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Organization of Functional Synaptic Connections between
Medullary Reticulospinal Neurons and Lumbar Descending
Commissural Interneurons in the Neonatal Mouse

Karolina Szokol, Joel C. Glover, and Marie-Claude Perreault
University of Oslo, Institute of Basic Medical Sciences (Domus Medica), Department of Physiology, N-0317 Oslo, Norway

The medullary reticular formation (MRF) of the neonatal mouse is organized so that the medial and lateral MRF activate hindlimb and
trunk motoneurons (MNs) with differential predominance. The goal of the present study was to investigate whether this activation is
polysynaptic and mediated by commissural interneurons with descending axons (dCINs) in the lumbar spinal cord. To this end, we tested
the polysynapticity of inputs from the MRF to MNs and tested for the presence of selective inputs from medial and lateral MRF to 574
individual dCINs in the L2 segment of the neonatal mouse.

Reticulospinal-mediated postsynaptic Ca>" responses in MNs were reduced in the presence of mephenesin and after a midline lesion,
suggesting the involvement of dCINs in mediating the responses. Consistent with this, stimulation of reticulospinal neurons in the medial
or lateral MRF activated 51% and 57% of ipsilateral dCINs examined (255 and 352 dCINs, respectively) and 52% and 46% of contralateral
dCINs examined (166 and 133 dCINs, respectively). The proportion of dCINs that responded specifically to stimulation of medial or
lateral MRF was similar to the proportions of dCINs that responded to both MRF regions or to neither. The three responsive dCIN
populations had largely overlapping spatial distributions.

We demonstrate the existence of dCIN subpopulations sufficient to mediate responses in lumbar motoneurons from reticulospinal
pathways originating from the medial and lateral MRF. Differential control of trunk and hindlimb muscles by the medullary reticulospi-

nal system may therefore be mediated in part by identifiable dCIN populations.

Introduction

The mammalian reticulospinal system, composed of medullary
and pontine reticulospinal neurons, plays a crucial role in initi-
ating locomotion and associated postural control (Grillner et al.,
1995; Mori et al., 1995; Drew et al., 2004; Garcia-Rill et al., 2004;
Matsuyama et al., 2004a; Sasaki et al., 2004; Deliagina et al., 2006,
Jordan et al., 2008). This is thought to be achieved through the
extensive branching of reticulospinal axons (Peterson et al., 1975;
Matsuyama et al., 1993, 1997; Sasaki, 1997), allowing them to
exert widespread direct and indirect actions on spinal motoneu-
rons (MNs) (Grillner and Lund, 1968; Grillner et al., 1968;
Shapovalov, 1969; Wilson and Yoshida, 1969; Peterson, 1979;
Peterson et al., 1979; Floeter et al., 1993; Sasaki, 1999; Habaguchi
etal., 2002; Jankowska et al., 2003; Alstermark and Ogawa, 2004;
Alstermark et al., 2004; Riddle et al., 2009). However, the identi-
ties of the spinal interneurons (INs) that mediate reticulospinal
actions on MNs remain elusive (for surveys of reticulospinal ac-
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tions on interneurons identified by proprioceptive inputs, see
Jankowska, 1992; Jankowska and Edgley, 2010).

Initiation of locomotion by reticulospinal neurons probably
relies on the activation of excitatory INs in the lumbar spinal cord
(Brownstone and Wilson, 2008; Kiehn et al., 2008; Higglund et
al., 2010). In the mouse spinal cord, two broad populations of
excitatory INs have been identified by their intraspinal axonal
trajectories and developmental expression of molecular markers:
(1) ipsilaterally projecting INs that express the transcription fac-
tors HB9 (Hinckley et al., 2005; Wilson et al., 2005), Chx10 (Al-
Mosawie et al., 2007; Lundfald et al., 2007), or Sim1 (Zhang et al.,
2008; J. C. Glover, unpublished observations); and (2) contralat-
erally projecting INs (CINs) that express the transcription factors
Evx1 (Moran-Rivard etal., 2001; Pierani et al., 2001; Lanuza et al.,
2004) or Sim1 (Zhang et al., 2008; Higglund et al., 2010). It is
clearly established in the adult cat that excitatory CINs receive
inputs from pontine reticulospinal neurons (Jankowska et al.,
2009 and references therein).

Here, we use a recently developed calcium-imaging approach
to assess synaptic connections between brainstem and spinal neu-
rons in the neonatal mouse (Szokol et al., 2008; Szokol and Per-
reault, 2009) to determine whether lumbar CINs receive inputs
from medullary reticulospinal neurons. In the neonatal rodent,
four classes of CINs can be identified on the basis of contralateral
axonal trajectory: intrasegmental (short-range CINs), interseg-
mental ascending, descending (aCINs, dCINs), and bifurcating
[ascending, descending (adCINs)] (Eide et al., 1999; Stokke et al.,
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2002; Nissen et al., 2005). Since dCINs can
be labeled retrogradely with calcium-
sensitive probes without compromising the
integrity of reticulospinal projections, we
have focused on this population. We first
show that treatment with mephenesin to di-
minish the efficacy of polysynaptic path- ;
ways and midline lesions to interrupt local dCINs |
commissural projections both reduce ;
reticulospinal-mediated postsynaptic Ca*"
responses in MNs. Second, we show that ac-
tivation of reticulospinal neurons elicits
postsynaptic Ca>" responses in individual
dCINs in a selective pattern. We then relate
the selective organization of reticulospinal
connections to MNs to that of dCINs. Pre-
liminary accounts of some of this work have
appeared previously (Perreault et al., 2009;
Szokol and Perreault, 2009; Szokol et al.,
2009).

