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The text of the report must include all sections addressed in the table of contents to include the
following. DO include the bolded section headings, but DO NOT include the italicized descriptions of
section contents in your submitted reports.

1. INTRODUCTION:

Sympathetic postganglionic neurons (SPNs) located in sympathetic ganglia represent the final common
sympathetic motor output. Even though SCI produces a profound plasticity in sympathetic autonomic
function, the extent that SCl-induced dysautonomia is based on SPN changes within the thoracic
paravertebral sympathetic chain is unknown. Given their strategic site in autonomic signaling to body,
any plasticity is likely to be of high significance, yet there is a paucity of studies undoubtedly due to
their near anatomical inaccessibility. We have solved the accessibility problem with a strategic
methodological advance. We will determine the extent to which paravertebral SPNs are a nodal site for
vasomotor dysfunction after SCI.

We will undertake physiological, pharmacological and optogenetic studies to examine network and
cellular plasticity induced by SCI to answer the following two questions: (a) Does SCI lead to plasticity
in synaptic interactions between preganglionics, SPNs and primary afferents? (b) Do SPNs become
hyperresponsive to synaptic inputs after SCI?

2. KEYWORDS:

Spinal cord injury, autonomic dysreflexia, optogenetics, whole-cell patch clamp, sympathetic,
autonomic, electrophysiology, plasticity, paravertebral, postganglionic



3. ACCOMPLISHMENTS:

The PI is reminded that the recipient organization is required to obtain prior written approval from the
awarding agency Grants Officer whenever there are significant changes in the project or its direction.

a.

What were the major goals of the project?

List the major goals of the project as stated in the approved SOW. If the application listed
milestones/target dates for important activities or phases of the project identify these dates and

show actual completion dates or the percentage of completion.

Characterizing thoracic chain sympathetic postganglionics

% completion/ Completion

activation of neuron populations

Major Task 1a: Convergence and divergence months dates

Subtask 1: Segment specific properties 1-6 75%

Subtask 2: Pharmacology 7-12 75%

Subtask 3: Breeding/crossing transgenic mice and spinalizations 1-36 18months behind target
Subtask 3: Establish intracellular recording techniques 3-18 100%

Major Task 1b: Convergence and divergence months

Subtask 1: Incorporation of optogenetic approaches for selective 12-18 100%

selectively activate afferent and efferent fiber populations

Milestone(s) Achieved: Understanding of synaptic organization in uninjured mice and ability to use optogenetics to

Intracellular recordings and optogenetics

Major Task 2: Characterize mechanisms responsible for

% completion/ Completion

membrane properties; demonstration of membrane bistability

dysautonomia after spinal cord injury using intracellular | months dates
recordings and optogenetics

Subtask 1: Physiological plasticity in preganglionic-postganglionic

: . . . 18-36 40%
interactions assessed using optogenetics 0
Subtask 2:  Physiological plasticity in afferent-postganglionic 18-36 5%
interactions assessed using optogenetics

Subtask  3: Physiological plasticity in preganglionic-afferent 18-36 0%
interactions assessed using optogenetics

Subtask 4: Intracellular recordings of synaptic and cellular plasticity in 18-36 50%

Milestone(s) Achieved: Demonstration of important contribution of thoracic sympathetic chain to SCI-induced
autonomic plasticity and forward insight into therapeutic interventions for future study

Data analysis and publications

% completion/ Completion

Major Task 3: Data analysis and publications months dates
Subtask 1: Data analysis 6-36 65%
Subtask 2: Manuscript writing and submission 24-36 55%

Milestone(s) Achieved: Dissemination of scientific results.




b. What was accomplished under these goals?

major activities; 2) specific objectives; 3) significant results or key outcomes, including major
findings, developments, or conclusions (both positive and negative)

Accomplishments under specific sections are described below followed by an overall annual summary that
synthesizes these accomplishments. Please refer to figures in the overall summary as needed.

la.l: Segment specific properties

Methods/experiment: Mice are euthanized (.2mL 50% urethane) and thoracolumbar spinal column quickly
removed. The vertebral column is cut longitudinally, both dorsally and ventrally, and spinal roots are severed to
remove spinal cord. Remaining vertebral column and ribs are trimmed to include only the thoracic region*. The
tissue is pinned down in a Sylgaard recording chamber and suction electrodes are positioned to stimulate various
thoracic ventral roots and record from various thoracic ganglia.

Progress/results: In the annual progress report in 2016 we used extracellular recordings to show that there is a
convergence onto individual ganglia. For example, stimulating T4-T11 ventral roots results in activity in the T11
ganglion. The studies involved electrical stimulation of ventral roots and we proposed to repeat these trials using
a genetic approaches for optical stimulation of ventral roots. The advantage here is that recruitment is likely in
size principle order and that use of ChAT::CHR2 ensures that axonal recruitment from ventral roots is exclusively
recruiting preganglionic cholinergic neurons and not inadvertently activating primary afferents that we showed
previously and as has been reported also project visceral afferents through some ventral roots in thoracic
segments. We have just begun assessment using optogenetics including after spinal cord injury.

1a.2: Pharmacology
Methods/experiment: Dissected vertebral column described in the methods section above is pinned down in
recording chamber with stimulating suction electrodes on various ventral roots and a recording electrode on
thoracic ganglia. We have been testing for synaptic transmitter identity by applying glutamatergic, cholinergic,
nitrergic, purinergic and adrenergic ionotropic receptor antagonists to the recording chamber.

Progress/results:

Extracellular Recordings. We have found evidence for a contribution from glutamatergic, nitrergic and cholinergic
transmission in both ventral root and dorsal root evoked responses. Postganglionic transmission is thought to
occur via nicotinic

acetylcholine receptor
subunits. We have
conducted experiments
with  nAChR antagonists
that act on different
receptor subunits and have
found  reduction  from T,
baseline synaptic EPSP amplitude (mV)

transmission. We have D Control E Control
increase sample size in the -59m-
previous year and we've t !
also broadened our
pharmacological approach + Neostigmine
to include assessment of
neuromodulation by
sympathomimetics that J
include octopamine as well sEmv-

as B-phenylethylamine. t 05
Intracellular  Recordings.
Experiments continue to | Figure 1. tSPNspontaneous EPSPs are cholinergicand modulated by PEA. A. Overlaid traces
assess the effects of | ofcaptured EPSPsinonespontaneously active cell. B. Histogram of events showing that EPSP
various channel blockers amplitudes occupy a continuous range from 1 to 8mV. C-D. Spontaneous EPSPs are
on intrinsic membrane cholinergic. They were ‘blo'cked by IODUM hexamethonium (nAChR anltagorllist}, and
. enhanced by 10uM neostigmine (acetylcholinesterase). E. 30uM PEA dramatically increased
currents and synaptic | the amplitude and frequency of spontaneous EPSPs. Blue arrow: spontaneous EPSP. Red
events in intracellular | arrow: spontaneous EPSP triggered spike.
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1a.3: Breeding/crossing transgenic mice and spinalizations

Methods/experiment: Standard animal husbandry

Progress/results: We currently have a healthy colony of ChAT-IRES-Cre::ChR2 mice available for performing in
vitro optogenetic studies. We believe these mice will be more suitable than the BAC transgenics we previously
used due to the more precise nature of their transgene insertion. These mice are used for all studies, with the
exception of subtask 2.2. Subtask 2.2 will require the generation of Advillin::ChR2 mice to study afferent-
postganglionic interactions. We are in possession of the requisite mouse strains, but have refrained from
crossing them until other subtasks have neared completion.

As stated in the annual progress report in 2016, spinalizations are behind schedule. This has not changed. For
example, in our last series of spinalizations with n=5, only one survived the requisite three week period we
deemed necessary to examine plasticity at a time with known autonomic dysreflexia. Two animals were
sacrificed early after spinalization (in the first week) due to health concerns. Two mice died from ruptured
bladders due to manual expression even though individuals undertaking manual expression has significant
experience, it appears that the bladder itself becomes more easily ruptured with manual expression pressures
that previously were not sufficient to induce rupture. The difficulty of caring for injured mice compounded with
the relatively low success rate of our intracellular recording technique has slowed progress in this area.

la.4: Establish intracellular recording technigues

Methods/experiment: Starting with the preparation to isolate the thoracic chain and after ribs and vertebrae are
trimmed (see 1a.1 methods, *) the entire tissue is incubated at 37°C in collagenase (and now dispase) for 1.5
hours. The tissue is then washed in physiological saline. Sympathetic chain is removed by severing rami and
transferred to a recording chamber. Chain is pinned down in Sylgard, connective tissue is removed by scraping
lightly with an insect pin, and recorded using standard patch clamp technique.

Progress/results: We now fully achieve acceptable recordings from most mice used in experiments, with
recordings that can last > 1hour. These longer recordings are required to characterize convergent synaptic input
properties and to study membrane current pharmacology. Progress overall has been steady, but still slower than
we had hoped.

1b.1: Incorporation of optogenetic approaches for selective activation of neuron populations
Methods/experiment: We have developed a laser-diode based stimulator which allows for optical activation of
preganglionic axons in ChAT::ChR2 mice. Light can be directed to illuminate ventral roots (primarily for
extracellular recordings), interganglionic nerve, or thoracic ganglia.

Progress/results: Evoked synaptic response fatigues due to repeated stimulation, and takes seconds to recover.
Details were described in the annual progress report for 2016. We have now begun to examine these evoked
responses after SCI in the data has yet to be fully analyzed. Please refer back to last year's annual report for
detailed observations.

2.1: Physiological plasticity in preganglionic-postganglionic interactions assessed using optogenetics
Methods/experiment: Methods described in 1b.1 are repeated in spinal cord injured mice.

Progress/results: Progress has been slow in this area. Tissue from injured mice appears to be more difficult to
patch, i.e. high resistance seals are hard to achieve and recordings are “leaky.” In light of this observation, we
intend to stain the tissue for extracellular matrix components (collagen, chondroitin sulfate proteoglycans) to test
the hypothesis that the extracellular matrix becomes denser after SCI. As stated previously, we have hired a
new technician to help streamline the injury and recording process.

2.2: Physiological plasticity in afferent-postganglionic interactions assessed using optogenetics
Methods/experiment: &/ Progress/results: We have abandoned these experiments due to unanticipated difficulty
in success rates and other experiments as well as difficulty in maintaining our Advillin-Cre breeding population.

2.3: Physiological plasticity in preganglionic-afferent interactions assessed using optogenetics
Methods/experiment: & Progress/results: We have abandoned these experiments due to unanticipated difficulty
in success rates and other experiments as well as difficulty in maintaining our Advillin-Cre breeding population.

