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Abstract

Serotonergic agents can improve the recovery of motor ability after a spinal cord injury. Herein, we compare the effects of
buspirone, a 5-HT; 4 receptor partial agonist, to fluoxetine, a selective serotonin reuptake inhibitor, on forelimb motor function
recovery after a C4 bilateral dorsal funiculi crush in adult female rats. After injury, single pellet reaching performance and
forelimb muscle activity decreased in all rats. From 1 to 6 weeks after injury, rats were tested on these tasks with and without
buspirone (1-2 mg/kg) or fluoxetine (1-5 mg/kg). Reaching and grasping success rates of buspirone-treated rats improved
rapidly within 2 weeks after injury and plateaued over the next 4 weeks of testing. Electromyography (EMG) from selected
muscles in the dominant forelimb showed that buspirone-treated animals used new reaching strategies to achieve success after the
injury. However, forelimb performance dramatically decreased within 2 weeks of buspirone withdrawal. In contrast, fluoxetine
treatment resulted in a more progressive rate of improvement in forelimb performance over 8 weeks after injury. Neither
buspirone nor fluoxetine significantly improved quadrupedal locomotion on the horizontal ladder test. The improved accuracy
of reaching and grasping, patterns of muscle activity, and increased excitability of spinal motor—evoked potentials after buspirone
administration reflect extensive reorganization of connectivity within and between supraspinal and spinal sensory-motor
netxcopy works. Thus, both serotonergic drugs, buspirone and fluoxetine, neuromodulated these networks to physiological states
that enabled markedly improved forelimb function after cervical spinal cord injury.
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Significance Statement Two serotonergic agents—buspirone and
fluoxetine—having different mechanisms of action, facilitate forelimb
functional recovery after an incomplete cervical lesion. The degree of
improvement and the rate of progression differed between the drug
treatments. Multiple, novel reaching, and grasping strategies were seen in
the forelimb motor activity patterns after buspirone administration after
injury. This study highlights the functional potential of serotonergic
modulation after cervical cord injury on the forelimb.
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Introduction

Cervical spinal cord injury (SCI) damages both ascending and
descending sensory-motor projections, inducing paralysis and
reducing the levels of serotonin (SHT) neurotransmitter in the
spinal cord [1, 2]. Subsequent upregulation of SHT receptor
(SHTR) subtypes 1A, 2A, 2C, and 7 further contributes to the
dysregulation of SHTRs which may be crucial for modulating
spinal networks involved in motor tasks [2-4]. Reversal of
SHT loss can pharmacologically improve hindlimb [5] and
forelimb [6] recovery in spinalized animals. Here, we sought
to determine whether serotonergic drug application after inju-
ry can promote forelimb recovery and whether two FDA-
approved SHT agents—selective serotonin receptor inhibitor
(SSRI) fluoxetine and SHT;, partial receptor agonist
buspirone—with distinct mechanisms of action can similarly
affect fine motor functions after incomplete cervical SCI.

SHTR agonists and SSRIs can differentially modulate neu-
ral networks by targeting a specific set of SHT receptors to
facilitate movement. For example, SHT,,R and SHT-R ago-
nists are sufficient to activate hindlimb spinal cord circuitry [4,
7, 8], and SHT; sR agonists such as buspirone can potentiate
coordination during locomotion concomitant with spinal cord
stimulation [9]. Besides the spinal cord, SHT;sR agonist 8-
OH-DPAT can expand forelimb motor maps in the motor
cortex [10]. SSRIs can similarly upregulate serotonin by
interacting with particular SHT,Rs after neurological injury
[11, 12]. An increase in extracellular SHT induced by SSRI
fluoxetine was significantly attenuated when SHT,p receptors
were knocked out genetically or inhibited pharmacologically
[13]. While it is clear that both SHT agents can promote motor
function after injury, it is important to note that SHTR agonists
and SSRIs can have disparate effects. SHT| sR agonists can
significantly modulate spatial task behavior, while SSRIs giv-
en at a similar dose and route of drug administration does not
improve performance despite a similar increase in serotonin
levels [14]. Herein, we compare the effects of SHT1AR and
SSRI intervention to determine how the mechanism of SHT
upregulation can differentially affect forelimb dexterity after
SCL

To identify changes in muscle recruitment and coordina-
tion during reaching and grasping, we compared electrophys-
iological recordings of selected forelimb muscles during be-
havioral tasks and at rest before injury and after 6 weekly post-
injury times. Administration of buspirone or fluoxetine after
incomplete SCI improved forelimb recovery of reaching and
grasping, but not locomotor function by 6 weeks post injury
(wpi). Both serotonergic agents improved all components of
reaching and grasping over time. These gains were largely lost
with buspirone withdrawal and were not regained with
buspirone in previously saline-treated rats at 6—8 wpi.
Collectively, our results demonstrate that serotonergic modu-
lation can improve forelimb function by enabling different

patterns of coordination among motor pools, reflecting func-
tional reorganization of supraspinal-spinal connectomes.

Materials and Methods

All experimental procedures were approved by the Division of
Laboratory Animal Medicine, University of California, Los
Angeles, and followed NIH guidelines (National Institutes of
Health, Publication No. 86-23, revised 1985).

Animals

Adult (2-3-month-old) female Long—Evans rats were housed
individually in standard Plexiglas cages with a 12-h light/dark
cycle. Training and testing were performed during the lighted
portion of the cycle. All rats were placed on a food-restricted
diet at the start of training of 12—15 g of standard rat chow per
day to maintain 90% of starting body weight. Food was re-
stricted so that rats would not be sated for testing. For the first
week after surgery, animals were allowed to have unlimited
access to food. After 1 week of unlimited access, post-surgery
animals were again maintained on the food-restricted diet.
Animals were weighed three times a week to ensure adequate
nutrition.

Surgical Implantation of Electrodes

To further evaluate the use of serotonergic drugs on forelimb
recovery, rats were trained on a reaching and grasping task
prior to drug treatment. Trained rats were subdivided into two
separate study phases, in which the first-phase rats were ex-
amined with an incremental dose of serotonergic drugs
(buspirone and fluoxetine) while the second-phase rats were
examined with a fixed dose of fluoxetine, and examined
against two separate control groups (Table 1, see “Drug
Administration”). In phase I, five of 20 rats did not learn the
single pellet reaching task (<60% success) despite training
and were removed from the study. Ten rats from phase I
underwent EMG electrode implantation as done in a previous
study to record muscle activity patterns concomitant with
reaching behavior [15]. Briefly, under aseptic conditions, the
rats were deeply anesthetized with 1.5-2.5% isoflurane gas
via a facemask. The skull was exposed, and two multi-
socket connectors with pre-attached Teflon-coated multi-
stranded stainless steel wires (AS-631, 632; Cooner Wire,
Chatsworth, CA) were anchored firmly to the skull via five
stainless steel screws and dental cement. The EMG wires were
passed subcutaneously from the head connectors to five fore-
limb muscles (middle deltoid, biceps brachii, pronator teres,
flexor digitorum longus, and extensor digitorum longus) in the
forelimb that the rat preferred to use in the reaching and grasp-
ing task. Two wires then were inserted in the belly of each
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Table 1 Animal subgroups and
summary of distribution of rats by Treatment N Outcome measures
experimental group and outcome
measures Reaching and grasping Ladder Electrophysiology
Phase [ Incremental dosages
Removed 5 X X X
Saline 5 v v v
Buspirone 5 v v v
Fluoxetine 5 v v X
Phase 11 Fixed dosage
Removed 6 X X X
Saline 7 v v X
Fluoxetine v v

Forty rats (20 rats per phase) were trained on a single pellet reaching task prior to injury. A total of 11 rats did not
learn the task despite training and were removed from the study (i.e., “Removed”). SCI rats treated with incre-
mental dosages of fluoxetine (phase I) did not demonstrate a significant improvement in reaching and grasping
performance. At that point, we chose to proceed with the highest dose used in phase I for the phase II (fixed
dosage) experiments, focusing on the behavioral results, but not to invest further in the time and cost of the
electrophysiological procedures until we obtained results demonstrating its potential as an effective intervention.
Thus, all data on fluoxetine in phase I was considered as preliminary. In phase I, the improvement in fine motor
skills was compared between saline- and fluoxetine-treated rats

muscle, a 1.5-2.0 notch made in the Teflon coating of each
wire to make the electrodes, and secured as described in Roy
et al. [16]. The electrode wires for spinal motor—evoked po-
tentials (SMEPs) were passed to C6 and C8 spinal cord levels
and sutured to dura. The incisions were closed with Vicryl
sutures. After surgery, the rats received subcutaneous injec-
tions of buprenorphine (0.05 mg/kg) for pain relief before
recovering from anesthesia and every 12 h for 3 days after
surgery, together with 2.5 mg/kg antibiotic Baytril
(Norbrook Laboratories, Lenexa, KS) and 0.6 ml of lactated
Ringer’s, subcutaneously. The rats recovered in an incubator
at ~32 °C until it recovered from anesthesia and then returned
to their home cages. Recording sessions began 7 days
postoperatively.

