slices from animals of different age. For each day, data points are
slightly shifted to the left for FS neurons (red), and to the right for non-FS neurons (green). Neither in FS nor in non-FS neurons were the EPSP amplitude changes correlated with age. A–D, Dotted
lines show linear regression trend lines; correlation coefficients are shown for significant correlations only, with significance denoted as *p � 0.05, **p � 0.01, ***p � 0.001.
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trol, n � 142, p � 0.1) or in pyramidal neurons (106 � 4% of
control, n � 136, p � 0.1; data from Volgushev et al., 2016; Fig.
7D). Note that this difference in the net outcome of heterosyn-
aptic plasticity induced by intracellular tetanization was because
of the more frequent occurrence of LTP in non-FS interneurons,
and not to a larger magnitude of LTP in individual connections.
The magnitude of potentiation at individual inputs was not dif-
ferent in FS (151 � 4.6% of control, n � 45 cases of LTP) and
non-FS neurons (149 � 5.6%, n � 31 cases of LTP; Fig. 7C). Also,
magnitude of significant LTD was similar: inputs to FS cells were
depressed to 56 � 3.1% of control (n � 48 cases of LTD) and
inputs to non-FS cells were depressed to 59 � 4.8% of control
(n � 10 cases of LTD).

One further difference between FS and non-FS cells was the
correlation of EPSP amplitude changes after intracellular tetani-
zation and EPSP slope, mentioned in the section Factors deter-
mining the direction of heterosynaptic plasticity above. In
non-FS neurons, EPSP amplitude changes were negatively corre-
lated with the initial EPSP slope (r � �0.31, n � 66, p � 0.0102).
In FS neurons there was no such correlation (r � 0.124, n � 142,
p � 0.1).

Heterosynaptic plasticity in FS and non-FS neurons involves
presynaptic mechanisms
EPSP amplitude changes induced by intracellular tetanization
were associated with changes of two indices of presynaptic re-
lease: PPR and inversed coefficient of variation (CV�2). In both
FS and non-FS neurons, changes of the PPR were negatively cor-
related with the changes of response amplitude in FS neurons
(r � �0.47, p � 0.001), non-FS neurons (r � �0.57, p � 0.001;
Fig. 8C), and for all inhibitory neurons pooled together (r �
�0.50, p � 0.001). Changes of the inverse CV�2 were positively
correlated with response amplitude changes (Fig. 8D; r � 0.41,
p � 0.001 for FS; r � 0.36, p � 0.003 for non-FS; and r � 0.43, p �
0.001 for pooled interneurons). Changes of PPR and changes of
CV�2 were significantly correlated for FS (r � �27, p � 0.0011),
non-FS (r � �0.35, p � 0.0044), and for the whole sample of
interneurons (r � �0.31, p � 0.001) demonstrating that two
presynaptic indices changed coherently. The conclusion on in-
volvement of presynaptic mechanisms in heterosynaptic plastic
changes is supported by analysis of the linear model that consid-
ers EPSP amplitude change a response (dependent variable) and
cell type, layer, animal age, initial EPSP parameters (amplitude,
slope, latency and PPR), and changes of PPR and CV�2 as pre-
dictors. Changes of PPR and changes of CV�2 were the strongest
“predictors” of EPSP amplitude changes (t � �4.029, p � 0.001;
and t � 3.683, p � 0.001, respectively, function lm in R). Next
strongest predictor of EPSP amplitude change was initial PPR
(t � 3.635, p � 0.001), consistent with the weight-dependence of
heterosynaptic plasticity described above. These three factors
were present in all (PPR-change), all but one (CV�2 change) and
all but two (initial PPR) subsets minimizing the residual error
(function regsubsets in the library leaps). Note that neither lami-
nar location nor age were significant predictors of EPSP ampli-
tude change in this model (t � �0.11 and t � �0.01; p � 0.9 for
both).

The above analyses indicate that potentiation was associated
with an increase, and depression with a decrease of release prob-
ability, and thus heterosynaptic plasticity was partially expressed
presynaptically. Furthermore, correlation between PPR change
and initial PPR (r � �0.344, p � 0.001 for FS; r � �0.479, p �
0.001 for non-FS; r � �0.285, p � 0.001 for pooled interneu-
rons) suggests that involvement of presynaptic mechanisms in

expression of heterosynaptic LTP or LTD correlated with the
initial state of release mechanisms.

Discussion
We describe a novel form of plasticity of excitatory synapses on
inhibitory neurons; weight-dependent heterosynaptic plasticity.
Recordings from connected pyramid-to-interneuron pairs con-
firm that purely-postsynaptic protocols without spikes in the pre-
synaptic cell can induce plasticity, which is thus heterosynaptic.
Heterosynaptic changes accompany homosynaptic plasticity in-
duced by conventional STDP-protocols. In both FS and non-FS
neurons heterosynaptic plasticity was weight-dependent.

