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Persistent firing is commonly reported in both cortical and subcortical neurons under a variety of behavioral conditions. Yet
the mechanisms responsible for persistent activity are only partially resolved with support for both intrinsic and synaptic cir-
cuit-based mechanisms. Little also is known about physiological factors that enable epochs of persistent firing to continue
beyond brief pauses and then spontaneously terminate. In the present study, we used intracellular recordings in rat (both
sexes) neocortical and hippocampal brain slices to assess the ionic mechanisms underlying persistent firing dynamics.
Previously, we showed that blockade of ether-á-go-go-related gene (ERG) potassium channels abolished intrinsic persistent
firing in the presence of low concentrations of muscarinic receptor agonists and following optogenetic activation of choliner-
gic axons. Here we show the slow dynamics of ERG conductance changes allows persistent firing to outlast the triggering
stimulus and even to initiate discharges following ;7 s poststimulus firing pauses. We find that persistent firing dynamics is
regulated by the interaction between ERG conductance and spike afterhyperpolarizations (AHPs). Increasing the amplitude of
spike AHPs using either SK channel activators or a closed-loop reactive feedback system allows persistent discharges to spon-
taneously terminate in both neocortical neurons and hippocampal CA1 pyramidal cells. The interplay between ERG and the
potassium channels that mediate spike AHPs grades the duration of persistent firing, providing a novel, generalizable mecha-
nism to explain self-terminating persistent firing modes observed behaving animals.
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Significance Statement

Many classes of neurons generate prolonged spiking responses to transient stimuli. These discharges often outlast the stimu-
lus by seconds to minutes in some in vitro models of persistent firing. While recent work has identified key synaptic and
intrinsic components that enable persistent spiking responses, less is known about mechanisms that can terminate and regu-
late the dynamics of these responses. The present study identified the spike afterhyperpolarizations as a potent mechanism
that regulates the duration of persistent firing. We found that amplifying spike afterpotentials converted bistable persistent
firing into self-terminating discharges. Varying the spike AHP amplitude grades the duration of persistent discharges, gener-
ating in vitro responses that mimic firing modes associated with neurons associated with short-term memory function.

Introduction
Most neurons respond only transiently to brief excitatory stimuli,
generating spike discharges that subside at, or before, the end of
the stimulus. However, in a minority of neurons, brief stimuli

trigger prolonged epochs of spiking that outlast the stimulus.
Neurons capable of persistent firing in neocortex in vitro are
found in the deep layers of prefrontal cortex (Haj-Dahmane and
Andrade, 1998), sensorimotor cortex (Rahman and Berger, 2011),
parietal cortex (Gnadt and Andersen, 1988; Pesaran et al., 2002),
and temporal association (TeA) cortex (Cui and Strowbridge,
2018, 2019; present study). Intrinsic persistent firing modes in
cortical neurons are typically revealed following treatment with a
modulator that enhances excitability and do not require fast syn-
aptic circuit activity. Although a variety of neuromodulators can
reveal persistent firing in cortical neurons, cholinergic modulation
of intrinsic persistent firing has been studied most extensively.
Neurons capable of intrinsic persistent firing modes are often
densely innervated by cholinergic projections from the basal
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forebrain (Rye et al., 1984) and express muscarinic acetylcho-
line receptors (mAChRs; Mash et al., 1988; Volpicelli and
Levey, 2004). Muscarinic receptor-initiated signaling reduces a
variety of intrinsic conductances expressed in cortical pyrami-
dal cells (PCs) including ether á-go-go-related gene (ERG)
channels (Saganich et al., 2001; Papa et al., 2003; Cockerill et
al., 2007). Our group recently reported that several highly spe-
cific ERG channel antagonists abolished persistent firing in
layer 5 (L5) neocortical pyramidal cells (Cui and Strowbridge,
2018, 2019), suggesting that intrinsic persistent activity may
reflect an increase in neuronal excitability associated with a
reduction in ERG leak K1 current.

Neuronal discharges that continue past a triggering stimulus
also occur in vivo and have been extensively characterized in the
context of working memory (WM) tasks. Classic studies identi-
fied a subclass of prefrontal cortical neurons that discharged
selectively during the delay period in delay–response WM tasks
(Fuster and Alexander, 1971; Funahashi et al., 1989; Takeda and
Funahashi, 2002). Activity in “delay” neurons was selective for a
particular visual field area and predicted WM performance
(Funahashi et al., 1989). Despite intensive experimental and the-
oretical investigations, the mechanistic basis of persistent firing
during WM tasks remains unclear. Deep-layer neocortical py-
ramidal cells can be interconnected (Douglas et al., 1995), poten-
tially providing a substrate for recurrent circuit activity that
could sustain stimulus-triggered persistent spiking. While com-
putational studies suggest persistence via recurrent networks
(Seung, 1996; Wang, 1999; Fellous and Sejnowski, 2003) or feed-
forward networks (Goldman, 2009) is possible, whether synaptic
interconnections are frequent and strong enough to create per-
sistently active networks is unclear (for review, see Zylberberg
and Strowbridge, 2017).

Behavioral studies also provided indirect evidence that bio-
physical mechanisms may contribute to delay cell activity.
Working memory performance depends on subjects maintaining
attention during the task and periods of heightened attention of-
ten are correlated with increased firing in cortically projecting
basal forebrain cholinergic neurons (Gill et al., 2000; Broussard
et al., 2009). Pharmacological blockade of muscarinic receptors
required for cholinergic-stimulated persistent firing in vitro (Cui
and Strowbridge, 2018) also impairs WM performance (Zhou et
al., 2011; Major et al., 2015; but see Vijayraghavan et al., 2018),
suggesting that many of the intrinsic physiological changes stud-
ied in vitro following muscarinic stimulation may also contribute
to persistent firing modes associated with behavioral tasks such
as WM.

Despite potentially similar biophysical modulation mecha-
nisms, persistent activity recorded in vivo and in vitro have
dramatically different kinetics. Delay cell activity during WM
tasks is irregular and can diminish during long delay periods
(Fuster and Alexander, 1971; Funahashi et al., 1989; Takeda
and Funahashi, 2002), while most intrinsic persistent firing
modes recorded using standard patch-clamp methods are
bistable and long lasting. Unlike delay cell firing, which is typi-
cally terminated when the subject makes an eye saccade to ter-
minate the task, cholinergic modulation of neocortical neurons
promotes tonic persistent firing that continues 10s of seconds,
than behaviorally relevant WM delay intervals. Whether the
termination of persistent firing in vivo requires synaptic input
(e.g., inhibition coinciding with the eye saccade response) that
is absent in brain slice recordings remains an open question.
Intriguingly, early investigators into this question had success
in capturing examples of persistent firing that spontaneously

terminated using sharp electrode recordings in brain slices
(Schwindt et al., 1988; Egorov et al., 2002, 2006; Reboreda et
al., 2007)—a method that disrupts intracellular signaling less
dramatically than whole-cell recordings. Those early studies
raise the possibility that physiologically relevant forms of per-
sistent firing could be generated intrinsically in cortical neu-
rons if normal intracellular signaling mechanisms could be
maintained in vitro. However, little is known about which par-
ticular signaling pathways, and their channel targets, are
required to generate naturalistic persistent firing modes.

The present study addressed this question and identified SK
K1 channels as a key regulator of persistent firing dynamics in
cortical neurons. Spontaneously terminating persistent firing
reliably occurred in L5 neocortical pyramidal cells if spike after-
hyperpolarizations (AHPs) were amplified using a SK positive
modulator or a reactive feedback controller. Persistent firing dy-
namics were regulated by negative feedback only when the exoge-
nous hyperpolarizing current injections were timed to overlap
with the endogenous spike AHP. Finally, we demonstrate that
both SK channel attenuation and reactive feedback amplification
of spike AHPs also regulated persistent firing dynamics in hippo-
campal CA1 pyramidal cells, suggesting that in vivo-like graded
and self-terminating persistent firing responses can be generated
through biophysical mechanisms in a variety of cortical neurons.

Materials and Methods
Slice preparation. Neocortical brain slices were prepared from post-

natal day 14 (P14) to P25 Sprague Dawley rats of either sex using a vibra-
tome (model 1200, Leica) as described previously (Cui and Strowbridge,
2018, 2019). In brief, rats were anesthetized with ketamine and decapi-
tated, and then the brain was dissected and transferred into ice-cold arti-
ficial CSF (ACSF) composed of the following (in mM): 124 NaCl, 2.5
KCl, 1.23 NaH2PO4, 3 MgSO4, 26 NaHCO3, 10 dextrose, and 1 CaCl2,
equilibrated with 95% O2/5% CO2. Slices were incubated at 30°C for
;30min and then maintained at room temperature (;25°C) until use.
All experiments were conducted under guidelines approved by the Case
Western Reserve University Animal Care and Use Committee.

