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Exercise Training after Spinal Cord Injury Selectively
Alters Synaptic Properties in Neurons
in Adult Mouse Spinal Cord
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Abstract

Following spinal cord injury (SCI), anatomical changes such as axonal sprouting occur within weeks in the vicinity of the
injury. Exercise training enhances axon sprouting; however, the exact mechanisms that mediate exercised-induced
plasticity are unknown. We studied the effects of exercise training after SCI on the intrinsic and synaptic properties of
spinal neurons in the immediate vicinity (<2 segments) of the SCI. Male mice (C57BL/6, 9-10 weeks old) received a
spinal hemisection (T10) and after 1 week of recovery, they were randomized to trained (treadmill exercise for 3 weeks)
and untrained (no exercise) groups. After 3 weeks, mice were killed and horizontal spinal cord slices (T6-L1, 250 um
thick) were prepared for visually guided whole cell patch clamp recording. Intrinsic properties, including resting mem-
brane potential, input resistance, rheobase current, action potential (AP) threshold and after-hyperpolarization (AHP)
amplitude were similar in neurons from trained and untrained mice (n=67 and 70 neurons, respectively). Neurons could
be grouped into four categories based on their AP discharge during depolarizing current injection; the proportions of tonic
firing, initial bursting, single spiking, and delayed firing neurons were similar in trained and untrained mice. The properties
of spontaneous excitatory synaptic currents (SEPSCs) did not differ in trained and untrained animals. In contrast, evoked
excitatory synaptic currents recorded after dorsal column stimulation were markedly increased in trained animals (peak
amplitude 78.9+17.5 vs. 42.2+6.8 pA; charge 1054+£376 vs. 348+75 pA-ms). These data suggest that 3 weeks of
treadmill exercise does not affect the intrinsic properties of spinal neurons after SCI; however, excitatory synaptic drive
from dorsal column pathways, such as the corticospinal tract, is enhanced.
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Introduction adult mice. By utilizing a small animal such as the mouse, we are
able to obtain horizontal spinal cord slices that maintain longitu-
dinal fiber pathways and significant spinal cord circuitry.® Im-
portantly, axons in the corticospinal tract (CST), which lie in the
deep dorsal columns of rodents,”® can be preserved and subse-
quently activated rostral to the lesion site with an appropriately
placed stimulating electrode. Together these features of our slice
preparation allow detailed examination of the effect of various
interventions, in this instance exercise training, on neuron proper-

INCOMPLETE LESIONS TO THE SPINAL CORD are accompanied by
anatomical changes, such as axonal sprouting in the vicinity of
the lesion within weeks following spinal cord injury (SCI).'~ This
post-SCI axonal sprouting can form new intraspinal circuits that
allow descending pathways to bypass the site of the lesion.' Im-
portantly, recent studies have shown that exercise training can
enhance sprouting following SCL*> Although these studies have
documented anatomical changes in the vicinity of a lesion post-

injury, functional changes in the synaptic or intrinsic electrical
properties of neurons likely to be involved in forming new in-
traspinal circuits after SCI have not been extensively explored,
especially in adult animals.

Here, we use in vitro patch-clamp electrophysiology to compare
the synaptic and intrinsic properties of neurons in the immediate
vicinity of an incomplete spinal lesion in untrained and trained

ties and connectivity following SCI.

Methods

All procedures were approved by the University of Newcastle
Animal Care and Ethics Committee. Animals (C57BL/6 male mice,
9-10 weeks of age) received a left spinal cord hemisection beneath
the T10 vertebra (i.e., between T10 and T11 spinal nerves) while
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under isoflurane (5% induction and 1.5-2.5% maintenance) and
medetomidine (0.03 mg/kg s.c.) anaesthesia. Postsurgical analgesia
was provided by buprenorphine (0.1 mg/kg s.c. every 8 h for 48 h).
After 1 week of recovery, mice exhibiting left hindlimb paralysis
were randomly allocated to untrained or trained groups. Over the
next 3 weeks, the trained group received enforced treadmill exer-
cise (two 10 min sessions, 5 days/week) at speeds that matched their
ability (ranging from 6 to 12 m/min). The untrained group remained
in their cages during this period. To acclimate mice to the treadmill,
all animals completed 2 weeks of treadmill training prior to their
surgery.

