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Abstract
Cultured hippocampal neurons represent the most widely used experimental substrate for in vitro electrophysiological studies.
Nevertheless, in most cases, the nature of neuron under study is not identified as excitatory or inhibitory, or even worse, recorded
neurons are considered as excitatory because of the paucity of GABAergic interneurons. Thus, the definition of reliable criteria able to
guarantee an unequivocal identification of excitatory and inhibitory cultured hippocampal neurons is an unmet need. To reach this goal,
we compared the electrophysiological properties and the localization and size of the axon initial segment (AIS) of cultured hippocampal
neurons, taking advantage from GAD67-GFP knock-in mice, which expressing green fluorescent protein (GFP) in gamma-
aminobutyric acid (GABA)–containing cells, allowed to unambiguously determine the precise nature of the neuron under study. Our
results demonstrate that the passive electrophysiological properties, the localization and size of the AIS, and the shape and frequency of
the action potential (AP) are not reliable to unequivocally identify neurons as excitatory or inhibitory. The only parameter, related to the
shape of the single AP, showing minimal overlap between the sample-point distributions of the two neuronal subpopulations, was the
AP half-width. However, the estimation of the AP failure ratio evoked by a short train of high-current steps applied at increasing
frequency (40–140 Hz) resulted to be indisputably the safer and faster way to identify the excitatory or inhibitory nature of an unknown
neuron. Our findings provide a precise framework for further electrophysiological investigations of in vitro hippocampal neurons.
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Introduction

The hippocampus plays fundamental functional roles in cog-
nition, learning, and memory [1]. However, the complexity of

this structure makes it challenging to manipulate and analyze
in vivo. One of the most well-established and widely used
techniques for the study of hippocampal neurons is the prima-
ry dissociated cell culture system obtained from embryonic [2]
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or postnatal [3] rat or mouse brain. This approach allows neu-
rons to be cultured in vitro in a far less complex environment
than that used in vivo, making them highly accessible to phys-
iological and pharmacological manipulations. In culture, hip-
pocampal cells develop by expressing neuronal antigens and
acquiring mature neuronal morphologies, including high dif-
ferentiation of the axons, increasing the complexity of dendrit-
ic tree, and synapse formation and maturation. This method-
ology, coupled with advanced electrophysiological technolo-
gies and manipulation of gene expression, is suitable for dis-
secting out various aspects of molecular and cellular mecha-
nisms that underlie long-term processes of functional differ-
entiation and degeneration of the neuronal networks. Cultured
neuronal networks allow us to study relatively late events such
as synaptogenesis and various forms of synaptic and intrinsic
plasticity that develop in response to long-lasting (hours/days)
electrical or chemical treatments that would be otherwise not
possible in acute brain slices.

In this respect, dissociated hippocampal neurons obtained
from rat/mouse embryos (E16-18) or pups (P0-3) unquestion-
ably represent the most widely used experimental substrate.
Two major classes of neurons constitute the hippocampal neu-
ronal networks: the excitatory glutamatergic and the inhibitory
GABAergic neurons. Nevertheless, in most cases, the differ-
ent neuronal subtypes are not exactly discerned, or are consid-
ered roughly all excitatory neurons, because it is widely ac-
cepted that excitatory glutamatergic neurons represent approx-
imately 80% of the entire neuronal population.

Moreover, even when a distinction is attempted, it is often
based on a non-specific morphological analysis of the soma
shape and/or dendritic tree complexity. This approach is ob-
viously subjective and poorly reproducible. However, the
identification of the true excitatory or inhibitory nature of
the specific neuron under analysis is mandatory for the correct
interpretation of the electrophysiological data.

Most studies describing changes in frequency, amplitude,
and kinetics of spontaneous miniature excitatory or inhibitory
postsynaptic currents (mEPSCs or mISPCs) are conducted on
neurons whose excitatory or inhibitory nature is uncertain.
Nevertheless, it is now clear that the postsynaptic nature of
the neuron reached by a specific synaptic contact determines
the strength and plasticity properties of the synapse, and its
sensitivity to both endogenous and exogenous modulators [4].

The aim of this paper is the development of an easy and
rapid approach to unambiguously distinguish glutamatergic
from GABAergic cells in primary cultures of hippocampal
neurons. We analyzed passive and active membrane proper-
ties, localization, and size of the axon initial segment (AIS) in
GFP-negative (GFP−) glutamatergic and GFP-positive (GFP+
) GABAergic hippocampal neurons obtained from knock-in
mice expressing GFP under the control of the glutamate de-
carboxylase 67 (GAD67) endogenous promoter [5, 6]. We
demonstrate that the action potential (AP) half-width and the

firing frequency reached in response to a train of repetitive
stimulation represent the two main parameters, related to the
intrinsic properties of the neurons, allowing a fast and reliable
identification of the excitatory or inhibitory nature of in vitro
hippocampal neurons.

Results

Fluorescent-Activated Cell-Sorting Analysis
of GAD67-GFP Hippocampal Neurons

The use of GAD67-GFP mice offers the advantage to optical-
ly identify live GFP+ GABAergic interneurons and GFP−
glutamatergic excitatory neurons. Previous data have shown
that the large majority of the GFP+ cells express GABAergic
markers in GAD67-GFP knock-in mice [5, 7, 8] and patch-
clamp recording showed that all GFP+ neurons were function-
ally GABAergic [9]. However, our recent results [10] revealed
that in primary GAD67-GFP hippocampal neurons, a fraction
of excitatory dentate gyrus granule neurons are moderately
GFP+ because of the ability to express significant levels of
GAD67, as also previously observed by others [11–13].

