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Key points

e DPersistent firing can be triggered in a population of inhibitory interneurons found in the
hippocampus and neocortex. Repeated stimulation eventually triggers an autonomous barrage
of spikes that is generated and maintained in the axon, followed by antidromic propagation to
the soma.

e This barrage of spikes is generated and maintained in the axon, followed by antidromic
propagation to the soma. The mechanisms underlying this ‘retroaxonal barrage firing’ are
unknown.

e We find that retroaxonal barrage firing is Ca*" dependent, is inhibited by the L-type Ca**
channel blockers cadmium, nifedipine and verapamil, and does not require synaptic trans-
mission. Loading the stimulated interneuron with BAPTA did not block barrage firing,
suggesting that the required Ca*" entry may occur in other cells.

e Retroaxonal barrage firing was observed in mice lacking the Cx36 isoform (most common
neuronal isoform), indicating that this particular isoform is not required.

Abstract We recently described a new form of neural integration and firing in a subset of
interneurons, in which evoking hundreds of action potentials over tens of seconds to minutes
produces a sudden barrage of action potentials lasting about a minute beyond the inciting
stimulation. During this persistent firing, action potentials are generated in the distal axon and
propagate retrogradely to the soma. To distinguish this from other forms of persistent firing,
we refer to it here as ‘retroaxonal barrage firing, or ‘barrage firing’ for short. Its induction is
blocked by chemical inhibitors of gap junctions and curiously, stimulation of one interneuron
in some cases triggers barrage firing in a nearby, unstimulated interneuron. Beyond these clues,
the mechanisms of barrage firing are unknown. Here we report new results related to these
mechanisms. Induction of barrage firing was blocked by lowering extracellular calcium, as long
as normal action potential threshold was maintained, and it was inhibited by blocking L-type
voltage-gated calcium channels. Despite its calcium dependence, barrage firing was not prevented
by inhibiting chemical synaptic transmission. Furthermore, loading the stimulated/recorded
interneuron with BAPTA did not block barrage firing, suggesting that the required calcium entry
occurs in other cells. Finally, barrage firing was normal in mice with deletion of the primary gene
for neuronal gap junctions (connexin36), suggesting that non-neuronal gap junctions may be
involved. Together, these findings suggest that barrage firing is probably triggered by a multicellular
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mechanism involving calcium signalling and gap junctions, but operating independently of

chemical synaptic transmission.
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Abbreviations AHP, after-hyperpolarization; AP, action potential; EGFP, enhanced green fluorescent protein; IF,
instantaneous firing frequency; KO, knockout; mEPSP, miniature excitatory postsynaptic potential; RaB, retroaxonal
barrage; SR, stratum radiatum; VGCC, voltage-gated calcium channel; WT, wild-type.

Introduction

The conventional view of synaptic inhibition is that
inhibitory interneurons are activated by excitatory
synaptic input onto their dendritic trees, leading to
action potential firing and inhibition of either the
same neurons that provided excitation (i.e. feed-
back inhibition) or other neurons in the circuit (i.e.
feedforward or lateral inhibition). Alternatively, some
inhibitory neurons (e.g. cerebellar Purkinje neurons) fire
action potentials spontaneously, thus providing nearly
continuous inhibition, except when their firing pauses in
response to synaptic input (Héusser et al. 2004). In each of
these scenarios, action potentials in the inhibitory neuron
are initiated in the axon hillock or initial segment (Palmer
et al. 2010) and firing is modulated by synaptic inputs to
the soma and dendrites, which act on a time scale of tens
or hundreds of milliseconds.

We previously described, in a subset of interneurons of
the rodent hippocampus and neocortex, an unusual and
novel form of signalling that operates on a much longer
time scale (Sheffield et al. 2011). In these cells, repeated
stimulation eventually triggers a barrage of autonomous
action potential firing that outlasts the stimulus by over
a minute. We noted a number of unique characteristics
of this persistent firing, including a slow time scale
of signal integration (minutes), sudden switching into
persistent firing, and action potential initiation in the
distal axon far from the initial segment. To distinguish
this form of persistent firing from other forms (Major &
Tank, 2004 ), we refer to this phenomenon as “retroaxonal
barrage firing”, or simply “barrage firing”, for short. This
form of persistent firing was also recently reported in
neuropeptide-Y-expressing neurons, where it was blocked
by activation of w-opioid receptors (Krook-Magnuson
etal 2011).