Materials and Methods
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Brainstem—spinal cord preparation. Experi-
ments were performed on isolated brainstem—
spinal cord preparations (n = 47) from
neonatal [postnatal day (P) 0—P5] ICR mice
(Harlan). Animals were deeply anesthetized
with isoflurane, decerebrated, and eviscerated.
The brainstem and the spinal cord were ex-
posed by craniotomy and laminectomy. The
brainstem—spinal cord with attached ventral
roots was then gently dissected out in an ice-
cold (1-5°C), oxygenated (95% O, and 5%
CO,), glycerol-based dissection solution con-
taining the following (in mm): glycerol 250,
KCl 2, p-glucose 11, CaCl, 0.15, MgSO, 2,

0 25 5

m

Lateral MRF

-
N A OO ® O N
o ©o o o o o

Normalized responses (%)

/{

o

75

Frequency (Hz)

10 125 15 175 0 25 5 75 10 125

Frequency (Hz)

15 175

Lateral MRF
200

£7.55

95.0s

\{
612 0.0

A10s

150

100

Threshold (uA)

50

N
\}
\;

0

NaH,PO, 1.2, HEPES 5, and NaHCO), 25. 25 5

All efforts were made to minimize the num-
ber of animals used and their suffering, in ac-
cordance with the European Communities
Council directive 86/609/EEC and the Na-
tional Institutes of Health guidelines for the
care and use of animals. The procedures were
approved by the National Animal Research
Authority in Norway.

Retrograde labeling. To retrogradely label
MNs and dCINs in the L2 segment, we applied
crystals of calcium green-1-conjugated dextran
amine (CGDA; 3000 MW, Invitrogen) to the
cut end of their axons. For the MNs, the axons
were cut close to the ventral root exit from the
spinal cord to minimize labeling time. For the dCIN’s (and possibly a few
adCINs, which were labeled together with dCINs), the axons were cut at
the border between the L3 and L4 segments (Fig. 14), restricting the cut
to the ventral funiculus (Glover, 1995; Nissen et al., 2005; Szokol and
Perreault, 2009). The dissection solution was then replaced by oxygen-
ated artificial CSF containing the following (in mwm): NaCl 128, KCl 3,
p-glucose 11 CaCl, 2.5, MgSO,, 1, NaH,PO, 1.2, HEPES 5, and NaHCO,
25. Retrograde labeling continued in the dark at room temperature (23—
25°C) for 3 h (MNs) or 5 h (dCINs).

Optical recording of calcium transients. For imaging MNs, the brain-
stem—spinal cord preparation containing the labeled MN's was trans-
ferred to a recording chamber where it was pinned down with the
ventral side up. For imaging dCINs, an additional transection at the
mid-L2 segment was performed before the transfer of the preparation
to the recording chamber. The transection to expose the dCINs was
made in an oblique plane from the ventral to the dorsal surface with

Figure 1.
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Labeling and visualization of L2 dCINs in the obliquely cut, face-up brainstem—spinal cord preparation and effective
stimulation parameters. A, Putative connections examined between medial and lateral MRF and dCINs. The connections may
represent monosynaptic and/or polysynaptic connections. B, Low-magpnification microphotograph showing CGDA-labeled dCINs
(and axons in the ventral funiculus) from the cut surface of the L2 spinal segment in the obliquely cut, face-up brainstem—spinal
cord preparation. The boxed area (left) is displayed at a higher magpnification (right) and shows that individual dCINs can be clearly
visualized. (~F, Effective stimulation parameters for evoking Ca>™* responses in ipsilateral dCINs with stimulation of the medial
MRF (C, D, n = 7-12 dCINs in each of in four preparations) and with stimulation of the lateral MRF (E, F, n = 10-29 dCINs in each
of four preparations). C, E, Response magnitude—frequency curves when stimulating at 2 Tand 5 s train duration (filled circles) and
the response magnitudes at different train durations (individual, open circles) with otherwise the same stimulation parameters. D, F,
Response magnitudes evoked by stimulation with a 5 s train at threshold current (T) as a function of frequency. D, Dorsal; V, ventral.

an angle between 50° and 60° from the horizontal and the transected
end was positioned on a Sylgard block so that the obliquely cut surface
lay horizontally under the objective (for more details, see Szokol and
Perreault, 2009). We recorded fluorescent signals in dCINs from this
obliquely cut, face-up configuration (Fig. 1B) using a 40X water-
immersion objective (LUMPlanFl, 0.8 NA; Olympus) on an epifluo-
rescence microscope (Axioskop or Axioskop FS-2; Carl Zeiss)
equipped with a 100 W halogen lamp.

Changes in fluorescence intensity were detected using a CCD camera
(Cascade 650; Photometrics) mounted on a video zoom adaptor. Video
images were acquired using image-processing software (MetaMorph 5.0;
Molecular Devices). To minimize photobleaching and phototoxicity, we
typically used low intensity epi-illumination, a frame rate of 4 Hz, and a
gain and a binning factor of 3. We also limited the exposure time per
recording to 2 min. In some experiments (# = 8), we used a higher frame
rate (80.2—-197 Hz) and higher binning (3—6) to record more accurately
the latencies of the responses in dCINs. However, such high frame rate
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the deepest stimulation site along the last elec-
trode track. We also marked the electrode
tracks by coating the stimulating electrode be-
fore each experiment with a saturated Dil so-
lution (for more details, see Szokol and
Perreault, 2009).

In a series of control experiments, we tested
whether the most effective stimulation param-
eters for evoking reticulospinal responses in
lumbar MNs (Szokol et al., 2008; Szokol and
Perreault, 2009) also effectively evoked re-
sponses in dCINs. This was done by stimulat-
ing the medial and lateral regions of the
ipsilateral MRF with various train durations

o and frequencies (Fig. 1C-F ). We found that, as

o O with MNs, stimulation with 5 s trains was more

O A effective in evoking detectable Ca*" transients
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Figure 2.

recordings, because they require higher intensity illumination, led to
substantial photobleaching of the CGDA and therefore could not be
done routinely or for long periods.