To clarify this aspect, we used fluorescence-activated cell
sorting (FACS) to analyze cells obtained from the enzymatic
and mechanical dissociation of GAD67-GFP and wild-type
(WT) littermates (P0-P1) hippocampi. In the plot of the for-
ward scatter area (FSC-A; proportional to the event size) vs
the side scatter area (SSC-A; proportional to the event inner-
complexity), each dot represents a single flow cytometry sig-
nal (counts), represented by cells, cellular debris, or cell
clumps/doublets passing through the laser beam (Fig. 1a).
The region of interest (ROI) named P1 eliminates most of
the cellular debris (characterized by very low FSC-A values)
and part of the cell clumps (characterized by large FSC-A and
SSC-Avalues). A further ROI (P2) was depicted on the scatter
plot of the side scatter width (SSC-W) vs the side scatter

Fig. 1 FACS analysis of GAD67-GFP primary hippocampal neurons. a
Scatter plot of the forward scatter area (FSC-A) vs the side scatter area
(SSC-A). The blue line defines the region of interest (ROI) named P1,
selecting putative single cells subsequently plotted in panel b. b Scatter
plot of the side scatter width (SSC-W) vs side scatter height (SSC-H) of
the putative cells selected by P1 ROI. A further ROI (P2) was depicted on
this scatter plot to completely eliminate cell clumps and cell doublets
characterized by high SSC-W. The described approachwas the same used
on both WT and GAD67-GFP to isolate events only representing single
cells. c, d Representative final scatter graphs of the cell size (FSC-A) vs
GFP fluorescent intensity (GFP-A) for bothWT (c) and GAD67-GFP (d)
cells. e–fHistograms of the distribution of the fluorescence density (fluo-
rescence intensity/FSC-A) values for both WT (e) and GAD67-GFP (f)
cells. g Graph showing the subtraction of the WT profile (blue) from the
GAD67-GFP histogram (pink), highlighting the distribution of the GFP-
positive cells (green). h Box plot showing the mean percentage of GFP+
cells in our preparations (n = 4 different cell culture preparations)

b
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height (SSC-H) of the P1 counts, to eliminate the further cell
clumps/doublets characterized by high SSC-W values (Fig.
1b).

The described approach was used on both WT (Fig. 1c)
and GAD67-GFP neurons (Fig. 1d) to isolate single-cell
events that were plotted in a final scatter graph, showing
the cell size (FSC-A) vs GFP fluorescent intensity (GFP
intensity). For a more accurate distinction of the GFP+ and
GFP− cells, the GFP fluorescence intensity was divided by
the respective FSC-A value (cell size), obtaining an esti-
mation of the GFP density for each cell, and subsequently
normalized to the maximum fluorescence density. The dis-
tribution of the GFP fluorescence density of cells obtained
from WT hippocampi (Fig. 1e) consisted in sharp Gaussian
curve showing very low levels of autofluorescence (always
below 0.012 a.u.). On the contrary, the distribution of the
fluorescence density of GAD67-GFP cells (Fig. 1f) was
bimodal, with a second Gaussian curve centered at higher
GFP density values. After subtraction of the WT profile
from the GAD67-GFP histogram, a distribution histogram
of the GFP+ cells was obtained. This analysis showed that
GFP+ cells represent about 20% of the total number of
cells (neurons and glial cells) and display fluorescence
densities varying from 0.02 to 0.1 (a.u.), with a fivefold
range between the extremes (Fig. 1g, h). This result dem-
onstrates the existence of a significant heterogeneity in the
expression of GFP, and thereby of GAD67.

Characterization of Cultured GAD67-GFP
Hippocampal Neurons

In order to precisely identify excitatory or inhibitory cultured
hippocampal neurons obtained from GAD67-GFP pups (P0-
P1), we used both immunocytochemistry of low-density hip-
pocampal neurons and patch-clamp recordings of synaptic
transmission in autaptic hippocampal neurons.

Low-density hippocampal neurons (12–16 div) were
immunostained for MAP-2, a neuron-specific marker, and
Prox1, a transcription factor selectively expressed in ma-
ture granule cells of the dentate gyrus [14], while the ex-
pression of GAD67 was evaluated based on the endoge-
nous fluorescence of GFP (Fig. 2a). Since both the GFP
and the GAD67 genes in the GAD67-GFP knock-in mice
are identically controlled, the parallel GFP protein expres-
sion accurately reflects the expression of GAD67 in
GABAergic neurons [15, 16]. As expected, the distribution
histogram of the GAD67-GFP intensity revealed the exis-
tence of three distinct neuronal subpopulations. In addition
to the vast majority of GFP− (putatively excitatory) neu-
rons (GFP intensity < 0.6 a.u.: GFP−), other two neuronal
subpopulations clearly appeared, constituted by neurons
moderately (0.6 < GFP intensity < 1.5 a.u.; GFP+) or in-
tensively (1.5 < GFP intensity < 2.5 a.u.; GFP++) positive

for GAD67 (Fig. 2b). Then, we investigated expression of
Prox1, a transcription factor constitutively expressed in the
dentate gyrus granule cells.

The study of GAD67-GFP vs Prox1-CFP intensities
highlighted a more complex scenario (Fig. 2c). Indeed,
while GAD67-intensively positive neurons were all
Prox1-negative, in both GAD67-negative neurons and
GAD67-moderately positive neurons, we identified the
presence of Prox1-positive neurons (Fig. 2c). Thus, the
GFP expression level clearly distinguishes the excitatory/
inhibitory nature only for those neurons that are negative
or intensively positive for GFP. Indeed, a subpopulation of
neurons moderately GFP-positive exists that comprises a
mix of excitatory granule cells and inhibitory GABAergic
neurons (Fig. 2d).