Several aspects of retroaxonal barrage firing deviate
from the conventional view of action potential initiation
in most cortical neurons, including inhibitory neurons, as
described above. Most curiously, in a few paired recordings
(n=3/19), stimulation of one cell was able to induce
barrage firing in another cell that was not stimulated.
This result suggested that some aspect of the barrage firing

mechanistic cascade (integration, switching, or readout) is
able to spread transcellularly, directly into the distal axons
of the interneurons.

Here we describe a series of experiments in which
we further investigated the mechanisms underlying
retroaxonal barrage firing in interneurons of the
hippocampus. We report that barrage firing relies
on voltage-gated calcium signalling outside of the
stimulated cell and depends on gap junctions (most likely
non-neuronal), but not chemical synapses. These data
suggest a novel form of intercellular signalling responsible
for the slow integration and/or abrupt onset of barrage
firing in hippocampal interneurons.

Methods

All experiments were performed under the approval
of the Northwestern University Animal Care and Use
Committee, and conform to the principles of UK
legislation.

Hippocampal slice preparation

Parasagittal hippocampal slices (~300 um) were pre-
pared from postnatal day 14-30 mice anaesthetized
with isofluorane (inhalation). Htr5b-EGFP BAC trans-
genic (GENSAT; Heintz, 2004), Cx36 knockout (KO)
(line acquired from the laboratory of Dr David Paul,
Harvard University; Deans et al. 2001) and wild-type (WT;
C57BL/6) mice were used as indicated in the Results.
Briefly, animals were decapitated and the brain was
rapidly removed and placed under ice-cold sucrose-rich
slicing solution containing (in mMm): 85 NaCl, 2.5 KCI,
1.25 NaH,PO,, 25 NaHCOs, 25 glucose, 75 sucrose, 0.5
CaCl, and 4 MgCl, bubbled with 95% O,/5% CO,. Slices
were then transferred to a warmed (30°C) incubation
chamber for 20 min with bubbled artificial cerebrospinal
fluid (ACSF) consisting of (in mm): 125 NaCl, 2.5
KCI, 25 NaHCO3, 1.25 NaH2PO4, 1 MgClz, 2 CaClz,
25 dextrose. Slices were then maintained in bubbled
ACSF at room temperature until placed in the recording
chamber.

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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Hippocampal slice electrophysiology

During recording slices were bathed in bubbled ACSF
maintained at a constant temperature (34—37°C). Somatic
whole-cell current clamp recordings were made using
patch-clamp electrodes pulled from borosilicate glass
and filled with intracellular solution containing (in
mM): 135 potassium gluconate, 7.5 KCI, 10 sodium
phosphocreatine, 10 Hepes, 2 MgATP, 0.3 NaGTP, and
0.5% biocytin. Recordings were made using a bridge
amplifier (BVC-700; Dagan, Minneapolis, MN, USA).
Electrode resistance in the bath was 3-7MQ and
series resistance was 15-35MS2; the resultant errors
were minimized using bridge balance and capacitance
compensation. Electrophysiological traces were digitized
usingan ITC-16 board (HEKA Instruments, Bellmore, NY,
USA) under control of custom macros programmed using
IGOR Pro software (WaveMetrics, Portland, OR, USA).
During the stimulation protocol, cells were maintained
at a potential between —65 and —70 mV with holding
current, when needed (from 0 to 100 pA; negative in
most recordings). Current pulses of 1 s were delivered at
the beginning of 3 s sweeps using one of two stimulation
protocols: either current pulses were delivered starting at
40 or 50 pA and incremented by 20 pA up to a maximum of
800 pA, or 200 pA pulses were repeatedly delivered with no
increment. If the current stimulus initiated barrage firing
(>8 Hz firing for at least 1s), stimulation was stopped
and the cell was allowed to fire for up to 4 min before the
protocol was repeated after a recovery interval of several
minutes.

