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Corticospinal tract transection reduces H-reflex circadian rhythm in
rats
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Abstract

In freely moving rats and monkeys, H-reflex amplitude displays a marked circadian variation without change in background
motoneuron tone. In rats, the H-reflex is largest around noon and smallest around midnight. The present study evaluated in rats the effects
on this rhythm of calibrated contusions of mid-thoracic spinal cord and mid-thoracic transection of specific spinal cord pathways. In 33
control rats, rhythm amplitude averaged 29.0(62.6 S.E.)% of H-reflex amplitude. Contusion injuries at T8–9 that destroyed 53–88% of
the white matter significantly reduced the rhythm to 18.9(62.4)% of H-reflex amplitude. Transection of the ipsilateral lateral column,
which contains the rubrospinal, vestibulospinal, and reticulospinal tracts, or bilateral transection of the dorsal column ascending tract did
not affect rhythm amplitude or phase. In contrast, bilateral transection of the main corticospinal tract significantly reduced the rhythm to
14.7(66.6)%. These results indicate that the H-reflex circadian rhythm depends in part on descending influence from the brain and that
this influence is conveyed by the main corticospinal tract.  2002 Elsevier Science B.V. All rights reserved.
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1. Introduction the part of the day when the animal is usually less active
and smallest during the part when it is usually most active.

The spinal stretch reflex (SSR) is the simplest behavior Circadian rhythms are apparent in many aspects of
of the vertebrate CNS. It is produced primarily by the mammalian CNS function and their neuronal mechanisms
wholly spinal and largely monosynaptic pathway consist- are under investigation [1,6,32,37–39,49,64]. The promi-
ing of the Ia afferent, the a-motoneuron, and the synapse nent rhythm evident in the SSR and H-reflex is of interest
between them [5,36]. Studies in monkeys and rats have first because it indicates that the CNS activity underlying
revealed a prominent circadian rhythm in the SSR and in motor performance varies with time of day, and second
its electrical analog, the H-reflex [11,13,23,60,61]. This because the simplicity and accessibility of the spinal reflex
rhythm is evident even when background motoneuron tone pathway may provide an excellent opportunity to locate
(measured as electromyographic (EMG) activity) does not and define its underlying mechanisms.
change. In monkeys, the reflex is largest around midnight Spinal cord reflex pathways normally operate under the
and smallest around noon, while in rats, which are control of descending activity from the brain. These
nocturnal, it is largest around noon and smallest around descending pathways exert short-term task-dependent con-
midnight. Thus, in both species the reflex is largest during trol and also exert long-term control that shapes spinal

cord function during early development and during skill
acquisition later in life and contributes to the reflex
abnormalities associated with spinal cord injury and other*Corresponding author. Tel.: 11-518-486-4916 or 11-518-473-3631;
disorders (Refs. [2,4,7,21,22,24–28,35,42,50–52,54,fax: 11-518-486-4910.
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injury in humans disturbs the circadian rhythm normally H-reflex was present at M response (i.e. direct muscle
seen in blood pressure [8,40,41]. Thus, it is possible that response) threshold.
descending pathways contribute to the circadian rhythms in Data collection began at least 10 days after electrode
the SSR and H-reflex. On the other hand, sensorimotor implantation. Throughout data collection, the animal was
cortex evoked potentials that accompany these spinal housed singly in a standard rat cage with a 40-cm flexible
reflexes display a circadian rhythm that is not in phase cable attached to the skull plug. The cable, which allowed
with the rhythm seen in the reflexes [23]. This suggests the animal to move freely about the cage, carried the wires
that the spinal and supraspinal rhythms may have in- from the electrodes to an electronic swivel above the cage,
dependent mechanisms. from whence they passed to an EMG amplifier and a

The present study uses data gathered in studies of nerve-cuff stimulation unit. All animals had free access to
long-term descending control of the rat soleus H-reflex food and water. Animal well-being was carefully checked
[10,17,18] to explore the role of descending control in the several times each day, and body weight was measured
H-reflex circadian rhythm. It asked two questions. First, weekly. Laboratory lights, controlled by a timer, were
does interaction between the brain and spinal cord have a bright during the day (06:00–21:00 h) and dim during the
role in this rhythm? This was addressed by measuring the night (21:00–06:00 h). Room temperature was kept con-
effects on the rhythm of contusions of mid-thoracic spinal stant (20 8C). Animals remained healthy and active
cord. Second, if an interaction does occur, which spinal throughout data collection.
cord pathways contribute to it? This was addressed by Soleus EMG was monitored continuously by computer.
measuring the effects on the rhythm of mid-thoracic If the absolute value of background (i.e. ongoing) EMG
transection of specific spinal cord pathways. The results (i.e. equivalent to the full-wave rectified value) remained
indicate that descending influence from supraspinal struc- within a defined range for a randomly varying 2.3–2.7 s
tures contributes to circadian variation in the rat H-reflex. period, a stimulus pulse (typically 0.5 ms in duration) just
They also indicate that the main corticospinal tract conveys above M response threshold was delivered by the nerve
this influence. cuff. Pulse amplitude was automatically adjusted after each

trial so as to maintain constant M response amplitude
throughout data collection. The computer digitized and