Fig. 2 Heterogeneity of the neuronal populations in GAD67-GFP prima-
ry hippocampal neurons. a Representative confocal images of low-
density hippocampal neurons stained for Prox1 (left) and MAP2 (right).
The middle panel shows GFP expressed in the soma and dendrites of
GAD67-GFP neurons. In these images, four subpopulations of neurons
can be identified: (i) Prox1-negative, GAD67-GFP-intensively positive
neurons (green circle); (ii) Prox1-negative, GAD67-GFP-moderately
positive neurons (yellow circle); (iii) Prox1-positive, GAD67-GFP-
negative neurons (blue circle); and (iv) Prox1-negative GAD67-GFP-
negative neurons (white circle). Scale bar, 15 μm. b Accordingly, the
distribution histogram of the GFP fluorescent intensity, three distinct
neuronal subpopulations can be identified: (i) a vast majority of
GAD67-negative cells (GFP−; GFP intensity < 0.6 a.u.), (ii) neurons
moderately positive to GAD67-GFP (GFP+; 0.6 < GFP intensity <
1.5 a.u.), and (iii) neurons intensively positive to GAD67-GFP (GFP++
; 1.5 < GFP intensity < 2.5 a.u.). c Scatter plot showing the distribution of
the staining intensities of Prox1 vs GAD67-GFP in low-density neurons.
Each spot represents an individual neuron. Five subpopulations are clear-
ly identified: (i) inhibitory neurons strongly positive to GAD67-GFP and
negative to Prox1 (dark green spots), (ii) additional putative inhibitory
neurons moderately positive to GAD67-GFP and negative to Prox1 (light
green spots), (iii) excitatory neurons negative for GAD67 and Prox1
(black spots), (iv) putative excitatory granule cells moderately positive
to GAD67-GFP and positive for Prox1 (blue spots), and (v) putative
excitatory granule cells negative to GAD67-GFP and positive for Prox1
(violet spots). d Bar plot of the mean GAD67-GFP fluorescence intensity
of the five neuronal subpopulations described in c. Data are shown as
means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA/
Tukey’s multiple comparison test. (e1-5) On the left, representative phase
contrast microphotographs (left panels) and fluorescence images of
autaptic neurons analyzed for GAD67-GFP (middle panels) and Prox1
(right panels). On the right, the same autaptic neurons were previously
patch-clamped to evoke postsynaptic currents (PSCs) (stimulation proto-
col in the inset) that were pharmacologically characterized using CNQX
(10 μM) and BIC (30 μM). The stimulation artifacts were blanked for
clarity. From top to bottom: (e1) an excitatory autaptic neuron negative
for GAD67 and Prox1, whose ePSCs were fully blocked by CNQX; (e2)
an autaptic granule cell negative for GAD67 and positive for Prox1,
whose ePSCs were fully blocked by CNQX; (e3) an inhibitory autaptic
neuron highly positive for GAD67 and negative for Prox1, whose ePSCs
were fully blocked by BIC; (e4) an inhibitory autaptic neuron moderately
positive for GAD67 and negative for Prox1, whose ePSCs were fully
blocked by BIC; (e5) a granule cell moderately positive for GAD67 and
positive for Prox1, whose ePSCs were fully blocked byCNQX. Scale bar,
15 μm

b
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Next, we studied synaptic transmission in GAD67-GFP
autaptic cultured hippocampal neurons (10–14 div) where
Prox1 expression was retrospectively evaluated by immu-
noassay. Autaptic neurons offer the fundamental advantage
of recording synaptic currents from a defined and homo-
geneous population of synapses. Patch-clamp recordings
were used to record evoked excitatory or inhibitory post-
synaptic currents (eEPSCs or eIPSCs) identified by the
alternate use of the AMPA receptor antagonist, CNQX
(10 μM), or the GABAA receptor blocker, bicuculline
(BIC; 30 μM) (Fig. 2e). Virtually, all GFP-negative neu-
rons showed CNQX-sensitive eEPSCs (Fig. 2e1, e2) and
retrospective immunoassay revealed that most of these
neurons were Prox1-negative (Fig. 2e1) while the rest were
Prox1-positive (Fig. 2e2); all GFP-intensively positive
neurons showed BIC-sensitive eIPSCs and were Prox1-
negative (Fig. 2e3); the 70% of GFP-moderately positive
neurons (0.6 < GFP intensity < 1.5 a.u.) showed BIC-
sensitive eIPSCs and were Prox1-negative (Fig. 2e4) while
the remaining 30% displayed CNQX-sensitive eEPSCs
and were Prox1-positive (Fig. 2e5).

In summary, these results confirm that GFP-negative (GFP
−) and GFP-intensively positive (GFP++) neurons are excit-
atory and inhibitory neurons, respectively, while GAD67-
moderately positive neurons (GFP+) are composed by both
excitatory granule cells and GABAergic inhibitory neurons.

Waveform of the Single Action Potential in Excitatory
and Inhibitory Cultured Hippocampal Neurons

Thus, the identification of excitatory and inhibitory neu-
rons in low-density GAD67-GFP hippocampal cultures
was based on their negativity or strong positivity to GFP,
while, in the case of GAD67-moderately positive neurons,
on the basis of their autaptic eEPSCs. Thanks to this strat-
egy, we were able to obtain an electrophysiological char-
acterization of the firing properties of all cultured hippo-
campal neurons with the goal of identifying those electro-
physiological biomarkers that can allow reliable identifica-
tion of excitatory and inhibitory hippocampal neurons in
the absence of GAD-GFP labeling.

Both conventional low-density and autaptic neuron cul-
tures (12–16 div) were analyzed by patch-clamp recordings
in current-clamp configuration. Neurons were injected with
10 mV increment current steps, lasting 1 s with inter-pulse
intervals of 2 s. For consistency, current steps were delivered
from a membrane potential of − 80 mV, maintained by con-
stant current injection (Fig. 3a).

The analysis of the passive membrane properties did not
provide any useful parameters that would allow a quick
and certain distinction between neurons. Indeed, the mem-
brane capacitance (Cm) and the resting potential (Vrest)
were not significantly different between the two groups.

Although input resistance (Rin) was significantly lower in
inhibitory neurons, the values showed a clear overlap be-
tween the two neuronal populations (Fig. 3b). As exten-
sively reviewed [17], the Rin of hippocampal GABAergic
interneurons is very heterogenous, ranging from 100 to
400 MΩ. Even more heterogenous is the Rin of excitatory
neurons, resulting from the average of the low Rin of large
pyramidal neurons [18] with the higher Rin of the very
small dentate gyrus granule cells [19].

Hence, we analyzed the waveforms of the first AP evoked
during a minimal current injection near the firing threshold
[15] (Fig. 3c). The maximum rising slope (max dV/dt) (Fig.
3d), the maximal repolarizing slope (Fig. 3e), the AP peak
(Fig. 3f), and the afterhyperpolarization (AHP; Fig. 3g) were
all significantly different between the two populations, but
with a clear overlap of the distribution of data points that does
not allow to unambiguously identify the excitatory or inhibi-
tory nature of the neurons. The only parameter showing min-
imal overlap between the individual data distributions was the
AP half-width (2.66 ± 0.12 and 1.036 ± 0.06ms, for excitatory
and inhibitory neurons, respectively; Fig. 3h). Collectively,
these data testify that GABAergic hippocampal interneurons
fire shorter lasting APs than glutamatergic hippocampal
neurons.

All AP parameters, describing changes of the waveform of
the single AP, in excitatory and inhibitory neurons, are sum-
marized in Table 1.