For experiments requiring synaptic stimulation, we
placed a stimulating electrode in the stratum radiatum
approximately equidistant from the soma of the
recorded cell in each case. Stimulation intensity was
initially adjusted to evoke an appropriately-sized EPSP,
and the same stimulation intensity was used when
comparing control with drug conditions. For bafilomycin
experiments, a 400 A stimulus intensity was selected to
stimulate synaptic release in all control and bafilomycin
treated cells. This intensity was chosen because it evoked
large EPSPs in all control cells.

Pharmacology

All chemicals were obtained from Sigma (St Louis, MO,
USA). For the experiments conducted in Ca’"-buffered
solution we replaced 2 mm CaCl, in the external ACSF
solution with 6 mm MgCl, and 1 mm EGTA. For Ca*"-free
experiments we replaced 2 mM CaCl, with 2 mM MgCl,
in the ACSE. Cadmium (Cd*"), nifedipine, verapamil,
carbenoxolone and mefloquine were bath applied at the
concentrations indicated in the figures after inducing three
episodes of barrage firing in ACSF to establish a base-
line. For the experiments with bafilomycin, slices were

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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pre-incubated for 1.5 h in either ACSF alone (control), or
ACSF containing 1 ;M bafilomycin. Slices were then trans-
ferred to the recording chamber. For BAPTA experiments,
we replaced equimolar potassium gluconate with 10 mm
BAPTA in the internal solution in order to maintain
osmolarity. To determine whether the reduction of
potassium gluconate had any effects on barrage firing, we
also made an internal solution containing sucrose instead
of BAPTA.

Data analysis and statistics

Analyses of electrophysiological data were performed
using custom programs designed with IGOR Pro software
(WaveMetrics) and statistical analyses were performed
using the Prism 4 software (GraphPad, La Jolla, CA, USA).
Pooled data from multiple cells were tested for statistically
significant differences using either paired or unpaired
Student’s ¢ tests or a one-way ANOVA with Tukey’s post
hoc comparisons. For all statistical tests, significance was
defined as P < 0.05. All measurements are presented as
mean + SEM unless otherwise indicated.

Results

We performed patch-clamp recordings from interneurons
that expressed enhanced green fluorescent protein (EGFP)
near the border of stratum radiatum (SR) and stratum
lacunosum-moleculare of hippocampal area CA1 in acute
brain slices prepared from serotonin 5b receptor (Htr5b)
BAC transgenic mice (see Methods). For all of the
experiments described here, 1s current injections were
delivered at the beginning of 3's sweeps and repeated
until barrage firing began, at which time the stimulus was
stopped (see Methods). Cells that did not express barrage
firing in response to this stimulus were not analysed
further.

Barrage firing is calcium dependent

We first tested the role of voltage-gated calcium channels
(VGCCs) in retroaxonal barrage firing in these cells. We
examined the role of VGCCs directly by attempting to
evoke barrage firing in the presence of the non-selective
VGCC antagonist cadmium (Cd*"). Bath application of
100 um Cd** caused complete block of barrage firing
(Fig. 1A and B). Each attempt to induce barrage firing (i.e.
several 1s stimuli constituting one trial) was separated
by approximately 5 min (exact times varied depending
on how long it took to evoke barrage firing in each
cell); complete block took approximately 20 min (Fig. 1B).
This time course is in line with Cd** effects on cellular
excitability as determined by the number of action
potentials evoked by a 100pA, 1s current injection
(Fig. 1C).
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The fact that barrage firing can be completely blocked
by Cd** suggests a calcium-dependent mechanism.
However, we previously reported that removing calcium
from the extracellular solution did not inhibit barrage
firing. To reconcile these observations, we revisited
our previous results, in which we found that bath
application of artificial cerebrospinal fluid (ACSF)
containing no added calcium (‘Ca*"-free’ ASCF: 2 mm
Ca’* replaced with 2mmM Mg?") actually increased
the duration of barrage firing (Sheffield ef al. 2011).
Under these conditions, the threshold for evoked action
potentials was significantly hyperpolarized (Fig. 24, left),