2.4: Intracellular recordings of synaptic and cellular plasticity in membrane properties; demonstration of
membrane bistability
Methods/experiment:
Progress/results: SCI may induce greater frequency of spontaneous synaptic events. However, we currently
have n=8, 3 of which are at early injury time, so this must be replicated before we can say this with confidence.

3.1: Data analysis

Methods/experiment: Data is analyzed in Clampfit, MATLAB, and/or Excel.

Progress/results: Basic cellular properties (input resistance, membrane capacitance, time constant, firing rate)
have been analyzed. Analysis of synaptic properties are in progress.

3.2: Manuscript writing and submission




Methods/experiment: N/A

Table 1. Mean area and diameter values (+SD) Progress/results: Manuscript writing is in progress.
_ The abstract and methods and results sections are
SCI Naive P- Power essentially complete. The results section is still in

(N=7) (N=5) Value progress.

Mean Area 298+45 374161 0.02 0.70
Further UPDATES.

Mean 20.9+41.3 23.5+1.8  0.015 0.75

Diameter

Mean 194477 2714127 0.10 034 (A) Characterization of cellular _properties in
Numbers - a ' ' adult mouse thoracic paravertebral ganglia.

By using whole-cell patch clamp recordings in intact thoracic ganglia, we have been able to record tSPNs in
intact ex vivo thoracic ganglia to characterize their cellular and synaptic properties. We now have a trong dataset
of 39 healthy cells is shown in Table 2 (mean values = SD). Resting membrane potential, input resistance and
membrane time constant (Tm) were substantially higher than those reported in previous studies in the adult
mouse (resting membrane potential is 10mV lower, input resistance is 9 times higher and Tmis 13 times longer)
(Jobling and Gibbins, 1999). Rheobase varied greatly between cells, but values were still approximately 10
times lower than those reported previously (Jobling and Gibbins, 1999). Threshold voltage was typically 18 mV
higher than resting membrane potential, and action potentials displayed after-hyperpolarization. All neurons
were capable of repetitive firing, in contrast

to previous reports of only phasic firing with | Table 2. Summary of basic membrane properties

depolarizing current (Jobling and Gibbins, | Property _ Mean + SD n

1999). These differences are most likely | Membrane properties i

due to the preservation of cell physiology VRestlng membrane potential, -588 | = | 7.2(39) 39

with our whole-cell patch in contrast to the - Input Resistance, MQ 1072 | + | 553(38) |38

Q|_srupt|0|j of cell properties by '_mpalemem Membrane time constant, ms 943 | + | 54.8(38) 38

injury using sharp electrodes in previous Capacitance, pF 89.0 | = | 26.8 (38) 38

studies. In our whole-cell patch, maximal [Threshold

firing rates observed in response to Absolute voltage, mV 412 | + | 7.1(39) 39

depolarizing current steps ranged from 14- Relative to Vhoid, MV 260 | + | 7.7(39) 39

17 spikes/sec. During intracellular Rheobase, pA 275 | + | 16.0(39) 39

depolarization, firing rate increased with | Action Potential

increased current injection and cells Amplitude, mV 55.0 | + |157(39) |39

sustained tonic firing. Spike frequency Peak, mv 138 | + | 182(39) |39

adaptation was also observed. All recorded Half-width, ms 46| £ | 11(39) 39
. . . Rise slope, mv/ms 473 | £ | 24.2(39) 39

properties are fully consistent with those Afterhyperpolarization

reportgd r_ecently with v_vhole _ceII Amplitude, mV 151 + | 3.7(26) 26

recordings in the rat superior cervical Half-decay, ms 80.8 | + | 34.9 (26) 26

ganglia (Springer et al.,, 2015). We also Duration, ms 230 | + | 71 (26) 26

observed a notable I currentin 8 out of 13 | F-I slope

cells. Its activation generally required Max., Hz/pA 0.126 | + | 0.033(39) |39

hyperpolarization beyond -100mV and In Sustained, Hz/pA 0.075] £ |0.025(39) |39

current was more pronounced with greater hyperpolarization. With activation of In current, cells often displayed
a post-inhibitory rebound spike, which may be a major factor contributing to oscillatory activity discussed below.
We are also able to gauge the magnitude of A-type potassium currents (la). The current amplitude of Ia current
amplitude following a hyperpolarization voltage step is comparable to reported study is comparable, but of much
longer duration when compared to prior reports.

While a full manuscript for submission on these membrane properties was expected to be submitted by June,
additional observations and incorporation of additional modeling has extended the process and we now
anticipate a submission date of December 2017. The current version of the manuscript is attached

Comparing cellular properties after SCI.

Changes in connectivity following SCI may involve anatomical changes in tSPNs themselves. First, in the
sparsely-labeled TH::TdTomato healthy animal, we observed very few dendrites in adrenergic neurons in
caudal compared to rostral thoracic paravertebral ganglia (annual report 2016). This lack of dendrites in caudal
ganglia is an important factor in considerations of tSPN excitability, including lack of persistent inward currents
(PICs) and membrane bistability. In motoneurons, membrane bistability is associated with dendritic expression
of PIC related voltage-gated channels. Thus anatomical changes such as increased dendritic arborization of
tSPN will be consistent with the hypothesis that PICs emerge post-SCI.

Preliminary recordings suggest that |a activation/inactivation dynamics may be lengthened after SCI (Figure 2).
These preliminary studies of intrinsic cellular properties of unidentified tSPNs provide a demonstration of the

8



power of whole patch recordings for discovery of tSPN physiology. With specific | targeting of NPY-positive
vasoconstrictor tSPNs, | will be able to definitively determine intrinsic properties related to vasomotor function.

(B) Anatomical and synaptic plasticity after spinal cord injury.

Anatomical plasticity after spinal cord injury.

We have now compared counts and diameters of
thoracic sympathetic postganglionic neurons from
the T5 segment. Samples were in naive controls
(n=5) and mice having undergone spinal
transection at thoracic level two (T2) three weeks
prior (n=7). Adrenergic neurons were identified in
whole ganglion immunohistochemical reaction for
tyrosine hydroxylase (TH). Counts and size
(area/diameter) of T5 neurons positive for TH
were undertaken using Neurolucida software
(MicroBrightField). We conducted t-tests with a
significance level of a=0.05. We observed that
after SCI, mean area and diameter of adrenergic
neurons were statistically decreased (Table 1).
We also compared average cell numbers, though

A B

Mormal
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| 20my e 50pA

by 0.5s

“A-current notch

Spinal cord injury
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Figure 2. Weak firing but enhanced PICs at the acute stage after SCI (5 days post-5CI. A.
Examples of three different firing property responses to same 100pA injected current (red
trace). Cell 1 has similar firing frequency and amplitude compared to normal animals, but
has a ~300ms long A current notch. Cell 2 only has a single spike, even with greater injected
current. Cell 3 doesn’t spike. B, Examples of persistent inward currents (PICs) before (By)

and 5 days after injury (Bz-Bs). By. tSPN PICs from a naive animal. Bx-Bs. Acutely after 5CI (5
days), larger PIC emerges. By. larger PIC in tSPN phasically spikes. By. In a neuron with
repetitive firing, there is an emergence of initial persistent outward current (POC) followed
by a larger PIC. Red vertical line: amplitude of PIC; Green vertical line: amplitude of POC.

there was a numerical 28% reduction in cell
numbers after SCI, the observed significant
variability and low sample size did not provide
sufficient power to reliably determine statistical significance. Future plans are to increase our sample size as
well as extend observations to other ganglia.

Significant differences in cell area and diameter between SCI and naive T5 ganglia could be due to influence
of sex rather than treatment. However, when we compared the average area and diameter of male versus
females we saw no significant differences in mean areas or diameters. Within the constraints of our limited
population size, we conclude that sex is not a factor.

Synaptic properties of paravertebral neurons.

The previous annual report (2016) provided details of our recordings of spontaneous and optogenetically
evoked synaptic responses. This past year was associated with breeding issues that prevented us from
undertaking various optogenetic stimulation experiments. Nonetheless we have had good success with
increasing our success rate of whole cell recordings and this will enable a more complete assessment of
ongoing spontaneous synaptic activity in the naive preparation.

We have just begun to assemble data set of evoked responses in the spinal cord injured animals, but the data
is too recent to provide quantitative analyses and is simply shown in figure that we believe is representative of
observed differences (Figure 3).

We have also just begun to use an optogenetic approach to assess divergence of preganglionic axons arising
from spinal segments onto individual thoracic chain ganglia onto individual tSPNs (Fig X). These results are
also very recently obtained and preclude position of quantitative assessment at this stage.
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Figure 3. Comparison of firing properties in uninjured mice (A) and those having undergone T2 spinalization 5 days (B) or 3 weeks prior (C).
A. Note that there is a sever reduction in excitability 5 days post-SCI (B) and that membrane potential instability including expression of shifts
in membrane potential are notable 3 weeks post-SCl. Horizontal bar is 20 mV in all voltage recordings. Current step protocol is shown in upper

row in all three panels.

4) other achievements.

Difficulty in obtaining recordings from spinal cord injured tissue.

We’ve had considerable difficulty in obtaining access to the cellular properties of these
neurons after spinal cord injury. One possibility is that the injury leads to the generation
of novel structural/cellular components that surround sympathetic ganglia. The working
hard at trying to modify experimental approach and have begun to obtain success in the
last month. This data has yet to be analyzed. Having said that recording quality has still
been suboptimal and we have just ordered dispase as an additional protease to apply in
conjunction with collagenase in an attempt to make the neuronal tissue more accessible.

We have found this to make an enormous difference and now have recordings from several
neurons after spinal cord injury.

c. What opportunities for training and professional development has the project provided?

o One individual was sent to a specialty meeting on spinal cord function in Marseille
France to present his work and two individuals are being sent to the Annual Society for
Neuroscience Meeting in San Diego this November.

o Three undergraduate students have worked on this project. Two of them | have worked
on this model system in the last year, with one student undertaking a senior research
project with poster present (attached).
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d. Describe briefly what you plan to do during the next reporting period to accomplish the goals
and objectives.

o We have received a no-cost extension, we plan to stay consistent with the major tasks
outlined in the charts except for Major Task 2, subtasks 2 and 3.

0 Regarding electrophysiology, emphasis will be on assessment of physiological plasticity

0 Regarding anatomical assessment, we will continue towards the changed emphasis on more
overtly describing the previously implicit neuroanatomical assessment of injury-induced
plasticity using immunolabeling approaches.

o During this no-cost extension, a significant amount of time will be devoted to data analysis
and manuscript writing.