Phase-Plane Plot Analysis

Although action potentials initiate at the AIS, they are gener-
ally investigated by patch-clamp recordings in the neuronal
cell body [20–23]. To investigate in more detail the difference
in the intrinsic properties of excitatory and inhibitory hippo-
campal neurons, we studied the AP initiation at the AIS by
examining the onset kinetics of somatically recorded APs.

It has been demonstrated that the membrane potential
change rate (i.e., the first derivative dV/dt) vs voltage, com-
monly named the phase-plane plot, exhibits a two-component
biphasic increase rate during spike generation. The first com-
ponent is due to spike initiation at the AIS that generates a
sudden voltage increase from baseline called Bkink^ [22]. The
invasion of the soma by the AIS spike generates a delayed and
larger second component of the phase-plot ( the
Bsomatodenditric spike^) [24, 25] reaching the AP peak.

The shape of the averagedAP (Fig. 4a), evoked by constant
current injection that maintains the holding voltage just over
the voltage threshold, was analyzed by using the plot of the
time derivative of voltage (dV/dt) vs time (Fig. 4b) and vs
voltage (Fig. 4c), allowing a better resolution of the fast
change in kinetics of AP initiation that depends on voltage-
gated Na+ channel (VGNaCh) conductance.
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The membrane potential slope (dV/dt) vs membrane po-
tential showed strong differences between excitatory and
inhibitory neurons. The representative phase-plots reveal
that the Bkink^ was present in all excitatory and inhibitory
neurons but it was significantly lower in excitatory neurons
(Fig. 4c). To quantify such differences, we measured the
slope of the phase plot at the Y-axis value of 4 mV/ms (Fig.
4d). Such a parameter, termed Bphase slope,^ has been
used to measure the steepness of APs at their onset

[25–27]. Consistently, the phase slope was significantly
lower in excitatory neurons than in inhibitory neurons
(Fig. 4e). The phase-plane plot was also used to better
resolve the voltage threshold, defined as the first voltage
value at which dV/dt exceeded 4 mV/ms. Also, in this case,
the comparison of both phenotypes highlighted a signifi-
cant difference in the voltage threshold, although not so
large to be used as a biomarker for the two neuronal sub-
populations (Fig. 4f).

b
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a

Fig. 3 Analysis of the passive and active properties of hippocampal
neurons. a Representative current-clamp recordings obtained by injecting
4 current steps lasting 1 s (inset) in excitatory and inhibitory neurons. b
Box plots of the resting membrane potential (Vrest), membrane input
resistance (Rin), and membrane capacitance (Cm) for both phenotypes.
c Representative shapes of the first AP elicited by minimal current injec-
tion showing themain AP parametersmeasured in excitatory (black trace)

and inhibitory (blue trace) neurons. d–e Box plots of maximum rising
slope and maximal repolarizing slope of APs evoked in both cell types. f–
h Box plots of AP peak, afterhyperpolarization (AHP), and half-width
values. All AP parameters were obtained from the analysis of recordings
of n = 30 cells for both conditions. Mann-Whitney U test *P < 0.05;
**P < 0.01; ***P < 0.001
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The Axon Initial Segment of Primary Excitatory
and Inhibitory Hippocampal Neurons

It is known that VGNaChs are localized at the AIS through
interactions with the scaffolding protein Ankyrin G (AnK G)
[27, 28] and the accumulation of these channels at this level
makes it the lowest threshold site for AP initiation [29, 30].
Thus, we asked whether the functional differences observed in
neuronal excitability and the marked changes in the Bphase
slope^ could be associated with an altered organization of AIS
in excitatory and inhibitory neurons. To assess this, we ana-
lyzed the length and location of the AIS in primary hippocam-
pal neurons (14–16 div) by confocal microscopy (Fig. 5a).
Immunostaining for AnK G showed that the AIS length was
shorter in inhibitory neurons compared to excitatory neurons
(Fig. 5b, d), while the same based on anti-NaV-staining was
not significantly affected (Fig. 5c, e). Consistent with the re-
sults obtained with AnK G staining, inhibitory neurons
showed the AIS start more distant from the cell body and
the AIS end closer to the soma when compared to excitatory
neurons (Fig. 5d), while the AIS start/end of NaV-staining did
not show any change between the two neuronal populations
(Fig. 5e).

Firing Frequency of Cultured Excitatory and Inhibitory
Hippocampal Neurons

Cell firing properties in response to electrotonic current step
injections are frequently used to aid neuronal classification
[31]. In this context, we have studied the firing frequency by
delivering constant current pulses (1 s duration) of increasing
amplitude (10 pA steps) and measuring the resulting AP firing
rate in the two phenotypes under study (Fig. 6a–c). The mean

firing rate vs injected current clearly revealed that the inhibi-
tory neurons displayed a higher evoked mean firing frequency
with a difference reaching its maximum at the largest current
injections (> 250 pA) (Fig. 6c) when compared to excitatory
neurons. However, the wide distribution of individual firing
rates evoked at 250 pA makes this parameter unsuitable for a
certain neuronal identification. We also measured the mean
instantaneous frequency evoked at 250 pA, still obtaining re-
sults unable to distinguish excitatory from inhibitory neurons
(Fig. 6b).

The unsatisfactory results obtained evoking AP with long-
lasting (1 s) depolarizing current steps are probably due to the
existence of numerous subclasses of interneurons that deviate
from the typical Bfast-spiking^ behavior and exhibit a variety
of spiking phenotypes (Badapting^ or Bbursting^ behaviors).

To overcome this problem, we developed a stimulation
protocol based on short-lasting (2.5 ms) supra-threshold cur-
rent injection pulses, administered at frequencies ranging from
40 to 140 Hz (Fig. 6d). The supra-threshold current value was
set at 100 pA over the minimal current able to evoke an AP for
each step of a stimulation train at 10 Hz.