Electrical stimulation. Electrical stimulation of the medullary reticular
formation (MRF) was delivered with a monopolar tungsten microelec-
trode [shaft diameter, 0.356 mm; tip diameter, 1-2 wm; impedance, 0.1
MQ at 1 kHz; World Precision Instruments (WPI)] using a DS8000
stimulator (WPI) coupled to an isolation unit (ISOFlex; AMPI). In ap-
proximately half of the preparations, more than one MRF regions were
stimulated. At the beginning of each experiment, the medial and/or lat-
eral MRF region was tracked with the electrode until a response was
observed in L2 MNs/dCINs. During this initial search for effective stim-
ulation sites, we used stimulation strengths of 200 wA. At each effective
site, we delivered two stimulation trains (5 s duration, 200 us pulse at 10
Hz, 15-200 wA). The two trains were delivered at 10 and 70 s or 40 and
100 s after the onset of the 120 s optical recording session. Stimulation
strength was expressed in multiples of threshold (T) for evoking a detect-
able increase in fluorescence (see Measurement of calcium responses,
below). At the end of the experiment, an electrolytic lesion (60 nA for 3 s
at PO—P3 or 5 s at P4—P5, cathodal followed by anodal DC) was made at

iLMC iMMC cMMC cLMC

O

0l o> 0 &
iLMC iMMC cMMC cLMC

Mephenesin strongly reduces the magnitude of the MRF-evoked responses in L2 MNs. A7, B1, Responses evoked
during electrical stimulation of the medial MRF and lateral MRF with a 5 s train at 10 Hz (2 T) in the MNs of the iLMC, iMMC, (MM,
and cLMC before (left) and after (right) application of mephenesin to a split-bath compartment containing the cervico-thoraco-
lumbar region of the spinal cord. Because individual labeled MNs are easily visualized through the ventral white matter, all optical
recordings from MNs were performed in intact brainstem—spinal cord preparations (Szokol et al., 2008; Szokol and Perreault,
2009). A2, B2, Corresponding graphs showing the magnitudes of the responses during mephenesin application, normalized to the
control response. Each point shows the average response in a single preparation and the horizontal lines indicate the grand mean.

in dCINs than stimulation with trains of
shorter duration, whereas prolonging the train
duration further decreased the magnitude of
the responses (Fig. 1C,E, individual points). In
both MRF regions, the response magnitudes
using 5 s stimulus trains peaked at 10 Hz (Fig.
1C,E, magnitude-frequency curves) and the
stimulus intensity threshold to elicit detectable
responses (T) decreased with increasing fre-
quency (Fig. 1 D, F). Thus, the stimulation pa-
rameters that we previously found to be most
effective in eliciting response in MNs also effi-
ciently elicited responses in dCINs.
Histological localization of stimulation sites.
Histological processing of the brainstem was
performed after 12-20 h fixation in 4% para-
formaldehyde, cryoprotection in 20% sucrose,
and cryostat sectioning (serial sections of 50
pm in the transverse plane). Sections were
stained with Harris hematoxylin (Histolab)

6

O

and subsequently examined for electrolytic le-
sions and Dil traces. The sections containing
electrolytic lesions and Dil traces were photo-
graphed with a ProgRes C14 camera (Jenoptik)
mounted on an Olympus AX70 microscope
and used to measure the position of the effec-
tive stimulation sites. Effective stimulation
sites were plotted on standard anatomical sec-
tions of the PO mouse brainstem adapted and
modified from Paxinos et al. (2007). Age-
related differences in the size of the brainstem
were taken into account when plotting the sites
onto the standardized sections.

Measurement of calcium responses. The timing markers for the brains-
tem stimulation and the gating pulse from the CCD camera were re-
corded at 500 Hz (Digidatal320A; Molecular Devices). To synchronize
the electrical and the optical recordings, a digital pulse from the Digidata
unit was sent to the CCD camera. In each experiment, our analysis was
restricted to the focal plane that contained the largest number of clearly
visible MNs or dCINs. In principle, however, it would have been possible
to analyze responses from more MNs/dCINs visible in other focal planes.
After each recording, regions of interest (ROIs) were placed manually
over the somata of easily distinguishable labeled MNs or dCINs (six
MNss in each motor column and 630 dCINs). The selection of MNs/
dCINs was always done on the first frame of the recording and there-
fore was blind to the effect of the stimulation. The fluorescence
intensity averaged over all the pixels in each ROI was measured in
each image frame. To account for differences in labeling intensity
among different MNs/dCINs, the Ca’?™" transients in each ROI were
expressed as changes in fluorescence intensity divided by the pre-
stimulus baseline intensity [AF/F = (F — F, ;i qjine)/ Foaselinel - We have
previously evaluated the extent to which light scattering from an
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Figure 3. L2 midline lesions decrease the magnitudes of the MRF-evoked responses in L2
MNs. 4, Putative excitatory connections between bilaterally projecting medullary reticulospinal
neurons and L2 MNs of the iLMC, iMMC, cMMC, and cLMC. Putative connections rendered inef-
fective by the L2 midline lesion (gray rectangle) are shown as light gray elements. All connec-
tions may represent monosynaptic and/or polysynaptic connections. B1, B2, Effect of a
longitudinal section of the midline at L2 on the responses evoked in L2 MNs by stimulation of the
medial (B7,n = 3) and lateral (B2,n = 3) MRF. Foreach MN group, the response that remained
after L2 midline lesion, expressed as a percentage of the control response, is shown in the form
of box-and-whisker diagrams: mean (horizontal line), SEM (box), and SD (vertical line). (1, €2,
Connectivity diagrams deduced from the lesion experiments. For each MN group, the principal
connections are shown as thicker lines. In these schemes, interposed synaptic connections are
notincluded and all crossing connections within the spinal cord are assumed to be mediated by
dCINs. Crossing collaterals of reticulospinal or propriospinal axons might also be involved but
this possibility remains to be tested.