In order to control for lesion variability, the same surgeon per-
formed all hemisections, and we quantified the lesion in slices used
for recording (see dashed rectangle in Fig. 1A). The measured area
of the injury including cavitation (i.e., missing tissue) as well as
glial/scar tissue was similar in untrained and trained animals
(0.53£0.08 mm? vs. 0.40+0.04 mm?). We also measured lesion
“extent’ as the distance between the medial apex of the lesion and
the midline of the spinal cord. A value of 0 mm indicated that the
lesion extended all the way to the midline of the cord. The average
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extent of the lesion (+SE) was 0.15+0.03 mm? in untrained and
trained groups. Together, these data suggest that our SCI hemi-
sections were similar in the two groups.

Following the 3 week training period after SCI, both trained and
untrained mice (now ~13 weeks of age) were killed for in vitro
patch-clamp electrophysiology. Investigators were blinded to the
training status of the animal had been. Horizontal spinal cord slices
were prepared as previously described.® Briefly, animals were
deeply anaesthetized with ketamine (100 mg/kg i.p.) and decapi-
tated. The torso was immersed in ice-cold, oxygenated, sucrose
substituted, low calcium/high magnesium artificial cerebrospinal
fluid (S-ACSF; containing [in mM]: 250 sucrose, 25 NaHCO3, 11
glucose, 2.5 KCI, 1 NaH,PO,, 6 MgCl,, and 1 CaCl,; pH 7.3). The
spinal cord was then excised using a ventral approach. A length of
spinal cord (T6-L1) was fixed to an agar cutting stage (ventral side
down) with cyanoacrylate glue, and submerged in a bath containing
ice-cold S-ACSF. Horizontal slices (250 um thick) were then cut
using a vibrating microtome (HM 650V; Microm, Walldorf,
Germany). A single slice containing the dorsal horn and/or inter-
mediate zone and a continuous strip of the dorsal columns was

Stimulating
electrode

'S l’l.. . CC

%W’ S oty

Dorsal Columns

e Untrained e Trained

B C

Amplitude

AHP Latency
4

ms
n

FIG. 1.

Width

AHP Peak

-60-
-40
z
20mv &
2
e 0 0

Location of recorded neurons and their intrinsic properties in SCI mice. (A) Schematic showing the location of recorded

% Incidence
20
1
% Incidence
20

" TF SS B DF "TF SS IB DF

neurons on a horizontal slice. Light and dark gray shading represent gray and white matter, respectively, which are clearly visible under
infrared differential interference contrast optics. Neurons from untrained (red circles) and trained (blue circles) mice were recorded one
to two segments rostral and caudal to the hemisection (dashed rectangle: made between T10 and T11 spinal nerves). Recording location,
relative to the lesion, was divided into five regions: ipsilateral-rostral (IR), ipsilateral-caudal (IC), contralateral-rostral (CR), contra-
lateral-caudal (CC), and contralateral-epicenter (CE; inside dashed rectangle). A bipolar stimulating electrode was placed in the dorsal
columns at the rostral end of the slice (left) for stimulation of descending inputs. (B) Representative action potential (AP) showing
inflection point (arrow, where dV/dt is >15-20mV/ms) from which various measurements were made (see text). (C) Group com-
parisons for AP properties in untrained (red) and trained (blue) mice. These properties were not different in untrained and trained mice.
Error bars=SEM on all bar charts. (D) Typical AP discharge patterns observed in response to square step depolarizing current injection
(800 ms duration). Discharge patterns fall into four categories: tonic firing (TF), single spiking (SS), initial bursting (IB), and delayed
firing (DF). (E) The incidence of each firing pattern did not differ in untrained (red) and trained (blue) mice. Color image is available
online at www.liebertpub.com/neu
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obtained for recording. This slice was chosen for analysis, as it
permitted stimulation of dorsal column pathways. The slice was
immediately transferred to a recording bath with a constant flow (6
bath volumes/min) of oxygenated ACSF (250 mM sucrose sub-
stituted with 118 mM NaCl and MgCl, and CaCl, adjusted to 1 mM
and 2.5 mM, respectively). The slice was positioned in the bath,
secured under a custom-made net, and left for 1h to equilibrate
(22-24°C) before experimental procedures commenced.