A

Control

\
I . ‘
I

M. E. J. Sheffield and others

J Physiol 591.19

presumably due to the difference in the charge screening
effects of Mg?™ versus Ca*™ (Madeja, 2000). This change
in cellular excitability has the potential to confound
our measurements of barrage firing. We therefore
adjusted the Mg?* concentration such that evoked
action potential threshold was maintained. We also
added 1 mm EGTA to further reduce free Ca** (Fig. 24,
right; ‘Ca’>"-buffered” ACSF: 2 mmM Ca’>" replaced with
6mM Mg?t and 1 mM EGTA). Under these conditions
Ca’*-buffered ACSF inhibited barrage firing but did not
block it completely, even as overall cellular excitability
increased due to a reduction in after-hyperpolarization
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Figure 1. Cd?>* completely blocks retroaxonal barrage (RaB) firing

A, example recording showing RaB firing in the absence (top), and lack of RaB firing in the presence (bottom),
of 100 um Cd?t in the same cell. Insets: Cd?* (red traces) reduces post-spike membrane potential following an
evoked spike elicited with a 1 ms, 1 nA pulse, and inhibits AHPs in spike trains during a 1's, 200 pA step. Note:
the number of action potentials (APs) is greatly increased in Cd?* in response to the same amplitude step. Lines
under each trace depict periods of stimulation. B, grouped data from 5 cells plotted on consecutive trials showing
the effect of Cd?* on the number of RaB APs. Control is calculated as the mean from 3 consecutive trials taken
prior to Cd?* application. All points are normalized to the control in each cell. C, the number of APs required to
evoke RaB firing with a 1's, 100 pA step progressively increased in the presence of Cd?*.

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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Figure 2. Ca?t effects on evoked firing and RaB firing
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(AHP) amplitude (Fig. 2B-E). These data are consistent
with a Ca*"-dependent mechanism for barrage firing,
but they also suggest that even low levels of Ca?’* may
be sufficient to induce barrage firing when the action
potential threshold is lowered.

We next tested whether Ca?* flux through L-type
Ca?* channels was involved. The dihydropyridine VGCC
blocker nifedipine (30 M) induced a reversible inhibition
of barrage firing (Fig. 3A—C), reducing both the number
of action potentials (to 7.542.9% of control) and
the duration of barrage firing (to 13.1£5.0% of
control). Another L-type channel blocker, verapamil
(phenylalkylamine), which inhibits channels via a
mechanism distinct from nifedipine (Rampe & Triggle,
1990), rapidly and completely abolished barrage firing
(Fig. 3D). These data are consistent with a specific role
for L-type Ca’" channels in barrage firing, but since
these channels are not essential for synaptic transmission
(Poncer et al. 1997; Fisher & Bourque, 2001; Golding et al.
2002), they must act via a different mechanism.

To test whether the L-type Ca*" channels trigger barrage
firing via an increase in Ca’' in the stimulated inter-
neuron, we added the fast Ca>* chelator BAPTA (10 mMm)
to the pipette solution. To ensure complete intracellular
dialysis such that free calcium would be chelated by BAPTA
throughout the recorded cell, including in the distal axon,
before attempting to trigger barrage firing, we conducted
whole-cell recordings 30—60 min after membrane rupture.
BAPTA has been shown to diffuse into the axon terminals
of cortical interneurons in 15-20 min (Blatow et al. 2003).
Barrage firing was unaffected by the presence of intra-
cellular BAPTA compared to cells recorded using control
pipette solution (Fig. 4). As a control experiment, we used
a pipette solution in which BAPTA was replaced with
equimolar sucrose; this was also found to have no effect
on barrage firing.

M. E. J. Sheffield and others
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Barrage firing does not depend on synaptic
vesicle release

Although the involvement of Ca’" in barrage firing
suggests a possible role for synaptic transmission, the
specific role of L-type Ca®t channels and the lack of
effect of BAPTA would both suggest otherwise. To more
directly test whether barrage firing requires vesicular
release, we performed experiments using bafilomycin
Al, a potent and specific blocker of the vacuolar type
(V-type) HT-ATPase. It acts by eliminating the driving
force for uptake of neurotransmitters into synaptic vesicles
in both neurons (Zhou et al. 2000) and glia (Araque ef al.
2000), thus effectively inhibiting neurotransmitter release
from all V-type synaptic vesicles. We pre-incubated slices
in 1 uM bafilomycin for 1.5h. Following this treatment
both miniature excitatory postsynaptic potential (mEPSP)
frequency and evoked EPSP amplitude were significantly
reduced, indicating successful block of synaptic trans-
mission in the slice (Fig. 5A and B). Under these conditions
we were still able to evoke barrage firing (Fig.5C) and
found no significant differences in the total number of
evoked action potentials required to elicit barrage firing,
the duration of barrage firing, or the number of action
potentials recorded during barrage firing (Fig. 5D-F).
These data indicate that barrage firing does not require
active synaptic transmission in the slice.

