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The cerebellum in maintenance of a motor skill:
A hierarchy of brain and spinal cord plasticity
underlies H-reflex conditioning
Jonathan R. Wolpaw1 and Xiang Yang Chen
Laboratory of Nervous System Disorders Wadsworth Center, New York State Department of Health and State University of New
York at Albany, Albany, New York 12201-0509, USA
Operant conditioning of the H-reflex, the electrical analog of the spinal stretch reflex, is a simple model of skill
acquisition and involves plasticity in the spinal cord. Previous work showed that the cerebellum is essential for
down-conditioning the H-reflex. This study asks whether the cerebellum is also essential for maintaining
down-conditioning. After rats decreased the soleus H-reflex over 50 d in response to the down-conditioning
protocol, the cerebellar output nuclei dentate and interpositus (DIN) were ablated, and down-conditioning continued
for 50–100 more days. In naive (i.e., unconditioned) rats, DIN ablation itself has no significant long-term effect on
H-reflex size. During down-conditioning prior to DIN ablation, eight Sprague-Dawley rats decreased the H-reflex to
57% (±4 SEM) of control. It rose after ablation, stabilizing within 2 d at about 75% and remaining there until ∼40 d
after ablation. It then rose to ∼130%, where it remained through the end of study 100 d after ablation. Thus, DIN
ablation in down-conditioned rats caused an immediate increase and a delayed increase in the H-reflex. The final
result was an H-reflex significantly larger than that prior to down-conditioning. Combined with previous work, these
remarkable results suggest that the spinal cord plasticity directly responsible for down-conditioning, which survives
only 5–10 d on its own, is maintained by supraspinal plasticity that survives ∼40 d after loss of cerebellar output.
Thus, H-reflex conditioning seems to depend on a hierarchy of brain and spinal cord plasticity to which the
cerebellum makes an essential contribution.

The challenge presented by the phenomena of learning has
changed greatly in recent years. In the past, the challenge was to
discover activity-dependent central nervous system (CNS) plasticity that might account for learning. Now, many different kinds
of activity-dependent plasticity are known to occur throughout
the CNS, and the challenge is to define exactly how this plasticity
accounts for learned behavioral changes. The complexity and
limited accessibility of the CNS and the fact that even simple
learning involves multisite plasticity obscure the causal connections between this plasticity and behavioral changes (Wolpaw
and Lee 1989; Carrier et al. 1997; Cohen et al. 1997; Lieb and
Frost 1997; Thompson et al. 1997; Whalen and Pearson 1997;
Hansel et al. 2001; King et al. 2001; Wolpaw and Tennissen 2001;
Carey and Lisberger 2002; Medina et al. 2002; van Alphen and De
Zeeuw 2002; Wolpaw 2002; Blazquez et al. 2003; Boyden et al.
2004; Broussard and Kassardjian 2004; Fanselow and Poulos
2005; Thompson 2005). The elucidation of these connections
depends on experimental models derived from simple behaviors
produced by defined and accessible neural circuitry.
The H-reflex, the electrical analog of the spinal stretch reflex
(SSR), is perhaps the simplest and most accessible behavior of the
vertebrate CNS. It is mediated mainly by a monosynaptic pathway consisting of the primary afferent neuron from the muscle
spindle, its synapse on the ␣-motoneuron in the spinal cord, and
the motoneuron itself (Magladery et al. 1951; Matthews 1972;
Henneman and Mendell 1981; Brown 1984). The SSR and the
H-reflex, which change during early development, during skill
acquisition later in life, and after spinal cord trauma, also change
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in response to an operant conditioning protocol (for review, see
Wolpaw and Tennissen 2001). Monkeys, humans, rats, and mice
exposed to this protocol can gradually decrease (i.e., downconditioning) or increase (i.e., up-conditioning) the SSR or the
H-reflex (Wolpaw et al. 1983; Wolpaw 1987; Evatt et al. 1989;
Chen and Wolpaw 1995; Wolf et al. 1995; Carp et al. 2005).
According to a standard definition of “skill” as an adaptive behavior acquired through practice (Chen et al. 2005), operantly
conditioned changes in the SSR and H-reflex constitute simple
motor skills.
The learning of these simple skills is associated with multisite spinal cord plasticity (Wolpaw and Lee 1989; Carp and
Wolpaw 1994, 1995; Feng-Chen and Wolpaw 1996; Wolpaw
1997; Carp et al. 2001; for review, see Wolpaw and Tennissen
2001; Wang et al. 2003, 2006). This learning requires the corticospinal tract (CST), and does not require other major descending pathways (Chen and Wolpaw 1997, 2002; Chen et al. 2002).
The cerebellum is essential, at least for down-conditioning (Chen
and Wolpaw 2005).
The present study set out to determine whether the cerebellum is also essential for the maintenance of down-conditioning
that has already occurred. The results are quite remarkable and
unexpected, and they provide important new insight into the
CNS plasticity that underlies skill acquisition.