Spinal Cord Injury

Trained rats from phase I and phase II experiments received a
bilateral dorsal funiculi crush (DFC) at cervical level C4. Ten
phase I rats received EMG and epidural stimulation electrode
implantation (see “Surgical Implantation of Electrodes™), and
the DFC was performed 1 month after the implantation. Five
phase I rats received the DFC following training. In phase II,
six of 20 rats did not learn the single pellet reaching task (<
60% success) despite training and were removed from the
study (Table 1). The remaining fourteen rats from phase II
underwent DFC following baseline testing to evaluate the
use of fixed doses of fluoxetine on forelimb recovery. Under
anesthesia as described above, a dorsal midline incision was
made between the occipital bone and the dorsal edge of the T2
vertebra. The underlying muscles were retracted, and a partial
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laminectomy was performed at the C3 vertebrae. An incom-
plete injury of the spinal cord was induced by inserting the tips
of Dumont #2 tweezers (World Precision Instruments,
Sarasota, FL) so that each tip was 1 mm lateral of the midline
and 2 mm deep into the spinal cord parenchyma, spanning the
gap between the dorsal root entries (1.5 mm lateral to the
midline) and keeping them closed for 20 s [17]. This proce-
dure results in an effective and consistent bilateral sectioning
of the dorsal column fibers, ablating the descending dorsal
corticospinal tract and ascending fasciculus gracilis and fas-
ciculus cuneatus pathways. This lesion effectively diminishes
control of skilled movements in the forelimb. The percentage
of lesioned area was not significantly different among saline-,
buspirone-, and fluoxetine-treated rats (Fig. 1). Post-surgical
care was the same as that described after the implantation
surgery. Recording sessions began 7 days postoperatively af-
ter injury.

Stimulation Parameters

sMEPs were collected from EMG-implanted rats for one 30-
min session/week before and after injury. Each SMEP session
was performed after all behavior testing for the week.
Monophasic and bipolar epidural stimulation (2 Hz) at spinal
cord levels C6 and C8 was used to evoke potentials in selected
forelimb muscles of the preferred forelimb at different current
intensities using a constant current stimulator (Grass SIUS;
Grass Instruments, Warwick, RI) when the rats were awake
and at rest. Throughout the study, epidural stimulation of the
spinal cord was applied solely for monitoring SMEPs and
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Buspirone Saline

() Average Lesion
M\ Smallest Lesion
i Largest Lesion

Fluoxetine Saline

() Average Lesion
M\ Smallest Lesion
I Largest Lesion

Fig. 1 SCI lesion. Transverse sections (30 um) underwent Nissl staining
and imaging and the lesions were outlined using ImagePro and projected
onto a heatmap to normalize for individual discrepancies in spinal cord
size and width. The percentage of lesion area was calculated as the per-
centage of the maximum transverse area of the spinal cord at segment C4.

performed only once per week to avoid a stimulation effect on
forelimb recovery.

Drug Administration

Buspirone dose testing on trained animals from a previous
study [18] and fluoxetine administration prior to injury [6]
demonstrated the potential of buspirone (Tocris, Bristol,
UK) and fluoxetine (Sigma-Aldrich, St. Louis, MO) in facil-
itating arm and paw movement after a C4 bilateral dorsal
funiculi crush injury. We show here two sets of experiments
(phases I and II) that compare the effects of an increasing
buspirone dose and a fixed fluoxetine dose on forelimb recov-
ery after SCI (Table 1). Phase I trained rats were divided into
three treatment groups with gradually increasing doses from 1
to 6 wpi: saline (n = 5), buspirone (r = 5), and fluoxetine (n =
5). Incremental fluoxetine treatment was given at 1 mg/kg/day
every week after injury until a maximum dosage of 5 mg/kg/
day was reached at 5 wpi to five rats (Table 1, see “Surgical
Implantation of Electrodes”). We subsequently excluded the
five rats that were initially assigned to the incremental dosage
of fluoxetine in phase I experiments at 68 wpi because none
of the doses for any given week showed an effective behav-
ioral response to fluoxetine treatment. The remaining 10 rats
from phase I (n =5 per group) received a gradual increase in

30
25 ncs
20
15
10

Lesion Area (%)

Saline Buspirone

25 n.s

20
15
10

Lesion Area (%)

Saline Fluoxetine

Representation of the largest, smallest, and average SCI lesions at cervical
segment C4 for buspirone-treated (n=35) and saline-treated (n=15) rats
from phase I and for fluoxetine-treated (» =7) and saline-treated (n =7)
rats from phase II. Average lesion sizes were not significantly different
among groups.

buspirone administration (7 days/week for 8 weeks): 1)
buspirone (from 1 to 2 mg/kg/day) and 2) saline as control
(from 1 to 2 mg/kg/day). Buspirone dosage was increased by
0.5 mg/kg at 3 wpi and 5 wpi (Fig. 2). These doses were based
on previous studies [19-22].

Given that we observed no effect of a gradually increas-
ing dosage of fluoxetine on reaching and grasping in phase
I, we performed a second experiment (phase II) using a
single fixed dosage (the highest fluoxetine dose used in
phase I) from 1 to 6 wpi (Fig. 2). Thus, n=14 rats were
randomly divided into two treatment groups (n=7/group)
with fixed drug administration (7 days/week for 8 weeks):
1) fluoxetine (5 mg/kg/day) and 2) saline as control
(5 mg/kg/day). Both buspirone and fluoxetine were dis-
solved in sterile water (1 mg/ml), sterile filtered, and admin-
istered via intraperitoneal injection; 0.9% isotonic saline
(Hanna Pharmaceutical Supply Co., Inc., St. Wilmington,
DE) was used as control treatment and given at the same
volume as fluoxetine in each phase via intraperitoneal injec-
tion. The rats received injections of the same solution every
24 h for the duration of the experiments. Neither buspirone
nor fluoxetine displayed any safety concerns; no tremors or
locomotor disturbances were apparent in any of the rats at
the dosages used. Recording sessions of reaching and grasp-
ing began 30 min after administration of the drug.
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Incremental Fluoxetine
Treatment (data not shown)_
- =T

Fixed Fluoxetine
or Saline Treatment

, | . Drug
ncremgnta Buspirone or CHOSSONST
Saline Treatment
Forelimb & _|_l
Ladder Training Baseline Testing Behavioral Testing
4 5 8 9 14 16 weeks
1 t |
EMG & ES Bilateral dorsal
Implant funiculi crush
Beginning of Perfusion

Rehabilitation
Fig. 2 Experimental design. Drug treatment (magenta, phase I rats; green, phase Il rats; black, all rats) was given at 1-8 wpi. Any change in drug dosage

across time is shown as a step-wise increment.
Behavioral Assessments
Reaching and Grasping Task

