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Effects of Reversible Spinalization on Individual Spinal
Neurons

Pavel V. Zelenin, Vladimir F. Lyalka, Li-Ju Hsu, Grigori N. Orlovsky, and Tatiana G. Deliagina

Department of Neuroscience, Karolinska Institute, SE-17177, Stockholm, Sweden

Postural limb reflexes (PLRs) represent a substantial component of the postural system responsible for stabilization of dorsal-side-up
trunk orientation in quadrupeds. Spinalization causes spinal shock, that is a dramatic reduction of extensor tone and spinal reflexes,
including PLRs. The goal of our study was to determine changes in activity of spinal interneurons, in particular those mediating PLRs, that
is caused by spinalization. For this purpose, in decerebrate rabbits, activity of individual interneurons from L5 was recorded during
stimulation causing PLRs under two conditions: (1) when neurons received supraspinal influences and (2) when these influences were
temporarily abolished by a cold block of spike propagation in spinal pathways at T12 (“reversible spinalization”; RS). The effect of RS, that
is a dramatic reduction of PLRs, was similar to the effect of surgical spinalization. In the examined population of interneurons (n = 199),
activity of 84% of them correlated with PLRs, suggesting that they contribute to PLR generation. RS affected differently individual
neurons: the mean frequency decreased in 67% of neurons, increased in 15%, and did not change in 18%. Neurons with different RS effects
were differently distributed across the spinal cord: 80% of inactivated neurons were located in the intermediate area and ventral horn,
whereas 50% of nonaffected neurons were located in the dorsal horn. We found a group of neurons that were coactivated with extensors
during PLRs before RS and exhibited a dramatic (>80%) decrease in their activity during RS. We suggest that these neurons are

responsible for reduction of extensor tone and postural reflexes during spinal shock.

Key words: cold block; postural reflexes; rabbit; spinal cord injury; spinal neurons

Introduction
In quadrupeds, the dorsal-side-up trunk orientation is main-
tained during standing due to the activity of the postural system
driven mainly by somatosensory information from limb mecha-
noreceptors (Inglis and Macpherson, 1995; Deliagina et al., 2000,
2006, 2012; Beloozerova et al., 2003; Stapley and Drew, 2009).

In a recent study on decerebrate rabbits (Musienko et al.,
2010), we characterized postural limb reflexes (PLRs). It was sug-
gested that PLRs in intact animals contribute substantially to
postural reactions (Musienko et al., 2008, 2010; Deliagina et al.,
2012). We have found that the spinal cord contains neuronal
networks capable of generating PLRs in response to postural per-
turbations (Musienko et al., 2010). It was shown that activity of
many spinal interneurons was closely correlated with PLRs, sug-
gesting their contribution to the generation of these reflexes (Hsu
etal., 2012).

The postural system in quadrupeds is strongly affected by spi-
nal cord injury (SCI). Animals with extensive SCI are not able to
maintain normal (dorsal-side-up) orientation of their hindquar-
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ters and their postural control (including PLRs) does not recover
with time (Macpherson et al., 1997; Lyalka et al., 2008, 2009,
2011).

In all studied mammals, including humans, immediate reac-
tion to an extensive SCI is “spinal shock,” characterized by a
dramatic reduction of extensor tone and most spinal reflexes,
including PLRs (Ashby and Verrier, 1975; Brown, 1994; Ditunno
etal., 2004; Lyalka et al., 2011). The main reason for spinal shock
is loss of supraspinal influences on spinal networks (Ditunno et
al., 2004).

Distortions in processing of afferent information by spinal
networks caused by spinalization were demonstrated in earlier
studies (Sherrington and Sowton, 1915; Liddell, 1934; Eccles and
Lundberg, 1959). It was shown that abolition of spinal reflexes
after SCI is primarily caused by a large reduction in the excitabil-
ity of spinal motoneurons (Barnes et al., 1962; Walmsley and
Tracey, 1983; Frigon and Rossignol, 2006). Changes in transmis-
sion of afferent signals to motoneurons were also shown (Bennet
et al., 2004). However, there have been very few studies devoted
to the effect of SCI on the activity of individual interneurons
mediating different spinal reflexes, and these studies were fo-
cused on the effect of partial SCI upon spinal interneurons re-
sponding to load receptors (Miller et al., 1995; Chen at al., 2001).
The lack of data about changes in the activity of spinal interneu-
rons caused by SCI is mainly due to technical problems: difficul-
ties in recording activity of the same interneurons before and
after SCI. However, due to the novel experimental technique
(reversible spinalization), which is based on the cold block of signal
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transmission in spinal pathways, we are A
now able to record individual spinal in-
terneurons under two conditions: (1)
when the caudal part of the spinal cord

Decerebrate
rabbit
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is connected to its rostral part and (2)
when it is functionally disconnected.
The goal of our study was to determine
changes in activity of spinal interneu-
rons, in particular those mediating
PLRs, caused by spinalization.

A brief account of this study has been D
published in abstract form (Deliagina et
al., 2009; Lyalka et al., 2012).

Materials and Methods

Experiments (N = 10) were performed on adult
male New Zealand rabbits weighing 2.5-3.0 kg.
All experiments were conducted with the ap-
proval of the local ethical committee (Norra
Djurforsoksetiska Namden) in Stockholm.

Surgical procedures. The animal was injected
with propofol (average dose, 10 mg/kg, admin-
istrated intravenously) for induction of anes-
thesia, which was continued on isoflurane
(1.5-2.5%) delivered in O,. The trachea was
cannulated. For all subsequent procedures, the
rabbit was positioned in a metal frame, the
forequarters were suspended in a hammock,
and the head and vertebral column were rigidly
fixed in several points (Fig. 1A). The spinal cord was exposed by lami-
nectomy at T11-L1 (for the subsequent mounting of the cooling element
for the reversible spinalization), as well as at L4-L6 (for recording of
neurons). When positioning the cooling element at T12, the dura mater
was left intact. Small holes (~1 mm ?) were made in the dura mater at L5
to insert the recording electrodes. Bipolar EMG electrodes were inserted
bilaterally into gastrocnemius lateralis (Gast, ankle extensor) and vastus
lateralis (Vast, knee extensor).