Results
Figure 1A shows the study protocol. Several weeks after each rat
was implanted for study, control H-reflex size was measured for
10–17 d. Then, the rat was exposed to the down-conditioning
protocol (i.e., the HRdown mode; see Materials and Methods) for
50 d, the nuclei dentate and interpositus (DIN) were ablated, and
HRdown exposure continued for 50 (three rats) or 100 (five rats)
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reflex size) (Wolpaw et al. 1993; Chen and Wolpaw 1995), all
eight rats were successful.

Short-term effects of DIN ablation
In the first 2 d after ablation, H-reflex size increased by ∼50% of
its control value and then fell back to a persistent increase of
∼20%. Repeated-measures ANOVA applied to the first 10 postablation days showed significant variation from the average of
the last 10 pre-ablation days (P < 0.001), and Dunnett’s multiple
comparisons test indicated that post-ablation days 1 and 2 differed significantly from the average of the last 10 pre-ablation
days (P < 0.01 for each) while none of days 3–10 did so (P > 0.05
for each). A similar brief increase also occurs in the first 2 d after
DIN ablation in naive rats (Chen and Wolpaw 2005), after cerebellar ablation in cats (Van Der Meulen and Gilman 1965;
McLeod and Van Der Meulen 1967), and after mid-thoracic transection of the CST, the dorsal column ascending tract (DA), or
the lateral column (LC) in naive or conditioned rats (Chen et al.
2001b, 2003; Chen and Wolpaw 2002). It is probably a nonspecific short-term effect of the surgery and/or the accompanying
general anesthesia.

Long-term effects of DIN ablation

Figure 1. (A) Study protocol. At least 20 d after implantation surgery,
control H-reflex size was measured over at least 10 d, and the rats were
exposed to down-conditioning (i.e., the HRdown mode) for 50 d. Then
the DIN were ablated, and down-conditioning continued through the
end of data collection (i.e., for 50–100 more days). Background EMG
amplitude and M response size were stable throughout. (B) DIN ablation.
Photomicrographs of the right DIN area from a normal rat (top) and from
a DIN rat (bottom). The dentate and interpositus nuclei are absent in the
DIN rat. De indicates dentate nucleus; Fa, fastigial nucleus; Int, interpositus nucleus; V4, fourth ventricle; VS, superior vestibular nucleus.

more days. Throughout the prolonged data collection from each
rat, the number of trials per day (i.e., the number of H-reflex
elicitations per day; see Materials and Methods), the background
EMG at the time of H-reflex elicitation, and the M response size
did not change from their values during the control period. Postmortem histological analysis showed that DIN ablation had been
largely effective in all of the eight rats (see Materials and Methods). Figure 1B illustrates the DIN ablation.
Figure 2A summarizes the results. It shows for all rats average (ⳲSEM) H-reflex size (in percentage of control size) for each
day throughout data collection.

Effects of HRdown conditioning
As Figure 2A shows, H-reflex size decreased steadily with HRdown
exposure, reaching 57% (Ⳳ4 SEM) of control for days 41–50 of
down-conditioning, just prior to DIN ablation. It did not vary
significantly over these last 10 pre-ablation days (P > 0.1, repeated-measures ANOVA). By the standard criterion for successful down-conditioning (i.e., a decrease to ⱕ80% of control H-