4. IMPACT:

o What was the impact on the development of the principal discipline(s) of the
project?
= Result and disseminated information brought awareness to the importance of the
sympathetic chain as a site capable of undergoing plasticity after SCI and therby
likely contributing to the plethora of dysautonomias that are observed in
individuals after SCI.
o What was the impact on other disciplines?
= Led to a CRCNS application with a computational neuroscientist.
= Ledto a RO1 application with a computational neuroscientist
o What was the impact on technology transfer?
= Nothing to Report
o What was the impact on society beyond science and technology?
= Derived insights may lead to a conceptual shift in current doctrine on
therapeutic sites to target for clinical control of dysautonomia.

5. CHANGES/PROBLEMS:

Please see above. We have a no-cost extension to try and complete some of the major goals of the
grant.

6. PRODUCTS:
Nothing to Report

Publications, conference papers, and presentations
Other publications, conference papers, and presentations. Identify any other
publications, conference papers and/or presentations not reported above. Specify the status
of the publication as noted above. List presentations made during the last year
(international, national, local societies, military meetings, etc.). Use an asterisk (*) if
presentation produced a manuscript.

1. M. L. MCKINNON, S. HOCHMAN. Patch clamp recordings of cellular and
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presented at: Society for Neuroscience.
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7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

What individuals have worked on the project?

Mallika Halder — 25% effort — research specialist

Michal McKinnon — 90% effort — graduate student

Michael Sawchuk, - 50% effort - lab manager

Yaqing Li — 33% effort - postdoctoral fellow

Lucy Galvin — 10% effort - Senior undergraduate research project

e. Has there been a change in the active other support of the PD/PI(s) or senior/key personnel since

the last repo

rting period?

P.I. NIH RO1. Recruitment principles and injury-induced plasticity in thoracic
paravertebral sympathetic postganglionic neurons. 6/2017-6/2022, $1,250,000
direct.

PI. Craig H Neilsen Foundation. Continuous sensor-based home-cage recordings
for SCI research. 10/16-10/19, $600,000 total.

Co P.I. NIH R01. (NS102850). Examining the roles A-delta LTMRs and BDNF
signaling play in neuropathic pain after SCI. 7/1/2018 — 6/30/23.

Co P.I. NIH R21. Homeostatic plasticity in the homeostatic sympathetic nervous
system. 4/2018-4/2020.

P.I.  PVA Research Foundation (#3166) Sleep dysfunction in spinal cord
injury.1/2019-1/2021, $150,000 total.

f.  What other organizations were involved as partners?

Nothing to Report
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9. APPENDICES:

g. paper submitted to e-Neuro

(4]

eNeuro

Dttps://enauro. maubmt. net

eN-TNWR-0233-18%

Thoracl

e
Integrative capacity revea ed with whele-cell patch clamp recordings

This is & confidential document md st nol be diszused wiih others, forwarded in a1y farm,

or posbed on webslles wilhout e egass wiilean consent o” eNearo.

ABSTRACT
Iharsce [ e e 1 T
outaut af th rrpat ar

systems. Corgidered a rendntegrating relay, what leth & krown of 1PN ietrineic s tabdity has been

th pre ey, We thes the firs:
b s lore th g thelr ity I~ acult
micy of Lot sexas,
Recorded menbrane resi = der af L thar
prevcusly g v for [ '] L

Vet atlun 1 e brame resisUbelly was 1 primary Seterminent contioig cell sxciabllty wiLh resutan:

W ired for - Uik previaus m ings in
maiss for sasinnd Firing, all 570 tapabie of repatitive fring.
—— v

Chverall, 13PN bogely v by encoved n s cunent
mabghiltucies ower 8 broad frecuen oy range with dstic ot subpopulations & ferentisbie based on

repatitive firing sgnatures.

Thes, " 1 o . " h

theught, with grese Fmaptic and vt an ai iy for maistained fircg.

0 SUOPOT SJFIAINEE BC1IONS O VI0MGTIOT 1one 3nd thermenegulMory hunetion. Rather than actirg a5 a

relay, these Riudhes suppon Spors v role forsPNzIo dve

SYTRR R Buten o i function.

40

41

4

&

B2 Y 2 B2 B & &5

L

2

SIGNIFICANCE STATEMENT
thetic pasga 5] represary the final reural cutput for
| vasarotar wnc the pulamary function, We vholecel recordings ard wl
meseling 10 provde ok Aty
B crdings using pake b i
ighar membra ¥ Mg enhanced 1K : wn:
synaplic intrgration. Comp po I 157 s fire repeithoky
1 firing frog Modeling studses suggest that
the Efareacas In 15PN proparties pravis sshy cheerwc.
Ovurall, ¥ Py 8 much grvater il A mal tunarc of
sympathstic putpet than previously thoug
INTRODUCTION
withir gangha | alarge
the symioat Whereas are

typcally assaciated with ore or more viscesal angans in a discrete ooaticn (oeliac ganglon,

anglion], Thoenc 7 Zangn ane enarrn

o brown e

masschs [V, 2006; Bartnass ok al., 2030]. As such, e symesthatic chaln cen be thought of as a

it o st Tor symapalliati wctiv

hal sgarss Ui iy, Th vt

aparity o o tubwil

1991, Janing anc Gisbing, 15°)) inze wenat

glands. Innarvated by cholinerglz pesigang ionic peurons, are langely sbsart in the mouse Ly and Fuchs,

2004,

. naurons | )

fallowsrs of intrasp nol preganglior newranel acthity, By this viewgaint, postpenglionie newrons fire if

i ard seevn 35 101 1o ays that

{Nankg, 2008}, Ths relation “1+1* ruda, whersin

RLEES TRCE R
small syraptic nputs, and one major. always suprathreshold input which leads 1o finng with a high
safety factor, The r smaller synaptic mputs ane typacally suo-threshold and ifrequent, a°d ere not
thought iz contribute apgrectably 1o the firing rate (McLachlan et al, 1958; Karilaard Harn, 2000;

Mdlachar, 3003; Wheeler et al, 2004; Rimeer anc Hom, 2011300

Htzle s know in of the symoat hetic chain, The

¥ Far this b the « near | ] ¥, ard the relative difficulty for in
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B1

B2

63

B5

g 2 & 3

106

o7

8

12

13

114

15

116

17

19

121

pri

126

127

The wlectrical U

MBS e

by studied in li ior carvi (Eccles, 1935; Crulkar and Woadward, 1968;

Purvees and Wigston, 1983; Li and Horn, 2008) ard 1o a kesser wxtent the stellate and lumbar ganglia
{Jnig, 1985; Cassel of al, 1985; Velll et al,, 1989; Brutton et al,, 2010). Only 2 few studies have revealed
electrophysiclogizal properties of thorack ganglia [Blackman and Purves, 19659; Lichtman et al., 1980;

Jobling and Gibbirs, 1995). Th o

usied sharp for dings that likety introduce

[stabey

@ corsicerabbe njury o

wt al., 1892, Springur et al., 2005). This injury-induced comductance allers basic mumbrans propertivs,

such as input reskstance and time canstant, whidh synagtic

integrative actions according 1o classical cable theary [Rall, 2011; Springer et al., 2015). Microelectroce

Impalemert recoreings that Introduce an injury can of repetitive

firing properties [Cymbakyuk et al., 2003 Springer ef al., 2015). Indas, while It s ganerally thought that
most paravertebral 57N fire phasically (Cassell et al, 1586; Jobling ard Gibbins, 1939; Li and Horn,

2005), whole-onll P

suppart fepstith er phatic firing

{Springer et 21, 2015]. Whether rapetitive firing properties sre predominart in t5PNs remairs urknown.

The aim of the present study ks F 157 Ns using whole

cell record ngs to mere accurately characterize the cellular mecharisms that crive and madulate

of 15PNs. We b ings © model 1o better

h o how passive ard b p imeract 1o recruit newrons and generate the

firing proper ties ubserved.

1EI (2 % 20 min todry befare b {SlowFade” Gold amiifede reagent with
' b-diamiciro-2-phenylindole (DAF)). Sections were visual zed under a flucrescent microscope

(Dlympus 8351), Cells with visible nucle! were counted and assassed for neurotransmitter Centity. Inter-

animal cell count variability was substartial (6,494 vs, 19,721 colls).
Cell digmeter
Six CS7BI/E (A 000B64), S rebes and one fernale (all ~PEO) were Lranscardially perfused, as

abowe. T5 Sympathetic gangBa were isolated. Unmounted tissie waes washed in PBS-T overnight. Slides

wers Incubated for 5 days with sheep arti Tyros [Millipors, 1-100),
Preparstiors wers then washed in PBS-T (3 % 2 hours) anc incubated for 3 days with Alexa 488 dankey
ami-sheap (Jacksan, 1:100). Slides wers washed a final vime in PRS-T {2 haurs), then SOmb Tris-HCl (2 %
1 hour). Intzct gangha were mountes on glass slides and coverslippec (SlowFace® Gold antifade reagem
with BAPI]. TH-Immunorezctive cells were visualized under a fluorescent microscope (Clympus BX51,

40K objective] using a Microfirs digital CA}, and traces ising

[Dztranics,
Neuroludida sofiware (MEF Blosciance, Burlington, VT). Call clamatars wara calou/ated as the srithmetic
mean of minimum ard maximum feret. Diamater was only determ ned for cells with @ discemiale

perimeter (1762131 cells per gang o) representing @ mesn 71% of the totel TH cell popultion [range

of 35-95%

d]. As dismeter ¢

s were ble between gangliz, e

F samnpling bias in d cell diameter s unbikely. Results are reported as mean £50.

Electrophysiology
Tissue Preparation
Micz ware killed and the spinal column was quickly dissected out with sympathetic chain and spiral

roots attached. Figure 1A provides a simplified schemat ic of the anatemic osganization of intrasainal

91

22

a5

9%

ar

98

a9

g

13

130
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132

133

135

136

137

140

141

142

143

145

146

147

MATERIALS & METHODS

Animals

All animal procedu with the [Author Animal
Care and Use Comm ittee's regulations and conformed 12 the Suide lor the Care and Use of Laboratory
Animels, Experiments were performed on adult (P37-379) CSTBLE mice. Mice were anesthetized with
inhaled soflurane and maintaired or killee with urethane (1Lg. injection, $0mg/kg for transcardial
perlusions, “500mgfkg for in vitre electrophysiology). Complete sedation or death was conliomied by
lark of foat pinch and eye blink reflex.

