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Intracellular Calcium Responses Encode Action Potential
Firing in Spinal Cord Lamina I Neurons
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Maladaptive plasticity of neurons in lamina I of the spinal cord is a lynchpin for the development of chronic pain, and is
critically dependent on intracellular calcium signaling. However, the relationship between neuronal activity and intracellular
calcium in these neurons is unknown. Here we combined two-photon calcium imaging with whole-cell electrophysiology to
determine how action potential firing drives calcium responses within subcellular compartments of male rat spinal cord lam-
ina I neurons. We found that single action potentials generated at the soma increase calcium concentration in the somatic
cytosol and nucleus, and these calcium responses invade dendrites and dendritic spines by active backpropagation. Calcium
responses in each compartment were dependent on voltage-gated calcium channels, and somatic and nuclear calcium
responses were amplified by release of calcium from ryanodine-sensitive intracellular stores. Grouping single action potential-
evoked calcium responses by neuron type demonstrated their presence in all defined types, as well as a high degree of simi-
larity in calcium responses between neuron types. With bursts of action potentials, we found that calcium responses have the
capacity to encode action potential frequency and number in all compartments, with action potential number being preferen-
tially encoded. Together, these findings indicate that intracellular calcium serves as a readout of neuronal activity within lam-
ina I neurons, providing a unifyingmechanism throughwhich activitymay regulate plasticity, including that seen in chronic pain.
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Significance Statement

Despite their critical role in both acute pain sensation and chronic pain, little is known of the fundamental physiology of spi-
nal cord lamina I neurons. This is especially the case with respect to calcium dynamics within these neurons, which could reg-
ulate maladaptive plasticity observed in chronic pain. By combining two-photon calcium imaging and patch-clamp
electrophysiological recordings from lamina I neurons, we found that action potential firing induces calcium responses within
the somatic cytosol, nucleus, dendrites, and dendritic spines of lamina I neurons. Our findings demonstrate the presence of
actively backpropagating action potentials, shifting our understanding of how these neurons process information, such that
calcium provides a mechanism for lamina I neurons to track their own activity.

Introduction
Lamina I neurons of the spinal cord form an integrative hub in
the path of nociceptive information from the periphery to the
brain. Neurons in this outermost spinal cord layer receive direct

nociceptive primary afferent inputs, which are processed by a
network of excitatory and inhibitory interneurons, as well as
indirect mechanosensory information via input from neurons in
other layers of the spinal cord (Basbaum et al., 2009). In addition
to interneurons, lamina I contains a set of projection neurons
with axons that ascend to regions in the brain where nociceptive
information becomes integrated into our pain experience
(Gauriau and Bernard, 2002). Dysfunctional alterations in lam-
ina I neurons have been implicated in the development of
chronic pain (Mantyh et al., 1997; Coull et al., 2003; Ikeda et al.,
2003; Keller et al., 2007), such that lamina I neurons in animal
models of chronic pain exhibit a form of maladaptive synaptic
plasticity (Ikeda et al., 2003; Ji et al., 2003; Costigan et al., 2009).

One of the major regulators of synaptic plasticity throughout
the CNS is intracellular calcium, which acts as a critical second
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messenger linking excitatory synaptic transmission and neuronal
firing to various downstream processes, including regulating
gene transcription, receptor trafficking, and receptor and protein
phosphorylation (Berridge et al., 2000; Bengtson and Bading,
2012; Bourinet et al., 2014). A major source of activity-dependent
intracellular calcium in neurons are voltage-gated calcium chan-
nels (VGCCs). VGCCs are present in the axons and somata of
neurons but may also be present in the dendritic arbor and den-
dritic spines, at the site of synapses (Sabatini et al., 2002; Higley
and Sabatini, 2012; Cichon and Gan, 2015). VGCC-mediated
calcium entry into dendrites and dendritic spines can affect
short-term plasticity through facilitating temporal and spatial
summation, and long-lasting plasticity through altering gene
transcription. Critical for these changes is the firing of action
potentials (APs) in the neuronal soma and the propagation of
these APs into dendrites and spines, as has been well described
in brain regions such as the hippocampus (Spruston et al., 1995;
Rozsa et al., 2004; Kuczewski et al., 2008; Evstratova et al., 2011).

For neurons in lamina I of the spinal cord, our understanding
of the relationship between AP firing and intracellular calcium is
rudimentary. Depolarizing lamina I neurons with stimuli, such
as bath application of glutamate or bursts of APs, are known to
raise calcium concentration in the soma (Ikeda et al., 2003; Luo
et al., 2008; Doolen et al., 2012). However, there is no informa-
tion on how frequency or pattern of APs, which are key parame-
ters for synaptic plasticity in the CNS, affects intracellular
calcium. Moreover, studies on intracellular calcium in dendrites
and dendritic spines of lamina I neurons are nonexistent.
Therefore, there is a major gap in our understanding of the fun-
damental biology of this crucial neuronal cell type. Here, we
closed this gap by combining patch-clamp electrophysiology
with two-photon calcium imaging to define the dynamics of AP-
evoked calcium responses in lamina I neurons, to characterize
the responses in somata, dendrites, and spines of these neurons,
and to determine the mechanisms through which these calcium
responses occur.

Materials and Methods
Animals
Animal experiments were approved by the Hospital for Sick Children
Animal Care Committee and performed in accordance with animal
care regulation and policies of the Canadian Council on Animal Care.
All spinal cord experiments were completed using male adult (P60–P90)
Sprague Dawley rats (325–400 g). All hippocampal experiments were
completed using both male and female adult C57Bl/6 mice (P25–P30).

Spinal cord isolation
Male Sprague Dawley rats were anesthetized with 20% (w/v) urethane,
administered via intraperitoneal injection, and killed by severing of the
cervical spinal cord and vertebrae. The lumbar region of the spinal cord
was dissected from the rat, placed in a protective sucrose dissection solu-
tion containing 1 mM kynurenic acid, and bubbled with 5% CO2/95%
O2, pH 7.3 (310 mOsm). Dorsal roots and dura were removed from the
lumbar cord, and L4-L6 were isolated from the rest of the cord. The L4-
L6 cord was then glued against an agar block and placed in a VT 1000s
vibratome (Leica Microsystems) containing ice-cold sucrose dissection
solution. Dissection solution contained the following (in mM): 50 su-
crose, 92 NaCl, 15 D-glucose, 26 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 0.5
CaCl2, 7 MgSO4, 1 kynurenic acid, bubbled with 5% CO2/95% O2, pH
7.3 (310 mOsm) (Hildebrand et al., 2011, 2014); 300-mm-thick parasagit-
tal slices were obtained from the vibratome. Slices were then incubated
in dissection solution at 34°C for 40min and then cooled passively to
room temperature (21°C–22°C for� 30min) before electrophysiological
recording and imaging.

Hippocampus isolation
Adult mice (C57Bl/6) were anesthetized with 20% (w/v) urethane (i.p.
injection) and killed via decapitation. The brain was removed from the
skull, and the brain was mounted on a vibratome disk and placed in the
vibratome chamber with dissection solution as follows (in mM): 124
NaCl, 11 D-glucose, 26 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 2 CaCl2, 2
MgCl2, bubbled with 5% CO2/95% O2, pH 7.3 (310 mOsm); 300-mm-
thick slices were obtained from the vibratome and placed in a holding
chamber at 30°C for 40min and then cooled passively to room tempera-
ture (21°C–22°C for� 30min) before placement under the microscope
for electrophysiology and imaging.

Electrophysiology of lamina I spinal cord and hippocampal CA1
pyramidal neurons
Slices were placed under an AxioExaminer Z1 microscope (Carl Zeiss
Microscopy), and neurons were visualized under IR-DIC optics. Lamina
I neurons were delineated as those neurons present in the darker, striate
region directly above the substantia gelatinosa that defines lamina II and
directly below the outer white matter tracts (Chery et al., 2000;
Hildebrand et al., 2014). Hippocampal CA1 pyramidal neurons were
delineated by their pyramidal somatic shape and location in the cornu
ammonis. Patch-clamp recordings were made with recording pipettes of
7-12 MV, pulled by a Sutter P97 puller (Sutter Instruments). The exter-
nal recording solution (ACSF) consisted of the following (mM): 125
NaCl, 20 D-glucose, 26 NaHCO3, 3 KCl, 1.25 NaH2PO4, 2 CaCl2, and 1
MgCl2, pH 7.3 (310 mOsm). Perfusion speed was 0.5 ml/min for spinal
cord and 2 ml/min for hippocampus. The internal current-clamp patch
pipette solution consisted of the following (mM): 112 K-gluconate, 8
KCl, 10 HEPES, 4Mg-ATP, 0.3 Na2-ATP, 10 phosphocreatine, 0.3
EGTA, 0.04 Alexa Fluor-594 (AF-594), 0.11 Oregon Green Bapta-1
(OGB-1), pH 7.3 (300 mOsm). A calcium calibration curve was per-
formed, and somatic cytosolic calcium concentration in lamina I neu-
rons was estimated to be 40-50 nM at resting membrane potential based
on the calcium calibration curve (Tsien and Pozzan, 1989). Internal and
external solutions were the same for both types of neurons. Neurons
were allowed to dialyze for 20–30min before imaging to allow the fluo-
rescent dye concentration to equilibrate. Baseline calcium responses typ-
ically required 20min to collect, and drug wash-ins were 20min as well.
Postdrug wash-in responses also typically took 20min to collect, for a
total typical recording time of 80–90min. All recordings were performed
between 24°C and 28°C.