2. Materials and methods stored soleus EMG absolute value for 50 ms following the
stimulus. It also digitized and calculated the amplitude of

Animal preparation and data collection methods have soleus background EMG (i.e. average absolute value of
been described in detail elsewhere [10–13,17,18]. They are EMG for the 50 ms immediately prior to stimulation) and
summarized here. All procedures satisfied the ‘Guide for provided data summaries for every 3-h and every 24-h
the Care and Use of Laboratory Animals’ of the Institute period. Each summary included the number of trials,
of Laboratory Animal Resources, Commission on Life average amplitude of soleus background EMG, average
Sciences, National Research Council (National Academy course of EMG amplitude for the 50-ms post-stimulus
Press, Washington, DC, 1996) and had been reviewed and period, average amplitude in the M-response interval
approved by the Institutional Animal Care and Use Com- (typically 1.5–4.0 ms after stimulation) and average am-
mittees of the Wadsworth Center and the Ohio State plitude in the H-reflex interval (typically 5.5–10.0 ms after
University. stimulation). Because the goal was to measure the H-reflex

throughout the day without change in background EMG or
2.1. Measurement of H-reflex, M response, and M response amplitude, the data from those few 3-h periods
background EMG in which background EMG was not within 10% of its daily

average and/or M response amplitude was not within 25%
Forty-four female Sprague–Dawley rats weighing 200– of its daily average were excluded from analysis [11]. In

330 g were implanted under general anesthesia (intra- the course of its daily activity, the animal normally
peritoneal ketamine HCl (80 mg/kg) and xylazine (10 satisfied the background EMG requirement, and therefore
mg/kg)) with chronic stimulating and recording electrodes received nerve cuff stimulation, 2500–9300 times per day.
in the right leg. To elicit the H-reflex, a silicone rubber H-reflex amplitude was measured as average absolute
nerve cuff containing a pair of stainless steel multi- EMG amplitude in the H-reflex interval minus average
stranded fine-wire electrodes was placed on the posterior background EMG amplitude, and M response amplitude
tibial nerve just above the triceps surae branches. To was measured as average absolute EMG amplitude in the
record soleus EMG activity, a pair of fine-wire electrodes M response interval minus average background EMG
with the final 0.5 cm bare were placed in the right soleus amplitude.
muscle. The Teflon-coated wires from the nerve cuff and
the muscle traveled subcutaneously to a connector plug 2.2. Spinal cord contusions
mounted on the skull with stainless steel screws and dental
cement. Seven to 10 days after implantation surgery, each Twenty-three rats received a contusion injury to the
rat was tested with nerve-cuff stimulation to ensure that an thoracic spinal cord (SCC rats) at the Ohio State Universi-
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ty as previously described [17,18,55,56]. Briefly, each rat rostral limit of the lesion was found to be comparable to
was anesthetized with an intraperitoneal injection of that of normal rats.) For CST and DA rats, the area of CST
ketamine HCl (80 mg/kg) and xylazine (10 mg/kg), a or DA remaining was measured as percent of the area of
partial dorsal laminectomy was carried out at the T8–T9 that structure 2–5 mm rostral to the rostral limit of the
vertebral junction, and over a 23-ms period a piston lesion. For LC rats, the area of right LC remaining was
depressed the dura over the dorsal surface of the spinal measured as percent of the left LC. Multiple examples of
cord in the midline either 0.7 mm (mild contusion, 15 rats) contusion injuries and pathway transections have been
or 0.9 mm (medium contusion, eight rats). Previous studies published previously (Fig. 1 in Refs. [15–17], Fig. 2 in
have shown that the severity of injury is correlated to Ref. [10], and Fig. 4 in Ref. [18]).
displacement amplitude in this model. The wound site was
closed, and postoperative care was administered as previ- 2.5. Data analysis
ously described [17,18]. At least 10 days after injury, each
rat was implanted with recording and stimulating elec- For each 3-h summary period, H-reflex amplitude, M
trodes at the Wadsworth Center as described above. response amplitude, and background EMG were calculated
Beginning at least 27 days after injury, data were collected as percent of the day’s average value for each rat. Number
from each rat for 10–32 days. of trials was calculated as percent of the day’s total. For

SCC rats, results were averaged for the last 10 days of data
2.3. Spinal cord pathway transections collection for this study (which ended 37–270 days after

injury). For CST, DA, and LC rats, average values were
In rats, the dorsal column contains the main corticospi- determined for the last 10 days prior to transection and for

nal tract (CST) and the dorsal ascending tract (DA) days 11–20 after transection. The amplitude of the circa-
conveying input from proprioceptors and skin receptors dian variation in the H-reflex was calculated as the average
[19,20,33,34,44,45,53,57]. The lateral column (LC) con- H-reflex amplitude for the two 3-h periods with the highest
tains the rubrospinal, vestibulospinal, and reticulospinal H-reflex amplitudes minus average H-reflex amplitude for
tracts and a variety of ascending tracts [31,33,34,57,65,66]. the two 3-h periods with the lowest H-reflex amplitudes