The role of gap junctions

Our previous work indicated that inter-axonal
communication can occur during barrage firing
(Sheffield et al. 2011). Specifically, stimulation of one
interneuron can result in barrage firing in a nearby
cell that is not directly stimulated. This observation,
together with the L-type Ca®" channel and BAPTA

A, replacing 2 mm Ca?*+ with 2 mm Mg?+ (3 mm total Mg?*; n = 14) significantly decreased evoked AP threshold
from —39.6 & 1 mV to —46.6 & 1.4 mV in Htr5b-EGFP-positive hippocampal interneurons, but threshold remained
constant when 2 mm Ca?t was replaced with 6 mm Mg?* (n = 6). B, Ca?*-buffered ACSF with 6 mm Mg>*+
significantly increased the number of evoked APs in response to a 200 pA, 1 s current injection (n = 3). Inset:
evoked AP trains in 2 mm Ca®* (black) and Ca?*-buffered ACSF (red). Note the lack of AHPs in Ca®*-buffered ACSF.
C, whole-cell current-clamp recordings of RaB firing in control (top: 2 mm Ca?*), Ca2*-buffered ACSF (middle), and
after washout (bottom: 2 mm Ca*). Underneath each spike train is the instantaneous firing frequency (IF). Note
the first second in the train is evoked firing followed by RaB firing. Inset: EPSPs evoked by a stimulating electrode
placed in the SR. Black, blue and red show traces from control, washout, and Ca?*-buffered ACSF conditions,
respectively. D, the number of RaB APs (left), the duration of RaB firing (middle) and the number of evoked
APs required to trigger RaB firing (right) measured on consecutive trials taken from the cell in C. ‘Control” was
calculated as the mean from the first 3 trials. All subsequent trials were normalized to this mean. E, grouped data
from 5 cells. All statistics are paired-sample comparisons in the same cell, *P < 0.05; **P < 0.001; ***P < 0.0001;
N.S., not significant. For grouped control data, mean measurements were taken from 3 consecutive repeats before
Ca’t-buffered ACSF exchange. For grouped Ca?*-buffered ACSF data, mean measurements were taken from at
least 2 consecutive trials after a plateau was reached. For grouped washout data, at least 2 consecutive trials were
measured following the switch back to 2 mm Ca?* (ignoring the first trial after the switch to allow time for bath

exchange).

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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results described above, raises the interesting possibility
that the signal initiating barrage firing may not rely
on mechanisms occurring within the stimulated cell
itself. Collectively, our data suggest that the mechanism
of barrage firing in these cells involves intercellular
communication with Ca** signalling occurring outside
of the stimulated cell, and independently of the effects of
Ca”" on synaptic transmission. Gap junctions are another
plausible pathway for intercellular communication of
the barrage firing signal that does not require synaptic
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Control
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transmission. Our previous work supported a role for
gap junctions in barrage firing. Two commonly used gap
junction blockers, carbenoxolone and mefloquine, both
inhibited barrage firing (Sheffield et al. 2011); however,
neither carbenoxolone nor mefloquine block specific
connexin isoforms selectively, making it impossible to
determine from these data whether the important gap
junctions were those connecting neurons or glial cells.