Patch-clamp recordings were made using a Multiclamp 700B ampli-
fier (Molecular Devices) and a Digidata 1440A Digitizer (Molecular
Devices) connected to a desktop computer with pClamp 10.4 software.
Current-clamp recordings were digitized at 10 kHz and low-pass filtered
at 2 kHz. The junction potential for current clamp was calculated as
14.4mV (i.e., �50mV = �64.4mV) (Junction potential calculator,
Clampex) and has been accounted for in all experimental data.
Recordings were included for analysis only if they maintained an access
resistance,45 MV and if they maintained a resting membrane potential
,�50mV without current injection. Bridge balance and pipette capaci-
tance compensation were performed in all neurons. In all experiments,
neurons were held between �70 and �80mV (typically 0 to �20pA
holding current injection). Single APs were evoked with a 5ms current
injection at 100% success threshold. Current injection threshold was
determined for each recorded neuron by test current injections in steps
increasing by 20pA, and was typically between 150 and 400 pA for a
5ms current injection. Each recording was 15 s in duration, with the ex-
perimental current injection at 2 s into recording. A minimum of 15 s
was given between the end of one recording and the beginning of the
next to allow the neuron to return to baseline. Thus, the average stimulus
rate was 0.033Hz. Some experiments also required bursts of 2–4 APs
induced at variable frequencies. This was elicited through 5ms current
injections at different frequencies (0.5, 10, 50Hz). Some experiments
involved long depolarizations of 500–1000ms. For these experiments,
neurons were held at �70mV; then step injections of current were eli-
cited every 10 s. Current injection steps started at 100 pA below baseline
and ramped up by 50pA to a maximum step of 100-150 pA above base-
line. These experiments were used to determine lamina I neuron firing
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type. Recordings between hippocampal and spinal cord slices were per-
formed side by side, with alternating preparations on alternating days.
All internal and external recording solutions were the same for both
preparations.

Two-photon calcium imaging of lamina I spinal cord and
hippocampal CA1 pyramidal neurons
Two-photon calcium imaging was performed on a 710 NLO system
equipped with an AxioExaminar Z1 (Carl Zeiss Microscopy). Two-photon
dual excitation of OGB-1 (110 lM in recording pipette) and AF-594 (35
lM in recording pipette) was achieved using a Coherent Chameleon Ultra
Ti:Sapphire laser tuned to 800nm (Coherent). We chose these concentra-
tions based on concentrations used in previous studies (Denk et al., 1996;
Maravall et al., 2000; Jia et al., 2011). OGB-1 and AF-594 fluorescence
were split based on emission spectra using NDD filter cubes (500–550nm,
565–610nm; Carl Zeiss Microscopy), and sent into NDD detectors (Carl
Zeiss Microscopy). Two-photon images were obtained using a 20� water-
immersion objective lens (Carl Zeiss Microscopy) and the Zen 2009 acqui-
sition program (Carl Zeiss Microscopy). Laser power was kept between
0.3% and 0.7%, and gain was restrained to 650–850 for all calcium imag-
ing experiments. Fluorescence data were acquired using line scan acquisi-
tion (1024� 1, 2� averaging) at a rate of 133Hz. Somatic line selections
were selected to go directly through the middle of the soma, capturing cy-
tosolic and nuclear compartments. Cytosolic and nuclear components of
line scans were differentiated based on increased intensity of the red struc-
tural dye (AF-594) in the nucleus. We confirmed this observation with
DAPI staining of the nucleus after recording, with the area of increased
AF-594 intensity overlapping with that of the DAPI stain (Hardingham et
al., 1997; Bengtson and Bading, 2012; Doerner et al., 2012). Based on this
observation, line scans were subsequently separated into ROIs aligning to
the nuclear and cytosolic compartments. Dendritic line selections were
typically chosen from a random primary dendrite, 20-40mm from the
soma, with a selection of experiments performed at varying distances
from the soma. At the end of each recording, a z stack was taken to note
morphology of each neuron. These were performed at 0.8%–0.9% laser
power with a gain of 800–950, restricted to the red channel. Fluorescence
data were collected and saved as Laser Scanning Microscopy files from
Zen 2009 (Carl Zeiss Microscopy).

Pharmacology
Oregon Green Bapta-1 hexapotassium salt (OGB-1) and AF-594 were
obtained from Invitrogen. Ryanodine was obtained from Abcam. TTX
was obtained from Alomone Labs. All other compounds were obtained
from Sigma Millipore. Ryanodine was dissolved in 100% DMSO as per
instructions, for a final concentration of .0.1% DMSO in recording
ACSF; all other compounds were dissolved in distilled water and added
to the recording ACSF during experiments. Pharmacological agents
were added to the recording ACSF after baseline measurements and
allowed to incubate the slice for 15–20min to allow for full pharmaco-
logical effect.

Raw fluorescence data analysis
z stacks were deconvolved and analyzed in Volocity (PerkinElmer).
Fluorescence data were exported from Zen as Laser Scanning Micro-
scopy files and imported into MATLAB (MathWorks) for analysis.
Analysis was performed with a custom-made toolbox (Calcium Imaging
Analysis Toolbox [CIAT]). Fluorescence data for each line scan record-
ing consisted of red and green intensity values for each pixel at every
time point, creating a pixel� time� color matrix. Using CIAT, the pixel
� time matrices for each color were averaged separately over several tri-
als. This produced an average pixel intensity � time matrix for each
color. Then, ROIs aligning to the desired compartment were delineated
using a marquee function, and the pixel dimension was collapsed by
averaging all pixels at each given time point together within the ROI.
DG/R was then calculated from average pixel intensity, with the first 2 s
before the AP acting as the baseline fluorescence, and dividing by the red
non–calcium-sensitive control channel, creating an instantaneous cal-
cium response curve.

This process was performed for every compartment represented in
the matrix (e.g., cytosol and nucleus are both contained within a single
somatic matrix). We noted a subset of neurons with photobleaching in
the red, but not green, channel, which resulted in apparent run-up of the
DG/R signal. We developed a subroutine within CIAT to delineate and
subtract photobleaching from the data, by fitting the red channel to
an exponential decay function, and removing this decay if present.
Specifically, we fitted the data to a two-term exponential function of the
form f(x) = a � exp(b � x) 1 c � exp(d � x). Because this equation has
2 terms, we were able to separate the constant part from the exponential
decay, the latter which we removed to correct for photobleaching. We
also developed a subroutine to automatically remove traces with sponta-
neous calcium responses above a user-determined threshold (likely due
to synaptic calcium responses).

CIAT was programmed to calculate the time to peak (measured as
the time from AP initiation to the peak, determined from 10-point
smoothed data to reduce noise), and peak response (measured as the
50ms average around the maximum value of the curve, constrained to
between 0 and 3 s after AP initiation). All data from CIAT were saved
into a queryable database, as delineated by user input into the CIAT
graphical user interface. The database was formatted to export data from
each experiment in CIAT into 6 separate tables as follows: raw green in-
tensity values, raw red intensity values, DG/R values, the files included
for each analysis, the equation of photobleaching correction, and calcu-
lated statistics of the calcium response.

Code accessibility
Custom MATLAB code for CIAT as described above is available on
Github at https://github.com/brunoboivin/ciat.