Prior to any surgery, all rats were trained on a single pellet
reaching and grasping task in a manner similar to that reported
by Whishaw et al. [23], Piecharka et al. [24], and Garcia-Alias
et al. [25]. The rats were placed in a clear Plexiglas chamber
(15 cm x 30 cm % 17.5 cm) with a narrow window leading to a
platform that had two small indentations for the placement of
food pellets (banana-flavored, sucrose 45 mg dustless preci-
sion pellets; Bio-Serv, Frenchtown, NJ). The rats were trained
to reach through the window, grasp the pellet, and retrieve the
pellet to its mouth for a period of 10 min or until they achieved
amaximum of 20 attempts per session. The indentations in the
platform were positioned so that the rats could not reach the
pellets with their tongue and therefore were forced to grasp
them with their paw [26]. For each rat, the pellets were placed
in the indentation optimal to the rat’s natural preferred food
position and limb as determined during the first week of train-
ing. More than 60% of the reaching attempts had to be exe-
cuted with the same forelimb to designate it as the preferred
forelimb. Following habituation to the chamber and the
reaching and grasping task, the rats were encouraged to move
from the front to the back of the chamber after each trial by
dropping a pellet in the back of the chamber. This maneuver
creates a natural separation between trials and encourages
consistency in how the rat orients and initiates itself to perform
the next reach [23]. Daily training was stopped after SCI sur-
gery, until the end of the study. Thereafter, the rats were tested
on the reaching and grasping task 1x/week. The testing
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session was for a maximum of 10 min and finished when
the rat completed 20 attempts. A successful trial for the
reaching task was scored when the rat was able to reach, grasp,
and eat the pellet. Cases in which the rat made an error in
reaching, grasping, or eating were scored as failures. In cases
when the rat made multiple attempts sequentially, only the
first attempt was scored as a trial. The success rate was calcu-
lated by counting the number of successful trials per session
and expressed as a percentage of total trials. All success rates
were normalized to pre-injury scores. Each testing session was
videotaped at 100 frames/s with three video cameras (SIMI
Reality Motion Systems, Unterschleissheim, Germany) from
the front, left, and right of the rat. A frame grabber was used to
capture individual fields for analysis.

Horizontal Ladder Task

The rats were trained to perform a ladder rung walking task
[27] on a horizontal ladder a week prior to surgery. The ladder
(1 m long) consisted of side walls made of clear Plexiglas and
fitted metal rungs (3 mm diameter) that could be irregularly
spaced at distances ranging from 1 to 3 cm. The entire appa-
ratus was elevated 30 cm above the ground with a neutral start
cage and refuge (home cage) at the end. The rats were trained
prior to injury with all rungs spaced 1 cm from each other.
After injury, two templates of irregular rung patterns were
alternated every other week during testing. Steps from both
forelimbs were categorized as 1) miss, in which the paw was
placed in between two rungs and did not make contact with
any rungs before falling between the rungs, disturbing body
posture and balance; 2) slip, in which the paw initially was
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placed on a rung, then slipped upon weight bearing and fell
between the rungs, disturbing body posture and balance; 3)
partial placement, in which the paw was placed on a rung with
either the wrist, digits, heels, or toes; or 4) correct placement,
in which the mid-portion of the paw was placed on a rung with
full weight support and the digits curved around the rung.
Misses and slips were considered as footstep errors. Error rates
were calculated by counting the number of footstep errors per
category and expressed as the average rate per trial.

Data Analysis

Before the spinal cord injury, all experimental rats (phase I,
n=15; phase I, n = 14; Table 1, Fig. 2) were tested and filmed
during the single pellet reaching task and the horizontal ladder
walking task for baseline measurements of success rates. After
injury, the rats were tested 1x/week, from 1 to 8 wpi. At 6—
8 wpi, during the crossover period in the phase I study, the
buspirone-treated rats were switched to saline treatment while
the saline-treated rats were switched to a buspirone treatment.
Video footage of forelimb reaches of each rat was examined
frame-by-frame to match to the stages of the reaching and
grasping task. Each reaching and grasping attempt was divid-
ed into seven stages and qualitatively scored using a modified
movement rating scale [23]. Stages were given scores of 1 if
the movement appeared normal and similar to pre-injury, 0.5
if the movement was abnormal but recognizable, and 0 if the
movement was absent. Footage was scored by five raters blind
to the treatment and averaged regardless of the success of the
reaching attempt. Reaching attempts were only scored if the
rat started with both paws on the ground. The stages were
advance (lifting of the forelimb towards the face and body’s
midline), digit extension (extension of the forelimb from the
face towards the pellet platform), arpeggio (digit extension
and opening as the paw hovers over the pellet), grasp (paw
touches the pellet and its digits close around the pellet), supi-
nation I (the paw is withdrawn and supinates by 0-90°), supi-
nation II (the paw is supinated by 90-120° and the pellet is
brought towards the mouth), and release (the food is trans-
ferred from the paw to the mouth). The reach and grasp pe-
riods for EMG analysis were normalized to 1 s each and de-
fined as stages advance-to-grasp and grasp-to-release,
respectively.

Video footage of rats crossing the horizontal ladder was
analyzed frame-by-frame to score the number of errors and
corrections in stepping for each attempt. Five researchers
blind to treatment assignment reviewed the videotapes of
reaching and stepping sequences and visually counted the
number of consecutive successful reaches or steps at each time
point. EMG plots for every trial of each muscle recording
were generated by a custom MATLAB script based on syn-
chronization of video and EMG recordings. All EMG signals
were bandpass filtered at 30—1000 Hz and amplified (1000x)

using a multi-channel analog amplifier (Differential AC am-
plifier Model 1700; AM-Systems, Inc., Sequim, WA). Signals
were digitized at 10 kHz with a custom software developed in
LabVIEW (National Instruments, Inc., Austin, TX). Time
bins for each reach and grasp period during the single pellet
task were normalized to a period of 1 s by interpolation of the
digitized data and a custom formula in Excel based on the
synchronization of video and EMG recordings. Statistical
analyses of area-under-the-curve values for the reach and
grasp periods per time point were performed in RStudio
(RStudio, Inc., Boston, MA).

For sMEP analysis, a period of rest was defined as forelimb
EMG activity being less than 2 standard deviations of baseline
activity. Baseline activity was determined by taking the aver-
age of activity 100 ps prior to a stimulation pulse. SMEPs
were divided into early (<10 ms after pulse) and late (10—
30 ms after pulse) responses based on modification of the
characteristics of these potentials for the forelimb muscles
[15]. The latencies, peak-to-peak (P2P) amplitudes, and
area-under-the-curve (AUC) values were further filtered with
the Teager—Kaiser energy operator (TKEO) by a custom
MATLAB code for the early and late SMEP responses [28].
sMEP variables were normalized to pre-injury values for each
rat and then transformed to a logarithmic scale for quantitative
analysis in RStudio (RStudio, Inc.).

Histological Assessment

At the end of functional evaluation, animals were perfused
with 4% paraformaldehyde in 0.1 M phosphate-buffered so-
lution (PBS). After perfusion, cervical spinal cord segments
were dissected, post-fixed in 4% paraformaldehyde overnight
at 4 °C, and placed in 30% sucrose in 0.1 M PBS for 2 days.
The spinal cord was frozen with Neg-50 (Thermo Scientific,
Hudson, NH) and tissue blocks stored at — 80 °C until ready to
cut. Blocks were transversely sectioned at 30 um thickness,
slide mounted onto Superfrost Plus slides (Fisher Scientific,
Springfield, NJ), and kept at —20 °C until use. Spinal cord
tissues were stained for Nissl substance using 0.1% Cresyl
violet acetate (Sigma-Aldrich) as done in a previous study
[29]. Slides were dehydrated by alcohol series (70-100%),
cleared in xylene, and coverslipped with Permount (Fisher
Scientific, Waltham, MA). The spinal cord sections were im-
aged using a Zeiss AxioPhot microscope and Apogee KX-85
camera (Apogee Instruments, Inc., Roseville, CA). Lesion
size was quantified using Image-Pro Plus software (Media
Cybernetics, Inc., Bethesda, MD).