For each rat scheduled to receive a pathway transection, and expressed in percent of average H-reflex amplitude for
data were collected for 10–22 days to determine the the day. The periods with the two highest amplitudes were
animal’s initial (i.e. pre-transection) H-reflex circadian always adjacent (usually 10:00–13:00 h and 13:00–16:00
rhythm. Then, the rat was subjected under anesthesia to a h), and so were the two periods with the two lowest
bilateral CST transection (seven CST rats), a bilateral DA amplitudes (usually 22:00–01:00 and 01:00–04:00 h).
transection (six DA rats), or a right LC transection (eight To determine the effect of spinal cord contusions on the
LC rats) at T8–9 by electrocautery. (As noted above, the circadian rhythm, the rhythm amplitudes for the SCC rats
right soleus H-reflex was studied in all rats.) Transection were compared by t-test to those of 33 control rats [10–
procedures and postoperative care were as previously 13,15,16]. To determine the effect of CST, DA, or LC
described [10,15,16]. Data collection continued for at least transection, post-transection and pre-transection values
20 days after the transection. from the individual rats were compared by paired t-test.

2.4. Animal perfusion and histology
3. Results

At the end of study, which for most rats was after
subsequent exposure to the H-reflex operant conditioning As previously described [10,15–18], spinal cord contu-
protocol [15–18], each rat was given an overdose of sion or pathway transection produced a transient hindlimb
sodium pentobarbital (i.p.) and perfused through the heart. paralysis (both hindlimbs for SCC, CST, and DA rats and
The spinal cord was removed and blocks encompassing the right only for LC rats) that abated within 5 days for SCC
lesion from the contusion injury or the transection were rats and within 3 days for CST, DA, and LC rats. For all
embedded in paraffin. Transverse 10- to 20-mm-thick serial rats, quadrupedal locomotion returned within 3 weeks.
sections were cut from the paraffin-embedded blocks and Bladder function, absent immediately after injury, returned
stained with Luxol fast blue (for myelinated fibers) and over 0–7 days. After the immediate post-traumatic period,
0.1% cresyl violet (for Nissl substance). Sections en- all rats remained healthy and active until perfusion.
compassing the lesion were assessed as previously de- Average weight increased from 294 (641 S.D.) g at
scribed to determine the location and size of the spinal contusion or transection to 352 (640 S.D.) g at perfusion.
cord injury or the transection [10,17,18]. For rats with After perfusion, soleus muscle weights (measured as
spinal cord contusions, the area of remaining white matter percent of body weight) were symmetrical and did not
was calculated as percent of the white matter area of a differ significantly from those of normal rats.
reference section from thoracic spinal cord 3.5–4.0 mm In SCC rats, the white matter remaining at the lesion
rostral to the injury epicenter. (In agreement with Olby and epicenter averaged 28(68 S.D.)%, and ranged from 12 to
Blakemore [43], white matter area at a level rostral to the 47% of normal white matter area for mid-thoracic spinal
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cord. The rats with mild (0.7-mm) contusion showed all of the right LC, 65(629 S.D.)% (range 32–100%) of
greater white matter remaining (31(611 S.D.)%; range: the left LC, 53(622)% (range 18–78%) of the right DA,
12–47) than rats with medium (0.9-mm) contusion (18(66 and 33(641)% (range 0–98%) of the left DA. In the six
S.D.)%; range: 12–29). The difference was statistically DA rats, 9(612)% (range 0–30%) of the right DA,
significant (P50.007, t-test). The distribution of residual 11(613)% (range 0–32%) of the left DA, and all of the
white matter with a normal Luxol fast blue appearance CST and LC remained. In the eight LC rats, 10(610)%
varied between SCC animals. All 23 SCC rats had some (range 0–28%) of the right LC, and all of the DA, CST,
residual white matter in the lateral and ventral peripheral and left LC remained.
rim. Seven did not show any remaining dorsal column Fig. 1 summarizes the results for normal and SCC rats,
tissue. Fifteen appeared to have some preservation of DA, and for CST, DA, and LC rats before and after transection.
but not CST. Only one rat had apparently good preserva- It shows H-reflex, M response, and background EMG
tion of DA and CST. However, due to the tissue shrinkage amplitudes (in percent of day’s average) and number of
and distortion caused by the contusion and/or the tissue trials (in percent of day’s total) for each 3-h period. The
processing (see Fig. 1 [17] and Fig. 4 [18]), it was not vertical axis scale is the same for H-reflex, M response,
possible to determine with confidence which tract or tracts and background EMG amplitudes to facilitate their com-
were preserved. parison. M response and background EMG amplitudes,