To address this question, we took advantage of an
available mouse line lacking Cx36 (Deans et al. 2001), the
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Figure 3. L-type calcium channel antagonists inhibit RaB firing

A, example recordings showing control (black), 30 um nifedipine (red) and washout (blue) in the same cell.
B, number of RaB APs measured as % control (control calculated as the mean of the first 3 trials; data are from
cell in A). Nifedipine applied after trial 3 and washed out after trial 11. C, grouped data from 5 cells showing
number of RaB APs before, during and after nifedipine. D, grouped data from 3 cells before and during application
of verapamil. Verapamil was applied after trial 2 and caused complete block of RaB firing. £, evoked EPSPs are
unchanged in verapamil (black, control; red, verapamil). N.S., not significant.
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most common connexin isoform found in neurons (S6hl
et al. 2004). We attempted to generate barrage firing in
hippocampal interneurons in these animals using the same
approachdescribed forboth WT and Htr5b-EGFP animals.
Barrage firing occurred in approximately 30% (23/65) of
recorded cells. This is comparable to the frequency with
which barrage firing was observed in WT animals (13/66).
Furthermore, we observed no differences in the number of
evoked action potentials required to trigger barrage firing,
average duration of barrage firing, or number of barrage
firing action potentials (Fig. 6Band C). Thus, the neuronal
isoform Cx36 is not required for barrage firing.

To confirm that the effects of carbenoxolone and
mefloquine on barrage firing are independent of its
action on Cx36, we repeated these experiments using
the Cx36 KO animals. As was observed in Htr5b-EGFP
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Control
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animals, mefloquine (25 M) inhibited barrage firing in
Cx36 KO animals (n=7 cells; Fig. 6E). The number of
barrage firing spikes decreased steadily for each firing
episode following mefloquine application, falling to 50%
of pre-application levels within 4 episodes and reaching a
plateau of approximately 80% block after 9-10 episodes.
The effect of carbenoxolone (100 M) was more dramatic;
barrage firing was nearly completely blocked within 3
firing episodes following drug application (n=4 cells;
Fig. 6F). This discrepancy may reflect the reduced potency
of mefloquine for blocking isoforms other than Cx36
(Cruikshank et al. 2004), whereas carbenoxolone is very
non-selective (Juszczak & Swiergiel, 2009). It is therefore
likely that the inhibition of barrage firing by these gap
junction blockers is via their action on connexins other
than Cx36.
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Figure 4. RaB firing remains unchanged by intracellular Ca?t chelation

A, recordings showing RaB firing with different internal solutions: control (top; black) and 10 mm BAPTA (middle;
red) from different cells. BAPTA measurements were taken between 30 and 60 min following rupture of the
membrane for whole-cell recordings to allow for complete cellular dialysis. B-D, population data (n = 14 control;
n =9 BAPTA) showing number of RaB APs (B); RAB firing duration (C); and mean number of evoked APs required
to trigger RaB firing in control (black) and BAPTA (red) (D). E, recordings showing the reduced AHP in BAPTA. All
statistics are unpaired sample comparisons from different cell groups. N.S., not significant.
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Figure 5. Depletion of synaptic vesicles blocks synaptic transmission but not RaB firing

A, traces from control (black) and bafilomycin A1-treated (Baf; red) cells. B, mEPSP frequency (left; 15 s recording,
no stimulation; n =9 control; n = 14 Baf) and evoked EPSP amplitude (right; 400 nA pulse from stimulating
electrode placed in the SR ~500 um away from recorded cell; n =9 control; n= 11 Baf). Inset: response to
Schaffer collateral stimulation in control (black) and Baf-treated (red) cells. C, example recording showing the
presence of normal RaB firing after pre-incubation in Baf. D-F, population analysis of the number of evoked APs
required to trigger RaB firing (D), RaB firing duration () and the number of RaB APs (F) (n = 14 control; n =8
Baf). N.S., not significant.
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Figure 6. Gap junction blockers inhibit RaB firing independently of Cx36

Example recordings (A) and population data (B-F) from WT (n = 13) and Cx36~/~ (n = 23) mice. There were
no significant differences in the number of evoked APs required to trigger RaB firing (B), duration of RaB firing
(C), or number of RaB APs (D). £ and F, grouped data from KO showing the effect of 25 um mefloquine (E; n = 7)
and 100 um carbenoxolone (F; n = 4) on consecutive RaB firing trials. For each cell, AP counts were normalized
to the mean of 2-3 control trials before drug application. *P < 0.05, **P < 0.001, **P < 0.0001 relative to each
of the 3 control groups, one-way ANOVA with Tukey’s post test. N.S., not significant.
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Discussion