Statistical Analysis
Single pellet reaching and ladder walking success rates, tem-

poral and spatial parameters of EMG patterns over time and
across groups, and ladder rung steps by time and treatment
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were evaluated by two-way ANOVA and Tukey’s HSD post
hoc comparisons (JMP10; SAS Institute, Inc., Cary, NC). All
box plots were formatted to show the value of the mean (bold
center horizontal line), mean =+ standard error (edge of box),
and minimum and maximum values of data range (box plot
whiskers) in RStudio (RStudio, Inc.). A significant level of p
<0.05 was set for all comparisons.

Results

Buspirone Treatment After SCI Improves Forelimb
Reaching and Grasping Function

Buspirone (1-2 mg/kg/day, i.p.) improved the reaching and
grasping accuracy of the treatment group as early as 2 wpi
(Fig. 3A, F231,=3.022, p=0.005). Skilled reaching and
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M
”
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?

Post-injury weeks

Fig. 3 Reaching and grasping performance of buspirone-treated (magen-
ta, A, C—G) and fluoxetine-treated (green, incremental dosage (A, C-F);
fixed dosage (B, H-L)) rats versus saline-treated (black) rats over treat-
ment and time. (A, B) Success scores were calculated as percentages of
successful reaches among 20 total reaches per time point and normalized
to pre-injury scores for each rat. (A) Incremental doses of buspirone (n =
5; dose, 1-2 mg/kg/day), fluoxetine (n=5; dose, 1-5 mg/kg/day), or
saline (n =5; dose, 1-5 mg/kg/day) were administered beginning 1 wpi.
From 6 to 8 wpi, rats given buspirone treatment were switched to saline
treatment and vice versa (A, crossover). (B) Fixed doses of fluoxetine
(n=17; dose, 5 mg/kg/day) or saline (n="7; dose, 5 mg/kg/day) were
administered beginning 1 wpi. Each reaching and grasping attempt was
divided into seven stages and qualitatively graded per stage (see

@ Springer

grasping scores recovered to a slightly lower plateau from 2
to 6 wpi but remained significantly higher than those of saline-
treated animals (6 wpi, F(231)=2.836, p=0.008). From 6 to
8 wpi, buspirone-treated rats were switched to saline treatment
to evaluate the chronic, lasting effects of the serotonin agonist,
and the initially saline-treated rats were switched to a
buspirone treatment to evaluate the acute effects of the SHT
agonist at a subacute phase of injury (Fig. 3A, gray). After
switching the treatments, there was a significant decrease in
reaching and grasping accuracy in buspirone-to-saline-treated
rats (F(2,64y=2.595, p = 0.006). Reaching and grasping perfor-
mance did not improve in saline-to-buspirone-treated rats by
8 wpi.

Qualitative analysis of reaching and grasping showed a
return of normal movements in buspirone-treated rats and an
absence of normal movements in saline-treated rats of phase I,
respectively, after injury (Fig. 3C—G). Each reaching and
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“Materials and Methods™). Points were accumulated and averaged ac-
cording to time point and successful treatment (buspirone (C—G) and
fluoxetine (H-L)). Drug-treated rats performed significantly better than
saline-treated rats by 3 weeks ((E) total cumulative score at 3 weeks,
F341y=19.545, p<0.0001, ANOVA; (F) total cumulative score at
6 weeks, F(2341)=25.920, p<0.0001, ANOVA; (I) total cumulative
score, Fp301)=6.216, p <0.0001, ANOVA; (J) total cumulative score,
F5301y=9.141, p<0.0001, ANOVA; (K) total cumulative score,
F301)=16.334, p<0.0001, ANOVA). Error bars indicate SEM.
*p < 0.05, between drug and saline groups. Adv = advance; DiE = digit
extension; Arp = arpeggio; Grp = grasp; Supl = supination I (0-90°
rotation); Supll = supination II (90-120° rotation); Rel = release.
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grasping attempt was subdivided into seven stages (advance,
digit extension, arpeggio, grasp, supination I, supination II,
and release) and scored in comparison to each animals’ best
reaching and grasping trial prior to injury. Scores were se-
quentially cumulated by stage for each time point. The
buspirone-treated rats showed marked improvement in digit
extension, grasp, and release stages from 1 wpi compared to
saline-treated rats (Fig. 3D, total cumulative score, F; 341y =
14.857, p<0.0001). Saline animals sustained forelimb defi-
cits, particularly during the reaching and grasping periods of
the single pellet task, across time (Fig. 3C—F). Buspirone with-
drawal partially removed the benefits seen in all stages of the
reach, particularly in grasping (Fig. 3G). Regardless of late
buspirone intervention at 6 wpi, the saline-treated controls’
reaching movements minimally improved and were insuffi-
cient to rescue forelimb performance (Fig. 3G). Acute, daily
administration of buspirone was necessary to improve and
maintain skilled forelimb performance after cervical SCI.

Fluoxetine Treatment After SCI Differentially
Improves Forelimb Reaching and Grasping Ability

To determine whether serotonergic drugs with a different
functional mechanism than that of buspirone could also facil-
itate skilled forelimb behavior after injury, we evaluated the
administration of SSRI fluoxetine on SCI animals. A gradual
dosage of fluoxetine (1-5 mg/kg/day, i.p.) on SCI rats did not
significantly improve reaching and grasping despite weekly
incremental doses (Fig. 3A, C—F). However, previous studies
have shown that fluoxetine dose and application can differen-
tially promote or inhibit neuroplasticity [30, 31]. An increased
oral dosage of fluoxetine (average of 16.5 mg/kg/day) prior to
an incomplete SCI at cervical level C4 promoted forelimb
recovery after SCI in rats [6]. Prior to the current study, it
was unknown whether an increased fluoxetine dose after
SCI could facilitate skilled motor function. We performed a
second set of experiments comparing SCI rats undergoing
saline treatment (n =7, dose of 5 mg/kg/day, i.p.) or an in-
creased, fixed dosage of fluoxetine (n = 7, 5 mg/kg/day, i.p.) at
1-6 wpi (Fig. 3B). The fixed dosage of fluoxetine significant-
ly improved forelimb function by 2 wpi (F(2,126)=3.197, p =
0.002). Unlike that of buspirone-treated rats, fluoxetine-
treated rats with the higher fixed dosage did not reach a pla-
teau in reaching performance but continued to improve over
time. Serotonergic treatment continued to 8 weeks to deter-
mine whether fluoxetine-treated rats’ scores would eventually
plateau below pre-injury scores (Fig. 3B). Fluoxetine-treated
rats’ scores continued to rise and performed at pre-injury
levels (#(7)=2.466, p=0.022, one-tailed ¢ test, 6 wpi vs
8 wpi), while saline-treated rats recovered to a slightly higher
plateau before dropping in performance at 8 wpi (#(7) =2.122,
p=0.036, one-tailed ¢ test, 6 wpi vs 8 wpi).

Similar to that of buspirone-treated rats, rats with the higher
fixed dosage of fluoxetine demonstrated a return to normal
movements in the single pellet task over time (Fig. 3H-L).
Both serotonergic agents—buspirone and fluoxetine—
improved fine motor movement in the forelimb, particularly
during the later phases of the reach and grasp task, while saline
treatment did not after cervical SCI.