Immunohistochemistry

Neurotrarsmitter identity

Twe CRAT-2GIP mioe (JAX:007902), a male and a female (751 and PLOL, respactively] were anesthatized
and perfusad with saline [0.9% NaCl, 0.1% NahQy, 10units/mk heparir),
Tllorsved by 4% e 4% NaOH]. Tissue was post-

fixed owernight, ther transferred to @ 15% sucrose sohution anc stored a1 4°C. Sympathetic chains were
islatd from stellate (T2 and T2) 1 T12/13, Tissue wes embedded [TosueTek® optimal oulling
temparature compaunt], sectioned ar & cryostat (-21°C, 8um slice thickness), and meunted on glass
shces. Tissue was washed in 0.1M phosphate buffered saline (PES) for ore hour and permeabilized with
P85 containing 0.3% Triton X-100 (PBS-T) cvernight. Sections were subsequently incubated for 2.3 days

heep anti-Tyrosine

[Millipare, 1:104) and chicken anti-green
fluerescent protein (Jackson, 1.100). Preparations were then washed in PBS-T [3 x 30 min) ard
incubated for 1.5 hours with secordary antibodies: Cy3 donkey onti-sheep (Abcem, 1:250) and Alexa 458

dankey anti-chicken [Abcam, 1:250). Slides were washed a final time in PBS-T {20 min], then S0mM Tris-

prefarlianic and paravertabral postpanglionic neurons. The emaining tissie was incubated in

(20mg type 11l per 1mL ACSF, Warthingtan

yEenated ACSF containing

Rlachemieal Carperation) for 1.5 hours. ACSF uses for ircubation was butfersd with either biearhonate

or HEPES. Ny as aresultof bufter. Several incubations atso included
dispase type I1{50mg in 1mL ACSF, Sigma Life Sclence]). Following incubation, tissue was vortexed 1

remacye adherent fat and washed with ACSS several times to elimirate residual collagerase. The intact

ic chaln was sevaring ram, 3nd was then pinned down into a clear Syigasrd
recarcing dish (Fig. 18], through which ACSF was perfused,
whale-cell recordings
Whele-cell patch cbtained from walls at reom Cells were

identified wing an upright microscope [Olymipus, BXS1WI) affined with a low-light camera (Obmpus,
CA¥-150), Patch electrades were pulled on a vertics| puller (Narishige, PP-83) from 1.5mm outer
dlameter filamented. borosilicate ghass capiliaries IWorkd Precision Instruments, stoc® TW1S0F-2) for 3
Target resktance of 5 9MOhms. Signals were amplified using a2 MultiClamp 7004 and digitized at 10 kK

using @ Digidata 1322A and Clampex saftware [Molecular Devices).

Al de Im ACSF

o {1n ) Nac| [137.89], KE1 [1.90], M50, H,0 [1.30,
Cally2Hy0 [2.40], KH;PO, [1.20], ghucose [9.99], snd NaHCD, [26.04]. ACST pH was adjustec to 7.3 after

saturation with gas [35%0y, S%C0,) at lular patch huti

(in mM): K-gluconate [140.0], CGTA [11.0), HEPES (10, and CaCl; [1.32] and pll was adjusted to 7.3 using

KOH. Targ: less than Ir most (25/39 celis], support soluthan was

added corskting of ATP [4.0] and GTP [1.0].
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preganglioric and parsvertebral poatgangl onie reurons. The remisiring tissue was incubated 4

contirwally mvygenates ACSF containing callaganase [20mg type Bl par 1mi ACSE, Worthingtas

Biochemical Corpovation) for 15 hours. ATSF vz for bt wilh gither bicarbunel:
or HEPES, Itof
chpass L I 1L ACST, ife Sciencel. Tissue was

reencwe adherert el and washed w th ACS” several tees 1o elminaie residual collagenase. The intact

was removee by down Inte a dear Sygaard

recceding dish {Fig. 18), throwgh which rac reulr Iy partusad,

Whote ced reesedings

wWhide ool patch oo dings we

s 9. o e Colls were

identifies us g an woright micrescope (Ohmpus, BESTWI affaed with o low-Bght camena [Chmaus,

OLY-159]. Fatch avertical pulier PP-83) from 1.5me auter
cammater stock # TW1S0F4) for a
target resbtance of 5-3MObms. $Clame TO0A ticed at 10 ke

using a Digidata 13224 and Clampex scftware (Molecular Devices).

All recordings ware mace in ACSE containing, [0 mM]: N0l [127.99], K01 [1.900, MeS0,-THO [1.30],

Call,- 24 0 [2.40], KA PO, [1.20], ghcose [9.95], and NaHCO, [26.04). ACSF pH was adjustes to

ater

saturation with gas (35%0:, S¥C0,) at Intracalluiar patzh clamp sol in
fin M K-gluconate [240.00, BGTA [11.01 HEPES [10], and Catl; [1.32] and pH was adjusted to 7.3 usirg
MOH. Terget osmolonty was less than 290 mOsm. in most recordings (2539 cells], support solution wos

ueged corsisting of ATP (4.0 and GTF (1.0,

152 Therstoofmale i L1, from th thases

153 gangla, with the majority of recordings coming from 5. The number of calis from gangla T3 thraugh

150 TIZwas4,7,1832110,1, and 32

155 with respect to sex or i Bl P ‘o populatior araebeis, Inall, we recorded

156 from 39 cells whose resting memby i S G berad of
157 sulbcient quality.

158

15 Data analysis

160 All eefiular propearties were anakzed Devices) or MATLAS . Al

181 d fro i i o gach cell. Thi

162 foragwven sl were estimated at neesly te seme point in time. In et demp mode, membrene

168 velage response bo hypespolerizing current stegs of ot least 1.5 secor ds wes B Lo an exponentisl of the

161 form [t usirg the B bl i 12 Clam gfa. The vab:

165 constant {z,) was 1hi i al, 2009, &, oy dning.
166 mamimal vollige delbection (8Y) by the injectes currenl (1) (2], Membrane copasitence [C-], @ measare

167 oftotal cel surface area, was estimated by dividing t. by A, [3].

168
18 &Y - expl 6T} | Fraia ]

17 B = 8V flin; (]

171 Lo =tn/Rin 13

i

i psuratien (1.5 s o e 1

17 irjec asing i i in

1 Itiple spike be the cf the ad, and

B

18

supratt e.q. I 30pa did Ol elicted seecal,

watienate would be 35pA.

o action post-spike lian [AHAY
character titics were taken fram traces elicied at mocbase sument, The paremetcrs of the FAHP varies

s & furetion of firing rale, so analys's of IARP properties was mited to cels which ficed o singbe spike at

ot Artion tage ooirt at which the first

eartvative of valtage, €V./e7, begins to incmase ot rheoase cumment injection (Patkiawics ard Brota,

2010} Efined asthe dif'e the pesk voRage ard
threshold. AP half width i the width of the spike at baf AP amplitude. Fast shedbyperpolarization
TEAHF) amplitudee ws defincd a5 the difference betwoen prek negetive voltage and stoeedy state vollage

a1 fhecbase cusrent injection. TAHF half-decay is the Tene it takes for the TAHP 1o decay to balfins

ampiwe. NS 4 bty to baseling [Ar 1904),
s ) amp poak nagative

baseline ok . SAHP all-cecay s the fime it taies for the sAHP to decay to hatt
Fs amplituse,

Perstantancone firing rate (IFR] was taken as the iverse of the inter spike interval. Masmal fising rate

wias tha IFR for te firet spios pair 21 the beginring of current onset. Sustained Sing rate was the mean

R for step, Tha 5 afinad
[ d Fring rate al & ghver njection [Verance and
Glowinski, 2008; Miles et ol, 2005} n aedar v wells with veriable K.,

@t [ hourees, we Lsed the sestoned fiing rate ot twice theokase cument injeetion. In colls which dic

ot receiva ingection of twize rheobise [ne3), living rave wis astimaed by intersslation of

oo (=T

201 Uquie juncrion potential was caloulates to ba -9 8mV and empirical y measured ta be - 13mV. All vaues

M2 of absohute i, abeol i
M3 10w ta for liguid ju potential.
e

5 Computational Modeling

W6 Sagle Newon Mol

07 observec resubs n relabon to their

08 underlying blopirpadcel mechark P! thelr

09 relathvaly simpla. W tharefar

ficaly compact, and thata

0 single

Eall brervec in

712 Sedimedr, 1964; Sacchi ot al, 1935; Jobling an Gibbing, 1539; Rimenhouse and Zigmand, 1999)

3
na = b ol o bullirog o pargha (Wheeler et al, 2000),
715 which U5 the most complete ovolable d model of twal neveon, Frem

716 this model the were laker: @ fist sod)

1, i @ dhebayed-rectifier

i and 2 vohage-

1B leakcuorent,

derivad in othe spaches. These

19 incluce th L

B

activated rd I {Kullmann e: al, 2016); and a calchy ("%

221 [Ermermrout ang Terman, 2010). b, ceaends on intracelluiar calzium eaneentration, [C3™)], 50 3 model

222 ol persistent caboum ourrent, ke [Bhalls and Bower, 19935 and somatic calsivm dynamics {€urien etal,

learst 1.5 eeennds for all cells, 2nd 3 seconds for the majority.

potassivm cument, i [Rush ard Ringel, 1995); & Fyperpolarizet on-
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24

2l

26

27

28

9

230

Fsiy

32

24

235

236

17

il

229

2011) were acced as well | waere then tured to

d data from the present

study.