In our initial description of this form of persistent
firing in hippocampal and neocortical interneurons we
detailed a novel integration and firing pattern in which
the slow integration of stimulus-evoked firing eventually
triggered a barrage of spontaneous action potentials
initiated in the distal axon. Here we have shown that
barrage firing requires the activation of Ca’* signalling
but is not dependent on vesicular release or intracellular
Ca?t elevation within the stimulated cell. Furthermore,
in Ca®*-buffered ACSFE, barrage firing had a reduced
duration and fewer action potentials. This could be due
to a small amount of remaining Ca*" being sufficient
to evoke barrage firing. Alternatively, there could be
two distinct mechanisms involved in barrage firing:
a Ca’"-independent mechanism required to generate
barrage firing, and a Ca®*-dependent mechanism that
determines the barrage firing duration and number of
action potentials fired during barrage firing. It is also
worth noting that the inhibition of barrage firing in
Ca’*-buffered ACSF is complicated by the effect of
Ca*"-buffered ACSF on excitability. Even though we were
able to maintain action potential threshold by increasing
extracellular magnesium, under these conditions AHPs
were reduced, leading to an increase in the number of
evoked action potentials. This is also likely to affect action
potentials during barrage firing, which may partially mask
the inhibitory effects of eliminating extracellular Ca** on
barrage firing.

Despite the incomplete block of barrage firing in
Ca’*-buffered ACSFE, our pharmacological data support
a role for VGCCs in the expression of barrage firing. In
particular we found that 30 uM nifedipine significantly
inhibited the duration of barrage firing in these cells.
At this concentration, nifedipine is selective for L-type
channels over other types of VGCCs, and blocks both
Ca,1.2 and Ca,l1.3, the two L-type channel isoforms
expressed ubiquitously in neurons in the mammalian
brain (Lipscombe et al. 2004; Marcantoni et al. 2010),
and in hippocampal neurons specifically (Xu et al. 2007).
Verapamil, a blocker of L-type calcium channels that
is mechanistically distinct from nifedipine (Ramp &
Triggle, 1990), completely blocked barrage firing in our
experiments. However, it is possible that some of its
effects can be attributed to inhibition of other VGCC
subtypes (Dobrev et al. 1999; Freeze et al. 2006) or
potassium channels (Hogg et al. 1999). Nevertheless, the
effects of both Ca’* channel blockers and Ca*"-buffered
ACSF strongly support an important role for Ca** in
the induction, triggering, and/or maintenance of barrage
firing.

Several features distinguish the retroaxonal barrage
firing observed in hippocampal interneurons from forms
of persistent firing that have been observed in other
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cell types. In many cases, persistent firing is thought to
be the result of recurrent activity among networks of
synaptically connected neurons (Major & Tank, 2004).
The barrage firing we studied, however, was unaffected
by the depletion of synaptic vesicles, suggesting it is not
the result of synaptically mediated reverberations within
neuronal networks.

Some pyramidal cells in layer 5 of the entorhinal cortex
and cells in the lateral amygdala show a form of persistent
firing that does not require intact synaptic connectivity
(Egorov et al. 2002, 2006; Fransén et al. 2006). Like
the barrage firing we studied in interneurons, persistent
firing in pyramidal neurons is dependent on calcium and
blocked by inhibitors of L-type VGCCs. However, there
are a number of differences between persistent firing in
pyramidal neurons and barrage firing in interneurons.
In pyramidal neurons, persistent firing was dependent
on cholinergic activation and the ‘readout’ is graded
and continuous: the firing rate increases in frequency
with additional depolarizing stimuli and decreases with
hyperpolarizing stimuli. Moreover, BAPTA applied intra-
cellularly blocked graded persistent firing in pyramidal
neurons suggesting a cell-autonomous mechanism. These
features are not observed in barrage firing in hippocampal
interneurons.