In six of the seven CST rats, the CST was completely controlled by the protocol (see Methods), changed little
absent bilaterally. In the remaining rat, 54% of the right during the day. Trial number was greatest at night. Neither
CST and 20% of the left CST remained. CST rats also contusion nor CST, DA, or LC transection had any
sustained some loss of left LC and/or DA due to the detectable effect on the slight circadian variations in M
contralateral approach of the cauterizer [10]. They retained response and background EMG amplitudes, or on the

Fig. 1. Average (6S.E.) values of H-reflex, M response, and background EMG (in percent of day’s average) and average (6S.E.) number of trials (in
percent of day’s total) for each 3-h period for normal rats (dotted, left-most graphs) and SCC rats (solid, left-most graphs), and for CST, DA, and LC rats
before (dotted) and after (solid) transection.
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Table 1 Fig. 2 illustrates the effect of CST transection with
Average6S.E. (%) H-reflex circadian rhythm amplitudes for normal rats average post-stimulus EMG traces for the 3-h periods with
(parentheses) and SCC rats, and for CST, DA, and LC rats before and

the maximum and minimum H-reflex amplitudes from aafter transection
CST rat for a day prior to transection and for the 20th day

SCC Rats CST Rats DA Rats LC Rats after transection. Background EMG and M response
Before 29.062.6 30.866.8 27.267.1 28.966.1 amplitudes are comparable in all four traces. Prior to
After 18.962.4* 14.766.6* 25.267.2 32.268.6 transection, the H-reflex is much larger at 10:00–13:00 h
An asterisk indicates a significant decrease from control (i.e. SCC rats, than at 22:00–01:00 h. After transection, the H-reflexes for
P50.005 by t-test) or from pre-transection values (i.e. CST rats, P50.02 these two periods differ much less in amplitude.
by paired t-test). Data for normal rats are from 33 control rats from other
studies [10–13,15,16].

4. Discussion
circadian variation in number of trials. H-reflex amplitude
displayed a prominent circadian rhythm, averaging 29% in This study explored the effects of spinal cord contusions
normal rats. SCC or CST transection reduced rhythm and specific spinal cord pathway transections on the H-
amplitude, while LC or DA transection did not do so. reflex circadian rhythm of the rat soleus muscle. The
Table 1 summarizes the findings in regard to lesion effects H-reflex circadian rhythm was significantly decreased after
on rhythm amplitude. Rhythm amplitude was markedly spinal cord contusion or CST transection. Thoracic spinal
and significantly reduced in SCC rats and in CST rats. In cord contusions that destroyed an average of 73% of the
SCC rats, rats with medium contusions showed a greater white matter or destruction of the main corticospinal tract
decrease in rhythm amplitude than those with mild contu- reduced the rhythm to about half of its normal amplitude,
sions. The circadian rhythm amplitude averaged 12(610 but did not affect its phase. In contrast, transection of the
S.D.)% in rats with medium contusions, while it averaged dorsal column ascending tract or transection of the ipsila-
22(611 S.D.)% in rats with mild contusions. The differ- teral lateral column did not affect rhythm amplitude or
ence was statistically significant (P50.03, t-test). How- phase. The lateral column contains the rubrospinal, ves-
ever, neither group showed a significant correlation be- tibulospinal, and reticulospinal tracts [31,33,34,57,65,66].
tween decrease in rhythm amplitude and amount of white Because these tracts are almost completely ipsilateral at
matter lost (P.0.5 for each). While rhythm amplitude was T8–9, it is unlikely that the contralateral LC accounted for
reduced in SCC and CST rats, rhythm phase was not preservation of the rhythm in LC rats. In CST rats, the
affected. In contrast, DA or LC transection had no adjacent DA and left LC pathways often sustained signifi-
detectable effect on rhythm amplitude or phase. It should cant damage. However, it is unlikely that this collateral
be noted that the rhythm amplitude of the one SCC rat that damage contributed significantly to the reduction in the
had good preservation of DA and CST (Fig. 1A in Ref. rhythm in CST rats because CST, DA, and LC are all
[17]) was 33.7%, very similar to the average for normal largely or totally ipsilateral in the thoracic spinal cord,
rats. because DA or LC transection alone had no discernible

Fig. 2. Average absolute value of post-stimulus EMG from a CST rat for the 3-h periods with the highest (10:00–13:00 h, dashed) and lowest
(22:00–01:00 h, solid) H-reflex amplitudes for a day prior to transection and for the 20th day after transection. H-reflex amplitudes for the two 3-h periods
differ much more prior to transection.
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influence on the rhythm, and because the extent of mals can nearly double (up-conditioning mode) or almost
collateral damage to left LC or right or left DA in CST rats halve (down-conditioning mode) H-reflex amplitude with-
did not correlate with the magnitude of rhythm reduction out change in background EMG or M response amplitude.
(P.0.4 for each). Finally, collateral damage to adjacent Recent studies indicate that spinal cord contusions impair
areas of mid-thoracic gray matter would have been unlike- conditioning and that the degree of impairment correlates
ly to affect the function of soleus motoneurons (which are with the amount of white matter lost [17,18]. In the present
located in the lumbar spinal cord) and their associated study, rats with medium spinal cord contusions have
segmental pathways. greater white matter loss and greater decrease in H-reflex