The animal was then decerebrated at the precollicular-postmammillary
level (Musienko et al., 2008). After decerebration, the anesthesia was discon-
tinued. During the experiment, the rectal temperature and mean blood pres-
sure of the animal were continuously monitored and were kept at 37-38°C
and at >90 mmHg, respectively. Recordings were started not <1 h after
cessation of anesthesia, when the functional state of the preparation could be
characterized by rather stable extensor tonus and pronounced PLRs (see
below), which are important attributes of postural activity (Musienko et al.,
2008, 2010).

Experimental design. The experimental design is shown in Figure 1A.
The method of induction of PLRs was similar to that described previ-
ously (Musienko et al., 2010; Hsu et al., 2012). In short, the hindlimbs of
the rabbit were positioned on the horizontal platform, with limb config-
uration and the interfeet distance similar to that observed in freely stand-
ing rabbit. The platform was tilted periodically between two positions,
20° to the left (L) and 20° to the right (R), by rotation around the medial
axis (Fig. 1B, C). Because the vertebrate column and pelvis were fixed,
tilts of the platform led to flexion/extension movements at the hip, knee,
and ankle joints, with a magnitude of ~10° and close-to-vertical dis-
placements of the distal points of the limbs with an amplitude of ~5 cm
(Fig. 1D). A time trajectory of tilting the platform, and therefore a time
trajectory of foot displacement, was trapezoidal with a period of ~6 s
(Fig. 1E); transition between extreme positions lasted for ~0.5 s and each
extreme position was maintained for ~2.5 s. The tilt angle of the plat-
form was monitored by mechanical sensors, scaled, and recorded as the
vertical foot position. The contact forces under the limbs were measured
by means of force sensors (Fig. 1B, force).

With this experimental design, the tilt-related somatosensory stimu-
lation was caused by loading and flexion of the limb on the platform side
moving up and simultaneous unloading and extension of the opposite

Figure 1.
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Experimental design. A, The decerebrate rabbit was fixed in a rigid frame (points of fixation are indicated by “X"). The
coolerwas positioned on the dorsal surface of the spinal cord at T12. To assess the conductance in spinal pathways under the cooler,
the stimulating (Stim) and the recording (Rec) electrodes were inserted into the ventral spinal pathways at T11 and L1, respec-
tively. Activity of spinal neurons from L5 was recorded by means of the microelectrode (ME). To evoke PLRs, the hindlimbs were
positioned on a platform (B) periodically tilted in the transverse plane (C). The tilt of the platform caused flexion of one limb and
extension of the other limb. The contact forces under the left and right limbs were measured by the force sensors (B, Force L and
Force R, respectively). D, Limb configuration at the two extreme platform positions obtained from video recording (H, K, and An:
hip, knee, and ankle joints, respectively). E, Time trajectory of the platform angle (Tilt) and of the vertical position of the distal point
of the right and left limb (Limb-R and Limb-L, respectively).

limb. This stimulation evoked PLRs (Fig. 2B, before cooling), which
included activation of extensors in the flexing limb and increase of its
contact force, as well as inactivation of extensors in the extending limb
and decrease of its contact force (Musienko et al., 2010).

Reversible spinalization. A technique for blocking the spike propaga-
tion in spinal pathways by means of cooling (reversible spinalization) has
been adapted from our previous experiments (Deliagina et al., 1983) and
those of Walmsley and Tracey (1983), Apkarian et al. (1989), and Miller
et al. (1995). The cooler was positioned on the dorsal aspect of T12, as
shown schematically in Figure 1A. By pumping a cooling agent through
the cooler, we decreased the temperature of adjacent tissues to below the
threshold for spike propagation (Brooks, 1983), which led to abolition of
signal transmission in the spinal pathways under the cooler. Rewarming
of the spinal cord led to restoration of spike propagation.

Details of the method are shown in Figure 2A. For better thermocon-
ductance, the cooler was made of a silver plate and its shape replicated the
shape of the spinal cord. The cooling agent was pumped through the tube
soldered to the plate. To test the efficacy of signal transmission in spinal
pathways, two electrodes (made of the stainless steel wire d = 150 um,
isolated except for the tip) were inserted into the spinal cord rostral and
caudal to the cooler (in segments T11 and L1; Fig. 2A); each electrode was
lowered to the depth of ~3 mm and positioned in the most ventral part
of the ventral funiculus. Single current pulses (0.2 ms, up to 100 wA) were
passed through the rostral electrode (Stim), whereas responses to these
pulses in the spinal axons were recorded by means of the caudal electrode
(Rec). The temperature on the surface of the cooler was monitored by a
miniature thermoresistor.

The procedure of cold block and the effects of cooling are shown in
Figure 2B. Initially, the cooler had the temperature close to that in sur-
rounding tissues (~35°C). Then, pumping of a cooling agent (—5°C)
through the cooler was turned on (Fig. 2B, ON), and the temperature on
the surface of the cooler plate started to decrease from its initial value
(Fig. 2C, trace Temp); in 40-50 s, the surface temperature reached a
plateau (—1°C). In ~180 s, pumping of the cooling agent was turned off
(OFF), and pumping of the warming agent (35°C) was started instead.
This led to a rapid increase in the surface temperature, which returned to
its normal value (~35°C) in ~30 s. Before cooling, stimulation of T11
evoked a response in L1, with a latency of ~0.5 ms and an amplitude of
~20 pV (Fig. 2B, asterisk in Resp 1). During cooling, this response