Electrophysiology. Intracellular recordings were performed in a sub-
merged chamber maintained at 30°C and perfused continuously (;2
ml/min) with ACSF containing the following (in mM): 124 NaCl, 3 KCl,
1.23 NaH2PO4, 1.2 MgSO4, 26 NaHCO3, 10 dextrose, and 2.5 CaCl2,
equilibrated with 95% O2/5% CO2. Whole-cell recordings were made
using a patch clamp amplifier (model Axopatch 1D, Molecular Devices/
Molecular Dynamics). Current-clamp intracellular recordings were
implemented using the same methods described in our previous publica-
tions (Cui and Strowbridge, 2018, 2019). Membrane potentials presented
in the text and figures were not corrected for the liquid junction poten-
tial (estimated to be110mV).

We recorded from L5 neocortical pyramidal cells from TeA
region that generated “regular spiking” responses to 2 s duration
depolarizing currents, as defined by previous neocortical studies
(Connors and Gutnick, 1990; Schubert et al., 2001; Dégenètais et al.,
2002). Recordings with resting membrane potential more depolar-
ized than �60mV or input resistance (Rin),40 MV were excluded.

Standard salts and ACSF chemicals were obtained from Sigma-
Aldrich. Unless noted, all receptor and channel blockers/modulators
were obtained from Tocris Bioscience. All drugs were applied by
switching the bath perfusion reservoir. Carbamoylcholine chloride
(CCh; or carbachol; used at 2 mM except where noted) was purchased
from Abcam and Tocris Bioscience; 10 mM stock solutions of CCh in
water were prepared each day. N-(3,4-difluorophenyl)-N9-(3-methyl-1-
phenyl-1H-pyrazol-5-yl)urea (ML297; GIRK activator, used at 0.67
mM) was prepared in ethanol at 10 mM. Terfenadine (used at 10 mM) was
prepared in DMSO at 10 mM. 6,7-Dichloro-1H-indole-2,3-dione 3-
oxime (NS309; SK channel positive modulator used between 0.5 and 2
mM; Pedarzani et al., 2005) was prepared in DMSO at 10 mM. N-[(1R)�
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1,2,3,4-tetrahydro-1-naphthalenyl]-1H-benzimidazol-2-amine hydrochlor-
ide (NS8593; SK channel negative modulator, used at 10 mM) was prepared
in ethanol at 10 mM. 6,12,19,20,25,26-Hexahydro-5,27:13,18:21,24-trie-
theno-11,7-metheno-7H-dibenzo [b,n] [1,5,12,16]tetraazacyclotrico-
sine-5,13-diium dibromide (UCL 1684; SK channel blocker, used at
1 mM) prepared in DMSO at 5 mM. 4-chloro-N-(6-chloropyridin-3-yl)
benzamide (ICA-110381; KCNQ channel opener, used at 10 mM;
Alomone Labs) was prepared in DMSO at 10 mM.

Photometric measurements of intracellular epifluorescent Ca21 tran-
sients were acquired using a silicon photodiode and a 30-mm-diameter
condenser lens attached to the wide-field video port of an upright micro-
scope (model Axioskop FS1, Zeiss). We restricted the area illuminated
by the LED light source (470nm) to include the cell body region using
the microscope epi-illumination field stop and a 63� water-immersion
objective (numerical aperture, 0.9; Zeiss). Excitation light was blocked
from the photodiode detection system using a 505 nm long-pass dichroic
mirror (Omega Optical) and a BG39 emission filter. Photocurrents were
converted into voltage using a custom transimpedance amplifier based
on an op amp (model OPA111, Burr Brown/Texas Instruments) and a 1
GV feedback resister. The output of this initial amplifier stage was low-
pass filtered (500Hz cutoff; model FLA-01 Bessel filter, Cygnus
Technology) and further amplified by 1–5� before being digitized on
the ITC-18 data acquisition interface simulatenously with the electro-
physiological signals. Single neurons were loaded with a Ca21-sensitive
indicator (Cal520 K1 salt, 150 mM; AAT Bioquest) through the patch-
clamp recording electrode. Exogenous Ca21 buffers (normally, 0.2 mM

EGTA) were omitted from the internal solution in these experiments.
Closed-loop system for augmenting spike AHPs. Spike-triggered

hyperpolarizing current injections (see Figs. 6, 7, 8H) were generated
using a microcontroller-based feedback system that interfaced with the
patch-clamp amplifier (model AxoPatch 1D). An Arduino-compatible
high-speed microcontroller (model ChipKit uC32, Digilent) operated a
16 bit analog-to-digital converter (ADC)/digital-to-analog converter
(DAC) subsystem (Analog Shield, Digilent) that monitored the intracel-
lular voltage output of the AxoPatch amplifier using one ADC channel.
The microcontroller system looked for threshold crossings that signaled
the rising phase of an action potential (AP; threshold set at �30mV)
only when an external digital gating signal was enabled (set by a transis-
tor–transistor logic output on the ITC-18 interface). This digital gating
signal from the ITC-18 was used to block spike-triggered hyperpolariza-
tions during the step response. Once triggered, the uC32 system waited
2ms to match the approximate AP duration and then generated a steady
negative voltage corresponding to 50–150 pA injected current for 2ms
before decaying with a predetermined exponential time constant (1 s in
most experiments). The delay before initiating the feedback AHP was
increased to 100ms in one set of experiments described in the text.
Subsequent APs reset the microcontroller system DAC output to the
same maximal level for 2ms before decaying again (i.e., AP-triggered
current injections did not summate beyond the maximal feedback AHP
amplitude preset for that experiment).

The DAC output of the microcontroller system (generated by the
Analog Shield add-on board) was combined with the DAC output of the
ITC18 data acquisition system used to generate the depolarizing current
step using a 1� summing voltage amplifier (model FLA-01, Cygnus
Technologies). The microcontroller system DAC output scaling was
adjusted to generate 50–150 pA current injections applied to the neuron.

The microcontroller system was programmed in C using the stand-
ard Ardunio IDE (version 1.8.9) and libraries supporting the uC32 con-
troller and analog shield interface supplied by the manufacturers.
Current stimulus waveforms containing randomly timed transient
hyperpolarizations (containing the same 2ms constant period followed
by exponential decays) were applied to neurons through the ITC-18 data
acquisition interface.

Experimental design and statistical analysis. Throughout the study,
we defined persistent activity as continuous firing beyond the offset of
triggering depolarizing stimulus. We refer to persistent firing responses
that lasted at least 10 s as “long lasting,” in contrast to persistent dis-
charges that ended after,10 s of firing (termed “self-terminating”).
Following the acquisition of episodes containing long-lasting persistent

firing, we manually terminated persistent discharges by applying a nega-
tive holding current sufficient to suppress firing for at least 60 s. We
then slowly removed the added hyperpolarizing current until the initial
holding potential was re-established. In most experiments, we coapplied
a low concentration of a GIRK channel activator (ML297; 0.67 mM) with
CCh. We previously demonstrated (Cui and Strowbridge, 2018) that
using ML297 to slightly enhance tonic GIRK currents reduces the pro-
pensity of pyramidal cells to spike spontaneously when mAChRs are
activated by CCh. Several experiments were conducted without GIRK
activators (indicated in figure legends). We also indicate the drug condi-
tions under each example recording trace in the illustrations.

Dynamic estimates of input resistance changes were computed using
the same protocol used in our previous studies (Cui and Strowbridge,
2018, 2019). The values reported reflect the difference from the input re-
sistance expected at that particular membrane potential. Calibration
experiments were conducted in the same pharmacological conditions
(e.g., CCh and ML297), immediately before recording responses to
depolarizing stimuli to determine the expected input resistance at differ-
ent membrane potentials (0.25mV increments). We applied a DC hy-
perpolarization to suppress persistent firing in experiments to measure
input resistance changes. Trials to assay input resistance were interleaved
with trials without added DC hyperpolarization to ensure that the depo-
larizing stimulus reliably triggered persistent firing.

Unless noted, data were expressed as the mean 6 SEM. Significance
level with p, 0.05 was used. Multiple comparisons were Bonferroni cor-
rected. Statistical tests were performed in Python and R. We used sur-
vival curves (1 – cumulative distributions) to compare the distributions
of self-terminating persistent discharges and used the Kolmogorov–
Smirnov (K-S) test to determine whether two cumulative probability
curves reflected the same distribution. We fit a Boltzmann function

(
1

11e�k�ðt�t1=2Þ) to the plot of probability of persistent firing versus hyper-

polarization duration (see Fig. 2B2), where k is the slope of the sigmoid
and t1/2 is the corresponding duration that resulted in persistent firing in
50% of trials at that particular pause duration.

Results
The present study builds on results presented in two recent pub-
lications from our group (Cui and Strowbridge, 2018, 2019) that
support the hypothesis that slow changes in the K1 leak conduct-
ance mediated by ERG are responsible for much of the intrinsic
hyperexcitability underlying cholinergic persistent firing. The
present study extends this work by first asking whether persistent
firing is influenced by brief firing interruptions. This experiment
is a key test to determine whether persistent firing is maintained
by elevated residual Ca21 from recent preceding spikes or,
instead, is maintained by slow changes in ERG conductance trig-
gered by the brief initial intracellular Ca21 transient. The second
part of the present study uses three independent approaches to
ask which conductances regulate persistent firing dynamics.