activated MN in the x—y plane could give false-positive response in
adjacent MNs when recording at 4 Hz (Szokol et al., 2009). We per-
formed a similar analysis for dCINs in four experiments and found
that responses recorded from single dCIN s spatially isolated from the
main population of labeled dCINs fell off by 60% over a distance of
one dCIN soma diameter (mean dCIN soma diameter, 13 £ 1 um;
n = 50) and by 80% over a distance of two soma diameters.
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Figure4. Locations of effective stimulation sites in the MRF. 4, Stimulation sites recovered
from transverse brainstem sections and plotted directly on standardized sections from a PO
mouse (adapted and modified from Paxinos et al., 2007) at three different anteroposterior
levels. In all of these experiments, the locations of the stimulation sites were confirmed histo-
logically from electrolytic lesions and Dil tracks left by the electrode trajectory (see Materials and
Methods). The effective sites in the medial and lateral MRF regions are plotted as filled and
unfilled squares, respectively. Cross-hatched areas indicate the regions that were previously
found to be effective in evoking responses in the MMCand LMC (Szokol et al., 2008). 5N, Spinal
trigeminal nucleus; 7N, facial nucleus; 10N, dorsal motor nucleus of the vagus; 12N, hypoglossal
nucleus; Amb, ambiguus nucleus; DPGi, dorsal paragigantocellularis nucleus; Gi, gigantocellu-
laris reticular nucleus; Gicy, pars «; Giv, pars ventralis; |0, inferior olive nucleus; LPGi, lateral
paragigantocellularis nucleus; LVe, lateral vestibular nucleus; LR, lateral reticular nucleus; iRt,
intermediate reticular nucleus; MVe, medial vestibular nucleus; Pyr, pyramidal tract; RbS,
rubrospinal tract; Rm, raphe nucleus magnus; Ro, raphe nucleus obscurus; Rp, raphe nucleus
pallidus; SpVe, spinal vestibular nucleus. B, Additional effective sites for which electrolytic
lesions were ambiguous or missing but mediolateral positions could be obtained from photo-
graphs of the electrodes positions during experiments. Scale bar: 4, B, 500 m.

Data in the video files were converted to text files using a custom made
program (FileConvert), imported into Clampfit 9.2 (Molecular Devices)
and expressed as waveforms. The magnitudes of the responses were mea-
sured by calculating the areas under the waveforms that exceeded the
mean value of the prestimulus baseline by 2 SD. Responses that were
contaminated by spontaneous activity were not analyzed. Response mag-
nitudes were then exported to Microsoft Office Excel 2007 for further
analysis and graphical display. Alignment of optical waveforms and stim-
ulus markers in the illustrations was done manually using Corel Draw
X4. Unless stated otherwise, data are given as mean = SEM.

Results

Effect of mephenesin and midline lesions on MRF-evoked
responses in L2 MNs

To test the idea that spinal dCINs might participate in the pro-
duction of the MRF-mediated responses evoked in MNs, we first
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examined the effects of mephenesin, a drug that reduces trans-
mission in descending polysynaptic pathways (Floeter and Lev-
Tov, 1993; Vinay et al., 1995; Juvin and Morin, 2005). The
stimulating electrode was targeted to the same two regions of the
MRE, which we previously denoted “medial MRF” and “lateral
MREF” and which exert differential effects on MNs of the medial
and lateral motor columns (MMC and LMC, respectively) in L2
and L5 segments (Szokol et al., 2008; Szokol and Perreault, 2009).
Mephenesin was bath-applied to the spinal cord after isolating it
from the brainstem with a vaseline barrier made at C1 (n = 6).

As shown in Figure 2A1, mephenesin (1 mM) greatly de-
creased the responses evoked by the medial MRF in MNs of all
four motor columns. On average, the response in the ipsilateral
MMC and LMC (iMMC and iLMC) was decreased by 92% and
84%, respectively, and, in the contralateral MMC and LMC
(cMMC and cLMC), by 94% and 85%, respectively (Fig. 2A2). In
many but not all MNs, the response was completely eliminated (6
of 18 MNs in iMMC, 1 of 30 in iLMC, 18 of 28 in cMMC, and 17
of 30 in cLMC).

The effects of mephenesin on the responses evoked by the
lateral MRF (Fig. 2 B1,B2) were qualitatively similar with an
average decrease in response of 95% and 96% in iMMC and
iLMC, respectively, and 97% and 94% in cMMC and cLMC,
respectively. The number of MNs in which the response was
completely eliminated after application of mephenesin was 10
of 18 in iMMC, 12 of 18 in iLMC, and 8 of 18 in each of cMMC
and cLMC.

Together, these findings suggest that activation of L2 MNs by
medullary reticulospinal neurons in the neonatal mouse is medi-
ated substantially, in some cases exclusively, through disynaptic
and polysynaptic pathways. Floeter and Lev-Tov (1993) made a
similar suggestion with regard to activation of lumbar MNs by
pontine reticulospinal neurons in the neonatal rat.

We then examined the effect of midline lesions on the re-
sponses in L2 MNs evoked by stimulation of the MRF. As de-
picted in Figure 3A, many crossed and uncrossed pathways
(including dCIN-mediated pathways) potentially exist between
MREF reticulospinal neurons and L2 motor columns. This is
because the medial and lateral MRF each project axons down
both sides of the spinal cord and both ipsilaterally and con-
tralaterally descending reticulospinal axons may provide in-
puts to MNss (and dCINs) located on the same side (uncrossed
MREF inputs) and/or on the opposite side (crossed MRF in-
puts) relative to the axon. Because of the potential complexity
of the connectivity, the effects of local midline lesions on MN
responses evoked by stimulation of the medial and the lateral
MREF are described separately.

Local midline lesions decreased the responses evoked by stim-
ulation of the medial MRF by ~20-30% in all L2 motor columns
except the contralateral MMC (Fig. 3BI). Although reticulospi-
nal inputs to any given motor column may influence each other
and give rise to nonlinear and permissive interactions, this result
suggests that a combination of uncrossed and crossed inputs
from the medial MRF is required to generate responses in all
motor columns except the contralateral MMC, for which un-
crossed inputs from contralaterally descending axons evidently
are sufficient (Fig. 3CI).