Zelenin et al. o Effects of Spinalization on Spinal Neurons

A

Stim
0
=S ;
2
Fom
B TN

Neuron

vastL ( MAN MM L
vestr M MAAAL L

[500 g
Force-L
0
Force-R [500 o
0
Limb-L F
|5 cm
Limb-R E
Temp Yo OFF ————— 135
20s 0°C
4 24 34 44 54 64
* * I
Resp ‘{\f\\ ,Y\\’\ 2ms
|. ’ i
D <— Cycle —mM88>
16 '
-
g 12 |
e | I
3 8 Interburst < Burst
5] i
> 1
g 4 f
i N
oF——T———— —
11213 4 5617 819101112
Limb: Li : F : i E .
ImDb- ! 1 - i
Phase of movement cycle
Figure 2.  Methods for reversible spinalization (4,B) and analysis of neuronal activity (C,D). A, Position of the cooler on the

dorsal surface of the spinal cord, as well as positions of the stimulating (Stim) and recording (Rec) electrodes for monitoring the
signal transmission in ventral spinal pathways. Black arrows indicate the flow of cooling agent through the cooler. B, Represen-
tative example of the effect of reversible spinalization on the signal transmission in ventral spinal pathways, on PLRs, and on the
activity of a neuron recorded on the left side of L5. During this trial, periodical antiphase flexion/extension (F/E) movements of the
left and right limbs were continuously performed by tilting the platform; the contact force and the EMG of vastus lateralis (Vast)
were recorded bilaterally, along with the activity of the neuron. Trace Temp shows temperature of the cooler; arrowheads ON and
OFF indicate the onset of cooling and the onset of rewarming, respectively. Insets Resp show response at L1 (marked by asterisk) to
stimulation of T11 (100 wA, 0.1 ms pulse duration) performed at different time points (indicated by arrows 1-6). Note that
disappearance of responses during cooling (point 3) was correlated with the disappearance of the force, EMG, and neuronal
reactions to F/E limb movements, whereas reappearance of responses during rewarning (point 5) were correlated with restoration
of these reactions. €, Raster of responses of the neuron shown in Bin 10 sequential tilt cycles recorded before cooling. D, Histogram
of spike activity of this neuron in different parts (1-12) of the tilt cycle. The halves of the cycle with higher and lower neuronal
activity were designated as Burst and Interburst periods, respectively.

decreased (Resp 2) and in 60—80 s disappeared (Resp 3 and 4). During
warming, the response reappeared (Resp 5) to reach its initial value in
~50 s (Resp 6). The absence of response at a low temperature suggests
that the spike propagation in the tested spinal pathways was blocked.
Because these ventral pathways were most remote from the cooler posi-
tioned on the dorsal aspect of the spinal cord, one can expect that other
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pathways (located closer to the cooler) were
also blocked. When tested in four experiments,
the signal transmission was blocked not later
than in 80 s after the onset of cooling. On this
basis, in all other experiments, the rabbit was
considered functionally spinalized after 80 s
of cooling.

Recording of neurons and data analysis. Neu-
rons were recorded extracellularly from the
spinal segment L5 by means of commercially
available varnish-insulated tungsten electrodes
(75 pwm shaft diameter; FHC). The impedance
of the electrodes was 4—7 M{). We tended to
explore systematically the whole cross-
section of the gray matter except for the area of
motor nuclei, which is indicated by the dotted
line in Figure 4A—C (Portal et al., 1991). The
lateral and vertical coordinates of each neuron
were marked on the map of the spinal cord
cross-section (Shek et al., 1986; Hsu et al.,
2012). To escape a bias toward spontaneously
active neurons, the search for a neuron was
performed during continuous tilting of the
platform. Therefore, not only the neurons with
spontaneous activity but also those without
spontaneous firing (activated by tilt-related
somatosensory input from the limbs) were
recorded.

Individual neurons were recorded during
PLRs caused by platform tilts. This was done
under three conditions: (1) before cooling
(control), (2) during cooling, and (3) during
rewarming. Under each condition, the neuro-
nal activity was recorded, along with the EMGs
and ground reaction forces in many (up to 10)
sequential tilt cycles.

Signals from the microelectrode (neuronal
activity), from the EMG electrodes and from
the position and force sensors were amplified;
digitized with a sampling frequency of 30 kHz
(neuron), 5 kHz (EMGs), and 1 kHz (sensors);
and recorded on a computer disk using the
data acquisition and analysis system (Power-
1401/Spike-2; Cambridge Electronic Design).
This system also allowed the waveform analysis
to discriminate and identify the spikes of a sin-
gle neuron using the waveform-matching algo-
rithm. Only neurons with stable recordings
and spike shape were used for analysis. The
EMG signals were rectified and smoothed
(time constant, 100 ms).

Analysis of neuronal activity is illustrated in
Figure 2, C and D, for the neuron shown in
Figure 2B. We considered the activity of all
individual neurons in the movement cycle of
the ipsilateral limb, because the phase of mod-
ulation in the majority of neurons was deter-
mined by the tilt-related sensory input from
the ipsilateral limb (Hsu et al., 2012, Zelenin et
al., 2012). For each individual neuron, the ras-
ter of activity in sequential movement cycles
was obtained for each of three conditions. The
raster for the neuron presented in Figure 2B (a
part of recording before cooling) is shown in

Figure 2C. The cycle was divided into 12 bins; the onset of flexion of the
ipsilateral limb was taken as the cycle onset. Bins 1-2 corresponded to
flexion of the limb; bins 3—6 to maintenance of the flexed position; bins
7-8 to extension of the limb; and bins 9-12 to maintenance of the ex-
tended position. The firing frequency in each bin was calculated and
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Figure 3.

Results

Effects of reversible spinalization on
postural limb reflexes

Antiphase flexion/extension movements of two hind limbs
caused by platform tilts evoked PLRs, as illustrated in Figure 2B (a
part of recording before cooling). Flexion of each limb was ac-
companied by activation of its extensor muscles (Vast), as well as
by an increase in the force developed by the limb. In contrast,
extension of the limb caused almost complete inactivation of its
extensors and a considerable decrease in the force value. As
shown in Figure 2B, the cold block caused almost complete abo-
lition of PLRs. The PLRs fully recovered after rewarming. The
same effects were observed with repetitive (up to 50 times) use of
the cold block in one experiment.