After the equilibration period, a bipolar tungsten electrode was
placed in the dorsal columns rostral to the lesion for stimulation
(Fig. 1A and as described by Flynn et al.).’ Patch pipettes were
pulled from borosilicate glass (1.5 mm OD x 1.16 mm ID; Harvard
Apparatus, Kent, UK) and had tip resistances of 3-5MQ. They
were filled with a K™ -based internal solution containing (in mM):
135 KCH3SO,, 6 NaCl, 2 MgCl,, 10 HEPES, 0.1 ethylene glycol
tetraacetic acid (EGTA), 2 Mg-adenosine triphosphate (ATP), and
0.3 NaGTP; pH 7.3 using KOH. Neurons in the vicinity of the
lesion were targeted for whole-cell patch clamp electroghysiology
using infrared differential interference contrast optics,” and pho-
tographed for subsequent mapping of the location of recorded
neurons (see Fig. 1A). The whole-cell recording configuration was
first established in voltage-clamp mode (holding potential
—60mV). All reported membrane potential values were corrected
for a 10mV junction potential.'® Data were acquired with a Mul-
ticlamp 700B amplifier (Molecular Devices, Sunnyvale, USA),
sampled at 50 kHz, filtered between 2 and 10kHz, and stored on a
computer using AxoGraph X software (AxoGraph Scientific,
Sydney, Australia). All recordings were made at room temperature
(22-24°C).

A 5mV hyperpolarizing step (10ms duration, 10 repetitions)
was used to measure series and input resistance. Only data from
neurons in which series resistance was <20 MQ were included in
our analysis. Action potentials (APs) were elicited by injecting
depolarizing, square current pulses (800 ms duration, 20 pA in-
crements) from resting membrane potential. AP properties such as
peak amplitude (measured from point of inflection to peak), width
(measured at 50% of peak), after-hyperpolarization (AHP) latency
and peak (measured from point of inflection to negative peak), were
quantified from rheobase APs (Fig. 1B). AP discharge patterns in
response to depolarising current steps were categorized as tonic
firing (TF), single spiking (SS), initial bursting (IB), and delayed
firing (DF) (as previously described in Flynn et al.).®

Spontaneous excitatory synaptic currents (SEPSCs) were re-
corded for at least 3 min in voltage-clamp mode (holding potential
—60mV) and analyzed offline. Captured SEPSCs were averaged,
and peak amplitude (baseline to peak negative current), rise-time
(calculated over 10-90% of peak amplitude), half-width (measured
at 50% of peak amplitude), and decay time constant (calculated
over 20-80% of the decay phase) were obtained. SEPSC frequency
was calculated from raw traces over a period of 3 min. Dorsal
column evoked synaptic responses, also recorded in voltage-clamp
mode (holding potential —60 mV), were recorded after stimulation
(0.1 ms duration current pulse at 0.2 Hz, 1.2 x threshold). Dorsal
column evoked responses were averaged over 14-15 trials, and
peak amplitude (baseline to peak negative current), charge (area
under the current trace baseline), and response latency (stimulation
to current onset) were measured from the averaged response. Such
responses were abolished by the addition of CNQX (10 uM) to the
bath (not shown) as previously demonstrated.®

Statistical analysis

Comparisons of intrinsic and synaptic properties based on cell
location or average training distance were made using a one-way
ANOVA with a Tukey post-hoc test of all values, or a Kruskal—-
Wallis test with a Dunn post-hoc test, depending upon the distri-
bution of the data set. Comparisons between data from untrained
and trained groups were made using Student’s ¢ tests or Mann—
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Whitney U tests, depending upon the normality of the data set. The
prevalence of AP discharge patterns was compared in untrained and
trained groups using Xz tests. Correlation analysis was applied to
data from trained animals to test for relationships between distance
travelled and electrophysiological parameters. In all comparisons,
whether data fit a normal distribution was determined using a
Kolmogorov—Smirnov test. Significance was set at p <0.05.