Experimental design and statistical analysis
Unless otherwise indicated, all instantaneous calcium response curves
are an average of 2–8 sequential trials, as described above. Each N indi-
cates one neuron from a separate animal, unless otherwise described
within the figure legends. Four main measures were typically compared
for each instantaneous calcium response curve as follows: time to peak,
peak response amplitude, AUC, and the decay time constant (s). Time
to peak and peak response amplitude were calculated automatically
within CIAT. The decay time constant was calculated manually in Excel
365 (Microsoft). s was defined as the time point where the curve passed
,36.79% of the peak amplitude. Area under the curve (AUC) was calcu-
lated using the trapezoidal rule within Sigmaplot 12.0 (Systat Software).
For some neurons, there was rundown in the calcium baseline over
time due to photobleaching, leading to a negative AUC. This was left
uncorrected.

t tests were also performed in Sigmaplot 12.0. All t tests involving
pre-post trials were performed as paired t tests. Before running paired t
tests, the normality of the data was tested (Shapiro–Wilk test); and if the
data failed this test of normality (p, 0.05), a Wilcoxon signed-rank test
was performed in lieu of a paired t test. t tests involving data from differ-
ent neurons were performed as unpaired t tests. If the data failed a test of
normality (Shapiro–Wilk test), then a Mann–Whitney rank sum test was
performed instead. For data involving more than two comparisons with
one factor, one-way ANOVAS were performed. All one-way ANOVAs
were run within SPSS (IBM). If the data failed a test of normality
(Shapiro–Wilk test), a Kruskal–Wallis ANOVA on ranks was used. For
the experiments described within Figure 10, where there were two fac-
tors with multiple groups, a two-way ANOVA was performed within
Sigmaplot. Tukey’s post hoc tests were used. The statistical test per-
formed for each experiment is included in the figure legends. All bar
graphs represent data as mean6 SEM.

Results
Resolving single AP-evoked calcium responses in lamina I
neurons
To investigate AP-evoked calcium responses, we performed si-
multaneous whole-cell patch-clamp recording and two-photon
calcium (Ca21) imaging from lamina I neurons in acute
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Figure 1. Resolving AP-evoked calcium responses in lamina I neurons. A, Schematic representing procedure for obtaining lamina I neuron recordings in spinal cord slices. Right, Flattened z
stack of a lamina I neuron. Scale bar, 20mm. White box represents selection for inset. Inset, Frame scan depicting line scan selection through the soma, split by emission spectra into green
and red channels corresponding to fluorescence from the calcium-sensitive dye OGB-1 and the structural dye AF-594, respectively. Inset, Scale bars, 5mm. B, Top, Current-clamp trace of
500 ms steps (�120 pA, 50 pA per step) and current injection trace. Bottom, Time-locked line scan image of OGB-1 fluorescence and AF-594 fluorescence. C, Calculated DG/R response in the
same neuron’s soma. D, E, Perfusion of ACSF with no added calcium and 300 mM EGTA (Ca21-free, gray) eliminated any AP-evoked changes in DG/R. Calibration: Top, y axis = 60mV, x
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parasagittal slices of rat lumbar spinal cord (Hildebrand et al.,
2014) (Fig. 1A). The calcium-sensitive indicator OGB-1 (110 lM)
and the calcium-insensitive, structural fluorophore Alexa Fluor
594 (AF-594; 35 lM) were dissolved in the intracellular recording
solution and introduced into the neuron via the patch pipette.
These fluorophores were simultaneously excited by a two-photon
laser tuned to 800nm and were split based on their emission spec-
tra and sent to separate nondescanned photomultiplier tubes.
Fluorescence data were acquired in line scan mode recorded at
133Hz. For each time point, the emission intensity of OGB-1 (G)
was divided by that of AF-594 (R), and the difference in the ratio
compared with a 2 s baseline (DG/R) was calculated throughout
each trial creating a continuous plot of instantaneous DG/R
(Yasuda et al., 2003; Carter and Sabatini, 2004; Fekete et al., 2014)
(e.g., Fig. 1C). AP firing was evoked by depolarizing the neuron
with intracellular current injection. With prolonged depolariza-
tions sufficient to induce trains of APs, we observed increases in
DG/R in the neuronal soma that were graded by the stimulus am-
plitude (Fig. 1B,C). These depolarization-induced increases in
DG/R were prevented by inhibiting entry of all extracellular cal-
cium via perfusion of the slice with Ca21-free ACSF containing
the Ca21 chelator EGTA, indicating that DG/R reliably reports on
changes in intracellular Ca21 concentration.

Single APs evoked by short (5ms), suprathreshold depolariz-
ing current steps also evoked increases in DG/R (Fig. 1F,G).
These increases were once again prevented by perfusing with

Ca21-free ACSF plus EGTA (Fig. 1F). Blocking AP generation
by perfusing with ACSF containing TTX also prevented current
steps from increasing DG/R (Fig. 1G). Together, these findings
indicate the ability to resolve increases in intracellular Ca21 con-
centration evoked by single APs. Using this approach, we studied
Ca21 responses in a total of 212 neurons in lamina I of the dorsal
horn.

Single AP-evoked calcium responses in subcellular
compartments of lamina I neurons
Single APs resulted in increases in DG/R in the soma of 210 of
212 recorded lamina I neurons. With line scans across the entire
neuronal soma, encompassing both the cytosol and nucleus, we
observed a rapid onset rise in DG/R in the soma that peaked
within 150–200ms. Following the peak, the decay in DG/R
appeared as an initial fast decay phase of ;30%–40% from peak
DG/R within the first 200ms, followed by a slower secondary
decay to baseline DG/R over the next 10 s (Fig. 1F,G). Separating
the line scan into ROIs aligning to the cytosol and nucleus
revealed that the amplitude and the time course of the cytosolic
DG/R responses were markedly different from those in the nu-
cleus (Fig. 2). Therefore, in all subsequent experiments, we sepa-
rated nuclear from cytosolic compartments of the somatic DG/R.

Whether APs generated in the soma of lamina I neurons
affect intracellular Ca21 concentration in the dendrites is cur-
rently unknown. Therefore, for each recorded neuron, we also
measured DG/R in a primary dendrite 20-60mm from the soma
(Fig. 3A,B). We found that single APs produced an increase in
dendritic DG/R in all of the 210 neurons with a somatic Ca21

response. Thus, single APs not only cause a rise in intracellular
Ca21 in somatic cytosol and nucleus of lamina I dorsal horn neu-
rons, but also within their dendrites.

Next, we compared DG/R responses between these three sub-
cellular compartments. For each neuron, in each compartment,
we computed the peak DG/R, the time to peak from current

/

axis = 2 s; Inset, y axis = 40mV, x axis = 250 ms; Bottom, y axis = DG/R 0.6, x axis = 2 s.
F, Smaller current steps (5ms, 200 pA) elicited single APs and DG/R responses in the soma.
Perfusion of ACSF with no added calcium and 300mM EGTA again eliminated all fluorescence
changes (n= 4 neurons). G, Single AP-evoked DG/R responses in the soma were also
ablated by the wash-in of 500 nM Tetrodotoxin (TTX) (dark blue, n= 7 neurons).
Calibrations: C, D, y axis = 40mV, DG/R 0.02, x axis = 2 s. C, D, Calcium imaging data pre-
sented as mean.

Figure 2. Somatic calcium responses are composed of cytosolic and nuclear components. A, Somatic line scans can be split into cytosolic and nuclear compartments based on differential AF-
594 fluorescence intensity. Postrecording addition of DAPI to the recording chamber confirmed that AF-594 sequesters to the nucleus producing a greater fluorescence intensity during record-
ings. Top right, AF-594 during recording. Top left and bottom, Flattened z-stack images after recording of AF-594 and DAPI nuclear stain. Scale bars: top left, 40mm; top right and bottom right,
20mm. B, Top, Current-clamp trace, current injection, and OGB-1 fluorescence over time through the line scan selection in A. Calibration: y axis = 30mV, x axis = 1 s. Bottom, Calculated DG/R
trace for the somatic line scan of the neuron in A. Cytosolic and nuclear components were then extracted from the somatic line scan, revealing differences in compartmental calcium responses.
Calibration: y axis = DG/R 0.05, x axis = 1 s.
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injection, the decay rate following peak response, and the area
under the DG/R curve (AUC). To determine the peak DG/R, we
measured the maximum instantaneous DG/R reached after the
AP for each neuron, in each compartment. We found that mean

peak DG/R was significantly different in each compartment
(one-way ANOVA p , 0.001; Fig. 3C), and peak DG/R was
greatest in the dendritic compartment (0.1516 0.007), and low-
est within the nuclear compartment (0.0466 0.002).