The effect of midline lesions on responses evoked by stim-
ulation of the lateral MRF was qualitatively similar but the
decreases in responses were larger (=50%) and included de-
creases in the contralateral MMC (Fig. 3B2). This suggests that
a combination of crossed and uncrossed inputs from the lat-
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Table 1. Total number and proportion of responsive ipsilateral and contralateral
dCINs following stimulation of the medial and lateral MRF

Ipsilateral dCINs

Contralateral dCINs

MRF region stimulated Medial Lateral Medial Lateral
Responsive 122 182 82 60
Recorded 255 352 166 133
Averaged ratio 51+ 6% 57 = 6% 52 *+ 8% 46 = 8%
(n=15) (n=121) n=12 (n=9)

@ Responsive to medial MRF

(€] Responsive to lateral MRF

o Responsive to both medial and lateral MRF

O Non-responsive

Ipsilateral dCINs

Contralateral dCINs

Figure 5.  Proportions of ipsilateral and contralateral dCINs with different response patterns to
stimulation of medial and lateral MRF. Pie diagrams showing the relative proportions of ipsilateral and
contralateral dCINs that responded to medial MRF (green), lateral MRF (red), or both (black) and dCINs
that were nonresponsive (white). Data are only from experiments where the effects of medial and
lateral MRF stimulation were compared directly on the same group of dCINs. Note that these propor-
tions cannot be equated with the relative importance of the different categories in mediating differ-
ential responses in MNs because the connections from dCINs to MNs have not been characterized
(neither with respect to strength nor to degree of convergence).

eral MRF is required for the production of responses in all
motor columns (Fig. 3C2).

Together, the above findings indicate a clear contribution
from disynaptic and/or polysynaptic pathways to MRF-evoked
responses in L2 MNs and therefore that at least some of the re-
sponses may be mediated by dCINs. Uncrossed and crossed MRF
inputs to dCINs could be transmitted by respectively ipsilateral
or commiissural reticulospinal axon collaterals (Matsuyama et al.,
2004b), potentially giving rise to single-crossed and double-
crossed dCIN-mediated reticulospinal pathways to lumbar MNs.

Distribution of stimulation sites in the MRF that

activate dCINs

As shown in Figure 4, a total of 55 stimulation sites in either
the medial or lateral MRF were found to evoke responses in L2
dCINs. The locations of 41 of these sites were confirmed his-
tologically and, as shown, all were located within or in the
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Activation of ipsilateral L2 dCINs following stimulation of the medial and lateral MRF. A, B, Single pseudocolor-coded video frames (pixel intensities filtered with a3 XX 3 median filter

and assigned to a rainbow-type color index) showing Ca* fluorescence in ipsilateral dCINs before and during the first of two trains of stimuli (1.5 T, 5 5) delivered to the medial (4) and lateral (B)
MRFin a P5 mouse. The frames in A and B were obtained sequentially but show mostly the same group of dCINs. The changes in fluorescence intensity in individual dCINs are easily detected by the
camera but may appear small under simple visual inspection. Therefore, to facilitate their detection, we have added open circles to indicate the location of the four dCINs whose activity is also shown
as waveforms in € and D and arrows to indicate the location of additional dCINs that responded to the stimulation. D, Dorsal; L, lateral. C, D, Single waveforms showing the changes in Ca*
fluorescence throughout the entire 120 s recording session in the dCINs numbered 1—4in A and B. The apparent increase in Ca 2" fluorescence in dCIN 3 during stimulation of the medial MRF fell
below our detection limit (see Materials and Methods) and therefore dCIN 3 was defined as nonresponsive to medial MRF stimulation. Scale bar, 50 pm.

immediate vicinity of the regions we previously defined as
medial MRF and lateral MRF. Although it was not always
possible to investigate more than one MRF region during the
course of an experiment, in approximately half of the prepa-
rations, we stimulated at least two of the four MRF regions
(medial and lateral MRF, both ipsilateral relative to the re-
corded dCINs, n = 18; and medial MRF from each side of the
midline, n = 1). Synaptically mediated Ca®" transients were
recorded and analyzed from a total of 574 L2 dCINs.

Reticulospinal inputs to ipsilateral dCINs

The effects of stimulating the medial MRF (n = 15 preparations)
or lateral MRF (n = 21 preparations) were investigated in a total
of 255 and 352 ipsilateral dCINs, respectively (partially overlap-
ping samples). Approximately half of the ipsilateral dCINs recorded
and analyzed during stimulation of the medial MRF (51 = 6%) or
lateral MRF (57 * 6%) responded to the stimulation (Table 1).
The remaining dCINs did not respond to stimulation of either
MREF region. We cannot exclude the possibility that some of these
nonresponsive dCINs might have fallen into the responsive
dCINs category had our detection threshold been lower or had
other sites in the brainstem been stimulated. However, it is un-
likely that the lack of response to MRF stimulation was due to a
general inability to respond because in three experiments,
stimulating the ipsilateral L2 dorsal root (3 or 6 T, 1 or 2 pulses

at 10 Hz) evoked Ca*™ responses in nearly all of the dCINs (21
of 24) that were nonresponsive to MRF stimulation (data not
shown).

In eight of the preparations, we were able to compare directly
the effects of stimulation of medial and lateral MRF on the same
population of ipsilateral dCINs (142 dCINs) and therefore deter-
mine the extent to which the proportions of responsive dCINs
overlapped. Overall, we found that 8% (12 of 142) of ipsilateral
dCINs were activated by the medial MRF only, 26% (31 of
142) by the lateral MRF only, 36% (51 of 142) by the medial
and the lateral MRF, and 30% (42 of 142) did not respond to
stimulation of either region (Fig. 5). In each experiment, at
least three of these four possible populations of dCINs were
observed. Examples of each population of ipsilateral dCIN
from a single experiment are shown in Figure 6. Among the 20
neurons analyzed, three were activated by both the medial and
the lateral MRF (Fig. 6C,D, neuron 1), three by the medial
MREF only (Fig. 6C, dCIN 2) and one by the lateral MRF only
(Fig. 6D, dCIN 3).