Effects of the cold block and their reversibility are clearly seen
after averaging the PLRs over several sequential cycles (Fig. 3A).
Figure 3B shows the average values of the dynamic and static
components of the force response (indicated in Fig. 3A) recorded
before and during the cold block, as well as after rewarming.
During the cold block, the force responses (dynamic, 148 = 6 g;
static, 141 = 6 g) were 45 times smaller than in control (dy-
namic, 744 * 130 g; static, 474 = 73 g) and did not differ from the
passive force (Psv, 132 = 8 g) measured after death of the animal.
Rewarming resulted in complete restoration of force responses.
In our previous study (Musienko et al., 2010), a similar (4-5
times) reduction in the force responses to platform tilts was ob-
served after acute surgical spinalization.

In the cases when the cold block did not cause a complete
disappearance of EMG responses, but only their considerable
reduction, the phase of these residual responses could differ from

Warm

Control

Effects of reversible spinalization on PLRs. A, Example of the left and right Vast and Force responses (elicited by
antiphase F/E movements of both limbs). Responses were recorded before cooling (Control), during the cold block (Cool), and after
rewarming (Warm). Under each condition, responses in 10 sequential tilt cycles were averaged. B, Mean values (==SE) of the
dynamic and static force responses before cooling, during the cold block, after rewarming (n = 4, 16 tests, averaging over 80
responses for each condition), as well as the passive force (Psv, N = 4, n = 20). C, Example of the residual incorrectly phased
response in Vast-L during the cold block. There was a 30X increase in EMG amplification during the cold block. D, Proportion of
different types of EMG responses (elicited by antiphase F/E movements of both limbs) in Vast and Gast before cooling, during the
cold block, and after rewarming. Flex, activation with ipsilimb flexion; Ext, activation with limb extensioin; Flex&Ext, activation
with both movements; No resp, EMG not responding. Number of animals and tests: N = 10 and n = 51, respectively.

that observed in control, as illustrated in Figure 3C (there was a
30X increase in EMG amplification for the cold block condition).
To characterize residual responses, we used four categories: (1)
activation of the muscle with flexion of the ipsilateral limb, (2)
activation with limb extension, (3) activation with both flexion
and extension, and (4) no response. Figure 3D shows the propor-
tion of different types of responses observed in Vast and Gast
before cooling (Control), during the cold block (Cool), and after
rewarming (Warm). During the cold block, weak residual re-
sponses were observed in 42% of cases; approximately half of
them were caused not by the limb flexion (as in control and after
rewarming) but by the limb extension. Similar effects on EMG
patterns of PLRs were observed in our previous experiments with
acute surgical spinalization (Musienko et al., 2010).

To summarize, the cold block at T12 caused, first, a con-
siderable reduction in the spinal motor output (characterized
by the value of PLRs) and, second, changes in the phase of
residual responses in a part of cases. Both of these effects were
also observed in the rabbits subjected to acute surgical spinal-
ization (Musienko et al., 2010), suggesting that the cold block
caused complete spinalization. Full restoration of both the
force responses (Fig. 3B) and the patterns of EMG responses
(Fig. 3D) suggested that the spinalization caused by the cold
block was reversible.

Activity of spinal neurons before reversible spinalization
In total, 199 neurons were recorded during PLRs before revers-
ible spinalization. The overwhelming majority of these neurons
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NM-neurons (n = 32) on the cross-section of the spinal cord. An approximate position of motor nuclei is shown by the dotted line. Three zones of the gray matter are indicated: the dorsal (1),
intermediate (2), and ventral (3) zones. D—F, Average frequency in different phases of the movement cycle of the ipsilimb (mean == SE) for F-neurons activated with limb flexion (D), for E-neurons
activated with limb extension (E), and for NM-neurons not affected by platform tilts (F). G, Relative number of neurons with different coefficients of modulation. H, I, Relative number of F-neurons,
E-neurons, and NM-neurons in all three zones of the gray matter together (H) and in each of the zones separately (/). The number of neurons recorded in zones 1-3:n = 56,n = 63,and n = 80,

respectively.

were recorded outside of the area of motor nuclei (Fig. 4A-C,
dotted line) and thus were considered putative interneurons.

To reveal the neurons with activity that was correlated with
PLRs, each neuron’s mean firing frequency during flexion of
the ipsilateral limb (Fp pyx) and during its extension (Fpyxr)
were determined and the coefficient of modulation (Kyop)
was calculated (see Materials and Methods). Figure 4G shows
that the Ky, value varied considerably between the neurons,
from 0 to 100%. We considered the neuron as modulated by
tilts (and, therefore, correlated with PLRs) if the Ky,op value
was =20%. In all modulated neurons, the mean frequencies
during flexion and extension of the ipsilateral limb were sta-
tistically different. Based on this criterion, we found that 167

of 199 recorded neurons (84%) were modulated, suggesting
that they may contribute to the PLR generation, whereas 32
neurons (16%) were not modulated (Fig. 4G, filled and un-
filled bars, respectively).

According to the phase of neuronal response in the tilt cycle of
the ipsilateral limb, all modulated neurons were divided into two
groups. F-neurons (109 of 199 recorded neurons; 55%) had a
higher frequency in the flexion phase than in the extension phase,
whereas E-neurons (58 of 199 recorded neurons; 29%) had a
higher frequency in the extension phase (as the neuron in Fig.
2B). Neurons of both F and E groups, as well as non-modulated
(NM) neurons, were found in each individual rabbit in which >4
neurons were recorded (Table 1, Control).
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Table 1. Effects of the cold block on the spinal neurons in individual animals
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Effect of cold block
Control Inhibition Activation No effect

Rabbit # F E NM F 3 NM F E NM F E NM

1 4(80%) 1(20%) 0 2 (40%) 0 0 1(20%) 0 0 1(20%) 1(20%) 0

2 4 (67%) 0 2 (33%) 3(50%) 0 1(17%) 1(17%) 0 1(16%) 0 0 0

3 14 (45%) 12 (39%) 5(16%) 12 (39%) 7(23%) 3(10%) 1(3%) 1(3%) 0 1(3%) 4(13%) 2 (6%)
4 3 (60%) 1(20%) 1(20%) 3 (60%) 0 0 0 0 1(20%) 0 1(20%) 0