Figure 3. Single AP-evoked calcium responses in subcellular compartments of lamina I neurons. A, Two-photon flattened z-stack image of an example lamina I neuron (Scale bar, 30mm),
along with line scan selections. Scale bars: soma, 5mm; dendrite, 0.5mm. B, Current-clamp traces, current injection traces, and example line scans of OGB-1 for each compartment of this neu-
ron. Bottom, DG/R mean traces for each compartment (for all compartments, n= 210 neurons). Calibration: Top, y axis = 25mV, x axis = 1 s; Bottom, y axis = DG/R 0.1, x axis = 1 s. C,
Mean peak response compared between somatic cytosol, nucleus, and dendrites (n= 210 neurons from 172 mice, Kruskal–Wallis one-way ANOVA, p, 0.001). Post hoc multiple comparisons
by Tukey’s test (cytosol vs nucleus, p, 0.001; cytosol vs dendrite, p= 0.006; nucleus vs dendrite, p , 0.001). D, Mean time to peak compared between somatic cytosol, nucleus, and den-
drites (n= 210 neurons from 172 mice, Kruskal–Wallis one-way ANOVA, p , 0.001). Post hoc multiple comparisons by Tukey’s test (cytosol vs nucleus, p , 0.001; cytosol vs dendrite,
p= 0.002; nucleus vs dendrite, p, 0.001). E, Mean decay time compared between somatic cytosol, nucleus, and dendrites (n= 210 neurons from 172 mice, Kruskal–Wallis one-way ANOVA,
p, 0.001). Post hocmultiple comparisons by Tukey’s test (cytosol vs nucleus, p, 0.001; cytosol vs dendrite, p= 1.000; nucleus vs dendrite, p, 0.001). F, Mean AUC compared between somatic
cytosol, nucleus, and dendrites (n= 210 neurons from 172 mice, Kruskal–Wallis one-way ANOVA, p= 0.001). Post hocmultiple comparisons by Tukey’s test (cytosol vs nucleus, p= 0.002; cytosol vs
dendrite, p= 0.120; nucleus vs dendrite, p= 0.656). G, MeanDG/R responses to single APs before (black) and after (light blue) perfusion of 100 mM cadmium (Cd, n= 7 neurons). H, Mean peak
response before and after perfusion of Cd (n= 7 neurons, paired t tests were performed for each compartment: cytosol p= 0.014, nucleus p= 0.002, dendrite p= 0.016). I, Mean AUC before and af-
ter perfusion of Cd (n= 7 neurons, paired t tests were performed for each compartment: cytosol p= 0.003, nucleus p= 0.01, dendrite p= 0.012). Calibrations: B, C, y axis = 20mV,DG/R 0.05, x
axis = 2 s. Data are mean6 SEM. *p, 0.05. **p, 0.01. ***p, 0.005. Where indicated in all subsequent figures, NS = not statistically significant, p. 0.05.
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In the somatic cytosol and the dendrites, the increase in
DG/R appeared as a single rising phase, whereas in the nucleus
the rise time consisted of two phases. As a result, the time to
peak of the DG/R response varied significantly across the three
subcellular compartments (one-way ANOVA, p , 0.001; Fig.
3D). In the nucleus, the time to DG/R peak was much longer
compared with the somatic cytosol or dendrites (1.196 0.03 s in
the nucleus vs 0.1856 0.02 and 0.1216 0.01 s in the somatic
cytosol and dendrites, respectively). The slow secondary phase of
the nuclear response indicates that DG/R was continuing to
increase in this compartment, even when DG/R had fallen sub-
stantially in the other two compartments, and long after the neu-
ronal membrane potential had returned to the resting level.

We next examined the decay of DG/R by calculating the value
of the decay time constant (s) in each subcellular compartment,
for each neuron. As with other measures, nuclear DG/R
responses had widely divergent decay properties compared with
the somatic cytosol and dendrites. In response to a single AP, the
nuclear DG/R response had a mean decay time constant of
10.746 0.52 s, compared with 1.506 0.09 and 1.526 0.11 s for
the somatic cytosolic and dendritic compartments, respectively
(one-way ANOVA, p, 0.001; Fig. 3E).

To measure the overall integrated Ca21 response to AP firing
in each subcellular compartment, we calculated the AUC for each
DG/R response. When comparing responses between subcellular
compartments (Fig. 3F), we found that the AUC of the somatic
cytosol was significantly less than that in the nucleus (one-way
ANOVA, p=0.001, post hoc Tukey t test, p=0.002). This indicates
that, despite the decreased peak DG/R response in the nuclear
compartment, the much slower decay rate within the nucleus leads
to an overall larger integrated Ca21 response due to AP firing.

We determined the stability of calcium responses over the re-
cording period and found that DG/R responses were stable dur-
ing the total recording period, with no significant change in DG/
R responses before and after a 20min time control (n= 6 neu-
rons; Fig. 4). Next, we considered the possibility that evoking
APs through current injection may not accurately reflect DG/R
responses to spontaneously occurring APs in lamina I neurons.

However, we found that, as with APs evoked by current injec-
tion, spontaneous APs similarly increased DG/R in the somatic
cytosol, nucleus, and dendrites of lamina I neurons (n= 6 neu-
rons; Fig. 5), and in none of these compartments was there a stat-
istically significant difference in peak DG/R response between
spontaneous and evoked APs. In addition, in the absence of an
AP, current injection failed to elicit an increase in DG/R (Fig. 6).
Thus, the DG/R responses evoked by current injection appear to
recapitulate the responses produced by spontaneously occurring
APs in these neurons.

The DG/R responses in the soma were prevented by TTX and
by removing extracellular calcium (Figs. 1G, 6), suggesting that
influx of Ca21 through VGCCs is necessary for AP-induced DG/R
responses. To determine whether the DG/R responses in the three
subcellular compartments require VGCCs, we examined the effect
of bath application of the VGCC blocker cadmium (Fig. 3G).
During perfusion of cadmium (100 lM), AP-evoked DG/R
responses were prevented in each compartment (peak DG/R
decreased from 0.1296 0.025 to 0.0146 0.007 in somatic cytosol,
0.0456 0.007 to 0.0086 0.003 in nucleus, and 0.1866 0.031 to
0.0086 0.003 in dendrites; n=7 neurons). Therefore, we conclude
that Ca21 influx through VGCCs is necessary to evoke these DG/
R responses in the somatic cytosol, nucleus, and dendrites.

Overall, we found the most divergent kinetics within the nu-
clear compartment, which despite having the smallest peak DG/
R response, also exhibited the slowest rise and decay of the DG/R
response compared with any other subcellular compartment.
This indicates a slow and persistent elevation in nuclear Ca21

concentration in response to AP firing, a phenomenon we
observed in all lamina I neurons. These findings also indicate
that, despite differences in the kinetics of the DG/R responses
induced by APs, responses in all subcellular compartments are
dependent on Ca21 influx via VGCCs for response initiation.

Calcium-induced calcium release (CICR) contributes to
somatic calcium responses in lamina I neurons
CICR from ryanodine-sensitive intracellular stores has been
shown to contribute to and elongate AP-induced calcium

Figure 4. AP-evoked calcium responses are consistent over experimental duration. A, Mean calcium responses before (black) and after (green) experimental duration (20 min; n= 6 neu-
rons). Calibration: Top, y axis = DG/R 0.06, x axis = 1 s; Middle, y axis = DG/R 0.03, x axis = 1 s; Bottom, y axis = DG/R 0.08, x axis = 1 s. B–E, Quantification of calcium responses before
(black) and after (green) 20 min in all three subcellular compartments. B, Peak response. Paired t test for somatic cytosol p= 0.476, nucleus p= 0.438, dendrite p= 0.548. C, Time to peak.
Paired t test for somatic cytosol p= 0.563, nucleus p= 0.233, dendrite p= 0.783. D, Decay time constant (t ). Paired t test for somatic cytosol p= 0.073, nucleus p= 0.550, dendrite
p= 0.313. E, AUC. Paired t test for somatic cytosol p= 0.840, nucleus p= 0.064, dendrite p= 0.341.
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responses in other types of neurons (Sandler and Barbara, 1999;
Sjöstrom and Nelson, 2002). As ryanodine receptors are known
to be expressed in the superficial spinal cord (Kyrozis et al., 1996;
Cheng et al., 2010; Naka et al., 2013), we tested whether ryano-
dine receptor-mediated CICR contributes to DG/R responses in
lamina I neurons. Ryanodine (100 lM), which locks the receptors
in a low conductance state thereby preventing CICR (Meissner,
2017), was applied by bath perfusion (Fig. 7; n=7 neurons).
Addition of ryanodine had no effect on time to peak or on decay
time in any of the compartments. However, we found that, while
ryanodine had no effect on the peak DG/R responses in somatic
cytosol or dendrites, it significantly reduced peak responses in
the nucleus (paired t test, p= 0.031; Fig. 7A,B). In addition, ryan-
odine significantly decreased the AUC of both nuclear and cyto-
solic compartments (paired t tests, p= 0.013 and p=0.016,
respectively), with no effect in the dendritic compartment
(paired t test, p=0.606; Fig. 7E). Together, these data demon-
strate that ryanodine receptor-mediated CICR boosts lamina I
nuclear and somatic cytosolic Ca21 responses evoked by AP
firing.