The membrane voltage, V, is updated according to the equation:

1 ]

Membrane capacitance, C.., was set at 100pF to approsimate the mean In recorded newrers. Each

currert, b, is described by the equation:

Iy = GaPRY(Y — E) [s]

where G, s the madmal conductance, E is the reversal patertial, and m and b are gating veriables for
activation and inacthvation. A standard model neuron was used to replicete the majority of observed
phenomena, This standand neuron has the following maximal conductances (in n3): Gu Is 300, Gu s

2000, Gy, is 1.2, € 1550, Gy 18 50, G, 1550, Gy s 1, 2nd Gy s 1. This stancard mode! wes modified ac

necessary 1o fit indi 1] s, whizh eamp h

The reversal potental is 60mVY for Lu: 120V for Ly, <900V fof les low lu 3nd L -32m for 1 2nd

=55V for |
The activation mand b daned by the equation:
1n
e g-u «
7
248 The mtrocellor calchum eoncertration (3 updates by:
49
20 &[0 = Mty ~ Hew[Ca™]) T
=1
33 whewehs0.01 sthe ratho of free to bound [23™], a=0.002 ubms " pA” Is the convers an factar from
A cument to concentretion, end ke = 0,004 ms” B the somatic [Ca®) removal rate.
F=)
185  impotement simuiation
56 To replicate mpalement injury, an azdaional leak condictance was added 1o the made! in order 1a
757 similate microe ecmrede impalement. This eond i 1ance, Bns hmilc leak
256 charmel with £, = =15mV. Th sehing
259 Hecgkin-Katz equation, 3. with equal the three maj! This estimate
60 agrees well with estinates of i iaal i bl By b (Brown, 1928). For
M1 analysk subjected to 2 bi it held at -70mV.
w2
- BT ()
e
65 Code oveessibifty
e S for avallable In from the seline repositery [URL redacted for
67 coublebling revimw] and ModelO6 (Hinks atal, 2002, accession & redacted). Simulation and analysis
68 s ir: Bython 27,10 and PyCharm (CE 2017,1.2) on mac0S 10,12.3 with a
12

m

wn

Fril

e

75

221

EH

1 s ondn and exncutnd o0 Windows 10 with a
2 ] ” + Fizthod with a
time step of 01 s [Anomymous. et. al. 2004).
desig analysis
Thie sresesrs study used a descriptive des g7, Statistical snabyses weere performed in Microsoft Cacel,
Basie propert p +50 in Table 1. Correlati by Pesrson's
eorrelztion coefficiert, r. A two-tailed 11est was used 1o caleulate eack povalue. To corarol for 29
ruhiple co 1 ek 00,0017 ws used
assign statistical sigrifizance. In 5oome cases, parameter pairs with moderate values of 7, { r|>0.4) faled
Toreath significarce as a result of intrinsic variabiiy inherant within this ¢ata. Such comelations ane
reporied and should ba | by, Exact v, @', ard pvalues are presented in
Tanle 2. Rasic propertics of 15P0s separated based on firing subtype were aralyred with o one wey
ANOVA and Tukey's post hoc test, presented in Table 3. A pvaiue of less than 0.05 wes considered
significant.
13
ama  RESULTS
285 1. Thorack ganglia composition
£ 5 ba sither gic ar cholinergic [loblrg and € bbins,
ZHT  1933; IAnig, 2006). In crder iz ldertity throunnout the sympatetic chain, we
288 used 2 chall (ChAT] trar Huorescertdy Putatien cholnengic
09 postganghenic meurons [ChATSeGIT and co-immunolabelked tisiue with an antivedy Lo tyrcsine
290 hydeosplise (TH) e labe! putalive sd-enungie nourons. Newrens wiore coussted from stellate (T1 and T2)
291 10713 gangha. We found that TH' newrons comprised »37% of the papulation and no ganglior
92 contaivac prester than 65 helinargic naurens. Wi thanefo thazthe
793 cwerwhelning majarty of recarted colls were aorenacgic.
294
2\ A [ o on T, cLer und number of THAR cells
206 were examined in TS ganglin in o seprate sample fro [Fig. 1C). The ol T
297 W meurans countied in TS ganpla was 247 £ 127 [raaging from 106-418), 138N had
28 of23BL54) clen ir Fie. 10 than those
299 mmparted pravioudy (ol. Jobling and Gibbins, 1955).
300
s01 2. Passive membrane properties
302 pal que 39 15PNs cbtained from 53 adult mice, Basic
303 collulor properties are summar aed in Table T The distribution of resting membeone potentialis shown
304 e Fig 2 Input resistance [Ry) and membrane time constant (1) were, on average, an ercer of

305 magniuce highes thar In mouse Loblirg

330G 1999, vee Fig. 26} anc guines pif (Blackman and Puroes, 1965) thorack: ganghe. R, was s1ronghy
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345

&

&

g

1

52

33 summaton, Sp

T (Flg. 28], but nait cell ) an of cell sz, catesthat

mearures [Gustafssen and Pinter, 1882). €, was alie moderately comeltec with .. A summary of

307
308 membeane mslstivity, bul rot cell size, Is primarily responsible for the variasdiy ser in mesarce
]
3w

comelation parameters & proviced n Table i,

I O inpact of Largns v s kanges dueation EPSPs ard consequently grester capacity bor temperal

synaptic activity

314 of EPSP summation that lead to recrultment of acticn zotentials (Fig. 2. In this revrer 2 T of 108 ms

35 led 19 comparably borg EFSP membrane voltage decay 1.,

7  3.Rhecbase

The current required to depalarize a cell from its holding potersial to firing thrashol [-heobase) was
wemarnirmed I 35 cells by Infucting beng duration (1,33 pules, thivugh patch elecirodes, [ order o
ot bor e possivhe influence of a variable restng membrene polential on rhesbase, tonic bias

‘current was injected to bold cells ot approx mately =TIV prior to rheobase estimation. Fluctuaticns in

I whale-cell recoedings, inzluding instances

g it difficutt 1o p hedding 10 injected and
valuns 56 to-83 rv. W cor g

¥ Rheobase was i
Walwes of rheobase o Table 1. The disiribs heobise valies can be seen on the
abscissa in Fig. 3A. 80-90% |pwer than val PN

Gibbing, 199), ftadh

mikcroa s ctrode recordings (n both matse a5 guines aig [Blackman and Punves, 1968, Jobiling and

ch marn sxstable

E 6 B KEB ¥ EEHREEEB

ent with input

maderately correlated with the Irverse of

, %, bust was Lncorlat

summary ol comelaticn parameters ls prov ded in Table 1.

W further Imput rheobase |

{mesiel progeries st desribed in the Mathads section). Wie 3d|usted g, In ardar 1 any inpur

" 1 | st af the range ok in recacged neurnns {05 1o 3a5). Riss

curmert was adfusted 15 hold the model c2ll 2t ~70mY. The meckase was then eakulered for each value

of Input corductance by using sgorthm ta find th wihich

produses a sglke (Fig. 34, gray [Inel. The results show that there s  determingstic redationshia between

rhech: and i 1o atcan in some of the o in recorded
meurnns. However, glven the vasanlny of s with

{or input conds it is oar that sees nor fully saplsic the range of
rhecbase values observed in recorded neurons.

Voltag at rhech i i ion is govamed

by Bhmic or ron-rectibying srocesses, the product of heobase and input resistarce would predict the
waltage thieshold {GLsta’ssan an Pinter, 1982), Indeed, the two values are well conclated (Fig, 38,

Tabhe 20 and approwiriately vgual, indicting Uhat rectifing carments do not skl o major rok in

wollage for Howeyer, devigtion of above and
bilow those pradicted by ohnic processes, suapart a rche for rom vokage-cependent corcuctances

{Gustatsson anc Pinter 1584).

BeoRy,” (Tig. 28), ane

357

g B &
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4. Repotitive firing

a halding
approxmately 70, Al cells (=39} were capeble of repesitive firing in respome W suitained surent

irjection. This contradicts an earfier report that 15PN fire phasically in response 1o depolarizaton

g and Gitibing, 1995) F g, 44 shows sl o8 fires

[progresenely Righer friguer oy in respores 16 PoReAURg depolannsg current strps (top). A model

krown Vo tage cucmnses for sympathetic
ol values for faput cord from our whale-

cell recordirgs was able to replicate reset’t ve firing [Flg. 4A, bottom].

Th pancy b af phasis and rope e likely It ook

irtraducer by micronlectrode impalement (Springer o2 al, 2015]. W undersoak sdditions| modelng ta

trst whether Jury tan reithen 10 g An pa

B ddend e 1, Reversal poternul of g, was sel af - 15mV. We

wxplored the relationship between g, and flring type over o range of

wombinasions |Fig 431, For a givn 56t of g, and injected curmert, a cell could be non-fiving [nl. phasic
firing [p), of repetiively fiing (rh, SOTHING Gmy 10 705 rosults (4 an nput reskstance of ~ 100MEY, the mean
vl of Ingul roststance reportid by Jobling and Gibbins (1555) A this valwe, phask Fring wes.

observec in resoonse 19 5 5% of values tesied by Jobling and

Glbtbing [1999). However, when g, was sel at 0rS, analogous 12 3 whole-cell recording. repetitive firing

was observed Inmaad (Fig 430, Tha b & binary

search algorithm. There i & rapd transition from repetitiee (o phasic (Wng 35 Ga. is inreased,

Prior studies hawe reparted that phasic firing symaathetic neurans could fre repetitively if Iy, was
ocked [Brown and Agams, 1580; Cossell et o, 1986). To tewt this, we blacked by in our madel cell by
S#THing f 75 005, This change coanpletely ebminatec phasic firieg in the mocel, and orly repetiive firdng
s alaenved (Fig. £01). g ., was only incluces for this figurs, a0d 8l subsequant references t beak

conductance refer 1o physiclogicsl leak, fus.

Ll ¥ (-0 relations by pl the memal (initial] and susteined firing rate

versus i) Fif, &1 and 4CH show : vety] H

curves for all cells. Mg’ nsmantansaus firieg mie sid not sazeed 28 He, while sustained fidng rate

id rat exceed 17 Hz for the highest steps gheen. Maximal - cunves wire approsimately |inesr and

sustained §-1 dewn. In arder tor playsia
determiring [-| nelat o in 158K, we euron that marches tal mean |
curves and then weried input & range that covers the majority of

eaperimentally obtained vilues (0.7 to 3 nS). Of note, varying input corductance also changes holding

subjected tn 2 different holding ciamant 1o hold the initial voltage at ~T0mV. Fig. 4311 and £2iv

demonstrates 13 changing canne shift the [l curve, but 1l curves far

wxperimental values vcouplec a mach wider range. Thus, Input conduclance cannot ful'y acount for the

warge of firing freguencies seer.