Mechanism for maintenance of persistent firing in neocortical
pyramidal cells.We first tested whether persistent firing (Fig. 1A,
left) reflected continuous modulation of an intrinsic current or a
state change by applying a weak hyperpolarizing step immedi-
ately following the stimulus. If persistent firing is maintained by
a current that is continuously sensing intracellular Ca21, then
delaying persistent firing should allow the initial Ca21 influx to
subside, weakening the modulatory change underlying persistent
firing (Fig. 1B, top). By contrast, if a depolarizing stimulus trig-
gered a long-lasting state change that modulated intrinsic cur-
rents, then interrupting the intracellular Ca21 stimulus for 4 s
should have little effect because the channel modulation already
started during the stimulus (Fig. 1B, bottom).

We adjusted the amplitude of a 4 s hyperpolarizing step
in each neuron to be just large enough to transiently suppress
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persistent firing (typically, �50pA). As shown in the example
experiment illustrated in Figure 1C, 4-s-long firing pauses gener-
ated by these hyperpolarizing steps had very little effect on the per-
sistent firing response other than introducing a delay. Pausing
firing for 4 s failed to abolish persistent activity in eight of eight
experiments. Both the steady-state persistent firing rate and the
rate that the instantaneous firing frequency increased as persistent
firing began were similar whether or not firing was delayed follow-
ing the depolarizing stimulus (Fig. 1C, bottom, black and orange
scatter plots). Over eight experiments with interleaved control and
4 s hyperpolarizing steps, there were no statistically significant dif-
ferences in either the steady-state persistent firing rate (Fig. 1D) or
firing acceleration time constant (p. 0.05).

These results suggest that the depolarizing stimulus evoked a
long-lasting modulation of intrinsic currents (Fig. 1B, bottom,
state-change model) rather than a continuous modulation that is
prolonged by Ca21 influx from each spike. We also found further
support for the state-change model when we assayed the effects
of changing the depolarizing stimulus. Varying the duration of
the depolarizing stimulus between 500ms and 2 s had no effect
on the probability of triggering persistent firing (both near 1 in
all six experiments) and did not alter the frequency of persistent
firing (Fig. 1E,F). Similarly, doubling the amplitude of the depo-
larizing step or including a second depolarizing step had no
effect on the frequency of persistent firing (both p. 0.05). These
results suggest that each pyramidal cell generated persistent

FED

C

BA

Figure 1. Bistable persistent firing reflects a neuronal state change. A, Long-lasting persistent firing triggered by a depolarizing step is abolished by the ERG antagonist ErgTx1 (50 nM; red
trace). Recording from a L5 TeA neocortical PC in a slice bathed in 2 mM CCh with 0.67 mM GIRK activated ML297 added to help stabilize the membrane potential, as in the study by Cui and
Strowbridge (2018). B, Diagrams of two proposed models of underlying cellular mechanism (right top and bottom). See text for details. C, Hyperpolarizing current injection for 4 s delays but
does not abolish persistent activity (orange trace at top). Instantaneous firing rates from the same two responses shown below traces. D, Plot of rate-persistent firing frequency increased fol-
lowing stimulus offset in the same trials: p. 0.05, T= 0.045; paired t test. Mean values are indicated at the top, and N values are indicated at the bottom of each bar. E, Increasing the dura-
tion of the depolarizing step stimulus does not affect persistent firing frequency. Example responses evoked by 500 and 2 s depolarizing steps recorded from the same neuron and at the same
membrane potential. F, Summary plot of average persistent firing frequency evoked by 500 ms and 2 s depolarizing steps in 6 PCs: p. 0.05; paired t test using same cell comparisons.
Experiments illustrated in C–F were conducted using 2mM CCh without ML297.
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activity at a relatively constant frequency despite changes in the
stimulus. We found more variation in the frequency of persistent
firing between different cells than in repeated trials in any one
cell. Overall, the average persistent firing frequency spanned
between 2 and 12Hz across 25 L5 pyramidal cells (mean,
4.8Hz). The coefficient of variation of persistent firing frequency
was four times higher when comparing different cells than when
comparing repeated trials recorded in the same neuron (p=
0.0001, T=23.8, df = 24, paired t test). These results are consist-
ent with the hypothesis that the steady-state firing rates achieved
are stereotyped on repeated trials in each neuron despite the
large variation in persistent firing dynamics across cells.

We next asked whether pausing firing long enough for the
transient reduction in ERG K1 current to recover would abolish
persistent firing. We first measured the time course of the input
resistance increase to estimate the time course of the transient
ERG attenuation. As shown in Figure 2A, the increase in input
resistance following the stimulus was similar in control trials (in
2 mM CCh and with persistent firing suppressed 500ms following
the stimulus by DC hyperpolarization; black trace) and in inter-
leaved trials where persistent firing was allowed to continue for
5 s (orange trace; maximal increase in input resistance 43.9 MV
with 0.5 s delay vs 42.5 MV with 5 s persistent firing; p. 0.05;
T= 0.367, paired t test). We have previously reported that the
increase in input resistance following depolarizing step stimuli in
CCh reflected a reduction in ERG conductance since it was
blocked by ERG antagonists (Cui and Strowbridge, 2018). The
rate of input resistance relaxation following the peak elevation
also was similar whether or not persistent firing was allowed to
continue for 5 s following the stimulus (Fig. 2A, bottom, black
and orange plots). The similar transient increases in input resist-
ance in these two conditions suggests that the time course of
ERG-mediated hyperexcitability is relatively stereotyped and
lasts for;10 s.

Over six experiment, we applied a graded series of hyperpola-
rizing pulses from 2 to 10 s in duration (Fig. 2B1, examples).
Long-duration hyperpolarizing pulses reliably blocked persistent
firing (in.90% of trials with 8 or 10 s pauses) while hyperpolari-
zations lasting ,6 s rarely blocked persistent firing. Figure 2B2
summarizes these results and predicts that 6.4-s-long hyperpola-
rizations would abolish persistent firing in 50% of trials (Fig.
2B2, midpoint of the Boltzmann curve fit). The similarity in the
time courses of ERG-mediated increases in input resistance (Fig.
2A, bottom) and the sensitivity of persistent activity to long-du-
ration firing pauses (Fig. 2B2) suggests that the short-termmech-
anisms underlying persistent activity can reverse within 10 s.

The inability of short-duration hyperpolarizing pulses to
abolish persistent firing was not related to recruitment of addi-
tional IH current. Hyperpolarizing steps were unable to abolish
persistent firing even after the IH current was attenuated using
ZD7288 (10 mM; tested with 4 s steps). Similarly, blocking firing
with an exponentially relaxing current injection immediately fol-
lowing the step offset (t = 1 s; Fig. 2C) also failed to abolish per-
sistent firing.

In principle, long-duration hyperpolarizing pulses could abol-
ish persistent firing by either accelerating the recovery of inacti-
vated K1 currents or by simply delaying spiking long enough for
the modulation of ERG currents to reverse. We tested whether
hyperpolarizing steps functioned to deinactivate K1 currents by
applying a graded amplitude series of 2-s-duration hyperpolariz-
ing steps immediately after the depolarizing stimulus (Fig. 2D).
If long-duration hyperpolarizing pulses were effective because
they recovered inactivated K1 currents, we expected to find that

large-amplitude 2 s pulses would abolish persistent firing.
Instead, 2-s-duration hyperpolarizing pulses never abolished per-
sistent firing even at very large amplitudes (�400 pA; also tested
but not shown:�100,�200, and�300 pA). These results suggest
that long-duration hyperpolarizing pulses were effective in abol-
ishing persistent firing primarily because they paused firing long
enough for the modulation of ERG current to reverse.

The results thus far established that the critical pause duration
necessary to disrupt persistent firing (delays of;6 s abolish per-
sistent firing in 50% of trials) is similar to the time required for
the ERG-mediated increase in input resistance to relax back to
near baseline conditions (input resistance reduced to ;25% of
peak elevation in 6 s; Fig. 2A, bottom). We next asked how these
relatively slow dynamics related to the time course of intracellu-
lar Ca21 changes in response to similar stimuli. The continu-
ous modulation model (Fig. 1B, top) predicts that some
residual intracellular Ca21 elevation should remain following
brief (duration, ;4 s) firing pauses to allow Ca21-dependent
inward currents to trigger persistent firing. By contrast, if per-
sistent firing is governed by a state change triggered by the
depolarizing stimulus (e.g., a slowly relaxing modulation in
ERG conductance; Fig. 1B, bottom), intracellular Ca21 dynam-
ics need not be coupled to changes in intrinsic physiology.