Lamina I calcium responses exhibit slower rise and decay
kinetics compared with CA1 pyramidal neurons
While investigating AP-evoked DG/R responses in lamina I neu-
rons, we noted two characteristics that appeared to differentiate
these neurons from others reported in the literature. First, the
decay time of the AP-induced DG/R responses in lamina I

neurons (Fig. 3) appeared slower than in experiments in other
neuronal populations (Sandler and Barbara, 1999; Rozsa et al.,
2004). Second, the nuclear DG/R responses in lamina I neurons
had two distinct rise phases, whereas the somatic cytosolic and
dendritic compartments had a monophasic rise in DG/R. To
understand whether these differences were due to experimental
conditions or inherent to lamina I neuron physiology, we directly
compared DG/R responses with single AP firing between lamina
I and hippocampal CA1 pyramidal neurons.

Lamina I neuron DG/R responses were much slower to peak
within the nuclear compartment, indicative of the secondary
slow rise phase being unique to lamina I neurons (t test, p ,
0.001, n= 8 neurons) (Fig. 8D). Similarly, the decay time con-
stant in all compartments was larger in lamina I neurons (so-
matic cytosol p=0.035, nucleus p= 0.005, dendrite p=0.01) (Fig.
8E). Therefore, hippocampal CA1 pyramidal neuron responses
were in general faster to rise and faster to decay, with no signifi-
cant difference in AUC compared with lamina I neurons.

To determine whether these differences in DG/R response
were due to differences in AP characteristics, we compared AP
attributes between the cell types. Although hippocampal CA1
neuron APs had a slightly higher mean amplitude (p=0.05, n=8
neurons), no differences in rise time or decay time constants
were found, and thus could not account for the differences in
time to peak or decay kinetics observed in DG/R responses
between these cell types (Fig. 8G–J). Together, these data indicate
that AP-evoked DG/R responses are divergent between these
two neuronal populations, and especially within the nuclear

Figure 5. Comparison of evoked and spontaneous calcium responses. A, Example current-clamp traces, current injection traces, and calcium responses in dendrites. Single APs were evoked
as indicated by current injection; spontaneous APs were recorded and measured as well. Calibration: y axis = 80mV, DG/R 0.15, x axis = 2 s. Calibration: Inset, y axis = 40mV, x axis = 200 ms.
B, Mean calcium responses in cytosolic, nuclear, and dendritic compartments from evoked APs (left) and spontaneous APs (right) (n= 6 neurons). Calibration: Top, y axis = DG/R 0.1, x
axis = 200 ms; Middle, y axis = DG/R 0.07, x axis = 300 ms; Bottom, y axis = DG/R 0.1, x axis = 200 ms. C, Quantification of peak response between evoked and spontaneous APs. Paired t
test for somatic cytosol p= 0.584, nucleus p= 0.782, dendrite p= 0.393. Data are mean6 SEM.
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Figure 6. APs are required to elicit calcium responses. A, The 5 ms current injections were evoked at 180 pA (50% failure rate), and calcium responses were grouped by successful and
failed APs. Mean calcium responses for each compartment above and below AP are displayed (n= 9 neurons, mean of 2-7 trials per neuron). Calibration: Top, y axis = 40mV, DG/R 0.05, x
axis = 2 s; Bottom, y axis = 40mV, DG/R 0.1, x axis = 2 s. B, Peak calcium response above and below AP threshold (THold) in somatic cytosol, nucleus, and dendrites. Paired t test for com-
partments: somatic cytosol p , 0.001, nucleus p , 0.001, dendrite p= 0.002. C, AUC above and below AP threshold. Paired t test for compartments: somatic cytosol p, 0.001, nucleus p
, 0.001, dendrite p , 0.001. D, Mean DG/R responses in each subcellular compartment before (black) and after (dark blue) the wash-in of TTX (500 nM; n= 7 neurons for somatic cytosol
and nucleus, and 8 neurons for dendrites). Calibration: y axis = 70mV, DG/R 0.15, x axis = 2 s. E, Peak calcium response before and after wash-in of TTX. Paired t test for compartments: so-
matic cytosol p= 0.014, nucleus p= 0.047, dendrite p= 0.008. F, AUC before and after wash-in of TTX. Paired t test for compartments: somatic cytosol p, 0.001, nucleus p= 0.007, dendrite
p= 0.004. B, C, E, F, Data are mean6 SEM. *p, 0.05. **p, 0.01. ***p, 0.005.
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compartment of lamina I neurons, which is characterized by
exceptionally long rise and decay components.

Calcium responses in dendrites are mediated by active
backpropagation in lamina I neurons
The AP-evoked DG/R responses we observed in the dendrites
could potentially be mediated by passive diffusion of calcium

from the soma as a consequence of somatically generated APs, or
by active processes in the dendrites. To distinguish between these
two possibilities, we measured DG/R responses to single APs at
several distances along dendrites in lamina I neurons with suffi-
ciently long dendritic arbor (Fig. 9). We found no significant
changes in the amplitude of the peak (Kruskal–Wallis one-way
ANOVA, p=0.916, n= 9, n=6, n=8, and n= 6 neurons at 20,

Figure 7. CICR contributes to somatic calcium responses in lamina I neurons. A, Mean DG/R responses, before (black) and after (purple) perfusion of ryanodine (100 mM; n= 7 neurons).
Calibration: Top, y axis = DG/R 0.1, x axis = 1 s; Middle, y axis = DG/R 0.05, x axis = 1 s; Bottom, y axis = DG/R 0.08, x axis = 1 s. B–E, Quantification of DG/R responses before (black) and
after (purple) perfusion of ryanodine in all three subcellular compartments (n= 7 neurons). B, Peak response. Paired t tests were performed for each compartment: cytosol p= 0.469, nucleus
p= 0.031, dendrite p= 0.164. C, Time to peak. Paired t tests were performed for each compartment: cytosol p= 0.627, nucleus p= 0.354, dendrite p= 0.938. D, Decay time constant (t ).
Paired t tests were performed for each compartment: cytosol p= 0.447, nucleus p= 0.318, dendrite p= 0.687. E, AUC. Paired t tests were performed for each compartment: cytosol p= 0.016,
nucleus p= 0.013, dendrite p= 0.606. B–E, Data are normalized mean6 SEM. Paired t tests were performed on raw data. *p, 0.05 (t test).

Figure 8. Lamina I calcium responses exhibit slower rise and decay kinetics compared with CA1 pyramidal neurons. A, Example two-photon images of a spinal cord lamina I neuron (left) and hip-
pocampal CA1 pyramidal neuron (right). White arrows indicate line scan selections. Bottom, Current-clamp traces and current injection traces for these example neurons. Scale bars, 20mm. B, Mean
calcium responses for somatic cytosol, nucleus, and dendritic calcium responses evoked by single AP firing for lamina I neurons (black, LI, n=8 neurons) and hippocampal CA1 neurons (blue, CA1,
n=8 neurons). Calibration: y axis = 40mV, DG/R 0.1, x axis = 2 s. C, Mean peak response of DG/R responses for all three subcellular compartments. t tests were performed for each compartment:
cytosol p=0.065, nucleus p=0.055, dendrite p=0.279. D, Mean time to peak. t tests were performed for each compartment: cytosol p=0.064, nucleus p, 0.001, dendrite p=0.645. E, Mean
decay time constant (t ). t tests were performed for each compartment: cytosol p=0.035, nucleus p=0.005, dendrite p=0.01. F, Mean AUC. t tests were performed for each compartment: cytosol
p= 0.349, nucleus p= 0.793, dendrite p=0.192. C–F, n= 8 neurons for each cell type. Data are mean6 SEM. *p, 0.05; **p, 0.01; ***p, 0.005; t tests. G–J, Comparison of AP characteris-
tics between lamina I and CA1 hippocampal pyramidal neurons. Quantification of (G) peak AP amplitude (p=0.05), (H) rise t (p=0.505), (I) decay t (p=0.279), and (J) AUC (p= 0.296) between
the two cell types (N= 8 neurons for each cell type). Data are mean6 SEM. Unpaired t tests were performed for each comparison.
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60, 100, and 160mm, respectively) nor of the time to peak
(Kruskal–Wallis one-way ANOVA, p= 0.349) of the DG/R
responses at distances of 20, 60, 100, and 160mm away from the
soma. Moreover, there were no distance-dependent differences

in the decay times (Kruskal–Wallis one-way ANOVA, p=0.281)
or in AUC (Kruskal–Wallis one-way ANOVA, p= 0.560).