To summarize, we found three populations of ipsilateral
dCINs in the L2 segment that could be distinguished by their
synaptic inputs from the MRF (i.e., from the medial MRF, the
lateral MRF, or from both regions). This finding supports the
idea that, as an integral component of a crossed reticulospinal
pathway to MNs, dCINs could mediate responses in contralateral
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Activation of contralateral L2 dCINs following stimulation of the medial and lateral MRF. A, B, Single pseudocolor-coded video frames showing Ca 2 fluorescencein contralateral dCINs

before and during stimulation (1.5T, 5 5) of the medial (A) and lateral (B) MRF in a P1 mouse. The frames in A and B were obtained sequentially but show mostly the same group of dCINs. D, Dorsal;
L, lateral. €, D, Single waveforms showing the changes in Ca® ™ fluorescence in the dCINs numbered 1 4in A and B. Scale bar, 50 wm. D, Arrow, Occurrence of a spontaneous (a2 transient. For

other details, see Figure 6.

MNs during stimulation of the MRF (Szokol et al., 2008). The
small proportion of ipsilateral dCINs receiving inputs solely from
the medial MRF may explain why midline lesion at L2 had little or
no effect on the responses evoked in the MNs of the contralateral
MMC (see above).

Reticulospinal inputs to contralateral dCINs

The effects of stimulating the medial (n = 12 preparations) or
lateral (n = 8 preparations) MRF was investigated in a total of 166
and 133 contralateral dCINs, respectively (partially overlapping
samples). As for the ipsilateral dCINs, approximately half of the
contralateral dCINs recorded and analyzed during stimulation of
the medial MRF (52 = 8%) or lateral MRF (46 = 8%) responded
to the stimulation (Table 1). The remaining dCINs did not re-
spond to stimulation of either MRF region.

In eight of the preparations, we were able to compare directly
the effects of medial and lateral MRF stimulation on the same
population of contralateral dCINs (n = 133). Overall, we found
that 14% (19 of 133) of the recorded contralateral dCINs were
activated by the medial MRF only, 16% (21 of 133) by the lateral
MRE only, 29% (39 of 133) by the medial and the lateral MRF,
and 41% (54 of 133) did not respond to either of the stimulated
MREF regions (Fig. 5). In any given experiment, only three of these
four possible populations of dCINs were observed. In the exper-
iment illustrated in Figure 7, of the 23 contralateral dCINs ana-
lyzed, three were activated by both the medial and the lateral MRF

(Fig. 7C,D, dCIN 1), nine by the medial MRF only (Fig. 7C, dCIN:
2—4), and none by the lateral MRF only.

The results indicate the existence of three populations of con-
tralateral dCINs in the L2 segment with synaptic inputs from
either the medial MRF, the lateral MRF, or both. This finding is
compatible with the idea that, as part of a double-crossed reticu-
lospinal pathway, dCINs may contribute to the responses evoked
in ipsilateral MNs by stimulation of the MRF (Szokol et al., 2008).

Selectivity of connections and minimum latency of responses

To further investigate the selectivity of the connections between
medullary reticulospinal neurons and dCINs, we analyzed the
responses of subsets of dCINs (1 = 24) to sequential increases in
the number of stimulation pulses from 1 to 2, 3, 5, 25, and 50.
This would be expected to recruit more and more dCINs and
possibly different sets of dCINs if connections were polysynaptic
with variable strengths. Sequential increase from one to five
pulses increased the number of dCINs recruited, but no addi-
tional recruitment was observed when the pulse number in-
creased to 25 and 50. In the experiment shown in Figure 8, Ca*"
responses were examined in seven ipsilateral dCINs during stim-
ulation of the lateral MRF with one pulse (Fig. 8 A), two pulses
(Fig. 8B), or 50 pulses (Fig. 8C). With one pulse, only one of
seven dCINs was activated (Fig. 8 A, neuron 2) and with two
pulses, two additional dCINs were recruited (Fig. 8 B, neurons 4
and 5). Stimulation with 50 pulses produced larger Ca** re-
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(Fig. 9B), the latencies of the responses were
longer; 60% of those activated by the medial
MREF responded within the latency range of
51-157 ms and 60% of those activated by
the lateral MRF responded within the la-
tency range of 45-94 ms. These findings in-
dicate that the shortest latency responses, in
ipsilateral dCINs, can be as early as 32 ms
(excluding a temporal imprecision of = 5-8
ms) and raise the possibility that they are
produced by monosynaptic inputs from
slowly conducting, incompletely myelinated reticulospinal axons
(see Discussion, below).

Together, these results are consistent with the hypothesis that
dCINs are involved in mediating disynaptic and polysynaptic
excitatory inputs to lumbar MNs from medullary reticulospinal
neurons in both the medial and lateral MRF.

Figure 8.

Spatial distribution of the recorded dCINs

In a subset of 13 preparations, we could readily recognize the
central canal and the midline during optical recording, and used
these landmarks to determine the positions of 224 recorded
dCINs in the transverse plane. For each dCIN, we measured the
radial distance from the middle of the central canal and the angle
from the vertical represented by the midline. Figure 10 shows the
locations of 28 dCINs that responded to medial MRF stimula-
tion, 43 dCINs that responded to lateral MRF stimulation, 67
dCINs that responded to both MRF regions, and 86 dCINs that
did not respond. These dCINs had a spatial distribution similar to

RAAAEAS

Selective recruitment of dCINs with graded MRF stimulation. A—C, Single waveforms showing Ca* activity (80 Hz frame
rate recording) in seven ipsilateral dCINs during stimulation (2T, 10 Hz) of the lateral MRF using one pulse (4), two pulses (B), or 50 pulses
(€. Stimulation with 50 pulses did not recruit more dCINs than stimulation with two pulses. spont., Spontaneous Ca®™
Waveform displays of dCINs 2, 4, and 5, taken around the time of the stimulation and shown with a faster time scale. Vertical dark line and
light barindicate the onset and duration of the stimulation and shorter dark bar represents a 40 ms time window from the stimulation pulse
immediately preceding the onset of response in dCINs 4 and 5. The response latencies of dCINs 4 and 5, as calculated from the immediately
preceding pulse, ranged from 39 to 44 ms, consistent with a possible monosynaptic connection (see Discussion for details).

transient. D,

that previously reported for dCINs in the mouse embryo [18.5
days old (E18.5)] (Nissen et al., 2005) and for CINs in the neo-
natal mouse (Restrepo et al., 2009). The majority was located
ventral to the midpoint of the central canal, where responsive
dCINs predominated over nonresponsive dCINs. There was no
obvious segregation of the dCINs that responded to medial MRF,
to lateral MREF, or to both.