Results

In total, 137 neurons (70 untrained vs. 67 trained) were recorded
from 28 adult mice (15 untrained vs. 12 trained): yield per animal
~5 neurons. Neurons were located in segments adjacent to the
lesion. Recorded cells were divided into five regions based on their
location relative to the lesion: ipsilateral-rostral (IR), ipsilateral-
caudal (IC), contralateral-rostral (CR), contralateral-caudal (CC),
and contralateral-epicenter (CE - immediately contralateral to the
lesion) (Fig 1A). Comparisons between untrained and trained
groups showed no significant differences between passive and ac-
tive intrinsic membrane properties analyzed (i.e., resting membrane
potential, input resistance, AP amplitude, AP width, AHP latency,
or AHP peak) based on cell location. Comparisons of sEPSC
properties within untrained and trained groups also demonstrated
no significant differences in rise time, peak amplitude, decay time
constant, or frequency between cells from different regions. The
latency of evoked responses was, however, greater in CE-located
cells compared with IR- and CR-located cells in untrained animals.
We believe this difference is related to the limited sampling across
some of the location categories for this parameter (number of cells
in each location category: IR=6, CR=9, IC=2, CC=2, CE=2).
Overall, our analysis suggests the location our recorded neurons,
relative to the lesion, was similar in both groups. Accordingly,
subsequent comparisons were made between pooled neurons in
untrained and trained groups.

Passive membrane properties for neurons in untrained versus
trained groups were comparable in terms of resting membrane
potential (—60.9+1.2 vs.—62.3+£1.4mV) and input resistance
(809+84 vs. 881+78 MQ). AP properties were also similar in
untrained versus trained animals: AP amplitude (67.2+2.4 vs.
68.2+3.2mV), AP width (1.520.1 vs. 1.6+0.1 ms), AHP latency
(2.6£0.2 vs. 2.8+0.4ms), or AHP peak (46.9%+1.2 vs. 45.6*
1.4mV) (Fig. 1C). Four AP discharge patterns were observed in
response to square step depolarizing current injection (Fig. 1D).
The proportions of each discharge pattern did not differ in the
untrained and trained mice (Fig. 1E).

The properties of sEPSCs for neurons in the untrained and
trained groups were similar, with no significant differences in rise
time (0.71£0.04 vs. 0.74 £0.04 ms), peak amplitude (18.7£0.8 vs.
16.7£0.3 pA), decay time constant (2.62+0.2 vs. 2.9£+0.2 ms), or
frequency (2.7£0.5 vs. 3.7+0.6 Hz) (Fig. 2B). In contrast, dorsal
column evoked responses from trained mice had significantly lar-
ger peak amplitudes (78.9+17.5 vs. 42.2+6.8 pA) and greater
charge (1054 £376 vs. 348+75 pA-ms) compared with neurons
from untrained mice (Fig. 2C and D). Stimulus threshold (262 £ 64
vs. 295+95 nA) and response latency (6.8 £1.0 vs. 10.3+2.2 ms)
were similar in both groups, suggesting that stimulus parameters
did not account for this observation. The clearly polysynaptic na-
ture of the evoked EPSCs suggests the involvement of multiple
synapses and neurons between the stimulation site in the dorsal
columns and the recorded neuron.

Animals in the trained group exercised at treadmill speeds
commensurate with their ability, and therefore travelled varying
distances over 3 weeks of exercise training. As the amount or
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FIG. 2. Properties of spontaneous and evoked excitatory postsynaptic currents (EPSCs) in SCI mice. (A) Spontaneous EPSCs
(sEPSCs) recorded in untrained (red trace) and trained (blue trace) mice (holding potential —60mV). (B) Group comparisons for
selected sEPSC properties. These properties did not differ in untrained and trained mice. Error bars=SEM on all bar charts. (C)
Overlaid dorsal column evoked synaptic responses from untrained (red) and trained mice (blue). (D) Group comparisons for dorsal
column evoked synaptic responses. Peak amplitude and charge for evoked responses were significantly larger in the trained mice
(*p<0.05). Color image is available online at www.liebertpub.com/neu