We used Ca21 photometry to measure somatic Ca21 transi-
ents following depolarizing stimuli and to determine whether
4 s firing pauses were long enough to dissipate the initial Ca21

transient evoked by the stimulus. Wide-field photometric
measurements from a single Cal520-filled neuron enabled high
resolution measurements of both spike-evoked Ca21 transients
(Fig. 3A) and the kinetics of intracellular Ca21 decay following
depolarizing stimuli. In both control conditions (without CCh)
and in 2 mM CCh, the Ca21 transient evoked by the depolariz-
ing stimulus decayed monotonically, reaching basal levels
within 3 s (Fig. 3B; persistent firing prevented by setting the
initial membrane potential to �75mV). The Ca21 indicator
decay time constant following the depolarizing step response
was 740 6 84.8ms (N= 4), approximately four times slower
than the decay time constant following single isolated spikes
(207 6 24ms; N= 4). Figure 3C summarizes the Ca21 dynam-
ics following standard step stimuli in control conditions and in
CCh. These results demonstrated that the 4 s firing pauses used
in Figure 1, C and D, were long enough to dissipate the somatic
Ca21 accumulation triggered by the depolarizing stimulus. The
resumption of persistent firing following the pause was, there-
fore, unlikely to be triggered by elevated intracellular Ca21 as
postulated in the continuous modulation model shown in
Figure 1B (top).

Spike afterhyperpolarizations regulate persistent firing
duration
We identified three experimental manipulations that revealed a
latent capacity for persistent firing to terminate after,10 s in
neocortical pyramidal cells. All three mechanisms we identified
appeared to function by amplifying the endogenous hyperpolari-
zations that followed each AP within the persistent discharge.
This similarity suggests that the modulation of spike afterhyper-
polarizations may be a general mechanism for regulating the du-
ration of persistent discharges.

The first manipulation we found that enabled self-termina-
tion was treatment with the positive SK channel modulator
NS309. Applying NS309 in control conditions decreased the
number of APs evoked by the depolarizing current steps in neu-
rons held at a constant membrane potential (Fig. 4A), suggesting
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Figure 2. Bistable persistent activity is abolished by long-duration firing pauses. A, Example episode used to estimate change in input resistance associated with the current underlying per-
sistent firing. Continuous hyperpolarization applied 0.5 s following step stimulus offset to prevent persistent firing along with brief hyperpolarizing test pulses were used to create continuous
Rin estimates. Without DC hyperpolarization, the same depolarizing stimulus reliably triggered bistable persistent firing (data not shown). Orange trace from same neuron but with a longer ini-
tial period of persistent firing before the DC hyperpolarizing current was applied (5 s). Bottom plots mean6 SEM of change in input resistance from expected Rin at that membrane potential
from five experiments with alternating trials in which persistent firing was allowed to continue for 0.5 s (black plot) or 5 s (orange plot). Dashed horizontal line indicates no change from
expected Rin. B1, Example trials with different duration hyperpolarizing pulses applied immediately following the depolarizing step stimulus. Bistable persistent firing was abolished in trials
with 7 and 9 s hyperpolarizing pulses. B2, Summary plot of the probability of bistable persistent firing versus the duration of the hyperpolarizing pulse applied immediately following the step
stimulus computed from six experiments. Arrowhead on y-axis indicates a delay required to produce bistable firing on half the trials (6.34 s; slope =�0.78) calculated from Boltzmann function
fit (continuous curve). C, Injecting an exponentially decaying hyperpolarizing transient (amplitude, �150 pA; 1 s t ) failed to abolish bistable persistent firing. D, Injecting large-amplitude
hyperpolarizing steps (top trace, �200; bottom trace,�400 pA; duration, 2 s for both) also failed to abolished bistable persistent firing. Experiments were conducted using 2 mM CCh without
ML297.
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that L5 pyramidal cells express SK currents that are recruited by
spiking discharges. Over seven experiments, 5 mM NS309 reduced
the average firing rate during the depolarizing stimulus from
16.0 to 4.8Hz (p= 0.0001; T=15.6, df = 6; N= 5, paired t test).
The effects of NS309 appeared to be specific to SK channels as
we found the opposite change with NS8593, a negative SK channel
modulator (NS8593 increased firing frequency during depolariz-
ing steps in seven of seven cells tested). Enhancing SK-mediated
K1 currents with NS309 increased spike AHP amplitude (Fig. 4B,

C) and slowed the AHP decay kinetics from 162 6 63 to 276 6
67ms (p=0.005, T=4.93, df = 5; N=6; paired t test), suggesting
that firing slowing occurred because of larger and slower spike
AHPs. We found a similar increase in spike AHP amplitude when
NS309 was tested in slices exposed to 2 mM CCh (from �0.91 6
0.77 to �4.65 6 0.97mV; p=0.02, T= 3.355, df = 6; N=7; paired
t test), demonstrating the activation of muscarinic receptors
with CCh did not occlude SK modulation by NS309. The SK
negative modulator NS8593 had the opposite behavior and
reduced, rather than increased, spike AHP amplitude (data not
shown; N= 6).

Enhancing SK currents using NS309 converted bistable
persistent firing into self-terminating discharges (Fig. 4D).
The average duration of self-terminating trials varied with
the concentration of NS309 applied (5.25 6 1.1 s in 0.5 mM vs
3.16 6 0.33 s in 1 mM NS309; N = 7). As shown in Figure 4E,
the proportion of self-terminating discharges also increased
with higher concentrations of NS309 as did the fraction of trials
with no persistent firing (all cells showed reliable bistable per-
sistent firing before testing NS309). When self-terminating dis-
charges occurred in NS309, they always lasted,10 s (Fig. 4F;
survival curves significantly different in 0.5 and 1 mM NS309).
The absence of very long-duration self-terminating discharges
(.10 s) suggests that a similar ERG-related mechanism gov-
erned persistent firing dynamics in these experiments since
ERG modulation appears to reverse within 10 s in the absence
of sustained persistent firing. Presumably, the relatively fast
kinetics of m1 receptor-mediated ERG modulation sets an
upper limit on the duration of self-terminating persistent
discharges.

While NS309 is commonly used to activate SK channels
(Pedarzani et al., 2005; Nam et al., 2017; Sun et al., 2020), this
compound also modulates intermediate conductance Ca21-acti-
vated K1 channels (Hougaard et al., 2007). We used the SK
channel-selective blocker UCL1684 (Hilgers and Webb, 2007) to
test whether the ability of NS309 to promote self-terminating fir-
ing depended on modulating SK channels. In three of three
experiments in which NS309 application converted long-lasting
persistent firing into self-terminating discharges, the subsequent
addition of 1 mM UCL1684 reverted the step responses back to
bistable firing. An example of the effect of UCL1684 reversing
self-terminating firing is shown in Figure 4G. These results sug-
gest that the modulation of SK channels regulates persistent fir-
ing dynamics.

We also verified that NS309 promoted self-terminating firing
in ACSF containing a lower Ca21 concentration (1.3 mM), simi-
lar to the Ca21 concentration found in CSF. We tested 0.5 mM
NS309 in 5 L5 pyramidal cells that showed long-lasting persistent
firing in 4 mM CCh. Activating SK channels with NS309 con-
verted bistable responses into self-terminating discharges in
three of five experiments (mean discharge duration, 3.8 6 1.9 s;
N= 3; Fig. 4H). In one experiment, NS309 completely abolished
persistent firing and in another experiment it failed to abolish
bistable firing.

By enhancing spike AHPs, the SK positive modulator NS309
likely slowed persistent firing sufficiently to prevent triggering
long-term mechanisms that reinforce persistent activity, leaving
transient ERG attenuation as the primary persistence-generating
mechanism. The ability of SK modulators to slow and, in
most experiments, stop persistent firing was limited to
NS309. Over seven experiments, testing the negative SK
modulator NS8593 (10 mM) under the same conditions, per-
sistent firing frequency increased and persistent discharges

C

B

A

Figure 3. Dynamics of intracellular calcium transients evoked by depolarizing steps. A,
Example photometric recording of Ca-related epifluorescence in a TeA L5 PC filled with the
calcium indicator dye Cal520. Top trace shows fluorescent transients associated with each AP
evoked by the depolarizing step. B, Example photometric recording in a different PC over a
longer-sweep window reveals rapid decay kinetics of the Cal520 dye signal in the cell body
region. Intracellular Cal520 transients following depolarizing step stimuli are eliminated after
3 s. Decay responses were similar in ACSF and CCh conditions (example response recorded in
CCh). C, Summary plot of Cal520 fluorescence assayed photometrically from the soma at dif-
ferent time points following depolarizing step offset. Fluorescence levels normalized to peak
response immediately following step stimulus in each experiment. Separate experiments
assayed the rate of Ca21 transient decay in control conditions (gray bars) and in 2 mM CCh
(black bars). Initial membrane potential set to�75mV to prevent persistent firing.
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never spontaneously terminated in ,10 s
(zero of seven cells tested). We also tested
the M current activator ICA110381
(Boehlen et al., (2013), used at 10 mM) in
four experiments. In four of four record-
ings, activating M current with ICA110381
abolished persistent firing without reveal-
ing self-terminating discharges.