Discussion

Optical recording in the isolated brainstem—spinal cord of the
neonatal mouse has proven useful for characterizing the organi-
zation of functional descending connections to spinal MNs
(Szokol et al., 2008; Szokol and Perreault, 2009). Here we have
exploited this approach to investigate reticulospinal inputs onto a
specific class of spinal interneurons, the dCINs (see Introduction,
above). We have focused on dCINs located in the L2 segment
because this segment is known to have the highest potential for
generating rhythmic locomotor activity in the neonatal rat,
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Figure9. Onsetlatencies of MRF-evoked responsesin L2 dCINs. A, Cumulative distribution of
onset latencies of the Ca 2™ responses evoked in ipsilateral dCINs as calculated from the start of
the train stimulation in the medial and lateral MRF. Each point shows the mean response in
individual dCINs (responses to two trains). B, Cumulative distribution of onset latencies of the
Ca®™" responses evoked in contralateral dCINs following train stimulation to the medial and
lateral MRF. The Ca** responses were imaged at a frame rate of 153 Hz except in a few
experiments where a frame rate of 130 Hz (crosses) and 197 Hz (stars) was used.

whether induced pharmacologically (Cazalets et al., 1995; Kjaer-
ulff and Kiehn, 1996) or by activation of brainstem descending
pathways (Cowley et al., 2009), and because dCINs in this seg-
ment are known to mediate inputs onto MNs in more caudal
lumbar segments (Butt and Kiehn, 2003).

Our findings support our previous suggestion that dCINs may
mediate the pattern of synaptic responses evoked in lumbar MNs
by stimulation of the MRF, wherein medial and lateral MRF ac-
tivate predominantly MNs in the LMC and MMC, respectively
(Szokol et al., 2008). First, mephenesin experiments indicate that
responses in MNs are mediated mainly polysynaptically via spinal
INs and midline lesion experiments implicate CINs as mediators.
Second, the stimulation parameters previously found to be most
effective for eliciting MRF-mediated responses in lumbar MNs
(Szokol et al., 2008) also are most effective for activating dCINGs.
Third, responsive dCINs can be divided into three populations
according to their inputs from the MRF in a pattern that could
mediate the full complement of responses evoked in MNs. dCINs
responding exclusively to medial or lateral MRF and dCINs re-
sponding to both medial and lateral MRF could mediate the pre-
dominant responses in MNs of the LMC or MMC. dCINs
responding to both medial and lateral MRF could also contribute
to the non-predominant responses in MNs of the LMC or MMC.
Itis important to note that we have not yet determined how many
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of the dCINs that receive MRF inputs have synaptic connections
onto MNs or how strong those connections are. Thus, although it
is clear that the three dCIN populations provide a substrate for
differential activation of MNs, their relative proportions cannot
be equated with the strengths of the reticulospinal pathways
involved.

Our results thus support the existence of single-crossed and
double-crossed dCIN-mediated reticulospinal pathways to lum-
bar MNs originating from the MRF. In addition to dCINs, these
pathways likely involve other groups of spinal INs because the
ranges of response latencies in dCINs suggest the presence of
monosynaptic and polysynaptic connections between medullary
reticulospinal neurons and dCINs.

Methodological considerations

In this same preparation, Ca*" transients elicited in spinal MNs
by stimulation of vestibulospinal pathways occur one-to-one
with action potentials (Kasumacic et al., 2010). Here, we used the
presence of Ca*™ transients in MNs and dCIN’s as a general indi-
cator of postsynaptic activity but could not gauge the relative
contributions of suprathreshold and subthreshold events. Nor
have we investigated the Ca*" sources responsible for the tran-
sients, which could include voltage-sensitive calcium channels
(Diaz-Rios et al., 2007), calcium-permeable ligand-gated chan-
nels (Butt et al., 2002), and metabotropic glutamatergic and cho-
linergic receptors. We have previously discussed light scattering
and spread of Ca** and/or Ca**-regulating second messengers
through gap junctions as contributing factors to responses in
MNs (Szokol et al., 2009). Here, light scattering from dCIN so-
mata decreased by 80% within 25 wm, indicating that signal con-
tamination among responsive dCINs is minor. This is in accord
with the fact that many nonresponsive dCINs were located in
close proximity to responsive dCINs. Regarding gap-
junctions, there is evidence that dCINs are, to some extent, elec-
trotonically coupled (Butt et al., 2002). Here, relatively common
spontaneous Ca?" transients (Figs. 7D, arrow; 9B) did not occur
synchronously in all dCINs, suggesting that gap junctions be-
tween dCINs are spatially restricted. There is therefore reason to
believe that the MRF-elicited Ca®" signals in dCINs result pri-
marily from synaptic activation, but the only way to resolve this is
to monitor Ca®" signals and synaptic potentials simultaneously
with optical and intracellular recording.