The decrease in H-reflex circadian rhythm in rats after rhythm amplitude than those with mild spinal cord contu-
spinal cord contusion or CST transection is not attributable sions. However, in neither SCC group was a significant
to change in background muscle tone or strength of relationship found between the decrease in H-reflex rhythm
stimulation (reflected in M response amplitude). Back- amplitudes and the amount of white matter lost. This
ground EMG and M response amplitude displayed only absence of correlation is probably attributable to the
small circadian variations, and, most important, these considerable variation among normal rats in rhythm am-
variations were not affected by contusion or by CST, LC, plitude. It may also be attributable to the fact that the
or DA transection (P.0.24 for each). descending influence from the brain that contributes to the

The circadian rhythms in spinal stretch reflex and H- H-reflex rhythm is conveyed by the main CST. On
reflex in monkeys [23,60,61] and rats [11] indicate that the average, the main CST comprises less than 3% of the total
neuronal activity underlying motor performance varies white matter of T8–9. In addition, it is located in a region
with time of day. The present study demonstrates that of the spinal cord that is susceptible to wide variation in
descending influence from the brain contributes to this damage following mild contusions. Thus, the amount of
rhythm, and that this influence is conveyed by the main white matter lost after contusion injury may not correlate
CST. The H-reflex is produced primarily by the wholly closely with the amount of CST lost.
spinal pathway consisting of the Ia afferent, the a- Pathway-specific transection studies indicate that oper-
motoneuron, and the synapse between them [5,36]. Since ant conditioning of the H-reflex depends on the main CST
the rat lumbar spinal cord contains no or very few direct and does not depend on the DA or the ipsilateral LC
CST-to-motoneuron connections [57], the CST influence [9,15,16]. Thus, in addition to contributing to the circadian
that contributes to the rhythm probably acts through spinal variation in the H-reflex, the CST is also essential for
interneurons that synapse on the motoneuron or provide long-term adaptive changes in the H-reflex. On the other
presynaptic inhibition to the Ia synaptic connection hand, the circadian rhythm and operantly conditioned
[3,7,29]. change do not appear to interact with each other: in both

As noted above, in monkeys the amplitude of the rats and monkeys rhythm amplitude (as percent of average
cortical somatosensory evoked potential evoked by the daily amplitude) and phase do not change when the H-
same stimulus that evokes the H-reflex also displays a reflex gradually increases in response to up conditioning or
circadian rhythm [23]. This rhythm is not in phase with the decreases in response to down conditioning, and neither
H-reflex rhythm. This suggests the presence of an addition- rats nor monkeys alter daily performance schedules so as
al or more complex central mechanism. At the same time, to use the rhythm to increase reward probability [14,60].
the present results suggest that the H-reflex circadian Intracellular studies of synaptic input to cat motoneurons
rhythm is not completely dependent on descending in- indicate that temperature affects EPSP and IPSP am-
fluence. Even in the five SCC rats in which only 12–15% plitudes [46,47]. Amplitudes are higher at lower tempera-
of the white matter remained, rhythm amplitude was tures, and this appears to be attributable to an inverse
16.1(63.5 S.E.)%; and in the six CST rats in which the relationship between temperature and motoneuron input
CST was completely destroyed, rhythm amplitude aver- resistance. Thus, circadian variation in body temperature
aged 14.7(67.8)%. The remaining rhythm may reflect a might affect motoneuron responses in the rat. The require-
neuronal mechanism intrinsic to the spinal cord and/or a ment of the protocol that background EMG fall in a
humoral mechanism [30,46–48]. On the other hand, ven- defined range prior to H-reflex elicitation would have
tral column (VC) descending pathways may also play a prevented circadian change in motoneuron responsiveness
role in the remaining soleus H-reflex rhythm. The rat VC from markedly affecting the tonic background EMG.
does contain important modulatory systems, and the minor However, such a circadian change could affect the
CST as well [57]. motoneuron response to the Ia afferent stimulus that elicits

Operant conditioning of the H-reflex in freely moving the H-reflex, and thus might contribute to the circadian
rats is a new model for studying long-term supraspinal rhythm in the H-reflex.
control over spinal cord function (Refs. [15–18]; see Ref. In monkeys, the circadian rhythm in the biceps brachii
[59] for review). Motivated by food reward, rats can SSR has a detectable functional effect: the elbow extension
gradually increase or decrease the soleus H-reflex [12,14]. produced by a sudden perturbation is greater around noon
This adaptive change occurs gradually over weeks. Ani- when the SSR is smaller, and smaller around midnight
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[11] X.Y. Chen, J.R. Wolpaw, Circadian rhythm in rat H-reflex, Brainthe complex interactions between supraspinal and spinal