Homosynaptic plasticity in inhibitory neurons
Prior research demonstrated that excitatory synapses on inhibi-
tory neurons are plastic, and revealed highly heterogeneous rules
and conditions for induction of plasticity in diverse types of
interneurons.

In the hippocampal CA1, plasticity of excitatory synapses on
FS interneurons from stratum pyramidale lacked the input-
specificity, and both homo and heterosynaptic sites could express
LTP, LTD, or no changes (Cowan et al., 1998). In contrast, excit-
atory synapses to interneurons in strata radiatum and oriens ex-
pressed strictly input-specific plasticity, either Hebbian-type in
stratum radiatum, or “anti-Hebbian” in stratum oriens (Lamsa et
al., 2005, 2007).

In mouse visual or somatosensory cortex, excitatory inputs to
FS neurons expressed mGluR5-dependent LTP in control condi-
tions (Sarihi et al., 2008) or only in the presence of �1 and �
adrenergic agonists (Huang et al., 2013). No LTP was found in
non-FS interneurons (Sarihi et al., 2008). However, in SST-
expressing neurons, a NMDA-independent LTP was found in
control (Chen et al., 2009), and regular STDP when both adren-
ergic and NMDA-receptors were activated (Huang et al., 2013).
In somatosensory cortex of rat pups, regular STDP was found in
LTS (non-FS) neurons, whereas only LTD could be induced in FS
cells (Lu et al., 2007). Strong potentiation of L4 star pyramid
connections to FS neurons was found after visual deprivation
(Maffei et al., 2006), though detail of activity patterns inducing
this plasticity remain undefined.

Our results add novel observations to this mosaic, showing
that excitatory inputs to both FS and non-FS neurons can express
LTP after pairing procedure. The vast diversity of experimental
conditions: species (rats, mice), age (P13–P56), cortical regions
(hippocampus, visual, somatosensory), and induction protocols
(afferent tetanization, pairing or deprivation during develop-
ment) prevents across-the-board comparisons between existing
studies. Although further research is needed to clarify all the fac-
tors underlying the observed diversity of plasticity rules, one
emerging factor is the identity of presynaptic and postsynaptic
neurons. Plasticity rules can be cell-type-specific, and even
connection-specific (Larsen and Sjöström, 2015). Dependence of
heterosynaptic plasticity on initial PPR revealed in the present
study supports that latter proposition, indicating that initial state
of release mechanisms is a crucial factor contributing to the ob-
served diversity of plasticity at excitatory synapses to inhibitory
neurons.

Heterosynaptic plasticity in inhibitory neurons
We found that heterosynaptic plasticity can be induced at excit-
atory synapses to inhibitory neurons and is weight-dependent.
These results extend our prior work on heterosynaptic plasticity
in pyramidal neurons (Volgushev et al., 2000; Lee et al., 2012;
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Chen et al., 2013; Volgushev et al., 2016; for review, see Chistia-
kova et al., 2014, 2015) in several important ways.

Paired recordings from pyramid-to-interneuron connections
provide a clear demonstration of heterosynaptic plasticity. Long-
term changes could be induced by purely-postsynaptic intracel-
lular tetanization with documented absence of spikes in the
presynaptic cell during the induction. Interestingly, a develop-
mental study of plasticity in layer 4 of visual cortex found that in
reciprocally-connected FS interneurons and star pyramids (n �
7), high-frequency firing of FS neuron induced LTP in pyramid-
to-FS synapses in slices from P22–P23 rats (Lefort et al., 2013).
Note that induction protocol used by Lefort et al., 2013 (10 APs at
20 Hz; 10 times at 0.1 Hz) was similar to intracellular tetanization
which we used. Heterosynaptic changes at unpaired inputs dur-
ing STDP-pairing confirm our conclusion from studying L2/3
pyramids that heterosynaptic changes are induced by conven-
tional plasticity-induction protocols (Volgushev et al., 2016).

Moreover, despite a broad variety of interneuron types (Batta-
glia et al., 2013; Druckmann et al., 2013) and type-specific rules
for homosynaptic plasticity (Lu et al., 2007; Sarihi et al., 2008;
Chen et al., 2009; Huang et al., 2013), we found weight-
dependence of heterosynaptic plasticity, both within FS and
non-FS types, and in all interneurons pooled together. Together
with our prior work on pyramidal neurons and computer simu-
lations (Chen et al., 2013) the present results demonstrate that
weight-dependent heterosynaptic plasticity is a widespread phe-
nomenon, which could play a role of universal homeostatic
“brakes” preventing runaway dynamics at excitatory synapses
(Chistiakova et al., 2015). Such constraints allow learning net-
works to benefit from a broad variety of plasticity rules, STDP
windows, and activity patterns, while at the same time robustly
maintaining stable regime of operation.