Slope fcr both mudmal #nd sustaines fl curves wes caloy lated a5.2 measure of sxchability [Ananymais,
2010, in short, a cell with 2 highar [+ slops would respond 13 an incremental change in current with a
Tighar change in firing frequency. bn this way, - slcpa can be thought of as the galn between input and

output of & neuren. Values for madmal end susained [ slope are ghven in Table 1,
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the role of in Ry, and rheoh I based on f-| slop
Firing rate at 100pA current injection with Ry f-I slope ]
correlated with R., (Fig. 4], 1| slope was also with rheobase (Fig. 4E). Ne such
was fortaorC A of I proviced In Tabde 2. Cells
with lower rhesbase and higher R, hed higher [ dopes, that Chimic s hely
the frequency-current resgonse.
5. Spike rate adaptation
Impglicit In the observation that sustalined firing rates were lower than Initial obsarved frequencles is that
all calls displayed epike rate adaptation (SRA), or 2 decrease in firing rate over time. We ware able to
replicate SRA in our moded [Fig. 5A). The time-course of adaptation consists of a fast and a slow phase
[Fig. 5B).
The differonce batween the initial firing rate and the sustained firl d
Injected current Is increased in all cells. This car b by l §-1 cunve to the
sustainec f+1 curve in both recorded and mocel neuron aver a2 renge of current injection (Fig. 5C). This
relationship between madmal ang sustained fising rate is a common feature of adapting neurons
[Benda and Herz, 2003).
Several mechansms have been proposed to underl diffi neurenal luding
Na' channel i #l al., 2005), last AHP [Powers et al,, 1999), activation of .z,
(Miles et al., 2005) and acthvation of by (Y etal., 2015). We removed fram the
madel and datermined which were primarily respansible for SRA (Fig 50). Remaoval of Iye, preferentially
19
424 impeires the later phase of 1] of Iy impaired the earky

225 phase of acaptation (curve 2). Removal of both |x, and by comgletely eliminatec SRA (curve 3). Cur
226 mocel supports the conclusian that the combiration of these condustances s necessary in ordar to

227 replicate SRA,

223

229 6. Cell firing type classification

430 We notec variability ir saike height of the initial spike compared to subsequent spikes ir a spiks train
231 during repatitive firing. keurons were divided into three categories basad on the peak valtage of the
232 initkal splka in @ spike train compared 10 the peak volage of sub: spikes. OFtha 39

£33 axamined, the initial spike had sightly lower smplituce than suasequant spikes in 22 cells (type 1), and
234 substantialy higher amplitude in 13 culls {Lype 2] (Fig. 64), In type £ and 2 clls, this phenomenon

235  became mare pronounced with greeter current injection. In 4 cells, both firirg patterns were observed,
235 with lype 1 charscteristics at lowes current steps giving way o type 2 dhesacterstics at bigher curent
237 steps (type 3). The difference botween the initial spilke paak voltage and the mean splle poak voltage
£33 was plotted for all cells as a function of calculsted change in membrane voltage (injected currenta B
£33 [Fig. 60). These not aopear to be ¥ Bask mesm arfies,

240 i the FAHP Ir cartrast, all measured parameters related to action
241 potental (AP) shape showed significant differerce between groups including maximal rse slopa [Fig.
242 66, peak vehue [Fig, 60 (ane-way ANONVA), All AP y type 1 ard
243 type 2 cells A v of statistical s given in Tabibe 3. However, as a past hoc power anabysis
244 Indicated 3 power of 0.5, we carnar conclusively say that there are no other sigrificant differences

245 between proups.

245
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7. Aherhyperpolartzation

mporant roke in regulating nzuronal firing. Based on

«dazay thme, wa icantified three types of AHP within the thorack ganglla. Thesa Incluce the fast AHF
IFAHP] after a single sction potentisl, and the skow AHP [sAHP] and ukra-slow AMP [UsAHF) sHer a

several action potentiaks [Fig. TAL

Fast post-spike after-hyperpolarization [LAHP] ampltuce, hatf-cecay time, ard duration were measured
at rheshase current injection [Fig. 74 1l Parameters related to FAKP are summarized in Table 1. Half-

cecay time was very well corelated with duratian and mare reliably obtained, so further analysis

focused on (MNP hal-decay time. fAlIP hali-decay o passive brane properties

TAHP hali-decay R 0r G, Bt comelated
with T, ang negatively and moderatety comelated with rhecbase (Fig. 78). Previous studies have
reported an nverse relationship between TP duration snd fiirg rate in mateneurons [Erownstone et

A, 1992; Stautier et ol, 2007). To determing if this i L in postgangk we

plotoed fAHP he f-decay e versus sustained firisg rate at twice rhecbase current Injection. Wi fownd

that there ls Inceed a strong negative comrelation between TAHA half-decay time and maximal firing rate

at twice reobase [Fig 7C). fAHP half-cecay time was als: correlated with ined -1
sope but not marimal H siope.

Slow AHPs [sAHP) were also observed following larger steps that elicited higher repatitive
firing TAU Only i g, b AHP hyred [n=30of 28],
measured at injection, lated 1o SAHP ir Table 1. sARP

half-decay time was four-fold longer on average than fAHF hall-decey, but the two were not sarrelated.

To examine the relationship between sAHP ane SRA we plotted the sAHP Falf-decay versus the SRA

Fatho far 23 cells [Fig. 700, We founc the ty were

A summary of

corralation parameters for both FAHP and SAHF is provided in Takle 2. As with SR8, cur computatianal

macal showed that Iy and by, were capable of reproducing sAH? after repetitive firing (nat shown).

Pricr wark in the rasbit superior cervical ganglian identified a long-|,

ing AHP follawi dnad

that was dus 1o the ouak

“/K"-ATPase (Leas and Wallis, 1574}, In the

meanatal reouse spiral cord, & has been shown to be dus to acthation of o3 Na'fKC-ATRase [Prton st

al,, 2007)This A2 s unkgue In Its ablisy a
o K'. We ideritified an AHP with @ similar Us in asteadily
Increasing i arrent [Fig. 74 ). This feature was present in 3 of

18 colls tested with 2 current step protocol that would allow for its ebservation. Cf nate, the wAHP was
obsereed only in relatively high resistance cells when ATP and GTP were included in the clectrode
solution, This AHP was alsc able to achbeve 3 membrane petential of 100.7 £ 115 mV, which inthudes
measures below the calculated -58 mY K reversal potential (Fig. 7A iv). The time-course of this

Fyperpolarization i too lang 1o be due 15 |y of e,

8. Subthreshold conductances

Subthresheld conductances zan glay an imporiant role in cetermining cell excitability and firing

propeties. We svaluated s with curment steps thal included asessmant

at hyperpclariced membrane potentisk seen during the usAHP.

In response t steps, meambra, kage L

with of valtag trajectory. Ir 28 af 39 cells,

membrane trajectory sxhibitsc a negrtive deflection from th trajectory ded

18
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ge gated Na® The observes defk or "notch®, brane led 10 2
delay Inthe first action potentiel in 2 trale (Fig. SC1 and has been described previousty In 15FNs {obling

and Glbbins, 1995). This phenomenon was often ebserved at a hokiing potential of ~TomV, and became

more Tth g [~0mV). This Is consistent with acthvation of the
translent, voltage-gated A-type K' current [1,). To test the contribution of |y to the notch anc delayed

firing, we held a model neuron at two different holcing potentials and found that the change in

Il ¥ was indeed o g f I [Fig. 8CH) (Rush end Rinzel, 1995). Notably, &

gimilar notch was chserved in cells displaying usAHP [Fig. 7Alv), demenstrating that the ushHP leads to a

state of ¥p where I, would celay enset of firing.

During hyperpalarizing current injection, a depolariring voltage "s2g” was often observed. When
present, a voltage sag was easily cetected with membeare hyperpalarization beyond ~100mV (Fig. BAi]
but was aleo ohserved at lezs negative hyperpolarization [Fig. £BI). We founz a voltage sag In 19 of 32
cells hyperpolarized 1o at least -100mV from a holding potential of -70mV. This preromenor has bean
previcusly reparted In mouse t5PNs [lobling and Glbbins, 19599) and cther mammallan sympathetic
neurons |Cassell et al., 1986) where it has besn attributed to the anomalous rectifier, or H-current (ly).

To support a rola for |, this cond, was i in th joral model and was found

to reproduce the observed voltage sag (Fig. 8Al). L has also been shown to contribute to a mare
depolarized membrane petential [Pape, 1996; Lamas, 1598, so we compared resting membrane

potertial in calls with (n=15) and without (n=13) evidence

I, but Found no significant cifferences

[5tudent’s t-test, two-tailed, p=16].

1, has also beer implicated in post-inhibitery rebound firing (Pape, 1956; Ascoli et al,, 2010; Englers et

al, 2011; Ferrante et al., 2017). Sag was seen in 12 of 13 15PNs exhibiting rebound fiding, but rebound

3

firing was only observec when cells were held closer to firing thresho'd (between -60 and -50m\; Fig.
Bij where |, has been shown to be responsible for inducing a voltage sag and rebaund firirg (Constanti

and Gahan, 1983). We usec a icnal model to relative ibutions ot 1, and Iy

and ined that sag is due to by for significant hyperpolarizations, ard Iy for more

hyperpolarization. Rebound firing carn octur in the absence of L but does not accur in the absence of Iy

Tallewdng ralaase from mod (~10m\] h that I, ks nedther ner

sufficinnt to induce rebound firing in t5PNs (Fig. Bi).
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DISCUS5ION

Re-oppraisal of

‘We ublained Lhe st whole-oell ecordings of mouse 15PN and bulll tha Nt computational model w
provide mechanistic insight into their function, Whole-cell recordings preserve membrane properties
5PN function, This i

and an accurate impartart, asthe impalamant

By mi L passve s | d

ot al, 1992; Cymbalyuk et al, 2002; Springer et al., 2015), reduce apparent excitability, undenastimate

the Impartanse of (Karilz ard Horn, 2000; Horm ard Kullmann, 2007], and prevent

repetitive firing [Springer et al,, 2015).
Inaut IR and

() were highly ans thelr values, as well

as rhecbase, oocupy an approximately tan-fold range. Values of Ry, and v, are an ordar of magnitude

larger than values previousy obtained from The same lation using .
recordings (Blackman and Purves, 1969; Josling and Giabins, 1933), which indicatas that the excitability

of 1SPNs has been Iy und ! celld

In the T5 ganghon ccoupied o

Tiwe-Fold range (cf. Jobling and Gibbins, 1999). Capacizance (€. values occupled o three-fold range, and

o cell The relationship between R, ard messures of firfing

threshald [ie, ' that obmic dominate 15PN recruitment. These

ahsarvations suggest that mambrane resistivity rathar than cell size is the primary determinant of

t the and Finter, 1984), though it is unciear if the
observed win apop princighe.
Th of the passive e il Ry, and 1, leacs to synaplic events of

greater amplitude and longer duratior, which b for synagtic

P neurors recelve nicotinic EPSPs comprising both sub- and sup events of
wvariable amplitude [Nishi and Koketsu, 1960; Blackman and Purves, 1269; Karila and Horn, 2000; Bratton

et al, 2010). An overall increase in EPSP lrtude would convert many subthreshold events inte

suprathresheld events, theneby noreasing 15PN fiing rate (Bratton et al, 2010}, Tradidznally,
surmmation of EPSPs was not thought Lo contribute to cell resruitment in paravertsbral ganglis (North,

1585; Mclach/an et al, 1997; Jinlg, 2006). However, recent whole-cell recordings fram rat superar

long-duration EP3Ps with much greater capacity tor summation [Sgringer

ot al, 2015). We also observed lang-duration EPSFs with decay time-constant camparable to t, and

examples of ERSP Irading to cell Thiz provices girect support far the gain

Fypathesis for amplificetion of preganglion:c activity (Karila and Horn, 2000; Hom ang

climann, 2007).
The observed 1, values indicate that t5PNs could act as integrators during states of strong preganglionic

sympathetic drive from individual newrons [see J3rig 1985; vanov and Purves, 1989) ard could widen

the temporal wirdow for d dy ard ion of
preganglioniz inputs (Skok, 1973; Kanlg et al, 1996; Rarte et al, 2013). Thess chesrvatizns suppart the.
conzept that t5FNs do not mere'y relay preganglionic activity, but rather actively integrate and amiplify

sympathelic vulpul. Melabolrupic recepter dlated che frbringic b e iy

further amphfy this process [North, 1986; Karila and Harr, 2000).