For each stimulation frequency, the percentage of elicited
APs over the total number of stimuli was calculated in excit-
atory and inhibitory neurons. Both neuronal populations were
able to fire 100% of APs with no significant failures at 40 Hz.
However, at higher frequencies, all excitatory neurons
displayed a progressively increasing amount of failures, while
inhibitory neurons were able to efficiently cope with higher
stimulation frequencies (80–140 Hz) with lower percentages
of failures (Fig. 6d, e). In particular, at the highest stimulation
frequencies (120 and 140 Hz), the distribution of the individ-
ual occurrence of failures showed the sharpest separation, in-
dicating that this simple and fast stimulation protocol offers a

Table 1 Electrophysiological
parameters describing passive and
active membrane properties of
excitatory and inhibitory primary
hippocampal neurons

Excitatory neurons Inhibitory neurons p value Significance

Vresting (mV) − 62.04 ± 0.76 − 61.67 ± 0.73 0.7299 ns

Rin (MΩ) 316.7 ± 20.76 249.4 ± 14.31 0.0121 *

Cm (pF) 24.54 ± 3.20 21.12 ± 2.32 0.5254 ns

Rheobase (pA) 125.9 ± 11.20 112.5 ± 7.40 0.3349 ns

Vthreshold (mV) − 31.51 ± 0.84 − 34.58 ± 0.63 0.0069 **

Max rising slope (mV/ms) 181.5 ± 17.33 458.8 ± 37.74 4.65691E-07 ***

Half-width (ms) 2.66 ± 0.12 1.036 ± 0.06 1.22415E-14 ***

AP peak (mV) 48.16 ± 1.64 57.09 ± 2.9 0.013 *

Max repol. slope (mV/ms) 35.84 ± 1.81 92.27 ± 6.61 9.17917E-09 ***

AHP (ms*mV) 214.5 ± 22.85 355 ± 23.47 9.51642E-05 ***

Phase slope (ms−1) 10.02 ± 0.38 15.39 ± 0.69 1.39206E-07 ***

Inst. firing freq. (Hz; at 250pA) 29.72 ± 2.44 59.79 ± 4.51 1.5028E-06 ***

Mean firing freq. (Hz; at 250 pA) 18.96 ± 1.17 41.47 ± 1.65 4.05915E-14 ***

% of failures (train at 140 Hz) 11.67 ± 1.05 76.9 ± 1.4 5.15165E-31 ***

Data are expressed as means ± SEM (n ≥ 30 for both neuronal subpopulations. *P < 0.05, **P < 0.01,
***P < 0.001; unpaired Student’s t test or Mann-Whitney U test. ns, non-significant
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safe and certain identification of the excitatory or inhibitory
nature of cultured hippocampal neurons.

Discussion

A critical drawback of the electrophysiological studies of pri-
mary neuronal cultures is related to the absolute loss of the
original cytoarchitecture that makes very difficult the morpho-
logical identification of the excitatory and inhibitory neuronal
subpopulations. This explains why, over the years, many elec-
trophysiological studies have been conducted on neurons of
unknown nature.

In the vast majority of manuscripts published in high im-
pact journals, synaptic transmission is investigated by record-
ing spontaneous TTX-insensitive (Bminiature^) postsynaptic

currents/potentials, and only a small percentage of these stud-
ies identify the excitatory or inhibitory nature of the postsyn-
aptic neuron. Thus, the development of an easy and rapid
electrophysiological method to unequivocally distinguish the
exact nature of the patched neurons would be extremely
helpful.

This scenario can be better understood if we consider the
limitations of the various methods commonly used to define
the excitatory/inhibitory nature of a neuron. The most widely
used method is retrospective, based on the immunocytochem-
istry. The neuron is recorded using a patch pipette previously
filled with a fluorescent tracer. Subsequently, neurons are
fixed and subjected to immunochemistry using antibodies rec-
ognizing specific markers selectively expressed in excitatory
glutamatergic or in inhibitory GABAergic neurons. This
method, although safe and simple, has two major drawbacks,
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namely it is a retrospective approach, not allowing to know the
nature of the neuron in real time during recording and is very
time-consuming and unsuitable for large sample numbers.
Alternatively, cultures of hippocampal neurons can be pre-
pared from transgenic mice/rats genetically modified to ex-
press fluorescent markers in a specific neuronal subtype. An
example of this approach is the GAD67 knock-in mouse used
in the present work. However, this model shows serious lim-
itations because of the expression of GAD67 also in Prox1-
positive granule cells as previously demonstrated [12]. Thus,
our goal has been to perform a detailed electrophysiological
analysis of the passive and active intrinsic properties of hip-
pocampal neurons that allow an easy and rapid identification
of the excitatory or inhibitory nature of the neuron under
patch.

The increased resolution afforded by whole-cell patch-
clamp recording techniques allows the precise estimation
of the passive membrane properties that are normally evalu-
ated at the beginning of each electrophysiological recording.
A large body of experimental evidence accumulated in the
last 50 years has demonstrated that the resting conductance
and potential of inhibitory interneurons deviated markedly
from their excitatory cell counterparts [32–36]. However, it
is often difficult to get a correct measure of these parameters,
in particular forVm, where small changes in the intracellular/
extracellular solution composition, and/or recording quality
and resolution often alter ion reversal potentials and passive
channel conductance, making the measurement of a Btrue^
Vm problematic. Accordingly, we observed a too wide vari-
ability in the passive membrane properties for being useful
for distinguishing the two neuronal subpopulations.

Similarly to the passive membrane properties, also the ac-
tive firing properties are known to differ considerably among
excitatory and inhibitory neurons of the mammalian brain
[37]. However, due to the extreme heterogeneity, most of
these parameters (see Table 1) were not useful for a clear
identification. Indeed, interneurons have generally narrower
spikes than glutamatergic neurons. However, due to the large
variability of individual values, rising slopes, repolarizing
slopes, AP peak, AP height, or AHP area that even if signif-
icantly different between the two subpopulations did not show
enough separation to become a reliable population marker.

The only parameter showing a sharp separation between
excitatory and inhibitory neurons was the half-width of the
AP, which integrates all the differences observed in the rising
and repolarizing kinetics. However, caution should be taken
when using only AP half-width to broadly distinguish excit-
atory and inhibitory neurons. Indeed, in the motor cortex, a
major class of inhibitory neurons (low-threshold spiking so-
matostatin-positive) show an AP half-width intermediate be-
tween the two main types of excitatory pyramidal neurons
(corticospinal and crossed-corticostriatal) [38]. Thus, studies
that split neurons into Bputative inhibitory^ and Bputative
excitatory^ using only the AP half-width could tend to erro-
neously group non-fast-spiking inhibitory neurons into the
Bputative excitatory^ population.