5 25 (63%) 11(25%) 5(12%) 20 (50%) 5(13%) 4(10%) 1(2%) 3(8%) 1(2%) 4(10%) 2 (5%) 0

6 25 (60%) 11 (26%) 6 (14%) 20 (48%) 5(12%) 3(7%) 2 (5%) 0 2 (5%) 3(7%) 6 (14%) 1(2%)
7 6 (46%) 4(31%) 3 (23%) 3(23%) 2 (15%) 2 (15%) 2 (15%) 1(8%) 0 1(8%) 1(8%) 1(8%)
8 7 (44%) 5(31%) 4 (25%) 5(32%) 1(6%) 4 (25%) 1(6%) 1(6%) 0 1(6%) 3(19%) 0

9 5 (42%) 6 (50%) 1(8%) 5 (42%) 4(33%) 0 0 2 (17%) 1(8%) 0 0 0

10 16 (55%) 8 (28%) 5(17%) 13 (45%) 4 (14%) 3(10%) 3 (10%) 2 (7%) 1(4%) 0 2 (7%) 1(3%)
Total 109 (55%) 58 (29%) 32 (16%) 86 (43%) 28 (14%) 20 (10%) 12 (6%) 10 (5%) 7 (4%) 11 (6%) 20 (10%) 5(2%)

Shown are the numbers (percent) of neurons in different groups (F-, E-, and NM-neurons) in control and with different effects of the cold block (inhibition, activation, no effect). Data for individual rabbits (1-10) and for all rabbits (Total)

are presented.
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Figure 5.  Effects of reversible spinalization on individual spinal neurons. A-C, Examples of the cold block effects: inactivation (A), activation (B), and no effect (€). D, Mean frequencies of
individual neurons (n = 199) under two conditions: before cooling (abscissa) and during cold block (ordinate). The sector delineated the nonaffected neurons (in which the two frequencies differed
by <<20%). The neurons below the sector were considered inactivated; those above the sector activated. E, Proportion of neurons inactivated, activated, and unaffected by the cold block. F, Mean
frequency of neurons before cooling (Control, n = 199), during the cold block (Cool, n = 199), and after rewarming (Warm, n = 187). ***p < 0.001.



Zelenin et al. o Effects of Spinalization on Spinal Neurons

B Activated neurons

A Inactivated neurons

C Unaffected neurons

J. Neurosci., November 27, 2013 - 33(48):18987—18998 « 18993

calculated the relative number of neu-
rons of a given group in each of the
zones. In general, the proportion of
F-neurons, E-neurons, and NM-neurons
in the whole population of recorded neu-
rons (Fig. 4H ) was similar to that in each of
the zones: the F-group was the largest, the
E-group was smaller, and the NM-group
was the smallest (Fig. 4I). The proportion of
F-neurons was similar in all three zones. The
proportion of E-neurons slightly decreased
from zone 1 to zone 3. The finding that neu-

rons of the F- and E-groups were observed
in all areas of the gray matter suggests that

D All neurons E Neurons in each zone 1
the modulated neurons within each group
© 1007 . 16
g |Ffectof cold biock: e T O Control do not represent a homogeneous popula-
N g0 Binactivation 2 B Cool tion. Each group could contain premotor
5 O Activation a1 * . . .
g O No effect = 10 interneurons, commissural interneurons,
c 80 % neurons of ascending spinocerebellar tracts,
2 s 8 e etc. The proportion of NM-neurons was
S 401 3 6 e . .
5 & larger in zones 2 and 3 than in zone 1. The
[0} o
£ 20 § G characteristics of the E- and F-neurons ob-
ks =2 tained in this study were mostly similar to
o 0 those revealed in our previous studies (Hsu
Zone 1 Zone 2 Zone 3 Zone 1 Zone 2 Zone 3 etal., 2012; Zelenin et al., 2012)
F Control G Cold block H cold block-Control . .
__ Effect of reversible spinalization on
= o o .
e g &  spinal neurons
z > &  All199 recorded neurons were tested un-
S El § der condition of the cold block at T12 (af-
£ £ < ter 80 s of cooling; see Materials and
3 3 &  Methods) using the paradigm shown in
£  Figure 2B. Three types of effects of the
cold block on the activity of individual
neurons were found: inactivation, activa-
tion, and no effect. Neurons with these
three types of effect were found in most
individual animals (Table 1). An effect of
Figure 6.  Effect of reversible spinalization on the activity of different populations of spinal neurons. A-C, Location of inacti-  inactivation is illustrated in Figure 2B. Be-

vated neurons (n = 134; A), activated neurons (n = 29; B), and unaffected neurons (n = 36; €). D, Proportion of inactivated,
activated, and unaffected neurons in each of the three zones of the gray matter. E, Mean frequency of neurons in each of the three
zones before cooling (Control) and during the cold block (Cool). *p << 0.05; ***p << 0.001. F-H, Averaged distribution of neuronal
mean frequencies on the cross-section of the spinal cord before cooling (F), during the cold block (G), and the difference between
the two distributions (H). The frequency values are presented as a heat map (see Materials and Methods).

Figure 4, D-F, and Table 1 (Control) show the average activity
in different phases of the tilt cycle for all F-neurons (D),
E-neurons (E), and NM-neurons (F). The value of mean fre-
quency (Fypan) in the NM-group (10.9 * 1.4 pps) did not differ
significantly from those in the F-group (12.2 = 0.9 pps) or in the
E-group (9.1 = 0.8 pps). A small but statistically significant dif-
ference between values of mean frequencies in the F- and
E-groups was due to significant differences between values of
their Fyygper (19.0 £ 1.3 pps vs 14.3 = 1.2 pps, respectively). The
values of Fiyrgr in the F-group (5.5 %= 0.7 pps) and E-group
(3.8 = 0.6 pps) did not differ significantly. Although the depth of
modulation in individual F- and E-neurons was rather diverse,
the majority of neurons in each group were deeply modulated,
with Kyep = 60% (Fig. 4G).