Additionally important was the observation that @l 15PNs were capabde of firing repetitively. Three

cistinet pop finc hased on in

oy of spike amplituce trajectony
during repetitive firing. Measures of Na' charnel availability such as maximal rise slope and amp itude of
action potentials (Hocgkin and Huxley, 1952; Miles et al,, 2005) predicted whether spike amplitude

wold increase of decrexse over time. It is unclear if these populations correspond 1o known

6
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577

578
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82

SE3

5B4

585
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596

molecularh o functionally distine: subpopul ations [inie, 1988; Gibbing, 1931; Jobiing and Gibbine,

1999; L and Horn, 2006; Furdan et al, 2016},

The ot repetitive finng contrasts nall neurons,
including 15PNs, of phasic firing in response to sustained currant injection (Jobling and Gibains, 159%;

Jirig, 2006; Springer et al., 2015). Recant whole-cell in ratSC5 found

reunons were capable of rapetitive Fring, anz sugg thy aresulcof

conguctance [Springer et al., 2015). We were able to replicate thase resubs using our mode’; by

an i & with we were able to

convert repetitively fring mocel neurons 1o phasically firing model newrons, Phasic firing afver
imnpakemert injury oapeors o be dependent on the presence of Iy, o3 blocking |y ear comvert
symgathetic neurons from phasic to repetitively finng [Brown and Adams, 1980; Brown and Constant],
1580; Cassell et al,, 1986; Luther and Birren, 2009). This observation was reproduced by subtracting lu in
ouar el Iz, has also besn shown 10 contribute to the intereonwersion of sympathstiz neuran

mambrane firing proparties (Sacchiat a', 1995; Luther and Birren, 2009]. Thus, tha firing properties of

paravarebral sympathet . neurans that sxhinit Iy and ke,

asnsithos e impals

‘which underscores the impona roe of using whole-cell dings. Blackman and colk able o

observe repetitive fining with a hinding that has

{Blackmin and Purves, 1965). A possible explanati abd e i i bon channel

betweon The mouse a0d guinea oig.

The physizloglcol relevance of rapetidve firing In SPNE

The: physiclogical relevance of repetitive firing in t3Ps in response to eurrent stimulation might ae

dismiseed that aric y drfunn by ionic irput.

g

However, paravertebral neurors can exhibit long

and Purves, L969; Janig et al., 1%82; Kawarani eral,, 1987). Activation of mezabetroplic muscarinic and

Lianig et al., 1982; Nartn, 1966; Kawatani et al.,

1987, Elfvin ot al,, 1993), These st idaa that 15PN can g

drive with limited nfiuenes from pregangionics,

prope-ties an varicus for scuipting the firing response
of t57Ns. A, Is Important in determirirg firing rate cver a range of Injected cumart values. i, abko
Impacts U shopy uf thie [4 curve, 15PN with stevcer slope may be more eifvctive sl enplitying
postganglionic output gain (S2linas and Thier, 2000; Ancry mos, 2010, Given the relatively low steady-

I 2006), the k f

stae firing rates of preganglioniz neurons observed fn

§ 88 8¢ 88688 8§88

variability In response ampification |5 undear (Soringer et al,, 2015).

G Heowsuer, synantic drive may 10 res e during howts of "
610 ptor ined v deseribod above. Wo ¥ post-
611 i tswith fram L0pA to over 100p4 [data not shown). Comparing thase

612 ampltudes to values cf rhecbase (rangs 5-70 pA] supperts conditions where synaptic aztions are

613 transiert

615 Reloting cbserved cellular

616 While the firing rate of 15PN is strangly determinesd by the iemperal cynamics of the TAKP, a featune
617 carrhed by |, and L in rodert SC5 (Belluzzi and Sacchi, 1988), the mechanisms underlying spike rate

B1E  adaptation |SRA] have not been studied in paravetebral g2nghia including KSPNs. SRA has been well
619 characterized elsewhere [Benda and Herz, 2003; Benda and Tabak, 2013). Contrbutions from |y and hy.

G20 are among the proposed mecharisms [Sewctuk et al. 1957; Powers et al.. 1593; Miles et al., 2005: Yi et

n

666

621 al, 2005], and these currents have been previowsly idertified in rodent paravertebeal gangia (Sacchi ot

E22  al, 1995; Daes et al, 1996; Habey et al., 2000; Locknar et al, 2004; Maingret et al, 20068). Our

523 moceling found that by and le, were required gl the fast and sk of SRA,

524 Tt BNE Lz, v ol to the slaw AHP in rodent SCG and hippecampus
B35 {Stzrm, 1380; Sacchi et al, 1895), and inclusion of ke, of ly in the <ha sAHP after
626 repetitve firing. That SRA ratic and sAHP half-decay further t of
527 these conductances.

628

523 Other f ISPN

B30 1SFNs are known 1o express L, | and L (Jobling Lbins, 1995). These have been shown 1o

E31  modulate EPSP it b I, and repet tive firing rate (Connor

E37  ard Stevens, 1991 Storm, 1390; Rush and Rinze), 1995; Hoffman et &l, 1957; Lamas, 1998; Frescott et

533 al, 2006; George et al, 2005, Kullmann etal, 2016). We found evidence of Iy, |y and |y Inour

534 by abserving suich as natch, sag, and rabouns fiing, and we replicated their

615 effaces

madeling. Thase typleally requira hyperpa arization 1o emerge.
GI6 While there are no known inhititery synanass in sympathatis gangils (MeLachlan, 2007), 2 slow IPSA due

537 1 B ic activation of K* conds

&% has beer observed in 505 |Libet ard Kobayashi, 1974,

E38  North, 1585). Ancther method of hyperpolarzation observed n a small group of 15PNs is the siowly

53 oping UsAHP thet fo k J activity (Zhang and Silar, 2012}, The us=3 has bein observed
540 In rabbit SCG (Lees and Wallis, 197¢) and ' ctivation of the cuabain sensitive o3
G41 Na'fH-ATPase (Pacton et al, 200 7). These largd Iy my provide i
642 by which the e

»
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FIGURE LEGENDS

Figure 1: Cell sire and composition.

A, Simpl tied depicting of
neurons. 8, According setup. Sympathetic chaing are pinned down in 2 licone chamber, superfused

with oxygenated ACSF. They are then lized under a

dod vsing 3 glass patch-

champ electrode. £, Confocal slice through whale-mou; howing TH d

nudear labeling with DAPI. Note the rumerous smalier and more intensely labeled nuclei that ore

al calls. Scale bar rep 50um. D, Hist howi~g distribition of TH-R

cell diameters in TS ganglia of 6 animals.

Fgure I: Passive membrane properties.

A, Nistogram showing distribution of resting membrane potential values, B, Input resistance is highly
correlzted with membrane time constant, Selid line indicates Iinear least-squares fit. Filled black cirdle
rapresents population mean. Red filled circla, population maan from [Jobling and Gibbing, 1999). €,

Bxarr ple of synaptic summation keading to ation setertial recruitment i @ particularly active recording.

Shown s a raster of epochs of pic activity. Cell portenti 60

m. In this neuren A T, of 109 ms bd to lorg CPSP 5. Vartizal

scele baris 20mV; horizontal scale bar is 500ms.

Fgure 3: Factors affecting rheobase.
A, Rhecbase was well comelated with input conductance in recorded neurons, open circles. Gray line
represents the rheobase versis input condustance relytionship for o single mode! neuran chasen to fit

data. Standard i cell with Gy=1505. 8, There is a strong correl tion between

measured veltage threshold and the produt of rheclsse and R, suggesting that variations in R
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account for in frability. Rheobase “voltage” Is equal to threskold

voltage. Dashed lire is line of identity, In beth panels, solid line represents least squares regression.

Figure 3: tSPNs exhlbit repetitiva firing.

A, Top, representative trece from 2 15PN showing imcreases in repetitive Fring lreguensy in response to
Inereasing current steps. Bottom, model nevron also showing repetitive firing. Standard model with
Gu=30, CeemT0, Ga=B0, Guw=2nS, Injucted current from left Lo right in both recorded neuron and medel
1530,50, 70, 90, 110, 130p~. Scale baris 1s. 8, bmpact of injected coment and impalement concuctance,
Fimge 00 Hiring tyze. (i) 5olid Enes denote the boundadies betwesn nan-fiding (n), phasic fiding (p). and
repetitive firing [r). Open crcles indicate the combined ... and injected curren values used 1o generate
Inset traces. At . =0ns, analogous to whoke-cell recordings, the model neuron trarsitions rapidly from
Atar, and repetitive firing results from any current injaction abave ~20pA. At g, - 705, analogous 1o

microeectrode impalement injury, the medel newron transitions frem n to p at arcund 200pA current

injection, and repatitive firing is not observed for injected currant less than S00pA. [ii) Remaving |y from

e model by setting gu=0nS efi hasic fi her, Le., cells trarsition directly from neo

ag; of d Starderc model with Gy,.=0 505, C, {1 relations for recorded
and medel neurons, ([ maximal instantaneous firing rate ks plomed wersus injected current far all eolls.
(I}, same &s Ci with sustained firing rate. (i) maximal -l curve from @ model neuron in which g, was
adjusted to generate input condustances of approximately 0.5, 1, 2, and 3 nS. Note: as varying input
conductance ake changes holding potential, cach model neuron was subjected to a different Folding
current to hold the initial voltage at -70mY. Also note that g, |5 distinct from g.. [vl corresponding
sustained [+ curves. Standard madel with Gy=30n5, Gy=0n5. D, Maximal {4 slope is positively correlated

with Inpurt reskstarce. £ Maimal -l slope ls negathvely correlated with rhecbase.