The shape of the single AP was further investigated by
studying the membrane voltage change (i.e., the first deriva-
tive dV/dt) vs voltage that exhibits two-component increase
rate during spike generation. Notably, the first steep compo-
nent of APs (Bkink) [22] of GABAergic interneurons is char-
acterized by a clearly increased steepness compared to excit-
atory neurons. This parallels the more negative voltage thresh-
old, suggesting a change in the localization of VGNaChs at
the AIS.

VGNaChs are localized at the AIS through interactions
with the scaffolding protein AnK G [27, 28], and indeed, their
accumulation at this level makes it the lowest threshold site for
AP initiation [23]. Thus, we asked whether the effect that we
observed on the Bkink^ was associated with a different orga-
nization of AIS in excitatory and inhibitory neurons.
However, the small decrease in the AIS length observed in
inhibitory neurons does not correlate with their increased
Bkink^ and more negative voltage threshold, and probably
reflects different pattern of voltage-gated channels expressed
at the AIS.

The use of the firing frequency as a distinctive criterion to
identify excitatory and inhibitory neurons is based on the no-
tion that the firing pattern of a neuron, which includes firing
frequency as a function of stimulus strength, bursting vs non-
bursting activity and adapting vs non-adapting behavior, is
probably a more important physiological property than the
shape of the spike. It is generally accepted that inhibitory
neurons fire more quickly in response to current injection
compared to excitatory neurons. However, this assumption
is undermined by the existence of numerous interneurons sub-
classes that deviate from the typical Bfast-spiking^ behavior
without obvious frequency adaptation (i.e., no change in inter-
spike interval) typical of the PV-expressing interneurons [17].
For example, some hippocampal interneurons show consider-
able spike frequency adaptation (with increasing inter-spike
intervals) that limits maximal firing frequencies to levels
much lower than those in fast-spiking cells [17]. At the same
time, a low percentage of interneurons can also exhibit a va-
riety of spiking phenotypes, including single APs discharged

Fig. 5 Analysis of the axon initial segment in excitatory and inhibitory
neurons. a Representative images of excitatory and inhibitory
hippocampal neurons (16 DIV) stained with DAPI (blue), AnK G (red),
and PanNaV (yellow). Cell bodies are circled. Scale bar, 20 μM. b, c
Representative fluorescence intensity profiles for AnK G (b) and
PanNaV (c) immunoreactivity for both conditions with the box plots of
the AIS length measured for both stainings in excitatory and inhibitory
neurons. d, e Box plots of the distance from the cell body of AIS start,
maximum, and end as measured for AnKG (d) and PanNaV (e) stainings.
*P < 0.05, **P < 0.01; Mann-Whitney U test (n = 20 coverslips for both
inhibitory and excitatory from 3 independent experiments)
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randomly (irregular), short AP trains discharged at high fre-
quency at the beginning of the depolarizing pulse followed by
silence (bursting) or clusters of spikes separated by unpredict-
able periods of silence (stuttering). This heterogeneity ex-
plains why the commonly used parameters, such as mean
firing frequency vs injected current plots, do not allow a clear
separation of inhibitory from excitatory neurons. However,
our results demonstrate that it is possible to overcome this
heterogeneity by using a stimulation train of brief and strong
current pulses that bring back after each stimulus, the holding
potential to a hyperpolarized value, greatly attenuating the
effect of the AP adaptation. This protocol amplifies the effect
of the narrower spikes of the interneurons that are capable of
firing at high frequencies with little decrease in frequency
during prolonged stimulation train. The difference between
excitatory and inhibitory neurons became particularly relevant
at higher stimulation frequencies (> 80 Hz), where this proto-
col turns out to be undoubtedly the best and faster approach to
identify the exact neuronal nature.

In conclusion, all the passive properties and most of the
spike-related electrophysiological properties that are conven-
tionally measured and generally believed to be a useful means
to distinguish excitatory from inhibitory neurons did not show
an acceptable level of certainty. Instead, our data demonstrate
that a very simple protocol based on the injection of a train of
short current steps at high frequency is a reliable method to
identify excitatory and inhibitory neurons in cultured hippo-
campal neurons, taking advantage from the online analysis
offered by the majority of the patch-clamp acquisition
software.

Material and Methods

Animals

GAD67-GFP knock-in mice were generated by inserting the
cDNA encoding enhanced GFP into the GAD67 locus in TT2
embryonic stem cells, as described in [5]. Heterozygous
GAD67-GFP males were mated with wild-type C57BL6/J

females, and GFP-positive pups were identified at birth
through a Dual Fluorescent Protein Flashlight (DFP-1,
NIGHTSEA, Lexington, MA USA) and confirmed by
genotyping, performed by PCR with the following primers:
TR-1b: GGCACAGCTCTCCCTTCTGTTTGC; TR-
3:GCTCTCCTTTCGCGTTCCGACAG; TRGFP-8:
CTGCTTGTCGGCCATGATATAGACG. All animals were
provided by our institutional animal breeding facility in accor-
dance with the guidelines approved by the local Animal Care
Committee of the University of Genova. Experiments used 0–
2-day-old pups of either sex. Some control experiments were
done using wild-type C57BL6/J mice. All experiments were
carried out in accordance with the guidelines established by
the European Communities Council (Directive 2010/63/EU of
4 March 2014) and were approved by the Italian Ministry of
Health (authorization 73/2014-PR and 1276/2015-PR).