In the case of passive diffusion of Ca21, the amplitude of the
DG/R response is predicted to decrease greatly with distance

Figure 9. Calcium responses in dendrites are mediated by active backpropagation in lamina I neurons. A, Left, Two-photon image of a lamina I neuron, with line scan selections (white
arrows). Scale bar, 20mm. Right, Mean calcium responses to single APs in dendritic segments of this example neuron (mean of 2-5 line scans per ROI). Calibration: y axis = DG/R 0.1, x
axis = 2 s. B, Mean peak responses in dendrites at each distance away from the soma. One-way ANOVA, p= 0.916. C, Mean time to peak in dendrites at each distance away from the soma.
One-way ANOVA, p= 0.349. D, Mean decay time constant (t ) in dendrites at each distance away from the soma. Kruskal–Wallis one-way ANOVA, p= 0.281. E, Mean AUC in dendrites at each
distance away from the soma. Kruskal–Wallis one-way ANOVA, p= 0.560. B–E, No post hoc t tests were performed due to lack of significant effect of distance. F, Mean calcium responses in
dendrites at 20, 60, 100, and 160mm away from the soma. Calibration: y axis = DG/R 0.07, x axis = 2 s. G, Left, Overlay of mean calcium responses in F. Calibration: y axis = DG/R 0.1, x
axis = 100 ms. B–G, n= 9, n= 6, n= 8, and n= 7 dendrites from 8, 5, 7, and 6 neurons for 20, 60, 100, and 160mm from the soma, respectively. Error bars indicate SEM.
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from the soma and the time to peak is predicted to be prolonged.
With active backpropagation, the amplitude of the DG/R
response will be governed by the relative expression of voltage-
gated ion channels in each branch of the dendritic arbor
(Spruston et al., 1995; Williams and Stuart, 2000; Waters et al.,
2005), and could therefore avoid the amplitude degradation seen
with passive diffusion. Additionally, with active backpropaga-
tion, the time to peak would be predicted to remain constant
within the time resolution of our experiments (Markram et al.,
1995; Williams and Stuart, 2000; Golding et al., 2001; Casale and
McCormick, 2011). Thus, the consistency in amplitude and time
to peak of DG/R responses along lamina I dendrites eliminates
the possibility that the responses are mediated by passive diffu-
sion of calcium from the soma, and instead imply that dendritic
responses are mediated by active AP backpropagation.

Calcium responses differentiate bursts from single APs in
lamina I neurons
In a number of brain regions, including cortex, hippocampus,
and cerebellum (Liao and Lien, 2009; Tada et al., 2014), calcium
responses evoked by bursts of APs have been reported to encode
their number and frequency. We therefore wondered whether
calcium responses in spinal cord lamina I neurons can detect
and encode AP bursts. To this end, we evoked single APs or
bursts containing 2 or 4 APs, at an interval of 30 s between stim-
uli (0.033Hz). For stimuli comprised of 2 or 4 APs, the intraburst
frequency was 0.5, 10, or 50Hz. Wemeasured the maximum am-
plitude of the DG/R response and the AUC for each condition
(Fig. 10). In three subcellular compartments (somatic cytosol,
nucleus, and dendrites), we examined the relationship between
maximum DG/R or AUC with frequency of firing and number
of APs.

Overall, across the frequency range in each of the compart-
ments, the maximum DG/R was greater with bursts of 2 or 4 APs
compared with singlets in all three compartments. With bursts
of APs, there was an increase in maximum DG/R with increasing
number of APs. Any frequency-dependent increase in maximum
DG/R largely plateaued at 0.5Hz in all three compartments, with
a significant frequency-dependent increase in maximum DG/R
only within the somatic cytosol (two-way ANOVAs, p= 0.042
for somatic cytosol, p= 0.014 for nucleus, p= 0.005 for dendrite
with number of APs as a factor; p= 0.034 for somatic cytosol,
p=0.386 for nucleus, p= 0.133 for dendrite with frequency as a
factor).

As with the maximum DG/R, the AUC was greater with
bursts of 2 or 4 APs compared with singlets in all three compart-
ments, but no significant differences were found in AUC with
increasing firing frequency (two-way ANOVAs, p, 0.001 for so-
matic cytosol, p=0.039 for nucleus, p=0.008 for dendrite with
number of APs as a factor; p=0.906 for somatic cytosol,
p=0.801 for nucleus, p= 0.696 for dendrite with frequency as a
factor).

Together, these data indicate that both maximum DG/R and
AUC distinguish single APs at low frequency (0.033Hz) from
bursts containing �2 APs. From this, we infer that calcium
responses in the somatic cytosol, the nucleus, and the dendrites
of lamina I neurons detect multi-AP bursts. Moreover, while the
maximum DG/R and AUC increased concomitantly from 1–2 to
4 APs, we observed only minor changes with increasing fre-
quency. Therefore, the major determinant for both maximum
DG/R and AUC is the number of APs, with the calcium response
effectively counting APs within this range.

Single AP-evoked calcium responses invade dendritic spines
of lamina I neurons
Spines on dendrites are sites of excitatory synaptic inputs and
form a biochemically and spatially distinct subcellular compart-
ment from dendrites (Nimchinsky et al., 2002; Bloodgood and
Sabatini, 2007). Dendritic spines are present on many neurons in
lamina I of the dorsal horn (Lima and Coimbra, 1986; Galhardo
and Lima, 1999; Cordero-Erausquin et al., 2009), although the
spine density is lower compared with, for example, CA1 pyramidal
neurons. An outstanding question is whether lamina I dendritic
spine Ca21 concentration can be affected by neuronal activity.

To address this question, we compared dendritic spine DG/R
responses with those from its parent dendrite (Fig. 11). In every
dendritic spine recorded (n= 22 spines in 22 neurons), we found
that evoking a single AP caused a reproducible, time-locked
increase in DG/R. The peak and AUC of dendritic spine DG/R
responses were smaller than adjacent dendritic DG/R responses
(paired t tests, p , 0.001 and p=0.005, respectively, n= 22 neu-
rons). However, we observed no delay in onset of the DG/R
response (Fig. 11C), as well as no significant difference in the
time to peak and decay time of the DG/R responses between den-
dritic spines and their parent dendrites (paired t tests, p=0.770
and p=0.825, respectively). Thus, we conclude that an AP initi-
ated at the soma evokes a tightly time-locked increase in Ca21

concentration in the dendritic spines, as well as in the dendrites
of lamina I neurons.

AP-evoked calcium responses are similar across
subpopulations of lamina I neurons
Lamina I neurons are both electrophysiologically and morphologi-
cally heterogeneous, with subpopulations defined by AP firing pat-
tern in response to intracellular current injection, or by number of
primary dendrites (Lima and Coimbra, 1986; Prescott and De
Koninck, 2002; Ruscheweyh and Sandkuhler, 2002; Polgar et al.,
2013; Punnakkal et al., 2014). We investigated whether the DG/R
responses to single APs might differ in the various subpopulations
of lamina I neurons. Based on firing pattern in response to current
injection, four types of lamina I neurons have been identified
(Prescott and De Koninck, 2002; Punnakkal et al., 2014): delayed
onset, single spike, phasic, and tonic. In the population of 210 neu-
rons studied, we found that 53% were tonic firing, 22% delayed
onset, 14% phasic, and 4% single spike firing (Fig. 12A). The
remaining 7% of neurons could not be classified.

The average peak response, rise time, decay time, and AUC in
each compartment (cytosol, nucleus, dendrite, and dendritic
spine) were calculated and compared between each firing type
(Fig. 12E–H). Across these many comparisons, we found only one
statistically significant difference: where single spike neurons pos-
sess a faster nuclear rise time (0.806 0.13 s) than other neuron
types (delayed firing=1.236 0.06 s, phasic firing=1.126 0.07 s,
tonic firing=1.236 0.05 s) (Kruskal–Wallis one-way ANOVA,
p=0.018, n=46 neurons for delayed, n=29 neurons for phasic,
n=8 neurons for single spike, and n=112 neurons for tonic fir-
ing). Therefore, grouping lamina I neurons by firing type revealed
that the DG/R responses were largely similar in these different
subpopulations.

To investigate possible differences in DG/R responses in mor-
phologically defined neuronal subpopulations, we assigned neu-
rons to subpopulations based on previous classification schemes
(Lima and Coimbra, 1986) (Fig. 12B). In the population studied,
34% of neurons were fusiform, 33% multipolar, 25% pyramidal,
0% flattened, and 8% unclassified. We found no significant dif-
ferences in DG/R responses across these morphologically defined
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subpopulations (Fig. 12I–L). Together, these findings indicate
that AP-evoked calcium responses are nearly identical across the
different electrophysiologically and morphologically defined sub-
populations of lamina I neurons.

Discussion
AP-evoked calcium responses in lamina I neurons
Here we have described calcium responses that invade the so-
matic cytosol, nucleus, dendrites, and dendritic spines in .99%

of lamina I neurons in response to single APs. These AP-evoked
calcium responses were mediated primarily by influx of calcium
through VGCCs. In the somatic cytosol and the nucleus,
calcium influx was amplified by CICR from ryanodine-sensitive
calcium stores.