Electrophysiological Assessment of Forelimb
Reaching and Grasping Patterns

To identify the muscle recruitment strategies used during
reaching and grasping, we compared EMG recordings during
the single pellet reaching task before and after buspirone treat-
ment. Non-injured animals displayed distinct EMG patterns in
all selected forelimb muscles (biceps, deltoid, pronator, extensor
digitorum, and flexor digitorum) during the task (Fig. 4A).
Alterative strategies include dragging sugar pellets across the
pellet platform, and looping above, beyond, and down, and in
reverse to retrieve pellets rather than grasping them from above
(Movies 1 and 2). Nevertheless, EMG bursts in biceps and del-
toid muscles generally correlated to the gross lift of the forelimb,
while EMG bursts in the pronator correlated to the rotation of the
paw to grasp and retrieval of the pellet to the mouth (Movie 3).
The majority of the extensor and flexor muscles’ activities was
time locked to the reach and grasp periods of the task, respec-
tively, underlining their antagonistic roles during reaching and
grasping (Fig. 4A). Ablation of the dorsal corticospinal tract
(dCST) severely diminished the duration and magnitude of
EMG bursts in all muscles at 1 wpi (Fig. 4B). SCI rats were
unable to lift their paws beyond their chins and maintained a
slightly clenched paw throughout the task (Movie 4). In the few
attempts for which acute SCI rats were able to extend their
forelimbs through the window, they overreached laterally be-
yond the location of the pellet (Fig. 5). Buspirone changed the
duration and timing of EMG patterns during the single pellet
reaching task from 1 to 2 wpi (Fig. 4C). The amplitude and
duration of motor activity in the deltoid and flexor muscles were
elevated by buspirone (Movie 5). Buspirone-treated rats contin-
ued to overreach at 2 wpi while saline-treated rats returned to
placing their paws just in front of or above the pellet, indicating a
difference in reaching trajectories (Fig. 5). By 6 wpi, there were
distinct differences in EMG patterns between saline- and
buspirone-treated rats (Fig. 4D). Saline-treated rats demonstrated
low levels of activity in the biceps, deltoid, and flexor muscles;
and elevated activity in the pronator muscle. For the few trials
that saline-treated rats were able to extend their arms towards the
pellet, the biceps activity was dramatically increased for multiple
bursts (Movie 6). Moreover, the majority of the extensor activity
in saline-treated rats had shifted to the reach period of the task
(Fig. 3C). This shift may reflect more wrist extension to stabilize
the arm during reaching [32]. Correspondingly, saline-treated
rats at 6 wpi, despite the lack of success, on average placed their
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Fig. 4 Rectified normalized EMG activity of selected muscles in the
dominant forelimb of four trained rats (buspirone-treated rats, n=2;
saline-treated rats, n = 2) during the single pellet reaching task (A) before
injury (n = 80 trials, 4 rats, black) and with (» =40 trials, 2 rats, magenta)
and without (n=40 trials, 2 rats, black) buspirone at (B) 1 week, (C)
2 weeks (n=20 trials), (D) 6 weeks (n =20 trials), and (E) 8 wpi (n=
20 trials). The reaching style and EMG activity patterns of these four rats
reflected a standard, normal reaching strategy prior to injury; other EMG-
implanted rats retrieved pellets with alternative dragging or looping strat-
egies. Reach period was characterized by behavior as lift to arpeggio
phases. Grasp period likewise was defined as grasp to release phases.
Reach and grasp periods were normalized according to behavior charac-
terization per attempt. There was reduced variance in the reach period
among buspirone-treated rats from 2 to 6 wpi in the pronator (F; 31y=

paws closer to target pellets than that at pre-injury (Fig. 5). In
contrast, buspirone-treated rats had elevated motor activity in the
deltoid, extensor, and flexor during the single pellet task at
6 wpi. The motor activities of the extensor and flexor muscles
were generally time locked to the reach and grasp periods of the
task, respectively, in a similar manner to that of pre-injury.
Unlike that of pre-injury, however, the biceps remained at a
constant level of activity throughout the task (Fig. 4D).
Buspirone-treated rats at 6 wpi consistently sustained low levels
of continuous elbow flexion throughout the task and presented
quick flexion of the wrist during the reach period of the task. The
paw placement and reaching strategies of buspirone-treated rats
at 6 wpi were accordingly more lateral and parabolic in relation
to the target pellets than that at pre-injury (Fig. 5, Movie 7).
Thus, daily serotonergic modulation facilitated reorganization
of the neural networks, changing the relative levels of activation
of motor pools and forming novel recruitment and coordination
strategies to successfully reach and grasp pellets in the
buspirone-treated rats.
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3.116, p=0.0874, Levene’s test), extensor (F;31,=15.243, p=0.0290,
Levene’s test), and flexor (F(;31,=5.719, p=0.0230, Levene’s test).
Similarly, there was reduced variance in the grasp period among
buspirone-treated rats from 2 to 6 wpi in the biceps (F(; 31,=4.623, p=
0.0395, Levene’s test), extensor (F;31,=4.042, p=0.0532, Levene’s
test), and flexor (F(;31,)=6.638, p=0.0150, Levene’s test). There was
increased variance in the reach period among buspirone-treated rats from
6 to 8 wpi in the biceps (F(; s6)=4.228, p=0.0444, Levene’s test), ex-
tensor (F(; s¢)=5.645, p=0.0210, Levene’s test), and flexor (F(; s6,=
6.817, p=0.0116, Levene’s test). Similarly, there was increased variance
in the grasp period among buspirone-treated rats from 6 to 8 wpi in the
pronator (F(; s¢)=15.831, p=0.0190, Levene’s test), extensor (£ s6)=
7.332, p=0.0090, Levene’s test), and flexor (F(; s6)=8.412, p=
0.0053, Levene’s test). All shaded regions indicate SEM.

Although the reaching and grasping scores of buspirone-to-
saline-treated rats dropped from 6 to 8 wpi, the EMG patterns
of these rats did not grossly change despite the switched treat-
ment (Movie 8, Fig. 4E). Transitioning from buspirone treat-
ment to saline treatment elicited slightly higher integrated
EMG (iEMG) bursts from 6 to 8 wpi during the reach period
and for the flexor during the grasp period. The timing of EMG
bursts was generally not altered from the 6- to 8-week periods
of the single pellet reaching task. Instead, the accuracy of
reaching attempts had changed, and paw placement shifted
closer to the rat or hovered above the pellet’s location after
transition from buspirone treatment to saline treatment
(Movie 8). The saline-to-buspirone-treated rats also did not
significantly alter EMG patterns during this transition
(Fig. 4E). The iEMG amplitudes and periods were unchanged
as was their performance rate.

To quantitatively assess the modulation in forelimb mus-
cle recruitment over treatment and time, we compared the
iEMG of muscle activities measured as the area under the
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curve (AUC) during the reach (Fig. SA-E) and grasp
(Fig. 5F-J) periods of the single pellet reaching task.
Cervical SCI decreased iEMG across all forelimb muscles
during the task (4 of 5 muscles during the reach period and 4
of 5 muscles during the grasp period). Moreover, significant
decreases in biceps and flexor muscle iEMGs were

<« Fig. 5 Integrated EMG (iEMG) activity from the dominant forelimb of

four trained rats measured as the area under the curve (AUC) during (A—
E) reach (i.e., from lift to arpeggio stages of the task) and (F-J) grasp (i.e.,
from grasp to release stages of the task) periods of the single pellet
reaching task before injury (n = 20 trials/animal) and with (2 rats, magen-
ta) and without (2 rats, gray) buspirone at 2 wpi (n = 20 trials), 6 wpi (n =
20 trials), and 8 wpi (n = 20 trials). Prior to injury, these rats demonstrated
a normal supination—pronation strategy (black trace in schematic).
Following injury, rats generally demonstrated either a looping strategy
consisting of overreaching the pellet (yellow) following buspirone admin-
istration (magenta trace) or a flattened trajectory following saline admin-
istration (gray trace). If an animal made multiple incomplete attempts
consecutively, only the first attempt was scored as a trial and the sequen-
tial attempts were not considered for analysis. Significant changes were
found in the average iEMG of the following muscles during the reach
period: (A) deltoid (week 2: F(5 145)=11.962, p <0.0001; week 6:
F2148)=14.826, p<0.0001; week 8: F(5 145y=22.706, p <0.0001;
ANOVA), (B) pronator (week 6: F5 145)=4.834, p <0.0001; week 8:
F2,148y="7.703, p < 0.0001; ANOVA), and (C) extensor digitorum (week
2: F(2’14g) =4.297, p< 0.0001; week 6: F(2,148) = 4956,p <0.0001; week
8: Fo,148)=11.435, p<0.0001; ANOVA). Significant changes found in
the average iIEMG of the following muscles during the grasp period: (F)
deltoid (week 2: Fi5 136y =13.332, p <0.0001; week 6: F5 136)=10.613,
p<0.0001; week 8: F5 136 =21.496, p <0.0001; ANOVA), (G) biceps
(week 2: F3136)=2.668, p=0.009; week 8: F5 136,=6.778, p <0.0001;
ANOVA), (H) flexor digitorum (week 2: F(5 136,=6.701, p <0.0001;
week 8: Fo136)=9.492, p<0.0001; ANOVA), (I) Extensor digitorum
(week 6: F(2.136)=6.959, p <0.0001; ANOVA), and (J) pronator (week
2: F5.136)=2.614, p=0.010; week 6: F(5 136,=10.541, p <0.0001; week
8: F(2,136=8.672, p<0.0001; ANOVA). There was increased variance
in iIEMG among all forelimb motor pools excluding that of the deltoid in
buspirone-to-saline SCI animals from 6 to 8 wpi: biceps (F(1,172)=
5.4513, p=0.021; Levene’s test), pronator (F(; 172y=11.268, p=
0.0009; Levene’s test), flexor (£ 172)=32.334, p<0.0001; Levene’s
test), and extensor (F(; ;72)=15.367, p=0.0001; Levene’s test).
Animals were divided into saline (gray) and buspirone (magenta) and
received their respective treatment at 1-6 wpi. iEMG values for success-
ful reaches are noted as smaller, filled dots per time point. Average iEMG
values per animal are noted as larger white dots.