Primary Cultures of Dissociated Hippocampal
Neurons

Primary hippocampal neurons were prepared from postnatal
GAD67-GFP knock-in mice (P0–P1), as previously described
[3, 10]. In brief, hippocampi were dissociated by enzymatic
digestion in 0.25% trypsin for 6 min at 37 °C and then tritu-
rated with a fire-polished Pasteur pipette [39]. No antimitotic
drugs were added to prevent glia proliferation. The following
solutions were used for cell culture preparations: HANKS
solution, prepared from HBSS (GIBCO 14170-088; red) sup-
plemented with 10 mM HEPES, 30 mM D-glucose, 5 μg/ml
Gentamycin, pH 7.4 with KOH; dissection solution, prepared
from HANKS solution supplemented with 10% bovine serum
albumin and 6 mM MgSO4*7H2O. Primary hippocampal
neurons were plated at low density (100 cells/mm2) on 3.5-
cm-diameter Petri dishes (Falcon® 35 mm, 353001) treated
for 24 h with poly-L-lysine (0.1 mg/ml; Sigma-Aldrich) in
borate buffer (0.1 M). Autaptic neurons were prepared as de-
scribed previously [40, 41]. Cells were plated at very low
density (20 cells/mm2) on microislands (40–300 μm in diam-
eter) obtained by spraying of poly-L-lysine (0.1 mg/mL) in
buffer borate (0.1 M) on Petri dishes previously pre-treated
with 0.15% agarose. Under these conditions, each Petri
showed about 10–20 isolated single autaptic neurons grown
on microdrops. Cells were grown in a culture medium
consisting of Neurobasal A (Gibco™) supplemented with
2%B-27 (Invitrogen, Italy), 1 mM Glutamax, and 5 μg/ml
Gentamycin and maintained at 37 °C in a humidified incuba-
tor with 5% CO2.

FACS Sorting of GAD67-GFP Hippocampal Cells

Flow cytometry was performed using the BD FACS ARIA III
(BD Biosciences, San Jose, CA, USA) equipped with a for-
ward scatter photomultiplier tube. Cells were scanned for GFP

Fig. 6 Firing frequency in excitatory and inhibitory neurons. a, b
Representative whole-cell current-clamp traces of APs evoked by the
injections of 250 pA step current (inset) (a) and box plot of the instanta-
neous firing frequency (b) in excitatory (black) and inhibitory (blue)
neurons. c Box plots of the mean firing frequency vs injected current
recorded in excitatory (black) and inhibitory (blue) neurons in response
to a family of injected current steps from 50 to 250 pA (10 pA current
increase). d Representative recordings of 20 APs evoked by 5-ms current
step injection at 120 Hz. Failures are labeled with #. e Box plots of the
probability to evoke APs at increasing frequencies of current injection in
excitatory and inhibitory neurons. The amount of injected current was
defined as the minimal current able to evoke 100% of APs at 10 Hz
increased by 100 pA. ***P < 0.001, non-parametric Mann-Whitney U
test (n = 30 cells for both conditions)
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with a blue laser (488 nm) and detected by a 530/30 bandpass
filter at 4 °C with a 100-μm nozzle at a rate of 1000 events/s.
Instrument calibration was checked daily by using Rainbow
Fluorescent Particles (BD Biosciences). Forward scatter area
(FSC-A) and side scatter area (SSC-A) were used to exclude
debris and cell aggregates; doublets were excluded from the
basal cell population by side scatter SSC-W vs SSC-H.

Immunocytochemistry

Immunocytochemistry of cultured hippocampal neurons was
performed as previously described [10, 42]. In brief, primary
hippocampal cells were fixed after 15 days in vitro (DIV) with
4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) for
15 min at room temperature and then washed with phosphate-
buffered saline (PBS). Cells were then permeabilized with
Triton X-100 (0.1%) for 5 min and blocked for 30 min in
PBS containing 2% bovine serum albumin (BSA), before their
incubation for 24 h with primary antibodies in PBS/3% BSA.
For immunofluorescence analysis, neurons were immuno-
stained with antibodies against MAP2 (1:300, Guinea Pig
Cat. No. 188004 Synaptic System), GAD67 (1:500,
MAB5406 Millipore), and Prox1 (1:300, Rabbit ab101851,
ABCam). All images used for quantification of the immuno-
fluorescence intensity were acquired with an Olympus BX41
microscope equipped with × 20 air objective (UPlnaFI; NA
0.50) and 1024 × 1024 pixel (1 pixel = 0.24 μm) CCD camera
(Retiga eExi 28174, Q Imaging). Fluorescence intensity of the
UV source (Olympus, X-Cite Series 120; 120 W lamp) and
exposure time (50 ms) were maintained constant throughout.
The intensity of the endogenous GFP fluorescence was mea-
sured by drawing regions of interest (ROIs) in the inner part of
the neuronal cell body to avoid the contamination with the
fluorescence emitted by GAD67-GFP–positive processes
and puncta (putative GABAergic synapses) reaching the
GAD67-GFP–negative cell bodies.

Analysis of the Axon Initial Segment

Immunofluorescence of the axon initial segment (AIS) was
performed as previously described [41, 43]. For the morpho-
logical identification of the AIS, neurons were fixed at 15 DIV
and probed with anti-PanNav (1:100, mouse Sigma-Aldrich
s8809) and anti-Ankyrin G (1:200, rabbit Santa Cruz SC-
28561) antibodies. To quantify the immunofluorescence in-
tensity at the AIS, images of cultured neurons were acquired
with a Leica SP8 confocal microscope using a 63× oil objec-
tive and 1024 × 1024 pixels (1 pixel = 0.24 μm) in z-stack
with 0.3 μm steps. To analyze stack images, a MATLAB
scr ip t f ree ly avai lab le a t www.mathworks .com/
matlabcentral/fileexchange/28181-ais-quantification was
used as previously described [10, 43, 44]. Briefly, a line
profile was drawn along the fluorescently labeled AIS from

the soma through and 5 μm past the AIS. Pixel fluorescence
intensity values were averaged over a 3 × 3 pixel square
centered on an arbitrarily drawn line, which was then
smoothened using a 40-point sliding mean and normalized
between 1 and 0 (maximum and minimum fluorescence inten-
sity). The maximum position of the AIS was determined
where the smoothed and normalized profile of fluorescence
intensity reached its peak. The start and end positions of the
AIS were the proximal and distal sites, respectively, at which
the profile decreased to 33% of its peak. The distance of start,
maximum, and end positions of the AIS from the soma was
measured, by transmitted light, as the distance from the point
where the neuronal process forming the axon had a diameter
lower than 2 μm.