The weight-dependence of heterosynaptic changes has one
further important implication. It demonstrates that excitatory
synapses at inhibitory neurons exhibit dispositions for potentia-
tion or depression, much like synapses at pyramidal neurons do
(Volgushev et al., 1997). Because synaptic weight and release
probability are products of prior plastic changes, the dispositions
reflect the dependence of plasticity on the history of changes;
metaplasticity (Abraham and Bear, 1996).

Interestingly, although heterosynaptic plasticity was weight-
dependent in all interneurons, it had different net effect in FS and
non-FS cells. In FS neurons, heterosynaptic changes were bal-
anced: the gross average of amplitude changes in n � 142 inputs
was not different from pre-induction control. In contrast,
non-FS neurons (n � 66 inputs) expressed net potentiation. This
difference could be because of higher initial PPR in non-FS neu-
rons, observed here and consistently reported in prior studies
(Silberberg et al., 2005; Lu et al., 2007). Difference in initial PPR
and in net effects of heterosynaptic changes after episodes of
strong activity may be related to diverse network roles of FS and
non-FS neurons.

Most FS neurons are PV-expressing basket and chandelier
cells targeting pyramidal neurons and controlling horizontal
spread of activity (Bacci et al., 2005; Silberberg et al., 2005; Hu et
al., 2014; Jiang et al., 2015; Cardin, 2018). Low PPR at excitatory
inputs to FS neurons accentuates their response to the first
spike in a train (Tsodyks and Markram, 1997). As a result,
precisely synchronized inputs activate FS neurons effectively
and rapidly. Indeed, FS neurons are involved in generation of
high-frequency oscillations and maintenance of large-scale
excitation/inhibition balance in neuronal networks (Cardin et
al., 2009; Sohal et al., 2009; Allen and Monyer, 2015). Balanced

heterosynaptic changes in FS neurons would help to keep
overall excitation/inhibition balance and balanced regime of
operation of cortical networks, while allowing for local redis-
tribution of activity and synchronization.

Non-FS cells belong to diverse morphological classes, includ-
ing bipolar, bitufted, neurogliaform, and Martinotti cells (Kawa-
guchi and Kubota, 1997; Silberberg et al., 2005; Jiang et al., 2015;
Tremblay et al., 2016). An overall potentiating effect of het-
erosynaptic plasticity may help non-FS neurons to preserve very
weak synapses (with high PPR, low release probability) from fur-
ther weakening and eventual elimination because of Hebbian-
type plasticity. A decrease in PPR associated with potentiation
shifts the bulk of response toward earlier spikes in a train
(Markram and Tsodyks, 1996), leading to earlier activation of
inhibitory neurons during episodes of excessive activity. Net po-
tentiation after such episodes by the mechanism of heterosynap-
tic plasticity will help to engage non-FS cells (e.g., Martinotti cells
controlling vertical spread of activity in a column; Bacci et al.,
2005; Adesnik and Scanziani, 2010; Cardin, 2018) earlier, and
thus more effectively counteract overexcitation of the column.
Because many non-FS cells contact other inhibitory neurons (Ji-
ang et al., 2015), their activation may have complex effects on
inhibition and activity in the column.

Outlook
Differential net effects of heterosynaptic plasticity in FS and
non-FS neurons add a new level of complexity in regulation of
cortical inhibition. We propose that in FS neurons, weight-
dependent heterosynaptic plasticity can play a role of homeo-
static brakes preventing extreme changes at excitatory inputs,
similar to its role in excitatory neurons. In non-FS neurons, het-
erosynaptic plasticity may help to maintain operation of inhibi-
tory system in a different way: preventing low-probability
synapses from elimination by Hebbian-type plasticity, and thus
keeping functional inhibitory neurons activated by such syn-
apses. Because low-probability synapses tend to be facilitatory
(Markram et al., 1998; Lu et al., 2007) such neurons may serve as
brakes activated by excessive firing in the network.

The present results expose a number of questions requiring
further research. What are the specific mechanisms of induction
and expression of weight-dependent heterosynaptic plasticity in
different types of inhibitory cells? Which retrograde signaling
systems are mediating presynaptic components of heterosynaptic
changes? Primary candidates here are cannabinoid and metabo-
tropic receptors (Bacci et al., 2005; Sarihi et al., 2008) and NO-
system. Indeed, our prior work demonstrated that NO-system is
involved in retrograde signaling during induction of heterosyn-
aptic plasticity in pyramidal neurons (Volgushev et al., 2000),
and inhibitory neurons are known to express NO-synthase (Es-
trada and DeFelipe, 1998; Kubota et al., 2011). Here we show that
heterosynaptic changes accompany the induction of homosyn-
aptic plasticity; however, how these forms of plasticity interact,
and what mechanisms mediate their interaction in cortical in-
terneurons remains to be clarified. Ultimately, understanding
how diverse forms of plasticity in specific classes of inhibitory
neurons shape diverse inhibitory systems serving distinct func-
tional roles in neuronal networks will be a necessary step toward
understanding normal function and causes for dysfunction of
cortical inhibition.
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