Figure 4, A—C, shows the positions of individual F-neurons
(A), E-neurons (B), and NM-neurons (C) on the cross-section
of the spinal cord. To characterize the distribution of neurons, we
divided the cross-section into three zones (Fig. 4A-C, 1-3) and

fore the cold block, this E-neuron was
strongly activated during ipsilateral limb
extension. With onset of cooling, the ac-
tivity of the neuron gradually decreased
(along with EMG and force responses to
tilts) and finally completely disappeared.
Rewarming caused restoration of the neuronal activity. Another
example of an effect of inactivation is shown in Figure 5A.

An excitatory effect is illustrated in Figure 5B. Before the cold
block, this neuron was practically inactive. The cold block re-
sulted in activation of the neuron during ipsilimb extension. Af-
ter rewarming, the activity was very low and similar to that before
the cold block. Finally, Figure 5C shows the F-neuron not affected
by cooling: this neuron was similarly activated during ipsilimb
flexion under all three conditions.

To characterize the effect of cooling on individual neurons,
we compared their mean frequencies before and during the
cold block (Fig. 5D). In this scatter diagram, the sector around
the diagonal delineated the neurons in which the two frequen-
cies differed by <20%. These neurons (n = 36; 18%) were
considered unaffected by the cold block. The majority of neu-
rons (n = 134; 67%) were positioned below the sector; that is,
their frequencies were decreased during the cold block; of
these 134 neurons, 55 (41%) were completely inactivated. Fi-
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Figure7.  Effects of the reversible spinalization on different groups of spinal neurons. 4, Propor-
tion of F-, E-, and NM-neurons inactivated, activated, and unaffected by the cold block. B~D, Propor-
tion of F-neurons (B), E-neurons (C), and NM-neurons (D) inactivated, activated, and unaffected by
cold blockin each of three zones of the gray matter. The number of F-, E-, and NM-neurons recorded in
zones 1-3:n = 33,30,46;n = 18,20, 20;and n = 5, 13, 14, respectively.

nally, 29 neurons (15%) were positioned above the sector; that
is, their frequencies were increased during the cold block. The
proportion of neurons with different effects of the cold block
is shown in Figure 5E.

Zelenin et al. o Effects of Spinalization on Spinal Neurons

Due to prevalence of effects of inactivation in individual neu-
rons (Fig. 5E), a net effect of the cold block was inactivation.
Figure 5F shows the mean frequency in the movement cycle (in
the tests before cooling, during cooling, and after rewarming),
averaged over all tested neurons (1 = 199). The cold block caused
a 42% reduction in the population activity (from 11.1 = 0.6 to
6.4 = 0.5 pps). After rewarming, the mean frequency increased to
9.7 = 0.7 pps and did not differ statistically from the control
value.

A distribution of neurons of different groups (inactivated,
activated, and unaffected by cooling) on the cross-section of the
spinal cord is shown in Figure 6A—C. The effect of cold block was
correlated with the neuron position. As described above, we di-
vided the cross-section of the spinal cord into three zones (Fig.
6A—C, 1-3) and calculated the relative number of neurons in
different groups for each of the zones. As shown in Figure 6D, the
proportion of neurons not affected by reversible spinalization
was largest in zone 1 (32%). In contrast, in zones 2 and 3, such
neurons constituted only 13% and 12%, respectively. Corre-
spondingly, the proportion of inactivated neurons increased
from 48% in zone 1 to 76% and 74% in zones 2 and 3, respec-
tively. As a result of such a distribution, reversible spinalizaton
caused a 50% decrease in the mean frequency of neurons in zone
2 and 3 compared with a 26% decrease in zone 1 (Fig. 6E).

To reveal the effect of reversible spinalization on the popula-
tions of neurons located in different areas of the gray matter, we
used the averaged distribution of neuronal mean frequencies on
the cross-section of the spinal cord (see Materials and Methods).
As shown in Figure 6F, before cooling, the highest activity was
exhibited by the neuronal population of the dorsal horn and by
the population located in the most ventral area of the ventral
horn. The cold block caused a reduction in the activity of neuro-
nal populations across the whole gray matter (Fig. 6G). This re-
duction was maximal in the neuronal populations located in the
dorsal and most ventral areas of the ventral horn, as well as in the
most lateral area of the dorsal horn as shown by subtracting Con-
trol from Cold block in Figure 6H. In contrast, the neuronal
population located in the medial area of the dorsal horn was
practically not affected by reversible spinalization.

The effects of cold block on the three groups of neurons (F-,
E-, and NM-neurons) are summarized in Figures 7 and 8 and
in Table 1. Figure 7A shows the proportion of neurons with
different effects of cooling in each of the three groups of neu-
rons. The F-group included the largest proportion of neurons
inactivated by the cold block (79%) and the E-group included
the largest proportion of unaffected neurons (35%). Each of
the three groups contained a small (11-22%) number of neu-
rons activated by the cold block.

The proportions of F-, E-, and NM-neurons with different
effects of cold block located in zones 1-3 are shown in Figure 7,
B-D, respectively. In each of the three groups, the relative num-
ber of neurons not affected by cooling was the largest in zone 1
and the amount of inactivated neurons was the largest in zones 2
and 3. Therefore, the distribution of neurons of each group,
which were differently affected by the cold block, along the ver-
tical axis was similar to that found for the whole population of
neurons (Fig. 6D).