Complementary experiments also sug-
gest that NS309 converted bistable persist-
ence into self-terminating discharges by
enhancing spike AHPs during the poststi-
mulus period. Increasing extracellular
Ca21 from 2.5 to 4 mM is another treat-
ment that would be expected to enhance
SK currents, albeit indirectly by increasing
transmembrane Ca21 currents. While this
experimental manipulation did not lead
to self-terminating discharges similar to
responses that were similar to what we
observed in NS309, persistent firing fre-
quency slowed in all five cells tested with
4 mM Ca21 to 76% of the control rate
(p=0.037; T=3.087, df = 4; paired t test;
Fig. 5A). The same manipulation reduced
the number of APs triggered during the
depolarizing step (p=0.034, T=3.160,
df = 4; paired t test) and increased the am-
plitude of the spike AHP (Fig. 5B). These
results suggest that the net effect of Ca21

currents may be to reduce excitability via
activation of Ca21-activated K1 currents
like SK, as shown previously in Purkinje
neurons (Swensen and Bean, 2003).

A central problem in testing the hy-
pothesis that spike AHPs regulate per-
sistent firing dynamics is that the
manipulations tested thus far affected
afterpotentials triggered by all APs—
those evoked during the step stimulus
and during the persistent discharge.
While we tried to disambiguate the
effects on the stimulus and the persis-
tent firing response (e.g., by adjusting
the step amplitude to normalize the
number of APs evoked), it is difficult
with global manipulations to isolate
the key functional effect to one com-
ponent of the response. To circumvent
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Figure 4. Pharmacologically enhancing SK currents converts bistable persistent firing into self-terminating discharges. A,
Enhancing SK currents with NS309 (blue trace) decreased the step-evoked firing rate from control conditions (black). B,
Enhancing SK currents with NS309 also increased spike AHP amplitude and slowed AHP kinetics. Horizontal dashed line at
membrane potential before depolarizing pulse stimulus that triggered the AP. Action potentials were truncated. C, Summary of
spike AHP amplitude before (Ctrl) and after NS309. **p= 0.016, T= 3.58, df = 5; paired t test. D, Low concentrations of
NS309 (0.5–1 mM) convert bistable persistent firing responses into self-terminating discharges. Example self-terminating dis-
charge responses recorded with 0.5 mM (middle panel, same cell as control trace) and 1 mM NS309 (different cell). Stimulus
amplitude increased in NS309 traces to compensate for reduction in step-evoked firing frequency. E, Summary of persistent fir-
ing response dynamics in control experiments without NS309 and following bath application of 0.5 or 1 mM NS309 (middle
and right bars, respectively). Response types categorized as either bistable (persistent firing for.10 s following stimulus offset;

/

black), discharges that spontaneously terminated within 10
s (blue), or trials with no spiking following stimulus (teal).
F, Summary of the duration of self-terminating discharges
triggered in either 0.5mM (thin line; N= 29 trials) or 1mM

NS309 (thick line; N= 22 trials). The two distributions are
statistically different (p, 0.015, d= 0.357; K-S test). G,
Ability of NS309 to promote self-terminating discharges is
reversed by the SK channel blocker UCL1684 (1 mM; bot-
tom trace). Blue traces indicate responses recorded with
0.5 mM NS309 present. H, The SK modulator NS309 pro-
motes self-terminating firing in ACSF containing 1.3 mM

Ca21. Control and NS309 conditions include 4mM CCh.
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this problem, we created a microcontrol-
ler/neuron interface system that enabled a
small computer (an Ardunio microcontrol-
ler) to detect each spike during the persistent
discharge and then inject an exponentially
decaying hyperpolarizing current transient
into the neuron (Fig. 6A; for details, see
Materials andMethods).

Our approach was inspired by related
work using closed-loop feedback systems
(Sharp et al., 1993; Bettencourt et al.,
2008), including a recent report that used
a similar microcontroller to create a
dynamic clamp system (Desai et al., 2017).
We could not use traditional dynamic
clamp system in this experiment since the
goal was to mimic the functional effect of
Ca21-gated (not voltage-gated) K1 cur-
rents and because we wanted to limit the
feedback-generated spike AHPs to the persistent discharge, leav-
ing the spikes directly evoked by step stimulus unaffected. In our
experiments, the reactive feedback system generated predefined
hyperpolarizing current transients that were delayed by 2ms
from the triggering event on the AP rising phase. This timing
enabled the outward current waveform generated by the micro-
controller to temporally overlap with (and augment) the endoge-
nous spike AHP.

Enhancing the spike AHP during the persistent firing phase
with AP-triggered current injections converted bistable persis-
tent activity into self-terminating persistent firing. In 10 of 10
experiments using the microcontroller-based feedback system,
we could reliably trigger self-terminating persistent discharges in
the same neuron when the feedback spike AHP system was
enabled (50–150 pA hyperpolarizing transients injected that
decayed with 1 s time constants). Moreover, the duration of self-
terminating persistent firing was graded with the amplitude of
the feedback spike AHP current (Fig. 6B). In the example record-
ing shown in Figure 6B, a single precisely timed 150pA hyperpo-
larizing current injection abolished persistent firing following the
initial poststep spike. As shown above (Fig. 2C), the same hyper-
polarizing current waveform injected immediately following the
step stimulus (instead of following the first poststimulus spike)
failed to block persistent firing. In all experiments with self-ter-
minating discharges, disabling the microcontroller feedback
reverted the response to long-lasting bistable firing (Fig. 6B,C,
top traces).

These initial results suggest that the timing of the externally
generated hyperpolarizations was critical for controlling bista-
ble persistent firing. We tested this hypothesis by constructing
three different “frozen” current waveforms with a series of ran-
domly timed hyperpolarizations. Each hyperpolarizing transient
included in the random stimulus pattern matched the ampli-
tude and kinetics of the feedback current waveforms that
effectively terminated bistable persistent firing when applied
immediately following each persistent spike (50 pA, 1 s decay
time constants). In six experiments, all three random stimulus
patterns failed to abolish bistable persistent firing, although
they created long (.1 s) pauses in the poststep discharge. In
six of six experiments, we could alternate between all three ex-
perimental conditions (no hyperpolarizations, AP-linked
hyperpolarizations, or randomly timed hyperpolarizations) in
the same neuron and demonstrate that only spike-triggered
hyperpolarizations terminated persistent firing (Fig. 6C). The

average probability of terminating bistable persistent firing
using random and spike-linked external AHPs in six experi-
ments is summarized in Figure 6D. The ineffectiveness of
randomly timed hyperpolarizations was not because of pre-
senting weaker inputs: the number of hyperpolarizations
presented in all random waveform trials was greater than
in precisely timed trials, and the overall hyperpolarizing
charge injected in random trials also was greater than in
AP-linked trials. Also supporting the pivotal role of spike-
timed AHPs, we found that injecting one precisely timed
large-amplitude hyperpolarizing transient could stop per-
sistent discharges after the first spike (Fig. 6B, bottom
trace) while injecting the same inhibitory transient immedi-
ately following the step stimulus did not abolish long-last-
ing firing (Fig. 2C).

On average, the duration of persistent firing varied from
;1–7 s as the amplitude of spike-linked feedback AHPs was
increased from 50–150 pA (Fig. 6E; N = 6 experiments). As
shown in the cumulative plots in Figure 6F, grading the am-
plitude of feedback AHPs resulted in different dynamics with
persistent firing up to ;7.5 s in most trials with low-ampli-
tude (�50 pA) external spike AHPs while moderately large
spike AHPs (�100 pA) evoked a near linear decrease in firing
probability throughout the initial 8 s poststep period.

Unlike highly precise spike-timing-dependent mechanisms
of long-term plasticity (Markram et al., 1997), the timing
requirement for feedback AHPs was looser as both 2 and
100ms AP-to-AHP latencies were effective in converting
long-lasting persistent firing into self-terminating discharges
(N = 4 in each condition). We could not test negative AP-to-
AHP latencies since our responsive feedback system was trig-
gered by spontaneous APs. Self-terminating persistent dis-
charges recorded using the external feedback system appeared
to rely on the same ERG modulation mechanism previously
demonstrated for long-lasting bistable persistent firing (Cui
and Strowbridge, 2019). Bath application of ERG blocker ter-
fenadine (10 mM) blocked self-terminating discharges acquired
when the feedback system was operational (data not shown).
By contrast, attenuating SK currents with NS8593 increased
the firing rate during the depolarizing step response but failed
to block persistent discharges whether or not the feedback
AHP system was operational (N= 3). The ability of the re-
sponsive feedback system to terminate persistent firing even
in NS8593 provides evidence suggesting that AP-linked hyper-
polarizing current transients were not functioning to enhance

BA

Figure 5. Reduction in afterhyperpolarization amplitude with elevated extracellular calcium. A, Increasing extracellular Ca
concentration from 2.5 to 4 mM (orange trace) slows persistent firing frequency. B, Plot of step AHP amplitude in standard
(2.5 mM) and high (4 mM) iCa21 concentration conditions. **p= 0.006, T= 7.358, df = 4; paired t test.
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Figure 6. Spike-triggered hyperpolarizations regulate the duration of persistent discharges. A, Diagram of microcontroller-based responsive feedback system used to augment endogenous
spike AHPs. The analog output of the microcontroller produces exponentially decaying hyperpolarizing transients that are added to the step generator to generate the patch-clamp amplifier
current input. Analog signal summation (“Sum”) was mediated by a two-channel unity gain buffer amplifier. A digital control signal (data not shown) disabled the responsive feedback system
during the step stimulus. B, Persistent discharges triggered by depolarizing current steps in an L5 pyramidal cell alone (Control) and spike AHPs augmented via responsive feedback (bottom
three panels with orange current traces). Grading the amplitude AP-linked hyperpolarizations modulated the duration of self-terminating discharges (maximal injected current varied between
�50 and�150 pA). C, Two different randomly timed trains of similar hyperpolarizing transients failed to terminate persistent firing (middle panels with green current traces). Control bistable
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SK current activation via increasing Ca21 tail currents through
voltage-dependent Ca21 channels (VDCCs).