Res. 648 (1994) 167–170.
cord structures that underlie motor control. [12] X.Y. Chen, J.R. Wolpaw, Operant conditioning of H-reflex in freely

In summary, the present study implies that H-reflex moving rats, J. Neurophysiol. 73 (1995) 411–415.
[13] X.Y. Chen, J.R. Wolpaw, Operantly conditioned plasticity andcircadian regulation is mediated by descending corticospi-

circadian rhythm in rat H-reflex are independent phenomena,nal tract function superimposed on an intrinsic spinal
Neurosci. Lett. 195 (1995) 109–112.rhythm. These results provide a clear example of one

[14] X.Y. Chen, J.R. Wolpaw, Reversal of H-reflex operant conditioning
mechanism whereby the brain contributes by a specific in the rat, Exp. Brain Res. 112 (1996) 58–62.
descending pathway to the modulation of segmental motor [15] X.Y. Chen, J.R. Wolpaw, Dorsal column but not lateral column

transection prevents down conditioning of H-reflex in rats, J.function over the course of a day.
Neurophysiol. 78 (1997) 1730–1734.

[16] X.Y. Chen, J.R. Wolpaw, Probable corticospinal tract control of
spinal cord plasticity in rats, J. Neurophysiol. 87 (2002) 645–652.

[17] X.Y. Chen, J.R. Wolpaw, L.B. Jakeman, B.T. Stokes, OperantAcknowledgements
conditioning of H-reflex in spinal cord-injured rats, J. Neurotrauma
13 (1996) 755–766.

We thank Dr Zhen Guan, Ping Wei, Selma Crump, [18] X.Y. Chen, J.R. Wolpaw, L.B. Jakeman, B.T. Stokes, Operant
Hesham Sheikh, Barry Smith, and Gerwin Schalk for conditioning of H-reflex increase in spinal cord-injured rats, J.

Neurotrauma 16 (1999) 175–186.excellent technical assistance; Drs Bradford T. Stokes,
[19] K. Chung, L.A. Langford, R.E. Coggeshall, Primary afferent andJonathan S. Carp, Dennis J. McFarland, and Ann M.

propriospinal fibers in the rat dorsal funiculi, J. Comp. Neurol. 263
Tennissen for valuable advice and comments on the (1987) 68–75.
manuscript. This work was supported in part by grants [20] K.D. Cliffer, G.J. Giesler Jr, Postsynaptic dorsal column pathway of

the rat. III. Distribution of ascending afferent fibers, J. Neurosci. 9from the National Institutes of Health (HD36020,
(1989) 3146–3168.NS22189, and NS37321), the Christopher Reeve Paralysis

[21] R. Davis, Spasticity following spinal cord injury, Clin. Orthop. 112
Foundation, and the International Spinal Research Trust. (1975) 66–75.

[22] M.R. Dimitrijevic, J. Faganel, D. Lehmkuhl, A. Sherwood, Motor
control in man after partial or complete spinal cord injury, In: J.E.
Desmedt (Ed.), Advances in Neurology, Vol. 39, Motor ControlReferences
Mechanisms in Health and Disease, Raven Press, New York, 1988,
pp. 915–926.

[1] H.E. Albers, S.Y. Liou, E.G. Stopa, R.T. Zoeller, Neurotransmitter [23] R. Dowman, J.R. Wolpaw, Diurnal rhythms in primate spinal
colocalization and circadian rhythms. In: J. Joosse, R.M. Buijs, reflexes and accompanying cortical somatosensory evoked poten-
F.J.H. Tilders (Eds.), Prog. Brain Res. 92 (1992) 289–307. tials, Electroencephalogr. Clin. Neurophysiol. 72 (1989) 69–80.

[2] P. Ashby, M. Verrier, Neurophysiological changes following spinal [24] W.K. Doyle, C. Wilmot, K.M. Hall, P.R. Cooper, A.I. Faden,
cord transections in man, Can. J. Neurol. Sci. 2 (1975) 91–100. Trauma of the spine and spinal cord, In: R.J. Joynt (Ed.), Clinical

[3] F. Baldissera, H. Hultborn, M. Illert, Integration in spinal neuronal Neurology, Vol. 3, Chapter 47, J.B. Lippincott, Philadelphia, PA,
systems. In: V.B. Brooks (Ed.), Handbook of Physiology. The 1993, pp. 1–58.
Nervous System. Motor Control, Part 1. American Physiological [25] M. Faist, M. Ertel, W. Berger, V. Dietz, Impaired modulation of
Society, Bethesda, MD, 1981, pp. 509–595. quadriceps tendon jerk reflex during spastic gait: differences be-