The kinetics of the AP-evoked calcium responses in the so-
matic cytosol, dendrites, and dendritic spines were similar to one
another; relative calcium concentration peaked 150–200ms after
AP firing and decayed with a time constant of ;1.5 s. By con-
trast, the kinetics of the nuclear calcium responses differed

Figure 10. Calcium responses encode number of APs and firing frequency. One, 2, or 4 APs were evoked through 5 ms current injection in lamina I neurons at 0.5, 10, or 50 Hz. A, Mean so-
matic cytosol calcium responses, normalized to the calcium response to a single AP for each neuron (n= 20, n= 13, n= 17, n= 10, n= 4, n= 5, and n= 9 neurons for single AP, 2 AP 0.5 Hz,
2 AP 10 Hz, 2 AP 50 Hz, 4 AP 0.5 Hz, 4 AP 10 Hz, and 4 AP 50 Hz, respectively). Calibration: y axis = 0.5 AU, x axis = 2 s. B, Data presented as in A, but for nuclear calcium responses (n= 20,
n= 13, n= 18, n= 10, n= 4, n= 5, and n= 9 neurons for single AP, 2 AP 0.5 Hz, 2 AP 10 Hz, 2 AP 50 Hz, 4 AP 0.5 Hz, 4 AP 10 Hz, and 4 AP 50 Hz, respectively). Calibration: y axis = 0.4 AU,
x axis = 2 s. C, Data presented as in A, but for dendritic calcium responses (n= 20, n= 14, n= 18, n= 11, n= 4, n= 4, and n= 8 neurons for single AP, 2 AP 0.5 Hz, 2 AP 10 Hz, 2 AP 50 Hz,
4 AP 0.5 Hz, 4 AP 10 Hz, and 4 AP 50 Hz, respectively). Calibration: y axis = 0.5 AU, x axis = 2 s. D, Quantification of peak calcium responses in the somatic cytosol. A two-way ANOVA on ranks
was performed with number of APs and firing frequency as factors (interaction: F(2,0.56) = 1.537, p= 0.225; number of APs: F(1,1.58) = 4.34, p= 0.042; firing frequency: F(2,1.31) = 3.60,
p= 0.034), determining that both number of APs and firing frequency were significant factors. E, Quantification of peak calcium responses in the nucleus. A two-way ANOVA on ranks was per-
formed with number of APs and firing frequency as factors (interaction: F(2,0.31) = 775, p= 0.466; number of APs: F(1,2.63) = 6.46, p= 0.014; firing frequency: F(2,0.395) = 0.39, p= 0.386), deter-
mining that number of APs was a significant factor, but not firing frequency. F, Quantification of peak calcium responses in the dendrite. A two-way ANOVA on ranks was performed with
number of APs and firing frequency as factors (interaction: F(2,0.69) = 1.39, p= 0.259; number of APs: F(1,4.26) = 8.59, p= 0.005; firing frequency: F(2,1.04) = 2.09, p= 0.133), determining that
number of APs was a significant factor, but not firing frequency. G, Quantification of AUC of calcium responses in the somatic cytosol. A two-way ANOVA on ranks was performed with number
of APs and firing frequency as factors (interaction: F(2,0.13) = 0.07, p= 0.929; number of APs: F(1,40) = 22.359, p, 0.001; firing frequency: F(2,0.18) = 0.10, p= 0.906), determining that number
of APs was a significant factor, but not firing frequency. H, Quantification of AUC of calcium responses in the nucleus. A two-way ANOVA on ranks was performed with number of APs and firing
frequency as factors (interaction: F(2,0.1) = 0.11, p= 0.899; number of APs: F(1,4) = 4.49, p= 0.039; firing frequency: F(2,0.2) = 0.22, p= 0.801), determining that number of APs was a significant
factor, but not firing frequency. I, Quantification of AUC of calcium responses in the dendrite. A two-way ANOVA on ranks was performed with number of APs and firing frequency as factors
(interaction: F(2,0.17) = 0.07, p= 0.930; number of APs: F(1,18) = 7.64, p= 0.008; firing frequency: F(2,0.87) = 0.36, p= 0.696), determining that number of APs was a significant factor, but not
firing frequency. A–C, Data are normalized mean. D–I, Data are normalized mean6 SEM. *p, 0.05; **p, 0.01; ***p, 0.005; t tests.
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substantially, having an initial fast rise and secondary slow rise
component, and not reaching peak until .1 s after the AP. The
nuclear decay time was also substantially longer than any other
compartment, with a time constant .10 s. In all compartments,

these rise and decay times were markedly longer than previously
reported values in cortical and hippocampal neurons (Sandler
and Barbara, 1999; Golding et al., 2001; Power and Sah, 2002;
Rozsa et al., 2004; Tonini et al., 2013). The differences we

Figure 11. Single AP-evoked calcium responses invade dendritic spines of lamina I neurons. A, Flattened z-stack image of a lamina I neuron. White box represents location of inset. Scale
bar, 20mm. B, Top, Frame scan image delineating line scan selection of two primary dendrites and adjacent dendritic spines. Scale bar, 3mm. Bottom, Single AP-evoked calcium responses in
each compartment of the depicted line scan. Responses displayed as mean of 2-7 line scans, smoothed by a 5� running average. D1, D2, Dendritic compartments; S1, S2, dendritic spine com-
partments. Calibration: y axis = DG/R 0.15, x axis = 2 s. C, Mean DG/R responses in dendrites and dendritic spines (N= 22 neurons)6 SEM. Calibration: y axis = DG/R 0.1, x axis = 2 s. D–
G, Quantification of dendritic and dendritic spine calcium responses. D, Peak calcium response. Paired t test, p, 0.001. E, Time to peak. Paired t test, p= 0.770. F, Decay time constant (t ).
Paired t test, p= 0.627. G, AUC. Paired t test, p= 0.005. D–G, Data are mean6 SEM. Paired t tests were performed for each measure. **p, 0.01. ***p, 0.005.
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Figure 12. AP-evoked calcium responses are similar across subpopulations of lamina I neurons. A, Example voltage-current curves displaying the four major firing type classifications, and
the population distribution of these firing types (n= 210 neurons total; delayed onset, phasic, single spike, tonic, and unclassified: n= 46, n= 29, n= 8, n= 112, and n= 15 neurons, respec-
tively). Calibration: y axis = 40mV, 125 pA; x axis = 125 ms. B, Example two-photon images displaying the three major morphology classifications, and the population distribution of these mor-
phologies (n= 210 neurons total; fusiform, multipolar, pyramidal, and unclassified: n= 71, n= 70, n= 53, and n= 16 neurons, respectively). Scale bars, 20mm. C, Separating neurons by
firing type yielded significant differences in a Kruskal–Wallis one-way ANOVA (p, 0.001) comparing mean current injection amplitude (5ms duration) required to yield an AP at 100% fidelity
(delayed onset, phasic, single spike, and tonic: n= 46, n= 27, n= 7, and n= 93 neurons, respectively). Post hoc Tukey t tests revealed significant differences in the delayed onset firing type,
which requires a larger current amplitude than phasic or tonic firing neurons to yield an AP (p, 0.001 and p, 0.001, respectively). D, Separating neurons by morphology yielded significant
differences in a Kruskal–Wallis one-way ANOVA (p= 0.028) comparing mean current injection amplitude (fusiform, multipolar, and pyramidal: n= 65, n= 65, and n= 44 neurons, respec-
tively). However, post hoc Tukey t tests revealed no significant differences between morphologies (p= 1.00 for pyramidal vs fusiform, p= 0.079 for pyramidal vs multipolar, p= 0.055 for fusi-
form vs multipolar). E–H, Quantification of calcium responses in all four subcellular compartments split by firing type. For somatic cytosol, nucleus, and dendrite: n= 195 neurons total;
delayed onset, phasic, single spike, and tonic: n= 46, n= 29, n= 8, and n= 112 neurons, respectively. For dendritic spine: n= 16 neurons total; delayed onset, phasic, single spike, and tonic:
n= 4, n= 2, n= 2, and n= 8 neurons, respectively. E, Mean peak response. Kruskal–Wallis one-way ANOVAs for somatic cytosol p= 0.719, for nucleus p= 0.796, for dendrite p= 0.702, for
dendritic spine p= 0.951. F, Time to peak. Kruskal–Wallis one-way ANOVAs for somatic cytosol p= 0.271, for nucleus p= 0.018, for dendrite p= 0.813, for dendritic spine p= 0.431. Post hoc
t test, p= 0.027 for comparison between single spike and tonic firing neurons, post-Bonferroni correction. G, Decay time constant (t ). Kruskal–Wallis one-way ANOVAs for somatic cytosol
p= 0.265, for nucleus p= 0.449, for dendrite p= 0.723, for dendritic spine p= 0.510. H, AUC. Kruskal–Wallis one-way ANOVAs for somatic cytosol p= 0.719, for nucleus p= 0.796, for den-
drite p= 0.702, for dendritic spine p= 0.951. I–L, Quantification of calcium responses in all four subcellular compartments split by morphology. For somatic cytosol, nucleus, and dendrite:
n= 195 neurons total; fusiform, multipolar, and pyramidal: n= 71, n= 70, and n= 53 neurons, respectively. For dendritic spine: n= 16 neurons total; fusiform, multipolar, and pyramidal:
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observed between lamina I neurons and other neuronal types
could not be accounted for by our experimental paradigm, as
in parallel recordings from hippocampal CA1 neurons we
measured calcium responses consistent with those reported
previously. Thus, spinal cord lamina I neurons have unique
AP-evoked calcium kinetics, which are especially slow to rise and
decay within the nucleus.