Figure 52 g suggests that spl both by and .,
A, [l} Representative trace showing 15PN response t 5024 current injectian. Note thit the irer-spike
ntarval increases over e, cormesponding Lo a decredse in irstamtaneo s equency. 7] Trace fiom a
el ool chosien b fit the recocding shows. similar S8 for SOpd corren injection. Maimal
CONEUCtTnoes a0 (i 05]: Gy =400, Ge= 3000, Gou =1 2, Gu=dl, G =50, GasB), Gi=1, Goa=?, Soale bar in
beth parets i3 L second, B, Inmantanesis [equency versis tirms for the same recorded cell 5 50, 70, 5,

110, 13034 current injctian {from bottam to taa. The S0pA o [red] carrsspands ta the trace in

parel Al Fast and show af indi €, Maximal ined 14 cunves.
mztch wedl between recorsed and modeied coll pver 2 rAgE o inected currents, Reg, maimal (1op,

sohd] and susined [bottom, dashed) [ cunves for the cell in panel Al and B Blue nes ane the

| the panel AL D,

for the mocal call in panal All. The rocordad S0pA curv from penel & s rprduced for comparison to

R in Im Al (blug). wes nmbered L
effect of removal of two conductances from the model. Removal of R, fourve 1) predominantly
Influsnces the slow 554 Remaval of gy fourve 2} predominantly Influances the fast SRA Removal of

both [curve 3] eliminates $RA, The ordinate ads ks shared among panels B,

Figure B: 15PH: > pike changes.,
A, Cxample traces from a type 1 [k, blacd and type 2 (right, blue] cell, Scale bar 200ma. B, Population

of rarlezy of firing types. wersus the mean o all

subsequent sz k i ] the pr of Injected and input resistance for all cel's
(=33 Type 1 cells with 2 positive change i spike peak arc shown in solid alack line, Type 2 ce'l with a

megative changs In spike peak are shown in cotted blue Ine: Typa 3 cells which comvert from hvpe Lte

Tpe as njected currant vown in dashed red Ine. € Madmal rise slopa for
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all three coll types, Type 2 cells Nave a sigrlicantly higher rate of depalarzation than type 1 and 3
[P=.001; P=.04 respectivel]. O, Amplituce of the irftial spike at rhecbase cument iqjection. Tyoe 2 cells
Faver s/ gnificanthy bigher peak wakees than typ L but ot type 3 [P=.004; P= 08 rmspectivuly], Hotzontal

b it prsesars walne Dz © el 0

Flgure 7: Afterhyperpolarization.

A, Side by sidn comaarisan af three rypas of ARFs, (i BAHP preasent after single spiee. (1l 2AHP Is prasant
in the same cell only after rapetitive Swing. The hall-decay lime of fast and sow AHPs are indicated by
the gray bar benesth each trace. Scoke bar 1. §ii ) Depokarizing current steps [10 to 130p8 in 10p4.

Incrementshin of the usaHP,

shewing the
Scale bar L0s. |v] Expanded view of vohage traces In Al Incicated by vartical srmows. bz that the gray
trace is hyporpol srized by 20mV comaared to tha blatk 1rame srd hes o charactaristic “roth®

with rhectase R'=27). €,

upon B, AHP half-deary patvety
AHF hali-decay was negatively correlatec with maximal firing rate at twice rheckase [R'=.48) D, SHA

ratio i poshivaly correlitec with sAHP hall-decay (.27, vei8). Black e is the Fnear fit

Figure 8: Subthreshobd conductances.

A, {1 Voltage “sag.” indicated by arvow, upor hyperpolar Eation beyond -90mY in 2 cell beld at-Thry.

Note that the effect becomes more arciounced with gn 1) Madel
showing 3 milar sag Sterdard 5 an€ Gy 5. B, 2 froma
cottaren coll he/e at -S0m i 3t voltage sag. (i)

showing rebound spkng 3t the same holding voltage and curvent ingecton, Max mal condu stances ane
1N 5] G200, Ge=2000, Gru =12, G20, Guam20. Gu=20, Gu=l, Tuw=d. Removal of g icunve 1) does

Pt ishisit rebourd firing. Remaval of gu eiminates fiing fcurve 2) a2 Boes remaval of both currents

573 furve 3] 6 A sl

nerteh farnow) accompanies by a

82¢  delayin spiking (black race). The same cell oes rot b

825 (i Mocel i

rpiarabie resilts with pre-spike infliction seen oe by far hyaerpolarized

926 trace, Stancard model with Gus10, Gay=10, Gas, Gu=CnS5. Inset: Magnitude of hy ot onset of current

927 angoctian showa thet L s s mgher &t and b

928 fuly Scale ol panels,

93 TABLE LEGENDS

931 Table 1: Baske properties of tSPNs.
932 Values of bask progertes of 157Ns reporied & mean + 50 and range of observee values.
833

932 Table 2: Selected

935 d s, r, Pearson’s correlkat &', coefficiant of

936 determination. n, number of observations. pvilues calodlsted lrom two-laked -les). Asterisk indiceles

817 i sigr ation at Siddk: 2e,0017. R, input resistance; v, erembrane time
538 7 b Tl % Vi balding waltags; gy, Inpet

939 corductance, Vi, treshold valtage, fa., maxinal fas firing rate,
960 TAHP, fast eftert 1 AHP, show alter hyperpobar

41

42 Table 3: G of ibty

943 Values gven as maan £ 50 with numser of chiarvat ons In parentheses, ““Statistically diffarent growps

B8 osdetermined by one wiry ANDVA o d Tuley's past hoc test. RMIP, resting membrone potential; fa,
545 inpLt resistance; Ly, membrane lme comstant; Co, memarane capscance; TARR,

#6  aterbyperpolarizition,
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EXTENDED DATA LEGENDS

Extenced Data L: Computational model code

Python ard MATLAR coce for the model of tSPN. D
code.
TABLES
Froparty mean + 50 [r] TANKE
Membrane proparties
Resting membrana potential, WV -58.8 + 7.3 (39] =46 10 80
Irput Resistance, M2 1072 2 553 (38) 246 o 1297
Input conductance, nd 125 1 08(38) 0.44 10 4.1
Membrane time constant, ms 843 ¢ 528(38) 15 to 234
Capacitance, pf 297 4 268(39) 51 10 157
Threshald
Absolute voltage, my 412 % 71(39) <216 1o SR8
Relative Lo Vi, mV 260 % 7.7(39) 11K to 266
Rheobase, pA 272 4 159(39) 510 70
Action Potential
Amplitude, mV S50 4 15.7(39) 234 10 921
Peak, mV 138 1 182(39) -30.8 to 48.2
Half-width, ms. 45 4 1.1(39) 29w 78
Rise slope, mv/ms 473 2 262(39) 16.3 to 118
Fast afterhyperpolarization
Amplitude, my 15.1 1 3.7(26) 6.7 10 211
Half-decay, ms 808 4 329(26) 28610 152
Duration, ms 230 2 71(26) 102 1o 363
Slow aferhyperpalariztion
Armplitude, mV 83 2 45{30) 2.8 to 184
Half-decay, ms 358 4 223 (30) 101 10 1087
{1 slope
Maxireal, Hz/pA 0126 § 0.033 |35) 0.06 to 0.20
Sustained, Hz/nA 0075 £ 0.025 [39) 0.03 to 0.13

r R nop
Membrane properties
Ry T 082 058 38 25107%
¥ C, -0.09 001 ° 058
T [ 044 019 " 00057
I= provided within the
Rheabass
ibeg Vid 0.20 004 39 0.23
N R 0.50 036 38 6310%*
5 W' 048 023 " 0.0024
" Cn 004 000 " 079
lnes P Vin 064 041 " 1510°%
Firing frecuercy
foun ¥ 100pA. R, 051 026 30 0.0036
fa @ 100pA  R. 043 019 " 0016
Jrarl slope R 043 024 38 0.0018
= [ -049 024 39 0.0017*
i Ta 021 004 38 021
= Cn 031 010 " 0.058
Juurd slope Ra 044 019 ° 00053
X L -052 027 39 75107
" T 0.24 006 3B 0.15
o G <027 007 * o011
Alterhyperpolarization
fAHP hall-decay  TAHP duration 0.85 073 26 1L510°*
- A 03l oL " 012
> Cn 025 006 " 0.22
o T 046 021 " 0019
Tns -052 027 " 00064
" Fran @ Plig =077 059 " 85107
. oo @ 2, -055 043 25 3307
o Tl Sl -0.01 000 26 035
N fywr slope 046 021 ° 0018
a SAHP hel-decey 038 0.4 19 011
SAHP hall-decay  SRA ratio 0.52 027 28 0.0045
a54
955
956
43
a5
Typal Type 2 Type 3
Membrane properties
AMIP, mV 8.7+ 78(22) 575 £ 62(13) 630+ 6B(4]  FueB7
p=0.43
R MO 1070 £ 603 [22) 1006 £ 525 {12) 1285 + 381 [&]  Fp =037
p=0.59
To TS 100.0 1 59.7 {27 850 ¢ 553(12) 908 | 165 (4] Fipy=0.79
pe0.75
Cr F 95.1 + 2849 [22) 837+ 237(12) 7I0+ 154 (4] Fyul6
3
Threshold
Absolute, my 42.2%71(22) 389 & 7.7 (19) 43224214 Fraeld
p=0.36
Relative, mV 26.7 £ 8.0 (22) 255 7.1(13) 235£9.108]  Foum0.31
p-0.74
Aheabase, pA 30 % 17.3(22) 262+ 133(13) 1754 15504) Femll
p-0.33
Action potential
Amplituda, mV 48.1 & 14.8°(22) 673+ 116" (13) 526+ 6.6(4) Fyue85
P=0.00032
Peak, mV 6.0 % 18.0°(22) 283 + 10.4° {13) 98+ 93] Fpu=90
p=0.00059
Hal-width, ms 51111%(22) 38 07V[13) 44+05(d]  Fpy-B5
p=0.00032
Rise slope, mV/ms 35.8 4 183 (72) GRT & 2787 (13) 410 4 GAYA]  Fpaee12.1
p=9.6-10"
AHP
Amplitude, mV -143 +£31(15) <168+ 4.5(9) 133£32(@2)  FaaelS
p-0.24
Half-decay, ms 891 % 23.3(15) 659 & 38.3(19) 5.8+ 65.3(2) Fauml3
9
Duration, ms 252 £ 51(15) 205 = 76 (9) 181 £ 101 (2]  Fpaw=l9
18
957
4
46
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Identifying cellular dynamics in mouse sympathetic neurons: A computational modeling approach
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'Department of Biology, *Department of Physiclogy, Emory University, Atlanta, GA, United States
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