[4] G. Boorman, W.J. Becker, B.-L. Morrice, R.G. Lee, Modulation of tween spinal and cerebral lesions, Brain 122 (3) (1999) 567–579.
the soleus H-reflex during pedalling in normal humans and in [26] B. Fujimori, M. Kato, S. Matsushima, S. Mori, M. Shimamura,
patients with spinal spasticity, J. Neurol. Neurosurg. Psychiatry 55 Studies on the mechanism of spasticity following spinal hemisection
(1992) 1150–1156. in the cat, in: R. Granit (Ed.), Muscular Afferents and Motor

[5] W.F. Brown, The Physiological and Technical Basis of Elec- Control, Wiley, New York, 1966, pp. 397–413.
tromyography. Butterworths, Boston, MA, 1984, pp. 144–148, 474– [27] C.J. Hechman, Alterations in synaptic input to motoneurons during
479. partial spinal cord injury, Med. Sci. Sports Exerc. 26 (1994) 1480–

[6] R.M. Buijs, J. Wortel, J.J. Van Heerikhuize, M.G.P. Feenstra, G.J. 1490.
Ter Horst, H.J. Romijn, A. Halsbeek, Anatomical and functional [28] E. Henneman, Organization of the spinal cord and its reflexes. In:
demonstration of a multisynaptic suprachiasmatic nucleus adrenal V.B. Mountcastle (Ed.), Medical Physiology, Vol. 1, Mosby CV, St
pathway, Eur. J. Neurosci. 11 (1999) 1535–1544. Louis, MO, 1980, pp. 780–785, 793–801.

[7] B. Calancie, J.G. Broton, K.J. Klose, M. Traad, J. Difini, D.R. [29] E. Henneman, L.M. Mendell, Functional organization of
Ayyar, Evidence that alterations in presynaptic inhibition contribute motoneuron pool and inputs, In: V.B. Brooks (Ed.), Handbook of
to segmental hypo- and hyperexcitability after spinal cord injury in Physiology. Sect. I. The Nervous System. Vol. II. Motor Control.
man, Electroencephalogr. Clin. Neurophysiol. 89 (1993) 177–186. Part I. Williams and Wilkins, Baltimore, MD, 1981, pp. 423–507.

[8] E. Casiglia, A. Pizziol, F. Piacentini, R. Biasin, C. Onesto, V. [30] J.L. Henry, Diurnal variation in excitation of dorsal horn units by
Tikhonoff, R. Prati, P. Palatini, A.C. Pessina, 24-hour leg and naloxone in the spinal cat suggests a circulating opioid factor,
forearm haemodynamics in transected spinal cord subjects, Cardiov- Neuroscience 6 (1981) 1935–1942.
asc. Res. 41 (1999) 312–316. [31] J.C. Holstege, H.G.J.M. Kuypers, Brainstem projections to spinal

[9] X.Y. Chen, L. Chen, J.R. Wolpaw, The corticospinal tract in motoneurons: an update, Neuroscience 23 (1987) 809–821.



108 X.Y. Chen et al. / Brain Research 942 (2002) 101 –108

[32] A. Kalsbeek, R.M. Buijs, Peptidergic transmitters of the suprach- [50] C.L. St George, Spasticity: Mechanisms and nursing care, Neurosci.
iasmatic nuclei and the control of circadian rhythmicity. In: J. Nursing 28 (1993) 819–827.
Joosse, R.M. Buijs, F.J.H. Tilder (Eds.), Prog. Brain Res. 92 (1992) [51] J. Schouenborg, H. Holmberg, H.-R. Weng, Functional organization
321–333. of the nociceptive withdrawal reflexes. II. Changes of excitability

[33] P.R. Kennedy, Corticospinal, rubrospinal and rubro-olivary projec- and receptive fields after spinalization in the rat, Exp. Brain Res. 90
tions: a unifying hypothesis, Trends Neurosci. 13 (1990) 474–479. (1992) 469–478.

[34] H.G.J.M. Kuypers, Anatomy of the descending pathways. In: V.B. [52] J.M. Shefner, S.A. Berman, M. Sarkarati, R.R. Young, Recurrent
Brooks (Ed.), Handbook of Physiology, Sect. 1: The Nervous inhibition is increased in patients with spinal cord injury, Neurology
System; Vol. II: Motor Control. Williams and Wilkins, Baltimore, 42 (1992) 2162–2168.
1981, pp. 597–666. [53] K.J. Smith, B.J. Bennett, Topographic and quantitative description

[35] J.W. Little, E.M. Halar, H-reflex changes following spinal cord of rat dorsal column fibres arising from the lumbar dorsal roots, J.
injury, Arch. Phys. Med. Rehabil. 66 (1985) 19–22. Anat. 153 (1987) 203–215.