observed in saline- but not buspirone-treated animals after
injury (Fig. 5F, J). Acute buspirone was sufficient to reverse
the bulk of this effect by 2 wpi (Fig. 5B, D, F, G, J).
Nevertheless, buspirone did not increase pronator iEMG
and instead further depressed pronator iEMG values during
the task over multiple weeks (Fig. 5C, H).

Following SCI, all forelimb muscles in buspirone-treated
rats demonstrated less variance in iEMG values for successful
reaches than for failed reaches, displaying consistent use of
certain strategies for success (3 of 5 muscles showed signifi-
cance: biceps, F(j ¢s)=7.130, p <0.0001; deltoid, F(; ¢s)=
2.853, p=0.0046; pronator, F(; ¢sy=2.524, p=0.0101;
Levene’s test). If there was a buspirone-induced change in
reaching strategy, the novel functional networks would most
likely readapt and then adapt across drug treatment (i.e., 2 to
6 wpi), showing increased and reduced variance in EMG values
across individual motor pools, respectively. The variance of
iEMG values from saline-treated rats at 2 to 6 wpi and during
the saline-to-buspirone treatment switch at 6 to 8 wpi remained
mostly consistent with exception to that of the deltoid muscle,

@ Springer



1236

Jinetal.

denoting that a similar reaching strategy was used by saline-
treated rats before and after injury. In general, the motor pools
that are primarily activated during the reach and/or grasp pe-
riods prior to injury were selectively enhanced after buspirone.

Pharmacological Modulation of Spinal Neural
Connectivity Reflected in SMEPs

sMEPs were collected from rats at rest by applying low-
frequency epidural electrical stimulation at 2 Hz to spinal
levels C6 and C8 as demonstrated previously [15, 17] to char-
acterize spinal cord-to-motor pool circuitry after injury and

Fig. 6 Representative normalized

Buspirone

buspirone treatment. We monitored SMEPs only after all be-
havioral testing for each week was complete and for 30 min
per week to prevent a stimulation effect on reaching ability.
sMEPs were divided into early (< 10 ms latency) and late (10—
30 ms latency) responses. sSsMEPs were evoked in awake, rest-
ing rats with a constant current protocol in the 100-1000 pA
range. SMEP threshold per animal, or the current at which an
animal first elicited a behavioral response in any of the select-
ed forelimb muscles, did not change significantly over time,
injury, or treatment. However, the SMEP threshold value and
number of muscles responding to SMEP threshold were dif-
ferent between animals (Fig. 6A, D). These differences could
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be contributed to individual differences in behavior response
and stimulation. Accordingly, SMEP responses were normal-
ized to pre-injury values, and the amount of change in SsMEPs
was evaluated to highlight electrophysiological changes in
forelimb motor pools across time and treatment. We computed
3 parameters of SMEP responses using a custom written
MATLAB script: motor latency, AUC, and peak-to-peak
(P2P) amplitude. When comparing averaged sSMEP responses
for each individual set of stimulation configuration and cur-
rent parameters (e.g., SMEP threshold), cervical SCI increased
the amplitude and AUC values of motor pool responses for all
muscles (Fig. 6A, B). The basal activity of the deltoid muscle
especially increased in response to SMEP stimulation. Acute
buspirone administration at 1 wpi slightly increased the am-
plitude and AUC values of SMEP responses at the same stim-
ulation parameters (Fig. 6E, 4 of 5 muscles). At 6 wpi, the
amplitude and AUC of sSMEPs to the same stimulation param-
eters were significantly reduced in saline-treated animals but
more sustained in buspirone-treated animals (Fig. 6C, F). The
level of basal activity in the extensor motor pools was elevated
in all animals at 6 wpi compared to that of pre-injury, partic-
ularly among the buspirone-treated animals (Fig. 6C, F, bar
charts). Although sMEPs for each individual set of stimulation
parameters were generally increased after acute SCI, the ele-
vated SMEP response to the same set of stimulation parame-
ters was only maintained in buspirone-treated rats by 6 wpi.

To distinguish overall differences in early and late sSMEP
responses, SMEPs for all stimulation configurations and
currents—including those below and above threshold—were
normalized and averaged to pre-injury values per animal
across time and treatment. There were no significant differ-
ences in the latency of any SMEP responses across muscles at
any time point, including between pre- and post-injury.
Buspirone administration following cervical SCI decreased
early sMEPs of extensor and pronator motor pools compared
to that of saline administration (Fig. 7A, B). In contrast,
buspirone increased AUC in late SMEPs of biceps, extensor,
and flexor motor pools compared to that of saline treatment
(Fig. 7C-E). Buspirone modulated muscle excitability in the
forelimb following SCL

Serotonergic Treatment in SCI Rats with Forelimb
Reaching Training Does Not Improve Locomotor
Function

To determine whether improvements in reaching and grasping
translated into improvements on motor tasks requiring motor
control of the hindlimbs as well as forelimbs, SCI rats were
subjected weekly to a horizontal ladder walking task with un-
evenly spaced rungs [33]. Forelimb footsteps were scored and
summed (adapted from Metz and Whishaw [33]) as successful
placements (correct, partial) or as erroneous placements (slip,
miss). The number of foot faults over three consecutive sessions

per time point was averaged and compared between buspirone-
and saline-treated rats. In contrast to the single pellet task, in-
complete SCI rats rarely produced errors in their forelimbs dur-
ing locomotion (Fig. 8). Buspirone-treated rats showed an in-
crease in successful partial foot placements at 3 wpi (F3 74)=
2.184, p=0.032, ANOVA), but this difference was lost be-
tween treatments by 6 wpi. Improvement in fine forelimb
reaching and grasping with buspirone or fluoxetine did not
transfer into improvements in locomotion.

Discussion

Both serotonergic agents promoted forelimb recovery after
cervical SCI. Partial SHT;sR agonist buspirone and SSRI
fluoxetine facilitated reaching and grasping. Buspirone
plateaued performance within 2 weeks while fluoxetine-
treated rats continued to improve over an 8-week period.
Second, buspirone-treated rats showed robust changes in mus-
cle recruitment patterns for success during skilled tasks com-
pared to saline-treated rats. The muscle (motor pool) recruit-
ment patterns were distinctly different in multiple features
between pre- and post-injury with and without pharmacolog-
ical intervention. Third, serotoninergic modulation enabled
rapid and progressively refined patterns of functional reorga-
nization of neural networks, providing effective regulatory
control of what must be considered to be de novo or at least
novel supraspinal-spinal, functional connectomes. Fourth, the
advancements made in forelimb skilled tasks did not transfer
to a locomotor-ladder task.