Importantly, a number of observations suggest that
multicellular mechanisms may contribute to retroaxonal
barrage firing in interneurons. We previously showed that
stimulation of one interneuron could trigger barrage firing
in another interneuron, despite a lack of evident chemical
synaptic transmission or electrical coupling between the
two neurons (Sheffield et al. 2011). The lack of observed
electrical coupling did not rule out the possibility that
intercellular signalling relevant to barrage firing could
occur through axo-axonal gap junctions that are too far
from the soma to be observable in somatic recordings.
Direct electrical coupling via gap junctions is known to
occur between dendrites of hippocampal interneurons
(Hestrin & Galarreta, 2005), and a few reports suggest
that the same types of connections can be formed between
axons (Schmitz et al. 2001; Hamzei-Sichani et al. 2007).

Although inhibitors of gap junctions blocked inter-
neuron barrage firing, our results from the Cx36 knockout
mice suggest that the presence of Cx36, the predominant
neuronal isoform, is not required for barrage firing. While
we cannot rule out the possibility that these interneurons
express other connexin isoforms that may be involved,
to our knowledge only one other isoform, Cx30.2, has
been localized to hippocampal interneurons (Kreuzberg
et al. 2008). Expression of Cx30.2 was confined to inter-
neurons of the stratum pyramidale and stratum oriens,
whereas we targeted interneurons at the border of stratum
radiatum and stratum lacunosum-moleculare, making it
unlikely that Cx30.2 could have a role in barrage firing.
Thus, although barrage firing in interneurons appears to
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depend on gap junctions, it is unlikely that the relevant gap
junctions are formed between the axons of interneurons.

The unlikely role of direct axo-axonal coupling leaves
two possibilities: either the ability of carbenoxolone
and mefloquine to inhibit barrage firing is due to
off-target effects of these drugs or the gap junctions
involved in barrage firing consist of other, non-neuronal
connexin isoforms. Carbenoxolone is a non-specific
connexin blocker, but it can also act on a number
of other targets, including VGCCs and P2X7 receptors
(Juszczak & Swiergiel, 2009). At low concentrations
in vitro (<5 um), mefloquine selectively blocks Cx36
(Cruikshank et al. 2004). However, at the concentrations
required to effectively inhibit coupling in brain slices
(=25 um), mefloquine significantly affects several other
connexin isoforms, including the major astrocytic iso-
form Cx43. Like carbenoxolone, mefloquine has been
shown to cause other physiological changes, including
inhibition of inositol 1,4,5-trisphosphate (IP;)-induced
Ca’* release, acetylcholinesterase and P2X7 receptors
(Juszczak & Swiergiel, 2009). Although any of these other
targets could plausibly be involved in barrage firing,
the fact that both carbenoxolone and mefloquine block
barrage firing increases the likelihood that gap junctions
are the relevant target. Furthermore, our finding that
intracellular BAPTA does not affect barrage firing argues
against a role for IP;-induced Ca*" release in the recorded
interneuron.

Taken together, our results provide intriguing new
constraints on the molecular mechanisms underlying
this unusual form of signalling. The ability of gap
junction inhibitors to block barrage firing even in Cx36
KO mice suggests the possibility that glial cells may
participate in the integration or spread of barrage firing.
Astrocytes and oligodendrocytes are extensively coupled
by gap junctions, forming an elaborate syncytium that
provides metabolic support to adjacent neurons (Sohl
et al. 2004). In addition to this supportive role, a growing
body of evidence has shown that astrocytes dynamically
monitor and modulate neuronal activity by releasing
the ‘gliotransmitters’ glutamate, D-serine and ATP onto
synapses and axons (Bullock et al. 2005; Fields, 2008;
Halassa & Haydon, 2010; Sasaki et al. 2011; Di Castro
et al. 2011; Navarrete et al. 2012). These processes are
mediated by Ca’"-signalling pathways within astrocytes
(Agulhon et al. 2008), which include L-type VGCCs (Parri
etal. 2001), consistent with our results demonstrating that
barrage firing depends on Ca”* extrinsic to the stimulated
neuron. Furthermore, Ca*" transients initiated in one
astrocyte can spread broadly throughout the astrocytic
network via gap junctions (Kuga et al. 2011), providing
a potential explanation for the ability of barrage firing to
spread from one interneuron to another (Sheffield et al.
2011). Future studies will directly address the hypothesis
that neuron—astrocyte interactions underlie this unusual

M. E. J. Sheffield and others
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form of integration and firing in hippocampal and other
cortical interneurons.
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