[36] P.B.C. Matthews, Mammalian Muscle Receptors and Their Central [54] R.B. Stein, J.F. Yang, M. Belanger, K.G. Pearson, Modification of
Actions, Williams and Wilkins, Baltimore, 1972, pp. 319–409. reflexes in normal and abnormal movements, Prog. Brain Res. 97

[37] J.H. Meijer, W.J. Rietveld, Neurophysiology of the suprachiasmatic (1993) 189–196.
circadian pacemaker in rodents, Physiol. Rev. 69 (1989) 671–707. [55] B.T. Stokes, Experimental spinal cord injury: A dynamic and

[38] J.D. Miller, On the nature of the circadian clock in mammals, Am. J. verifiable injury device, J. Neurotrauma 9 (1992) 129–134.
Physiol. 264 (1993) R821–R832. [56] B.T. Stokes, D.H. Noyes, D.L. Behrmann, A electromagnetic spinal

[39] R.Y. Moore, J.C. Speh, GABA is the principal neurotransmitter of injury device with dynamic sensitivity, J. Neurotrauma 9 (1992)
the circadian system, Neurosci. Lett. 150 (1993) 112–116. 187–195.

[40] M. Munakata, J. Kameyama, M. Kanazawa, T. Nunokawa, N. [57] D.J. Tracey, Ascending and descending pathways in the spinal cord,
Moriai, K. Yoshinaga, Circadian blood pressure rhythm in patients in: G. Paxinos (Ed.), The Rat Nervous System, Academic Press, San
with higher and lower spinal cord injury—simultaneous evaluation Diego, CA, 1995, pp. 67–80.
of autonomic nervous activity and physical activity, J. Hypertens. 15 [58] C.K. Thomas, B.H. Ross, Distinct patterns of motor unit behavior
(1997) 1745–1749. during muscle spasms in spinal cord injured subjects, J. Neuro-

[41] B. Nitsche, H. Perschak, A. Curt, V. Dietz, Loss of circadian blood physiol. 77 (1997) 2847–2850.
pressure variability in complete tetraplegia, J. Hum. Hypertens. 10 [59] J.R. Wolpaw, The complex structure of a simple memory, Trends
(1996) 311–317. Neurosci. 20 (1997) 588–594.

[42] D. Nozaki, K. Nakazawa, Y. Yamamoto, Supraspinal effects on the [60] J.R. Wolpaw, P.A. Noonan, J.A. O’Keefe, Adaptive plasticity and
fractal correlation in human H-reflex, Exp. Brain Res. 112 (1996) diurnal rhythm in the primate spinal stretch reflex are independent
112–118. phenomena, Brain Res. 300 (1984) 385–391.

[43] N.J. Olby, W.F. Blakemore, A new method of quantifying the extent [61] J.R. Wolpaw, R.F. Seegal, Diurnal rhythm in the spinal stretch
of tissue loss following spinal cord injury in the rat, Exp. Neurol. reflex, Brain Res. 244 (1982) 365–369.
138 (1996) 82–92. [62] J.R. Wolpaw, A.M. Tennissen, Activity-dependent spinal cord

[44] J.T. Patterson, P.A. Head, D.L. McNeill, K. Chung, R.E. Coggeshall, plasticity in health and disease, Annu. Rev. Neurosci. 24 (2001)
Ascending unmyelinated primary afferent fibers in the dorsal 807–843.
funiculus, J. Comp. Neurol. 290 (1989) 384–390. [63] R.R. Young, Spasticity: A review, Neurology 44 (Suppl. 9) (1994)

[45] J.T. Patterson, R.E. Coggeshall, W.T. Lee, K. Chung, Long ascend- S12–S20.
ing unmyelinated primary afferent axons in the rat dorsal column: [64] J.M. Zeitzer, N.T. Ayas, S.A. Shea, R. Brown, C.A. Czeisler,
immunohistochemical localizations, Neurosci. Lett. 108 (1990) 6– Absence of detectable melatonin and preservation of cortisol and
10. thyrotropin rhythms in tetraplegia, J. Clin. Endocrinol. Metab. 85

[46] F.R. Pierau, M.R. Klee, F.W. Klussmann, Effects of local hypo- and (2000) 2189–2196.
hyperthermia on mammalian spinal motoneurones, Fed. Proc. 28 [65] F.P. Zemlan, C.M. Leonard, L.M. Kow, D.W. Pfaff, Ascending tracts
(1969) 1006–1009. of the lateral columns of the rat spinal cord: A study using the silver

[47] F.R. Pierau, M.R. Klee, F.W. Klussmann, Effect of temperature on impregnation and horseradish peroxidase techniques, Exp. Neurol.
postsynaptic potentials of cat spinal motoneurones, Brain Res. 114 62 (1978) 298–334.
(1976) 21–34. [66] F.P. Zemlan, L.M. Kow, J.I. Morrell, D.W. Pfaff, Descending tracts

[48] D.J. Reis, E. Gutnick, Daily segmental rhythms of norepinephrine in of the lateral columns of the rat spinal cord: A study using the
spinal cord of the cat, Am. J. Physiol. 218 (1970) 1707–1709. horseradish peroxidase and silver impregnation techniques, J. Anat.

[49] S. Reuss, Components and connections of the circadian timing 128 (1979) 489–512.
system in mammals, Cell Tissue Res. 285 (1996) 353–378.