Together, these results suggest that the feedback AHPs enable
self-terminating discharges by generating slow hyperpolariza-
tions that counteract the ERG-mediated afterdepolarization. The
combination of the slow depolarization and enhanced spike-trig-
gered AHPs divides the time when the net depolarization is
above firing threshold into discrete temporal windows. We first
tested this model by modifying the feedback microcontroller to
truncate each AP-linked AHP current injection after it had
decayed for 250ms. This manipulation tests whether the most
important component of the feedback AHP is the initial fast
transient or the slow decay phase. Aborting the prolonged expo-
nential AHP decay after 250ms prevented feedback AHPs from
terminating persistent discharges (Fig. 7A; five of five experi-
ments). In the same recording, interleaved trials in which feed-
back AHP that decayed continuously until the next spontaneous
AP occurred generated self-terminating discharges (Fig. 7A, bot-
tom trace). These results demonstrate that the critical phase of
the AHP required to terminate persistent discharges was not the
initial hyperpolarization but, instead, the slow, prolonged decay
of the AHP response. This result provides additional evidence
that feedback AHPs did not function to enhance VDCC tail cur-
rents (and thereby recruit SK-mediated endogenous AHPs).
Rather, feedback AHPs provided a prolonged source of hyperpo-
larization that helped dampen excitability after each AP.

Feedback AHPs triggered during self-terminating discharges
typically overlapped (Fig. 7A, inset), leading to a sustained DC
hyperpolarization. However, continuous hyperpolarization was
not required for persistent discharges to terminate since acceler-
ating AHP decay kinetics (by reducing the exponential decay
time constant from 1 s to 500ms) still produced self-terminating
discharges without generating AHP summation (Fig. 7B). In the
example shown in Figure 7B, feedback AHPs evoked by the sec-
ond and subsequent spikes decayed almost completely (to,5%
of the initial current injected) during the interspike intervals.
Over five experiments, we found no difference in the mean dura-
tion of self-terminating discharges (all between 4.0 and 4.3 s;
p. 0.05) or the distribution of persistent firing durations (all
p. 0.05, d= 0.29–0.313 for the three comparisons; K-S tests)
when feedback AHP decay kinetics were varied among 1 s,
750ms, and 500ms. All three decay kinetics were effective in
converting bistable firing into self-terminating discharges (in five
of five cells tested) with the fastest decays (500ms t ) generating
almost no temporal summation of injected hyperpolarizing cur-
rent transients. Further accelerating feedback AHPs to 200ms
decay t resulted in bistable firing (Fig. 7B, bottom trace), though
at a slower frequency than in control conditions without the
feedback-augmented AHPs.

These results suggest that the magnitude of spike AHPs regu-
lates persistent firing dynamics. The primary stimulus for persis-
tent firing during the initial 10 s period appears to be a
temporary negative modulation of the leak K1 current mediated
by ERG (Cui and Strowbridge, 2018, 2019; Fig. 7C). This effec-
tive inward current (a reduced steady-state outward current) is
partially offset by brief hyperpolarizations generated by spike
AHPs (Fig. 7C, orange trace), slowing the persistent firing rate
and likely preventing the triggering of long-term mechanisms
supporting bistable firing modes. Persistent firing frequency
can be reduced further when spike AHPs are enhanced either
pharmacologically by applying a positive SK modulator or
externally using the microcontroller feedback system. One con-
sequence of this “AHP sculpting” mechanism is that the timing
of individual APs within the persistent discharge can be con-
strained within relatively narrow windows determined by when
the AHP generated by preceding spike has subsided sufficiently
to allow the net current (ERG-mediated depolarization plus
spike AHP) to become inward.

Persistent firing dynamics in hippocampal pyramidal
neurons
Finally, we asked whether ERG also regulates intrinsic persistent
firing in neurons in other brain areas. We focused on CA1 and
CA3 pyramidal cells, two well studied excitatory cell types in the
hippocampus. Bath application of CCh increases neuronal excit-
ability in both cell types. The number of spikes evoked by our
standard depolarizing step stimulus increased 1.8-fold in CCh in
CA1 PCs and 2.1-fold in CA3 PCs (p, 0.005, T. 4.46 in both
comparisons; t test). However, in the same 2 mM concentration of
CCh, depolarizing steps only triggered persistent firing in CA1
PCs (in 17 of 18 experiments; Fig. 8A) and never in CA3 PC
recordings at either membrane potential (0 of 7 experiments;
Fig. 8B). The ability of depolarizing step stimuli to trigger persis-
tent activity in three different pyramidal cell types is summarized
in Figure 8C. Once triggered, the persistent firing frequency was
higher in CA1 neurons than in neocortical neurons by 1.4-fold
(p=0.015, T=2.71, df = 35, N=25 TeA neocortical cells and 12
CA1 pyramidal cells; t test), suggesting that persistent firing is ro-
bust in CA1 neurons even at the low CCh concentration used in
this study.

We next asked whether ERG modulation underlies persistent
firing in CA1 pyramidal cells as it does in L5 neocortical pyrami-
dal cells (Cui and Strowbridge, 2018, 2019). In the hippocampus,
ERG1 expression varies sharply in different subregions. Pyramidal
cells in CA1 strongly express ERG1, while ERGmarkers are low in
neighboring CA3 pyramidal cells (Saganich et al., 2001; Papa et al.,
2003). The ERG1 expression difference paralleled the sharp differ-
ences we observed in the ability of depolarizing step stimuli to trig-
ger persistent firing in CCh, consistent with the hypothesis that
ERG modulation underlies intrinsic persistent firing in CA1 neu-
rons but not in CA3 pyramidal cells.

We tested whether terfenadine affected three different intrin-
sic physiological properties of CA1 and CA3 neurons to deter-
mine whether the differential ERG expression result reported in
previous publications affects neuronal function. Attenuating
ERG conductance with terfenadine increased the number of
spikes triggered by our standard depolarizing step stimulus by
1.7-fold in CA1 pyramidal cells but had no effect in CA3 neurons
(,3% change, p. 0.05, paired t test). Similarly, terfenadine
increased input resistance only in CA1 neurons (83.4–107 MV;
p= 0.0081, T= 4.90, df = 4, N= 5) and not in CA3 pyramidal cells
(,2 MV change, p=0.91, T= 0.125, N=5; paired t tests in

/

response (top panel) and self-terminating response with AP-linked feedback hyperpolariza-
tions (same�50 pA peak current amplitude; bottom panel) recorded from the same neuron.
D, Summary of probability of self-terminating activity with AP-linked (orange) and randomly
timed hyperpolarizations (green). All decay t , 1 s: ***p= 2e-7; T= 14.10, df = 5; paired t
test. E, Summary of reduction in the duration of persistent activity by different amplitude
AP-linked hyperpolarizations (all decay t , 1 s). All comparisons: **p, 0.002, T. 4.587,
df = 5; paired t tests. Analysis restricted to self-terminating trials. F, Survival plots of duration
of self-terminating discharges with different responsive feedback current injection maximal
amplitudes (�50 vs �100 pA: p, 0.0005, T= 0.498; �50 vs �150 pA: p, 3.33e-09,
T= 0.755;�100 vs �150 pA: p, 3e-05, T= 0.562; K-S tests). All recordings with CCh and
ML297 are shown. Horizontal orange bars indicate times when the responsive feedback sys-
tem was operational.
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both). And finally, terfenadine abolished the afterhyperpolari-
zation that normally followed the step response in CA1 neu-
rons, revealing a small afterdepolarization (poststep response
amplitude shifted from �2.4 to 0.5mV, p = 0.040, T = 2.99,

df = 4, N = 5; paired t test). The same treatment had no effect
on the poststep response in CA3 pyramidal cells (response
amplitude, �1.7 vs �1.6mV; p = 0.94, T= 0.084, N = 5; paired
t test).