Figure 8 shows the effects of cooling on the activity of neuro-
nal subpopulations of F-, E- and NM-groups, activated (Fig.
8A,C,E) and inactivated (Fig. 8 B,D,F) by the cold block. The
effects on F-, E-, and NM-neurons within the subpopulation of
activated neurons and within the subpopulation of inactivated
neurons were similar (Fig. 8 A, B, respectively). However, the in-
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constituted 46% of the neurons inacti-
vated by the cold block. The population of
strongly inactivated neurons contained
66% of F-neurons, 21% of E-neurons, and
13% of NM-neurons. Figure 9, A-C,
shows the positions of strongly inacti-
vated F-neurons, E-neurons, and NM-
neurons, respectively. One can see that the
neurons are distributed over the cross-
section, but there are definite areas (indi-

F-neur E-neur NM-neur F-neur E-neur  NM-neur cated by colored lines) with a high density
C . D . of these neurons. In these areas, 65% of
301 HESIRIS “neurons strongly inactivated F-neurons, 63% of
25 20 strongly inactivated E-neurons, and 75%
2 i q of strongly inactivated NM-neurons were
2 20 1 2 15
= b located.
2 151 2
5 W g 10 Di .
& 10 g ok 1Scussion
o L 5 Effects of cold block on postural
it limb reflexes
0¢ 0 The main immediate effect of reversible
Burst Inter Burst Inter C e .
spinalization caused by the cold block of
E s +« E-neurons F E-neurons spinal pathways was a dramatic reduction
5 or complete abolition of the tonus and re-
= | - flex responses in extensor muscles (Figs. 2,
&20] & 15 3). This effect was robust and similar to
3 15 3 that observed in decerebrate rabbits sub-
= [= . . . . . .
g g 101 jected to surgical spinalization (Musienko
g1 T g s ok et al., 2010). In addition, with reversible
- - spinalization, the small residual EMG re-
0 0 sponses often had abnormal phasing (Fig.
Burst Inter Burst Inter 3C) that was similar to that after surgical

Figure 8.

0.01; ***p < 0.001.

hibitory effect was stronger than the excitatory one: there was a
more than threefold decrease in the mean frequency of inacti-
vated neurons (Fig. 8B) versus an almost twofold increase in the
mean frequency of activated neurons (Fig. 8A). The increase and
decrease in the mean frequency in F- and E-neurons was due to
an increase and decrease in both the mean burst and interburst
frequencies, respectively (Fig. 8C-F).

In the overwhelming majority of cases, the cold block did not
affect the phase of modulation of the neuron: if the neuron was
active during the cold block, then the phase of its peak activity was
the same as in control. In only 11 neurons (7% of modulated
neurons) did the cold block abolish the modulation and cause a
tonic activity. In six NM-neurons (19% of NM-neurons) the
modulation appeared during the cold block. These neurons (pos-
sibly together with F- and E-neurons activated by the cold block)
could be responsible for appearance of incorrectly phased EMG
responses to tilts observed during reversible spinalization. The
number of such neurons is likely to be underestimated in the
present study because they could be not active before cooling
when we searched for the neurons to be tested by the cold block.

Because spinal shock is characterized by the disappearance of
the extensor tone and spinal reflexes, we suggested that the spinal
neurons exhibiting the most dramatic (=80%) reduction in their
mean frequency during the cold block could be responsible for
this phenomenon. Such strongly inactivated neurons (n = 61)

Effects of the reversible spinalization on different characteristics of neuronal discharges. 4, B, Effect on the mean
frequency of activated (A) and inactivated (B) F-neurons, E-neurons, and NM-neurons. (—F, Effect on the mean burst and inter-
burst frequencies of F-neurons (C,D) and E-neurons (E,F) activated (C,E) and inactivated (D,F) by the cold block. *p << 0.05; **p <

spinalization (Musienko et al., 2010), sug-
gesting that elimination of supraspinal
influences caused inactivation of PLR-
generating networks and disinhibition of
pathways abnormally processing the tilt-
related sensory information. Similarities
between the effects of surgical and revers-
ible spinalization suggest that cooling resulted in the termination
of spike transmission in all descending pathways and thus sup-
ports the conclusion based on the direct test of conductance in
spinal pathways (Fig. 2). These similarities also suggest that sur-
gical interruption of spinal pathways did not produce any addi-
tional deficits compared with the cold block.

It was shown that the networks generating PLRs reside in the
spinal cord and are driven by sensory input mainly from the
ipsilateral limb (Musienko et al., 2010). In spinalized animals,
these networks can be activated by tonic stimulation of the spinal
cord, suggesting that in intact animals they are activated by tonic
supraspinal drive. A small value of spinal PLRs suggests that they
are normally supplemented by supraspinal phasic commands.
Discontinuation of both tonic and phasic supraspinal influences
after spinalization causes dramatic distortions in the network
activity manifesting the spinal shock.

Activity of spinal neurons before cold block

Most neurons recorded in the present study were located outside
of the motor nuclei (Fig. 4A—C, dotted line) and thus were con-
sidered putative interneurons. As in previous studies (Hsu et al.,
2012; Zelenin et al., 2012), the activity of most neurons (84%)
was rhythmically modulated by tilts and correlated with PLRs,
suggesting their participation in PLR generation. According to
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the phase of their activity in the tilt cycle, A
all modulated neurons could be divided
into two groups: F-neurons were acti-
vated during flexion and loading of the

F-neurons (SIF)
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B E-neurons C
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ipsilimb (when its extensors were active),
whereas E-neurons were activated during
extension and unloading of the ipsilimb
(when its extensors are not active). Be-
cause PLRs are caused by sensory signals
coming mainly from the ipsilimb (Mus-
ienko et al., 2010) and modulation of the
majority of spinal neurons (both F and E)
is also determined by sensory input from

the ipsilimb (Hsu et al., 2012; Zelenin et D E F
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The net effect of the cold block was a con- Limb Limb

siderable reduction in the activity of spi- afferents muscles

nal interneurons. The mean frequency of
the neurons decreased by 42% (Fig. 5F).
This result has clearly demonstrated that
the spinal networks are not able to main-
tain a normal level of their activity in the
absence of excitatory supraspinal influ-
ences, despite the spontaneous activity in
some spinal neurons (Baldissera et al.,
1981; Jankowska, 2001).

The effects of reversible spinalization in individual neurons
were highly diverse: 67% of neurons were inactivated, 15% were
activated, and 18% were not affected (Fig. 5E). One can suggest
that these groups receive excitatory, inhibitory, or no supraspinal
drive, respectively. These drives are provided by supraspinal
structures, which are known to exert differential influences on
the neurons of various spinal reflex arcs (Eccles and Lundberg,
1959; Engberg et al., 1968a,b,c; Hongo et al., 1969a,b).