The kinetics of responses within the different compartments
were consistent across the subpopulations of neurons when cate-
gorized either by firing type or by morphologic category. The
similarity of the kinetics in each compartment, across the subpo-
pulations, was unanticipated as the different firing types and
morphologies roughly correspond to different functional types
of lamina I neurons. In particular, as excitatory neurons are
mainly delayed onset (Yasaka et al., 2010), and tonic firing neu-
rons are predominantly inhibitory (Punnakkal et al., 2014), this
allowed for an indirect comparison of these two populations.
However, we found no significant differences in kinetics between
these two firing types. Thus, we conclude that even neurons with
opposing functions within lamina I have similar AP-evoked cal-
cium responses within the soma and nucleus, and which invade
the dendritic arbor.

Dendritic and dendritic spine calcium responses are
generated by actively backpropagating APs (bAPs)
When we investigated the extent of calcium response propaga-
tion in the dendritic arbor, we found that calcium responses
were present in all investigated dendrites and dendritic spines at
all measured points within the dendritic arbor. Given the rela-
tively slow rate at which calcium freely diffuses in cytosol, cal-
cium responses produced solely by diffusion would have a lower
response amplitude and slower time to peak the farther away
from the soma they are measured (Sala and Hernandez-Cruz,
1990; Stuart and Hausser, 1994; Spruston et al., 1995). For exam-
ple, uncaging calcium in dendrites and monitoring diffusion of
calcium ions in the dendrites without activation of VGCCs yields
a diffusion rate of ;0.8mm/ms (Korkotian and Segal, 2006).
Therefore, calcium would require 100ms to begin to reach den-
dritic segments 80mm away from the soma.

However, when we investigated AP-evoked calcium responses
along the length of primary dendrites, we found that the begin-
ning of the rise, the time to peak, and the peak response ampli-
tude did not decrease with distance away from the soma. Our
findings thus indicate backpropagation of the calcium responses
through regenerative ionic conductances (i.e., bAPs), within the
dendritic arbor. That the dendritic calcium responses were elimi-
nated by blockers of VGCCs is consistent with bAPs mediated ei-
ther as regenerative calcium spikes or as regenerative sodium
spikes which drive the opening of VGCCs secondarily. This
capacity of lamina I neurons to produce actively propagating
bAPs gives them dendritic computational power, negating the

common wisdom that dorsal horn dendrites simply serve to con-
vey information to the soma.

When we compared dendritic spine calcium responses with
dendritic calcium responses, we found no increase in time to
peak and no delay in calcium response initiation within the den-
dritic spine compartment. Previous studies have found that den-
dritic spine neck resistance in cortical and hippocampal neurons
is sufficiently high that there is negligent passive diffusion of cal-
cium (Sabatini and Svoboda, 2000; Sabatini et al., 2001).
Therefore, if dendritic spines in lamina I neurons have neck re-
sistance similar to those in cortical and hippocampal neurons,
the observed calcium responses in dendritic spines strongly indi-
cate the presence of VGCCs in the dendritic spines of lamina I
neurons.

Our findings indicate that somatic APs in lamina I neurons
drive calcium responses across all dendritic spines in the neuron,
not just those that provided depolarization to reach AP thresh-
old. Thus, calcium-dependent processes could also occur in
spines that had not been activated, giving a potential mechanism
for heterosynaptic plasticity, as previously observed in the spinal
dorsal horn (Woolf and Salter, 2000). The presence of bAPs in
lamina I neurons is also relevant to a form of homosynaptic
potentiation known as spike-timing-dependent plasticity, which
has been observed in these neurons (Li and Baccei, 2016).
Calcium responses elicited at dendritic spines activated by gluta-
matergic synaptic input may differ from those we observed here
due to calcium entry via NMDARs or AMPARs lacking the
GluA2 subunit. Future studies using glutamate uncaging may
help to determine how such activation of glutamate receptors
affects the resultant AP-evoked calcium response.

Calcium responses in lamina I neurons encode AP firing in
lamina I neurons
We found that calcium responses are able to encode information
about the number of APs fired in a burst and, to a lesser extent,
the frequency of AP firing. In other neuronal types, calcium
responses summate linearly to the number of APs fired, and
supralinearly at higher-frequency firing, especially within their
dendrites (Power and Sah, 2002; Liao and Lien, 2009; Tada et al.,
2014). However, we did not find supralinear summation of
responses at any frequency or number of APs in lamina I neu-
rons. Instead, we found sublinear summation, which was de-
pendent on the number of APs fired and, to a lesser extent, the
frequency of firing. The AUC of the calcium response increased
from 1-2 to 4 APs; however, no relationship was found when fre-
quency increased, indicating that AUC is capable of tracking the
number of APs fired, but not the frequency. Similarly, apart
from the somatic cytosol, the maximum amplitude of the
response largely increased with AP number, rather than with
frequency.

Our findings also help to reconcile findings that calcium-de-
pendent LTP of lamina I neurons can be obtained through elec-
trical stimulation of presynaptic fibers over a wide range of
frequencies ranging from 2 to 100Hz (Sandkuhler and Liu, 1998;
Terman et al., 2001; Yang et al., 2004; Fenselau et al., 2011;
Ruscheweyh et al., 2011; Bonin and De Koninck, 2014; Luo et al.,
2014). If calcium-dependent gene transcription is initiated by
reaching a threshold intracellular calcium concentration, our
findings suggest that the most important factor determining ini-
tiation of gene transcription is not the firing frequency, but
rather the number of APs fired.

When we administered ryanodine onto a subset of neurons,
we found evidence for CICR in response to AP firing. In other

/

n= 2, n= 11, and n= 3 neurons, respectively. I, Mean peak response. Kruskal–Wallis one-
way ANOVAs for somatic cytosol p= 0.906, for nucleus p= 0.751, for dendrite p= 0.092, for
dendritic spine p= 0.607. J, Time to peak. Kruskal–Wallis one-way ANOVAs for somatic cyto-
sol p= 0.715, for nucleus p= 0.375, for dendrite p= 0.168, for dendritic spine p= 0.479. K,
Decay time constant (t ). Kruskal–Wallis one-way ANOVAs for somatic cytosol p= 0.551, for
nucleus p= 0.808, for dendrite p= 0.699, for dendritic spine p= 0.373. L, AUC. Kruskal–
Wallis one-way ANOVAs for somatic cytosol p= 0.413, for nucleus p= 0.860, for dendrite
p= 0.866, for dendritic spine p= 0.602. Unclassified neurons were not included for analysis.
Data are mean6 SEM. *p, 0.05. ***p, 0.005.
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neuronal types, CICR contributes to calcium responses in the so-
matic cytosol, nuclei, and dendrites, boosting intracellular cal-
cium concentration, and decreasing the threshold for gene
transcription (Ronde and Nichols, 1997; Sandler and Barbara,
1999; van de Vrede et al., 2007; Goussakov et al., 2010; Bengtson
and Bading, 2012). It has also been shown that blockade of ryan-
odine receptors in the spinal cord blocks induction of LTP,
implying that CICR may be required for potentiation of lamina I
neurons (Cheng et al., 2010; Drdla-Schutting et al., 2012; Lu et
al., 2012; Ferrari et al., 2016). Thus, from our findings, we pro-
pose that calcium responses due to AP firing may be the critical
link in various forms of synaptic plasticity within some popula-
tions of lamina I neuron.

In conclusion, we have identified the presence of AP-evoked
calcium entry in lamina I neurons, providing the first evidence
that single APs elicit calcium responses in the nucleus, somatic
cytosol, dendrites, and dendritic spines of lamina I neurons. The
amplitude of the calcium response is graded to the number of
APs fired, providing a mechanism for AP firing to encode a rele-
vant calcium signal. Calcium responses are dependent on
VGCCs for initiation, and somatic calcium responses are boosted
via CICR. Overall, these findings give insight into the excitability
of lamina I neurons, and the means through which calcium is
regulated during activity. These data also suggest that calcium
accumulation in lamina I neurons is a potential mechanism for
AP firing to initiate calcium-dependent gene transcription,
which could lead to activity-dependent plasticity in these
neurons.
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