C

BA

Figure 7. Bistable persistent activity prevented when spike afterhyperpolarizations slow initial discharge frequency. A, Truncating slow-feedback AHP decays (middle panel, t = 1 s trun-
cated to 0 pA after 250 ms) fails to convert bistable persistent firing into self-terminating discharges. Allowing the same feedback AHP to continue to decay exponentially generated self-termi-
nating responses in the same neuron (bottom panel). Inset, Expansion of microcontroller-generated current waveforms when feedback AHPs were truncated at 250 ms (thin trace) and when
feedback AHPs were allowed to exponentially decay until the next AP (thick trace) in the same neuron. B, Persistent discharges spontaneously terminate even when feedback AHP decay
kinetics is accelerated to prevent steady-state hyperpolarizing current injection (t = 500 ms; middle panel, vs 1 s t used elsewhere in study). Self-termination does require temporal summa-
tion of feedback AHPs since injected current decayed to ,5% of peak during interspike intervals (all with.3 decay time constants). Accelerating feedback AHP decay kinetics further (to
200 ms t ; bottom panel) generated long-lasting bistable persistent firing. Dashed lines indicate zero microcontroller-injected current level. C, Diagram illustrating hypothesized mechanism of
self-terminating persistent discharges. See text for details.
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Figure 8. Spike afterhyperpolarizations regulate persistent firing modes in hippocampal CA1 pyramidal cells. A, Activation of muscarinic receptors with CCh (2 mM) enables a persistent dis-
charge following a step stimulus in a CA1 pyramidal cell (blue trace). B, The same CCh treatment increase failed to trigger persistent firing in a CA3 pyramidal cell. C, Summary plot of probabil-
ities of triggering persistent firing in CCh in CA1 and CA3 hippocampal pyramidal cells and TeA L5 neocortical pyramidal cells. Probabilities of triggering persistence estimated from two
different holding potentials (�65 and�70mV) in each cell type. D, Persistent firing in CA1 pyramidal neurons exposed to CCh is blocked by terfenadine (10 mM; orange trace). E, Attenuating
ERG conductance with terfenadine had little effect on the step response in a CA3 pyramidal cell. Inset, Enlargement of the initial phase of the afterhyperpolarization before and after terfenadine
treatment. F, Summary plot of change in apparent input resistance of CA1 pyramidal cells during persistent activity using the same methodology as the experiment shown in Figure 2A. Input
resistance was estimated in CCh (blue plot) and in response to similar depolarizing step stimuli in control conditions (black plot) and after persistent firing was abolished by terfenadine (orange
plot). Magnitude of maximal change in input resistance plotted in inset: *p= 0.013, T= 4.227, df = 4; paired t test. G, Attenuating SK conductances with NS309 (2mM) converted persistent fir-
ing into self-terminating discharges in CA1 pyramidal cells (blue traces). H, Applying microcontroller-based closed-loop feedback to selectively enhance spike afterhyperpolarizations terminated
persistent firing in a CA1 pyramidal cell. Hyperpolarizing current transients commanded by the microcontroller shown in orange trace. As with the neocortical neuron experiment in Figure 6B,
the closed-loop system only modulated the magnitude of the spike afterhyperpolarization during the persistent firing phase, not during the depolarizing step stimulus.
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The differential responsiveness to terfenadine in CA1 and
CA3 we find in control conditions (without using CCh to acti-
vate muscarinic receptors) suggests that ERG contributes to the
resting conductance in CA1 but not in CA3 neurons, consistent
with differences in published ERG1 expression markers across
hippocampal subfields (Saganich et al., 2001). Regional differen-
ces in ERG expression also likely underlie the differential ability
of low concentrations of CCh to increase neuronal excitability in
CA1 pyramidal cells but not in CA3 neurons. [Persistent firing
in CA3 pyramidal cells can occur with higher concentrations of
CCh; 10 mM CCh was used in studies by Jochems and Yoshida
(2013, 2015).]

If the primary target of muscarinic receptor modulation
in our hippocampal experiments is ERG, then the absence of
persistent firing in CA3 neurons could be explained by the
relatively low levels of ERG1 expression in these neurons.
Consistent with the hypothesis that ERG modulation under-
lies intrinsic persistence in the hippocampus, we find that
persistent firing was abolished by terfenadine in four of four
CA1 pyramidal cells tested (Fig. 8D), paralleling our results
in L5 neocortical pyramidal cells that express ERG (Cui and
Strowbridge, 2018, 2019). Terfenadine has little effect on
responses to depolarizing steps in CA3 neurons treated with
CCh (Fig. 8E), including the poststep response (Fig. 8E,
inset). In CA1 neurons, input resistance increased immedi-
ately following depolarizing stimuli presented in CCh and
then recovered with a slow time constant (3.2 6 0.16 s, N = 5;
Fig. 8F). Attenuating ERG conductance with terfenadine
abolished the transient increase in input resistance following
depolarizing stimuli in CA1 neurons (Fig. 8F, inset), consist-
ent with the hypothesis that ERG modulation underlies the
persistent firing mode in our CA1 experiments.

In neocortical neurons, we find that the duration of poststi-
mulus firing is regulated by the amplitude of spike afterpolar-
izations with large-amplitude AHPs converting long-lasting
persisting firing into self-terminating discharges (Figs. 4-7; see
above). Our results suggest that a similar mechanism operates in
CA1 pyramidal cells. Spike AHPs evoked by the depolarizing
step were increased by the positive SK channel modulator NS309
(from 4.8 6 1.4 to �2.2 6 1.3mV; p= 0.007, T=5.204, df = 4,
N= 5 CA1 neurons; paired t test. Enhancing spike AHPs by
applying NS309 significantly reduced the initial persistent firing
frequency from 5.4 6 1.1 to 2.4 6 0.7Hz; p= 0.005, T= 6.02,
df = 4, N= 5; paired t test). In five of five CA1 cells tested, 2 mM
NS309 converted long-lasting persisting firing into self-terminat-
ing discharges such as the example episodes shown in Figure 8G.
All self-terminating discharges terminated in ,10 s following
the offset of the depolarizing stimulus, suggesting that ERG-
mediated hyperexcitability subsides within that;10 s time frame
in both neocortical and hippocampal CA1 neurons (Fig. 8F).
Finally, we tested whether enhancing only the poststimulus spike
AHPs using closed-loop feedback also revealed self-terminating
persistent firing modes in CA1 pyramidal cells. This approach
was successful in five of five experiments including the example
shown in Figure 8H and demonstrate that persistent firing dura-
tion can be regulated by spike AHP amplitude in both neocorti-
cal and hippocampal CA1 neurons.

Discussion
We make three principal conclusions in this study. First,
we extend previous work on ERG-mediated mechanisms
of persistent firing (Cui and Strowbridge, 2018, 2019) by

demonstrating that the slow kinetics of ERG modulation in
neocortical pyramidal cells enables persistent firing to continue
after pauses of up to;8 s. ERG-mediated hyperexcitability out-
lasts transient increases in intracellular Ca21 concentration,
making this mechanism of intrinsic persistent activity more ro-
bust to perturbations than most previously studied persistence
mechanisms, including bistability associated with high expres-
sion of low-threshold voltage-gated Ca21 channels (Williams et
al., 1997) and classical synfire chain networks.

The slow kinetics of ERG-mediated hyperexcitability that fol-
lows depolarizing stimuli likely functions to reinforce and stabi-
lize behaviorally relevant network states defined by patterns of
synaptic connections (Koulakov et al., 2002; Goldman et al.,
2003). The combination of slow intrinsic plasticity mediated by
ERG channels and recurrent synaptic connections may be
especially effective in creating self-sustaining network states
because cholinergic modulation of ERG selectively amplifies
the late phase of neuronal discharges without altering the ini-
tial response (Cui and Strowbridge, 2019). The ability of ERG
plasticity to selectively affect only a small subset of neurons—
those with the largest and longest responses to a stimulus—
likely enables intrinsic plasticity to coexist within recurrent
networks without disrupting the precise collection of synaptic
connection strengths necessary for generating persistently
active network states (Seung, 1996).

The present study also defines a novel biophysical mecha-
nism that regulates the duration of persistent discharges:
modulating the amplitude of spike afterhyperpolarizations. A
central question regarding most in vitro approaches to define
persistent activity mechanisms has been the behavioral rele-
vance of the extremely long duration of tonic discharges often
reported, typically lasting .20 s. Our results provide one of
the first demonstrations of self-terminating discharges trig-
gered by transient stimuli in acute brain slices using standard
whole-cell patch-clamp recordings. We found variable dura-
tion epochs of persistent spiking using two independent
experimental approaches: using a SK channel positive modu-
lator to augment all spike AHPs; and using a closed-loop neg-
ative feedback system to selectively amplify only AHPs
associated with persistent spikes. This mechanism for regulat-
ing persistence also explains our counterintuitive finding that
increasing extracellular calcium concentration slows, rather
than increases, the frequency of persistent firing. Presumably,
in the neocortical neurons we studied, changes in intracellular
Ca21 concentration enhance currents mediated by SK chan-
nels, increasing the magnitude of spike AHPs.