Another technical issue, bearing on the assessment of re-
sponse latencies, is that conduction velocities cannot be mea-
sured because the volley propagated in descending axons
following MRF stimulation cannot be readily recorded in neona-
tal rodents (Szokol et al., 2008). Although the conduction veloc-
ity of medullary reticulospinal axons has not been determined in
the neonatal mouse, it has been estimated that incompletely my-
elinated axons descending in the ventrolateral funiculus conduct
at ~0.5 ms ' (Gordon and Whelan, 2008). With this speed and
an average distance of 1.6 * 0.03 cm between the MREF-
stimulating electrode and the L2 segment, monosynaptic re-
sponses from reticulospinal axons with nontortuous trajectories
would occur, at the earliest, at ~35 ms (34 ms conduction time
plus 1 ms synaptic delay at room temperature) (Lev-Tov and
Pinco, 1992; Li and Burke, 2001), similar to the shortest response
latencies we observed.

Are dCINs topographically organized according to their
reticulospinal inputs?

We have previously estimated that the L2 segment of the E18.5
mouse embryo contains ~800 dCINs, with axons projecting at
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least to the L3/L4 border (Nissen et al., A
2005). Here, we recorded dCINs with ax-
ons projecting at least as far as the L4 seg-
ment. If the estimate in E18.5 embryos
holds for the neonate, then the 574 dCIN's
we recorded would provide very good
coverage of the entire L2 dCIN popula-
tion. Accordingly, we believe that the de-
scribed response pattern is representative
of the dCIN population as a whole.

This large sample size gave us a good
opportunity to assess whether dCINs are
topographically organized with respect to
their reticulospinal inputs. Although we
could not plot the locations of dCINs in
the transverse plane using an absolute co-
ordinate system due to variability among
preparations in the angle of the obliquely
cut face, we found that the majority of re-
sponsive dCINs was located ventral to the
central canal. However, we found no ob-
vious segregation of dCINs receiving dif-
ferent patterns of inputs from medial and
lateral MRF. To approach a synthesis of
topography and input-output relation-
ships, it will be important in the future to
relate the organization we have described
here to patterns of other descending and
sensory inputs, output patterns to trunk
and hindlimb MNs, and neurotransmitter
phenotypes.

Figure 10.
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Spatial distribution of responsive and nonresponsive L2 dCINs. 4, B, The position of individual ipsilateral (4) and
contralateral (B) dCINs recorded was plotted on a representative section of the obliquely cut L2 segment. The dCINs were color-
coded according to their responsiveness to MRF stimulation; the dCINs that responded to stimulation of the medial (28 of 224) and
lateral (43 of 224) MRF only are shown as green and red circles, respectively, and the dCINs that responded to both medial and
lateral MRF (67 of 224) and those that were nonresponsive (86 of 224) are shown as black and white circles, respectively. cc, Central

canal. Scale bar: Aand B, 250 m.

Comparison with previous studies in

the adult cat

Our findings indicate that the medial and lateral MRF can acti-
vate ipsilateral and contralateral lumbar dCINs via both mono-
synaptic and polysynaptic connections, providing pathways that
can exert crossed actions on trunk and hindlimb MNs. Regarding
the ipsilateral dCINs, this suggests the presence of crossed dCIN-
mediated pathways from medullary reticulospinal neurons to
contralateral trunk and hindlimb MNs. Similar crossed CIN-
mediated pathways from pontine reticulospinal neurons to
hindlimb MNs have been described in the anesthetized adult cat
(Jankowska et al., 2003, 2005, 2006). Regarding the contralateral
dCINs, our findings are in accordance with the suggested presence in
the adult cat of a dCIN-mediated double-crossed pathway between
medullary reticulospinal neurons and ipsilateral hindlimb MNs
(Jankowska et al., 2003; Matsuyama et al., 2004b). In addition, our
findings suggest the presence of another dCIN-mediated double-
crossed pathway between medullary reticulospinal neurons and ip-
silateral trunk MNs. An important line of future inquiry will be the
extent to which the crossed connections involve commissural reticu-
lospinal axon collaterals (Matsuyama et al., 2004b) in addition to
interposed dCINs. Tests of monosynapticity as well as anatomical
studies will be required to evaluate this.

Several similarities exist in the connectivity between medul-
lary reticulospinal neurons and the lumbar cord in the neonatal
mouse and between medullary and pontine reticulospinal neu-
rons and the lumbar cord in the adult cat. Further study is re-
quired to substantiate whether the organization of reticulospinal
connectivity in the neonate mammal has already attained the
general pattern seen in the adult, but our results here and in
similar studies of the vestibulospinal system (Kasumacic et al.,

2010) suggest that this may be the case. If so, the neonatal brain-
stem—spinal cord preparation would provide a very tractable ex-
perimental model for studying the organization of descending
motor systems that could be directly extrapolated to the adult.

Potential functional roles of dCINs receiving MRF inputs
dCINs in the rostral lumbar spinal cord in rodents and cats are
heterogeneous with respect to neurotransmitter phenotype and
input—output connectivity (Jankowska, 2008; Restrepo et al.,
2009 and references therein) and their functional roles during
motor control remain incompletely described. For instance,
whereas electrophysiological evidence suggests that dCINs play
an important role in coordinating rostrocaudal, left-right syner-
gies between hindlimb flexors and extensors such as during loco-
motion (Kiehn et al., 2008; Cowley et al., 2009), their role in
coordinating synergies among axial muscles or between axial and
hindlimb muscles during postural adjustments remains largely
unexplored. The demonstration that dCINs receive functional
reticulospinal inputs from both the medullary (present study)
and the pontine (Jankowska et al., 2005) MRF is compatible with
both roles. With respect to control of axial musculature and pos-
ture, a key finding here is that the lateral MRF, which activates
predominantly trunk MNs, also activates dCINs. However, to
assess the functional significance of this putative pathway, it will
be important to determine whether dCINs make direct or indi-
rect synaptic connections with MNs of the MMC.

Unraveling the complex interactions between the various
groups of descending neurons and the large number of spinal
neurons in mammals is a daunting task, but this study dem-
onstrates that multineuron imaging facilitates the process dra-
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matically. Further development of high throughput optical
approaches will increase our capability to characterize the
functional organization of extended brainstem-spinal cord
motor networks in mammals.
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