Serotoninergic Agents Facilitate Spinal Networks that
Execute Reaching and Grasping

Serotonergic intervention modulates forelimb motor pools to
facilitate functional recovery in a time-sensitive and drug-
specific manner. Previous studies have shown buspirone fa-
cilitated locomotion in spinal cord—transected mice with train-
ing alone [34], and also with carbidopa and L-Dopa [21].
Fluoxetine can modulate spinal cord excitatory/inhibitory
neurotransmitter levels in SCI animals via a variety of mech-
anisms including neurogenesis, gliogenesis, synaptogenesis,
and cortical mapping by blocking SHT reuptake and stimulat-
ing residual somatodendritic connections [6, 35-39].
Enhancement of SHT response among surviving descending
brainstem SHT axons could further facilitate forelimb recov-
ery [40]. Conversely, buspirone is unlike fluoxetine in that
SHT; AR activation can excite or inhibit neuromotor networks
depending on the target or location, potentiating cellular ex-
citability while suppressing plateaued activity [34]. This dif-
ference could underlie the plateaued and gradual forelimb per-
formance with buspirone and fluoxetine, respectively, after
SCI. The present data combined with previous studies of
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Fig. 7 Early and late normalized
sMEPs of selected forelimb
muscles to spinal cord epidural
stimulation when the rats were

MEPs collected at rest

Late MEPs
c FLE

resting quietly. sSMEP parameters 8 *
were normalized per animal to
their pre-injury responses and 6
then plotted on a log scale.
Significant differences between
the two treatment groups were 4 .
found in late SMEPs for the pa- . R
rameter iEMG in the (A) biceps X . 2 2.8 . . %
(week 1: Fo 205, =2.333, p = Saline Buspirone d % § :E
0.020; week 6: F2208) = 2.820, 0 AN 0. .1 .0 -
p=0.005; ANOVA), (B) flexor -
(week 1: Foz08=3.637, p= Ea r|y MEPs Preinjory ™ 6
00003, week 6: F(2,298) = 2061,
2=0.040; ANOVA), and (C) ex- a EXT d EXT
tensor (week 1: F(5 595 =3.814, 40 15 * *
£ =0.0002, ANOVA) muscles. * * .
All error bars indicate SEM. — 30 .
Similar differences were found E o 10
for the parameter peak-to-peak o) -
amplitude of sSMEPs (P2P; refer to 20
“Materials and Methods”) in the q’
same muscles. Individual iEMG E 5
values are noted as small, filled omm 10 - .
dots. Average iIEMG values per ol & :
animal are noted as larger white Q. 0| "o IOk g 0 =0~ 0 2 .
dots. Other selected forelimb LLI Pre-Injury 1 6 Pre-Injury
muscles did not display signifi- E
cant results for late SMEP
parameters. -c b 3 PRO e 8 B Ic
v
N _— * * * *
— : 6
((+} 2
= 4
S P
1 230 - !
2 = L5 Sy O
~ 5 =
5 o - " 4 .0

Pre-Injury 1 6

motor systems provides a compelling case for careful and
systematic testing the efficacy of serotonergic agents to facil-
itate recovery of motor function following cervical spinal in-
jury in humans.

The present study was designed to begin to elucidate some
of the dose-related effects of serotonergic drugs on motor
recovery after SCI. Fluoxetine differentially affected forelimb
performance based on whether the dosage started at a higher
fixed dose or lower, but gradually increasing dose following
spinal cord injury. Even though the final dose in both exper-
iments was the same at 5 mg/kg/day by 6 wpi, the increasing
dose paradigm with fluoxetine was not sufficient to rescue
reaching and grasping ability. One potential explanation for
this marked difference in forelimb performance is the need for
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Pre-Injury 1
Week

a longer acclimation time for fluoxetine in the spinal cord to
modulate neural networks and evoke an enhanced behavioral
response in the forelimb. Fluoxetine has a protracted effect on
locomotor performance even at a higher dose of 10 mg/kg
following SCI [41]. Forelimb performance continued to im-
prove at a fixed 5 mg/kg/day dose until 8 wpi, achieving a
forelimb performance similar to or even better than at pre-
injury, suggesting that the effect of fluoxetine on the
supraspinal-spinal networks for the forelimb could be attrib-
uted to 1) a more gradual and persistent effect than that of
buspirone, which instead evoked an exponential increase in
reaching and grasping scores by 2 wpi and a plateaued perfor-
mance until 6 wpi, and/or 2) recruiting different neural net-
works for reaching and grasping.
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—e—Saline 1-2 mg/kg —e— Saline 5 mg/kg
—s— Buspirone 1-2 mg/kg —A— Fluoxetine 5Smg/kg
—4—Fluoxetine 1-5 mg/kg
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N

Forelimb error rate
(errors/trial)
-
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e
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Pre-SCl scl 1 3 6

Post-injury weeks with treatment

Fig. 8 Buspirone and fluoxetine administration did not reduce error rate
in SCI rats walking across a horizontal ladder. No significant differences
were found between buspirone-treated (n =5, magenta), incremental
fluoxetine-treated (n =35, green, solid), fixed fluoxetine-treated (n=7,
green, dashed), incremental saline-treated (n =5, black, solid), and fixed
saline-treated (n =7, black, solid) rats pre- and post-injury.

Considering their primarily clinical roles as antidepres-
sants, both buspirone and fluoxetine are likely to act on cir-
cuits underlying motivation. They can differentially modulate
motivated behaviors depending on its dose and context
[42—47]. Motivation can highly affect motor performance.
Previous work by the Courtine lab has shown that using choc-
olate as a food incentive encouraged SCI rats to locomote in
addendum to an electrochemical neuroprosthesis [5].
However, we should note that all rats in this study were food
deprived and given the same sugar pellets as reward in the
forelimb reaching task. All rats were scored by raters blind
to drug treatment. We assume that the level of motivation
realized by each rat was randomly distributed. Moreover, no
overt behavioral differences were observed that reflected a
significant difference in the drive to retrieve the food pellets
nor their skill as measured as a percent of the efforts that were
successful. These data suggest that coordinating the recruit-
ment of spinal and supraspinal networks, at least in part, un-
derlies the improved forelimb performance after SCI, but do
not exclude a role for motivation.

Based on the differences in the pattern of improvement in
response to the two agents tested, further investigation on the
mechanisms of these two serotonergic agents on supraspinal—
spinal networks at different stages of SCI could provide more
predictable and effective dosage strategies for facilitating
skilled movements in the arm after injury. Buspirone has been
shown to enhance the benefits of stimulation and training in
handgrip function and locomotor movement in chronic SCI
human subjects [8, 48], but has yet to be tested at multiple
doses in a longitudinal study. Less is known about the effect of
fluoxetine in facilitating movement in paralyzed patients.
Fluoxetine enhanced the benefit of repetitive transcranial
magnetic stimulation in stroke patients for forelimb function
[49], but it is unknown about its electrophysiological effects

on spinal circuits after neural trauma in humans. In summary,
the present data on dose effectiveness suggest that both the
absolute dosage, e.g., as with buspirone, and the pattern and
duration of the dosage, e.g., fluoxetine, are important to con-
sider in its use as an intervention.

EMG Patterns Serve as Physiological Biomarkers of
Motor Pool Specific Network Reorganization

We propose that an important phenomenon emerged in the
changes found in forelimb performance and EMG patterns.
The networks essential for forelimb reaching and grasping
could have re-entered a critical period of permissiveness to
mechanisms of plasticity, similar to that of which occurs dur-
ing development. Despite showing a performance plateau
within 2 weeks, buspirone-treated rats continued to exhibit
dynamic changes in the timing and amplitude of EMG re-
sponses that emerged during the 6 weeks of treatment. These
changes were gradually reflected in reaching and grasping
behavior, generating different reaching strategies and trajecto-
ries over time and treatment. Furthermore, the changes in in-
terneuronal connectivity specific to forelimb motor pools oc-
curred for at least 6 wpi, suggesting a continuous remodeling
of neuronal and synaptic groups of networks, a phenomenon
consistent with Edelman’s activity-dependent neural
Darwinism hypothesis [50]. A component of Edelman’s hy-
pothesis theorizes that neural circuits continuously 1) update
spatial and temporal representation of sensory information,
and 2) this update is brought about by a continuing selection
of neuronal ensembles that translates the continuous changing
of sensory inputs into a predictable, but not determinate motor
synergies. Theoretically, after a spinal injury, the neuronal
ensembles will consist of a number of functionally aberrant
synaptic connections and poor coordination. However, when
these ensembles are repeatedly activated, they can self-
organize in a use-dependent manner by functionally pruning
the aberrant synapses, thus resulting into a more skilled and
less variable reaching and grasping behavior. This concept
therefore provides a mechanism through which different neu-
ronal groups can accomplish the same function, a phenome-
non often referred to as redundancy networks [50, 51].
Considering the changes in EMG patterns during reaching
and grasping and increased spinal excitability at 6 wpi,
buspirone after SCI may facilitate remodeling of spinal net-
works important for forelimb function. The data demonstrate a
recovery process consisting of multiple and probably partially
overlapping adaptive strategies, with each adaptive mecha-
nism occurring over different time frames.