The effect of the cold block depended, to some extent, on the
position of the neuron. Among the dorsal horn neurons (Fig.
6A-C, zone 1), the main function of which is processing and
integration of sensory information (Baldissera et al., 1981;
Jankowska, 2001), ~30% of neurons were not affected by cooling
(Fig. 6D), demonstrating that they were not subjected to su-
praspinal influences. The majority of neurons from the more
ventral areas (zones 2 and 3) were inactivated during cooling (Fig.
6D). These neurons constitute the networks generating different
motor patterns such as locomotion, PLRs, etc. (Orlovsky et al.,
1999; Jankowska, 2001). Therefore, the neurons with such func-
tions are under significant excitatory supraspinal influences and
abolition of these influences results in inactivation of neurons.

A small proportion (15%) of neurons were activated during
cooling. Some of them (in which modulation appeared during
cooling) could be responsible for the incorrectly phased EMG
responses to tilts that appeared after spinalization (Fig. 3C,D;
Musienko et al., 2010). A small proportion of neurons activated
by RS suggests a relative weakness of supraspinal inhibitory in-
fluences compared with excitatory ones. This conclusion differs

Figure 9.  A-C, Location of strongly inactivated neurons (>80% decrease of frequency) in different groups: F-neurons (4),
E-neurons (B), and NM-neurons (), on the cross section of the spinal cord. Areas with high density of these neurons are demar-
cated by red, blue, and green ellipses, respectively. D—F, Presumed neuronal mechanisms underlying the disappearance of PLRs
during spinal shock. D, Principal components of PLR mechanisms. E,F, Activity of these components in the nonspinalized (E) and
spinalized (F) animals subjected to periodical platform tilts causing flexion/extension limb movements. SIF-neurons are the
strongly inactivated F-neurons; the red interrupted line shows the level of spinalization. See text for explanations.

from that made in studies on cats decerebrated at the intercol-
licular level, in which a strong tonic supraspinal inhibition of
signal transmission from flexor reflex afferents (FRAs) and Ib
afferents to motoneurons was demonstrated and evidence that
this inhibition affected spinal interneurons was obtained (Eccles
and Lundberg, 1959; Holmgqvist and Lundberg, 1959, 1961; Eng-
berg et al., 1965, 1968a,b,c). A possible explanation for this dif-
ference could be the different level of decerebration in our
experiments (precollicular), with a presumably smaller value of
tonic supraspinal inhibition. Another explanation could be that
natural stimulation of FRA and 1b afferents caused by platform
tilts was less efficient than their electrical stimulation.

The effects of the cold block were considerably stronger in
F-neurons than in E-neurons. As shown in Figure 7, the propor-
tion of F-neurons inactivated during cooling was significantly
larger than the proportion of inactivated E-neurons (79% vs
48%). In contrast, the proportion of unaffected F-neurons was
significantly smaller than that of unaffected E-neurons (10% vs
35%). These results suggest that supraspinal drive to F-neurons is
considerably stronger than to E-neurons (causing an increased
extensor activity in the preparation) and the effects of abolishing
this drive are much more prominent. The neurons differently
affected by cooling were specifically distributed across the spinal
cord (Fig. 7B-D). The cold block affected both Fyrgr and Fiyregr
(Fig. 8), suggesting that most neurons received supraspinal drive
during both phases of the tilt cycle.

An important aim of this study was to reveal a population of
spinal interneurons significantly contributing to spinal shock;
that is, to inactivation of extensor motoneurons and to dramatic
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reduction of PLRs. Theoretically, all neurons (both modulated
and non-modulated), with activity that is strongly affected by
spinalization could contribute to spinal shock. In our opinion,
however, the most suitable candidates for this role must meet the
following requirements: (1) they must be active together with
the limb extensors, (2) they must be strongly inactivated during
the cold block, and (3) they must activate extensor motoneurons.
Spinal neurons that meet the first and second criteria were found
in this study; they were located in all three zones of the gray
matter, but mostly in the ventromedial area. This group of
strongly inactivated F-neurons (named SIF-neurons) is delin-
eated by the red circle in Figure 9A. Some neurons in this area
produce excitation of extensor motoneurons (Jankowska, 1992).

A possible mechanism of spinal shock is shown in Figure 9,
D-F. Extensor motoneurons receive a direct excitatory drive
from supraspinal structures (Drive-1). Another drive is mediated
by SIF-neurons (Drive-2). Extensor motoneurons are modulated
by sensory input from limb afferents either directly (by 1la affer-
ents), through SIF-neurons, or due to the long spinosupraspinal
loop. Spinalization (Fig. 9D, red interrupted line) deprives the
extensor motoneurons of both supraspinal drives, which results
in the disappearance of the extensor tone and spinal reflexes (Fig.
9E, F); that is, in spinal shock.

Drives 1 and 2 can be mediated by a number of descending
systems (Hongo et al., 1969a,b; Drew and Rossignol, 1990a,b),
including the vestibulospinal one, because the galvanic vestibular
stimulation causes augmentation of PLRs (Hsu et al., 2012). For
motoneurons, one of the sources of supraspinal drive can be the
descending axons that release monoamines (serotonin or nor-
adrenaline). Under the effect of this drive, motoneurons become
more sensitive to synaptic inputs signaling limb movements
(Powers and Binder, 2001; Fedirchuk and Dai, 2004; Hultborn et
al., 2003), apparently including inputs eliciting PLRs (Lyalka et
al., 2008, 2011; Musienko et al., 2010).

To conclude, in the present study, we have characterized for
the first time the changes in activity of individual spinal interneu-
rons from different anatomical and functional groups, which
were caused by the reversible spinalization. These changes are
responsible for the motor deficit observed in acute spinal subjects
(spinal shock). By correlating the effects of different factors (sen-
sory input, spinalization) with the activity of interneurons and
extensor motoneurons, we revealed a group of interneurons pre-
sumably responsible for the reduction of extensor tone and pos-
tural reflexes during spinal shock. The revealed changes in the
interneuronal activity also determine the initial status of the spi-
nal networks before their plastic changes occurring in chronic
spinal subjects.
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