Patch-Clamp Recordings

Whole-cell patch-clamp recordings were conducted on low-
density and autaptic hippocampal neurons. Electrophysiological
experiments were performed at 12–15 div. Patch pipettes, pre-
pared from thin borosilicate glass (Kimble, Kimax, Mexico),
were pulled and fire-polished to a final resistance of 3–4 MΩ
when filled with standard internal solution. All recordings were
performed at 22–24 °C. The external solution composition was
(inmM) 140NaCl, 2 CaCl2, 1MgCl2, 4 KCl, 10 glucose, and 10
HEPES (pH 7.3 with NaOH). For current-clamp recordings of
the firing activity and voltage-clamp recordings of evoked excit-
atory postsynaptic currents (eEPSCs), the internal solution
contained (in mM) 126 K gluconate, 4 NaCl, 1 MgSO4, 0.02
CaCl2, 0.1 BAPTA, 15 glucose, 5 HEPES, 3 ATP, and 0.1 GTP
(pH 7.2 with KOH). For voltage-clamp recordings of evoked
inhibitory postsynaptic currents (eIPSCs), we adopted an internal
solution containing (in mM) 140 KCl, 4 NaCl, 1 MgSO4, 0.1
EGTA, 15 glucose, 5 HEPES, 3 ATP, and 0.1 GTP (pH 7.2 with
KOH). Under this condition, internal and external chloride con-
centrations were equimolar, shifting the chloride reversal poten-
tial from a negative value to 0 mV. This experimental configura-
tion, that transforms eIPSCs in inward currents, is typically used
for increasing the amplitude of the eIPSCs, evoked at negative
holding potentials.

Patch-clamp recordings with leak currents > 200 pA or
series resistance > 20 MΩ were discarded. Data acquisition
was performed using PatchMaster program (HEKA
Elektronik). Series resistance (Rs) was compensated 80%
(2 μs response time) and the compensation was readjusted
before each stimulation. The shown potentials were not
corrected for the measured liquid junction potential (9 mV).

Voltage clamp was used to record evoked excitatory and
inhibitory postsynaptic currents (eEPSCs/eIPSCs), clamping
the autaptic neuron at − 70 mVand stimulating with two short
(0.5 ms) voltage steps to + 40 mV applied at 50 ms interval.
For each couple of ePSCs, the ratio I2/I1 (paired-pulse ratio,
PPR) was calculated, where I1 and I2 are the amplitudes of the
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ePSCs evoked by the conditioning and test stimuli, respective-
ly. The amplitude of I2 was determined as the difference be-
tween the I2 peak and the corresponding value of I1 calculated
by mono-exponential fitting of the ePSC decay. PPR is partic-
ularly useful to immediately identify excitatory synapses that
show PPR > 1, from inhibitory synapses that show PPR < 1.

Synaptic currents were acquired in isolated autaptic
neurons at 20 kHz and low-pass filtered at 4 kHz. The
electrophysiological phenotypes of autaptic neurons under
study were identified using the positivity to GFP fluores-
cence and confirmed by visual analysis of the current
kinetics and by using specific blockers of excitatory
(CNQX, 10 μM) and inhibitory (BIC, 30 μM) synaptic
transmission.

Current-clamp recordings of the firing activity of low-
density and autaptic hippocampal neurons were sampled at
50 kHz and low-pass filtered at 10 kHz using an external
solution supplemented with 10 μM CNQX or 30 μM BIC.
The following parameters were studied:

– Resting membrane potential (Vrest) was determined im-
mediately after breaking the membrane and establishing
the whole-cell mode. It was not corrected for a junction
potential of 11 mV;

– Input resistance (Rin) was calculated in a linear region of
the voltage-current relationship centered at the holding po-
tential (− 70 mV), through the injection of hyperpolarizing
and depolarizing current steps (− 20, − 10, 10, 20 pA);

– Neuronal firing activity was induced by injection of
10 pA current steps lasting 1 s from a holding potential
of − 70 mV maintained through a constant current
injection;

– The mean firing frequency of each current step was cal-
culated by dividing the number of APs-1 by the time
interval (in s) between the first and the last evoked AP;

– The instantaneous firing frequency, calculated at maximal
value of injected current (250 pA), was estimated as the
reciprocal value of the time difference between the first 2
evoked APs [29];

– The percentage of failures was studied using trains of 20
current steps lasting 5 ms, applied at various frequencies
(40–140 Hz). The current value used to evoked APs with
this protocol was selected as the minimal current able to
evoke an AP for each step of the train at 10 Hz (0% of
failures), increased by 100 pA;

– The half-width was calculated at half maximal AP height.
The AP height was defined as the peak relative to the most
negative voltage reached during the afterhyperpolarization
(AHP) immediately after the spike;

– The afterhyperpolarization (AHP) was determined as the
integral of the area comprised between the most negative
value reached by the AHP and the baseline level recov-
ered 50 ms after the AHP-negative peak;

– Peak amplitude of action potentials was measured from
Vthreshold to the AP peak.

To study the biophysical properties of the single AP more
in depth, the plot of the time derivative of voltage (dV/dt) vs
voltage was constructed (phase-plane plot). The plot was ob-
tained from the first AP elicited by the minimal current injec-
tion by current-clamp family step protocol and was used to
extract the maximum rising slope, the AP peak, the max
repolarizing slope, and the V threshold. The slope of phase-
plots at the AP threshold (Bkink^) [22, 26] was calculated
using linear regression of the first 10 data points of the rising
phase with a Y-value > 4 mV/ms. The voltage threshold was
defined as the first voltage value at which dV/dt exceeded
4 mV/ms. Such value was empirically identified as the value
offering the higher guarantee to identify the initial voltage
change due to Na+ current activation, without any interference
of the voltage change due to the high frequency thermal noise,
that affect voltage recordings [45, 46]. The electrophysiolog-
ical recordings were analyzed using Fit master (HEKA) soft-
ware. All values describing AP shape represent averages from
10 single action potentials for each cell.

Statistical Analysis

All experiments were replicated at least three times. Data are
shown as means ± SEM or as box plots, with median (line),
second and third interquartile ranges (box), and whiskers
representing the min and the max values. The F-test was used
to compare variance between two sample groups. To compare
two normally distributed sample groups, the unpaired
Student’s two-tailed t test was used. To compare two sample
groups that were not normally distributed, the Mann-
Whitney’s U test was used. To compare more than two nor-
mally distributed experimental groups, one-way ANOVA
followed by the Tukey’s multiple comparison test was used.
Alpha levels for all tests were 0.05% (95% confidence inter-
vals). Statistical analysis was carried out using OriginPro-8
(OriginLab Corp., Northampton, MA, USA) and Prism
(GraphPad Software, Inc.) software.
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