A second observation is that the neural network adaptations
that occur in response to injury and treatment can substantially
vary by individual and time point; i.e., multiple reaching strat-
egies can accomplish the same task. The variety of reaching
strategies found in this study strengthens the idea that there are
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multiple ways to recruit forelimb motor pools to accomplish
the same skilled task. This seems to have been particularly the
case when trying to complete tasks after a severe loss of the
original neural components, in this case the dCST for reaching
and grasping. The success rate of buspirone-treated rats in the
single pellet reaching task after SCI appears to be linked with
the changes in their EMG patterns and reaching strategies. For
the same reason, however, a therapeutic intervention could
differentially interact with neuromotor circuits based on the
state of the individual’s reaching and grasping strategy specif-
ic to that time point. The same treatment could induce differ-
ent effects on behavior based on the timing of its application.
Our data demonstrate a critical window of plasticity permis-
sive to buspirone facilitation after acute spinal cord injury.
This may be partially lost in more chronic SCI patients, who
require pairing with additional treatment to see forelimb im-
provement [48]. The results suggest that recovering normal
biomechanics, i.e., similar to pre-injury, is a lower priority
than the ability to effectively regain a function, regardless of
different biomechanical strategies.

Thirdly, motor variability is reduced and success rate is im-
proved during reaching and grasping following buspirone treat-
ment. Variance in forelimb iEMG values decreased from 2 to
6 wpi following daily buspirone administration and increased
following withdrawal at 68 wpi in buspirone-to-saline-treated
rats, which correlated to changes in success scores of perfor-
mance. We similarly show that successful execution of the
single pellet task before and after injury was associated with
lower motor variability than that of failed attempts (Movies 9
and 10). These data suggest that discovering a successful strat-
egy to execute specific motor patterns results in gradually
forming more stable “synergisms” among sensory-motor neural
networks that increase the probability of success [52].

Our results resemble studies in which experts of complex
tasks such as triple-jumping and beam-walking show lower
variability in motor errors and higher consistency of motor
outcome than novices [53, 54]. Highly trained animals are
unlikely to deviate from an operational and previously used
strategy unless they undergo extinction or reversal training
[55]. The degree of variance in motor output is an important
factor in predicting reaching and grasping success.
Interestingly, a caveat to this principle emerges after introduc-
ing buspirone at 1 wpi. Recordings of reaching behavior in
buspirone-treated rats display a distinct shift in reaching tra-
jectory and strategy matched by dynamic changes in EMG
patterns and increase in variance of iEMG values (Fig. 4). In
line with the Edelman hypothesis, serotonergic intervention in
combination with injury could have induced a state in the
spinal cord mimicking the critical period that occurs during
neonatal development, in which a high degree of movement-
to-movement variability allows exploration of different strat-
egies and facilitates adaptive learning to a changing environ-
mental state [56].
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Potential Mechanisms of Monoaminergic Modulation
of Cervical Networks

Buspirone is a primarily anxiolytic drug with high affinity
for SHT; sRs, weak affinity for SHT,Rs, and antagonistic
properties against dopamine D2Rs; diversifying the several
mechanisms in which buspirone can modify monoaminer-
gic neurotransmission [57, 58]. Low dosages of buspirone
(1 mg/kg) can decrease SHT turnover without significantly
decreasing motor activity, stimulating somatodendritic
5HT ARs that produce inhibitory regulation on dopaminer-
gic neurotransmission and modulate motoneurons in the
spinal cord [59]. Moreover, SHT;oR agonist application
after SCI can upregulate KCC2 co-transporters and reverse
the transformation of GABA-ARs from inhibitory to excit-
atory neural effectors and effectively reverse SCI effects
[60]. Altering inhibitory regulation in the intact spinal cord
perturbs forelimb reaching, indicating its importance in co-
ordinating smooth execution of skilled movements [61].
Interestingly, there are generally more forelimb oscillations
during the reaching and grasping attempts, e.g., during ex-
tension and retrieval of pellets in the present study at 8 wpi
compared to that of 6 wpi, following a switch in buspirone-
to-saline treatment. Although more effort is necessary to
fully understand the effect of buspirone on neuromotor
networks, our observation that buspirone differentially re-
cruits motor pools as well as modulate evoked responses in
forelimb behavior suggests that, at least in spinal circuitry
for forelimb, buspirone induces functional plasticity via
alteration of interneuronal connectivity—potentially af-
fecting excitation/inhibition balance—important for
reaching and grasping.

We propose that the changes in sMEPs after buspirone
reflect significant functional reorganization and refinement
of the brain-to-spinal networks. Although acute SCI in-
creased the amplitude and number of sSMEPs, buspirone
administration over a 6-week period evoked more forelimb
muscle excitability than that of saline in sub-acute SCI.
Aberrant functional connectivity and spasticity at 1 wpi
could result in the loss of function by 6 wpi if not treated
soon after injury. Daily buspirone administration further
potentiated the likelihood of SMEP responses by increasing
the basal level of spinal network activity for the selected
forelimb motor pools at the acute and subacute injury
phases. As ERs are likely dominated by monosynaptic acti-
vation of motoneurons while LRs are derivative of second-
ary polysynaptic communication predominantly through
spinal interneuron networks, an increase and decrease in
the LRs and ERs following buspirone suggest serotonin as
a key neuromodulator of residual interneuronal circuitry
after injury [62]. Considering that buspirone also enhanced
SMEP excitability and induced EMG patterns distinct from
pre-injury rats, it is unlikely that buspirone only enhanced
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local serotonin levels and not that of spinal networks under-
lying forelimb function. These data point to the observation
that the final key factor in recovering successful reaching
and grasping is the ability to reacquire a strategy for
reorganizing the spinal interneuronal networks so that the
motor pools can effectively coordinate the key motor pools.
It is not a matter so much as to whether the motor pools can
be recruited, but the temporal patterns of activation of those
motor pools as determined by the interneurons that func-
tionally project to those motor pools.

Although the present data do not demonstrate the degree
ofa specific activity pattern necessary to facilitate improved
task performance, the results consistently show an element
of facilitation and marked changes in patterns of coordina-
tion of forelimb networks during reaching and grasping be-
havior. This is of importance given that the rats were tested
weekly, but not trained to reach and grasp after injury. The
rats, however, obviously used similar movements during
routine daily feeding behavior. For this reason, we cannot
determine from the present data the degree to which the
recovery of function can be attributed to the amount or spec-
ificity of activity-dependent mechanisms shaping the be-
havior tested during the post lesion period. We have evi-
dence, however, that in an analogous scenario when para-
lyzed rats are stimulated with epidural stimulation below
motor threshold for 5 h continuously while in their normal
cage environment, they are five times more active than
when there was no stimulation [63]. We suspect that the
results were similar in the present study when there was a
chronic neuromodulation occurring pharmacologically.
This interpretation is consistent with the many reports dem-
onstrating a critical role for activity dependence being a key
factor in the functional reorganization, but not knowing the
degree of specificity necessary in the neuromodulation of
practicing a motor task [64—66]. It is also consistent with
Edelman’s theory of the theory of neuronal group selection
followed by use-dependent plasticity as a means of guiding
synaptic reorganization [50]. Thus, we propose that SHTR
activation potentiates synaptic plasticity and practice via
spontaneous activity guided the synergistic reorganization
within and among supraspinal and spinal networks to regain
more effective and coordinated functionality.
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