“dose’” of exercise administered to each animal during training
may have had a differential effect on intrinsic or synaptic proper-
ties, comparisons were made based on the average distance trav-
elled by each mouse. Animals were divided into tertiles (n=4
animals in each group) based on total distance travelled over 3
weeks of treadmill exercise (15 sessions): shorter distance (4190—
4800 m), mid-distance (4930-5320 m) and longer distance (6050—
6870 m). No significant differences were detected in the intrinsic
properties (resting membrane potential, input resistance, AP am-
plitude, AP width, AHP latency, or AHP peak) of cells from trained
animals based on total distance traveled. Likewise, there were no
significant differences in the sEPSC properties (frequency, rise

time, peak amplitude, or decay time constant) of cells based on the
total distance traveled during the 3 week training period. We also
examined the correlations for distance traveled relative to each
(n=17) of the continuous electrophysiological variables measured
(i.e., intrinsic, synaptic, and evoked properties). This analysis
showed poor and nonsignificant correlations for all variables, bar
one. Correlation coefficients (r values) averaged 0.017+0.23
(range —0.47 to +0.49). Only one variable (SEPSC frequency) was
significantly correlated with running distance (r=-0.28) and
p=0.05. Overall this analysis suggests that any differences in the
capacity of animals to run (i.e., distance traveled or exercise dose)
within the trained group did not affect the results of our study.
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Discussion

This study expands on previous work in which we showed that it
was possible to obtain a horizontal spinal cord slice that allowed
high-resolution study of both intrinsic and synaptic properties of
spinal neurons in adulf mice using patch-clamp electrophysiology.®
Here, we have used our horizontal slice preparation to investigate
the effects of exercise training on the function of neurons in the
vicinity of an SCI. The major findings of our study are that 3 weeks
of treadmill training following SCI: 1) do not alter the intrinsic
membrane properties of neurons; 2) do not alter local excitatory
synaptic inputs based on the properties of SEPSCs; but 3) markedly
increase excitatory synaptic drive from axons located in the dorsal
columns.

Our study shows that the intrinsic properties of neurons in the
vicinity of an SCI are not altered by a short period (3 weeks) of
exercise training (Fig. 1B-D). This finding differs from studies on
rat motor neurons after SCI. For example, passive exercise
training (4 weeks) attenuates the changes in motor neuron in-
trinsic properties that normally accompany complete SCI.'" The
precise identity of our recorded neurons is unknown; however,
based on previous work'*!® and mouse spinal cord anatomy,'*
our recordings would have included neurons in the dorsal horn
and intermediate zone of the spinal cord, which are in the terminal
field of corticospinal tract (CST) axons in rodents."® Neurons in
these locations include those involved in processing tactile in-
formation, commissural neurons, and short and long propriospinal
neurons.’ Importantly, the axons of these neurons do not exit the
spinal cord. Therefore, unlike motor neurons, our recorded neu-
rons are not deprived of the important afferent input and
peripheral trophic factors that come from exercising paralyzed
muscle.'®!”

Dorsal column evoked responses exhibited markedly larger peak
amplitude and charge in mice that underwent 3 weeks of exercise
training after SCI (Fig 2D). This finding is consistent with ana-
tomical studies showing that dorsal column pathways exhibit sig-
nificant axonal sprouting following SCI both above and below the
lesion.>!81? Moreover, exercise training after SCI is known to
enhance sprouting, and increase the number of contacts on spinal
neurons.*>?° To our knowledge, our study is the first demonstra-
tion using whole-cell patch clamp electrophysiology techniques,
that exercise may induce such sprouting and form new synaptic
connections whose functional properties can be measured electri-
cally, around a lesion site in the spinal cord. The precise details of
these new connections await further study; however, CST axons
likely contribute to this plasticity, as they lie in ventral regions of
the dorsal columns in rodents.?"**

Although dorsal column evoked responses were altered by ex-
ercise training after SCI, the properties (amplitude, kinetics, or
frequency) of SEPSCs were unchanged. The simplest interpretation
of this finding is that the axon terminals involved in spontaneous
neurotransmitter release differ from those recruited by dorsal col-
umn stimulation. Together, these data on excitatory synaptic con-
nections suggest that plasticity caused by exercise training
preferentially targets connections between dorsal column path-
ways, such as the CST, and spinal neurons around the site of an SCI.

Conclusion

In summary, our study represents a necessary first step in pro-
viding a critical functional addition to current anatomical and
molecular techniques for examining plasticity in spinal cord cir-
cuits after injury and exercise therapy. Achieving this in a mouse
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model of SCI is also important, given the increasing availability of
genetic and molecular tools to identify and alter discrete neuronal
populations within the spinal cord.>*** In future studies, patch
clamp electrophysiology can be used to examine how the two major
determinates of neuron output, intrinsic properties and synaptic
inputs,®S are altered by various forms of exercise therapy and other
interventions in animal models of SCI.>’
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