And finally, we demonstrate that ERG-based intrinsic plas-
ticity is not restricted to neocortical neurons since the block-
ade of ERG channels with terfenadine abolishes persistent
firing in hippocampal CA1 pyramidal cells. In the hippocam-
pus, we find the ability of cholinergic stimulation to promote
intrinsic persistent firing modes follows previously established
patterns of ERG1 expression (relatively high in CA1 pyrami-
dal cells and low in CA3 neurons; Saganich et al., 2001; Papa
et al., 2003). Our work is also consistent with previous studies
demonstrating that ERG contributes to regulating CA1 neu-
ron excitability (Fano et al., 2012; Xiao et al., 2018; Carver and
Shapiro, 2019). Persistent firing in CA1 neurons is mediated
by conductance changes with slow kinetics, similar to the
transient modulation of ERG current following depolarizing
stimuli we demonstrated previously in neocortical neurons
(Cui and Strowbridge, 2018, 2019) and is regulated by the
same spike AHP mechanism.
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Mechanism and phases of ERG-mediated persistent firing
Defining the principal mechanisms that mediate intrinsic persis-
tent firing in cortical neurons has been a challenging problem, in
part, because of uncertainty about the role of intracellular Ca21

transients. Most investigators who approached this problem
found filling pyramidal cells with Ca21 chelators, such as EGTA
or BAPTA, abolished persistent firing. But that result did not dis-
criminate between a requirement for an initial Ca21 transient
to initiate a modulatory cascade and the subsequent Ca21 tran-
sients driven by APs during the persistent discharge. Our
results suggest that only the initial Ca21 transient is required
since the stimulus-triggered intracellular Ca21 transient dissi-
pated back to basal levels during 4 s firing pauses. Since persis-
tent firing typically resumes following 4 s pauses, a latent
increase in excitability likely remains to restart persistent firing
even after intracellular Ca21 levels have returned to basal levels.
While the wide-field photometric measurements we used are
dominated by somatic fluorescent changes, this measurement
should reveal the slowest Ca21 indicator kinetics since our work
using more spatially localized two-photon photometry indicated
that Cal520 transients decayed faster in dendritic compartments
than in the cell body region in a variety of neuron types
(R. Pressler and B. Strowbridge, unpublished observations).

Our results are consistent with prior work that demon-
strated past intrinsic persistent firing in entorhinal neurons
could continue past ;4 s interruptions (Fransén et al., 2006).
These authors proposed that channels mediating calcium-acti-
vated nonselective cation (Ican) currents could be modulated
into a persistently active form, leading to a long-lasting source
of depoarization. While the molecular identity, and modulatory
mechanisms, of channels that mediate Ican remain uncertain,
likely candidates are transient receptor potential cation (TRPC)
channels (Yan et al., 2009; Zhang et al., 2011). However, the
association between TRPC channels and intrinsic persistent ac-
tivity in cortical neurons was challenged by recent molecular
studies that demonstrated persistent firing even after genetic
deletion of different combinations of TRPC channels (Dasari
et al., 2013; Egorov et al., 2019). In addition, our findings that
;4 s pauses are long enough to allow the stimulus-evoked in-
tracellular Ca21 transient to subside does not support the sim-
pler Ican model in which firing is maintained by periodic
influxes of Ca21 associated with persistent spiking.

Our results following the transient changes in input resistance
and testing of ERG antagonists both suggest that a transient
attenuation of ERG conductance contributes to this latent hyper-
excitability. However, pyramidal cells do not immediately begin
to fire at their fastest tonic rate. Instead, the persistent firing rate
typically ramps up over the initial 10 s. A similar ramp up in fir-
ing rates is often observed in vivo where neocortical neurons
active during the delay period of WM tasks often do not reach
steady-state firing rates until several seconds following the stim-
ulus (.5 s: Fuster and Alexander, 1971; Fuster and Jervey, 1981;
.1–3 s: Funahashi et al., 1989; Takeda and Funahashi, 2002). In
our experiments, this gradual increase in firing frequency
appears to reflect the interplay between the slow development
of ERG-mediated hyperexcitability and the poststimulus AHP.
The depolarizing stimuli likely triggers a variety of K1 currents
that contribute to the initial AHP, including SK channels, as
indicated by the reduced latency to persistent firing following
attenuation of SK channels using NS8593. Presumably, these
K1 currents are recruited maximally immediately following the
stimulus, contributing to the initial slow rate of persistent firing
observed in both in vitro studies (Yoshida and Hasselmo, 2009;

Rahman and Berger, 2011; Zhang et al., 2011; Jochems and
Yoshida, 2013) and in the in vivo studies cited above.

In vivo, persistent firing frequency is often graded with stimu-
lus type or amplitude. Integrator neurons within the vestibulo-
ocular reflex circuit that regulate eye position, for example,
are capable of firing persistently over a wide frequency span
(Dalezios et al., 1998; Major et al., 2004). By contrast, most previ-
ous in vitro studies of intrinsic persistent firing that used whole-
cell recording found a bistable, all-or-none firing mode that
was unaffected by changes in stimulus amplitude or duration
(Yoshida and Hasselmo, 2009; Rahman and Berger, 2011; Zhang
et al., 2011; Knauer et al., 2013). Our results are consistent with
these prior reports and found no significant changes in persistent
firing rates when we varied the triggering stimulus under control
conditions. Persistent firing frequency, however, was altered by
relatively small additional hyperpolarizations timed to coincide
with endogenous spike AHPs (Fig. 6B). A similar conversion
from bistable to graded persistent firing occurred when we
enhanced SK currents using NS309 (Fig. 4), suggesting that in-
tracellular dialysis associated with whole-cell recordings likely
attenuated endogenous spike AHPs and thereby promoted bista-
ble firing. These results may also help explain why the relatively
few studies that found graded persistent firing used sharp elec-
trode recordings (Schwindt et al., 1988; Egorov et al., 2002, 2006;
Reboreda et al., 2007) which generate less intracellular dialysis
than the whole-cell recording configuration. The greater variety
of persistent firing modes found using sharp electrodes could
reflect larger amplitude spike AHP responses as well as poten-
tially different intracellular Ca21 transients during the triggering
stimulus.

During WM tasks, delay period activity was typically ter-
minated when the subject made an eye saccade response
(Funahashi et al., 1989; Takeda and Funahashi, 2002).
Before the response movement, persistent firing recorded
in delay neurons was rarely tonic, including during the
ramp-up phase. Although not often highlighted, multiple
studies found delay cell firing frequency decreased gradu-
ally from the peak rate until the response movement (Fuster
and Alexander (1971; Funahashi et al., 1989; Young et al.,
1997; Zhou et al., 2011) or even terminated before the response
(Oshio et al., 2006; Watanabe and Funahashi, 2007, 2014; Liu et
al., 2014).

Replicating these self-terminating forms of persistent activity
under in vitro conditions has proved challenging, especially in
studies using whole-cell recordings. In vivo, termination may
occur because of strong inhibitory input or depression of recur-
rent excitatory synaptic responses. However, the present study
demonstrates that spontaneous termination of intrinsic persis-
tent firing does not require GABAergic or glutamatergic input.
Instead, our results suggest that both graded-frequency persistent
firing and self-termination can reflect the interplay between ERG
and SK conductances. Both of these common features of delay
cell responses were revealed in our brain slice recordings when
we enhanced spike AHPs using a pharmacological modulator or
a reactive feedback system. Our experiments also revealed a tim-
ing requirement for effective feedback AHPs that is reminiscent
of spike timing-dependent plasticity (Markram et al., 1997),
though the coincidence requirement between the APs and feed-
back AHPs extended to at least 100ms.

Together, these findings raise the possibility that artificially
attenuated SK currents under whole-cell recording conditions
promoted long-lasting bistable persistent firing modes at the
expense of graded and self-terminating responses. Intriguingly,
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several groups reported that attenuating SK currents pharmaco-
logically can improve WM performance in rodents (Stackman et
al., 2002; Brennan et al., 2008), perhaps by prolonging the dura-
tion of persistent firing. Dynamic changes in cholinergic input
also can contribute to self-terminating responses, as demon-
strated using optogenetic modulation of activity in cholinergic
fibers (Joshi et al., 2016; Baker et al., 2018; Cui and Strowbridge,
2019). These studies indicate that neuronal hyperexcitability
reverses gradually when ACh release is terminated, perhaps
mimicking the reduction in cortical modulator release when
attention lapses duringWM tasks. Future studies will be required
to assess the degree to which these biophysical mechanisms
(recovery of ERG leak conductance, enhanced SK conduct-
ance, reduced cholinergic activity) influence the duration of
persistent firing and WM performance in vivo. Defining the
consequences of modulating ERG and SK channel activity dur-
ing WM tasks is likely to be especially informative since highly
specific pharmaceutical agents are available for these channels.
Our work predicts that the blockade of ERG channels (e.g.,
using ErgToxin1) should reduce the prevalence of persistent
firing in cortical neurons in vivo and impair WM performance,
while enhancing SK conductances using NS309 should prema-
turely terminate epochs of persistent firing, reducing the dura-
tion of delay cell activity. Our results also raise the possibility
that other mechanisms that enhance postspike hyperpolariza-
tion, such as feedback GABAergic inhibition, may regulate
persistent firing dynamics through the same mechanism we
demonstrate for SK channel modulators.
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