As Figure 2B shows, the average H-reflex in these downconditioned rats, which had fallen to 57% (Ⳳ4 SEM) of control
prior to DIN ablation, stabilized at ∼75% by 2 d after DIN ablation. It remained there until 40 d after ablation and then rose to
∼130% of control, where it remained through the end of data
collection 100 d after DIN ablation. A statistical analysis that
compared the entire course of H-reflex size following imposition
of the HRdown mode to H-reflex size prior to down-conditioning
confirmed this description. A repeated-measures ANOVA applied
to the average H-reflex values of the 10-d periods from days 1–10
through days 141–150 showed significant variation from the average of the last 10 control-mode days (P < 0.001). Dunnett’s
multiple comparisons test indicated that the average H-reflexes
for days 11–20 through days 81–90 were significantly smaller
that the average control H-reflex (P < 0.01 for each period, except
P < 0.05 for days 71–80 and days 81–90), and that the average
H-reflexes for days 101–110 through days 141–150 were significantly larger than the average control H-reflex (P < 0.01 for each
period).
Thus, although some of the H-reflex decrease produced by
down-conditioning disappeared immediately after DIN ablation,
a significant decrease below control survived until 40 d after ablation, after which it disappeared and was replaced by a significant increase above control that persisted through the end of
data collection 100 d after DIN ablation. As described in Materials
and Methods, the rats continued under the HRdown mode
throughout the entire post-ablation period.
Figure 2B shows average daily H-reflexes from one rat for
four representative days: one from the control-mode period prior
to down-conditioning, one immediately prior to DIN ablation,
one during the first 40 d after DIN ablation, and one near the end
of data collection. Background EMG and M response size were
stable throughout. These traces illustrate the decrease from control produced by down-conditioning, the early increase following DIN ablation that eliminates some but not all of the conditioned decrease, and the delayed larger increase that eliminates
the conditioned decrease and results in an H-reflex larger than
control.

Comparison of the long-term effects of DIN ablation
to those of other lesions
The delayed increase 40 d after DIN ablation is probably the most
striking feature of Figure 2, and was certainly unexpected. (In-
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DIN ablation the H-reflex increased in
two stages, and the second and larger
stage was delayed for 40 d.

Discussion
A previous study found that the cerebellum is essential for acquisition of an Hreflex decrease in response to the HRdown mode (Chen and Wolpaw 2005).
The present study evaluated the importance of the cerebellum in maintenance
of an H-reflex decrease that has already
occurred. As in the earlier study, cerebellar influence was removed by ablating
the DIN. Interpretation of the results is
simplified by the fact that DIN ablation
alone, or DIN ablation followed by
down-conditioning, has little or no
long-term effect on H-reflex size (Chen
and Wolpaw 2005). Furthermore, the ablation did not involve areas other than
the DIN (e.g., Fig. 1B) (see Materials and
Methods).
The results show that the cerebellum is needed for maintenance of downconditioning. Thus, it complements the
earlier demonstration that the cerebellum is needed for acquisition of downFigure 2. Effects of DIN ablation on H-reflex size in down-conditioned rats. (A) Average H-reflex
(ⳲSEM) (in percentage of average control size) for DIN rats for 150 d after imposition of the HRdown
conditioning (Chen and Wolpaw 2005),
mode, with the time of DIN ablation shown. Background EMG amplitude and M response size were
and it has parallel implications concernstable throughout. After DIN ablation, H-reflex size increased ∼20%, remained there for ∼40 d, and
ing the nature of the cerebellum’s conthen rose to a value above its original control value and remained there through the end of data
tribution. Given the fact that the CST is
collection. (B) Daily average H-reflexes from a representative rat for a control day, a day just prior to
essential for maintenance and that other
DIN ablation, a day shortly after DIN ablation, and a day ∼100 d after DIN ablation. The early and
major descending pathways (including
delayed increases following DIN ablation are evident. Background EMG amplitude (i.e., the amplitude
at time 0) and M response size were stable throughout.
the rubrospinal tract) are not essential
(Chen and Wolpaw 1997, 2002), it appears that the critical cerebellar contribution is output that asdeed, the initial plan was to continue data collection for only 50
cends to sensorimotor cortex (the main origin of the CST) rather
d after DIN ablation. However, when the data from the first three
than output that descends to the spinal cord. This cerebellar outrats revealed the delayed increase, data collection was extended
put could be nonspecific, that is, it could simply support normal
for 50 more days for the other five rats.) Figure 3 compares the
functioning of the sensorimotor cortex and thereby allow it to
effects of DIN ablation on maintenance of down-conditioning
maintain the CST output essential for maintenance of the spinal
with the effects of electrolytic mid-thoracic transection of the
cord plasticity that directly underlies the H-reflex decrease (Chen
CST, the ipsilateral LC, or the DA, which are reported and fully
and Wolpaw 1997, 2002). Alternatively, this cerebellar output
described in earlier studies (Chen and Wolpaw 2002). All the
could be specific to down-conditioning of the soleus H-reflex;
lesions show the nonspecific transient increase in the first 2 d.
that is, it could specify the CST activity that maintains the spinal
After this initial brief effect dissipates, neither LC transection
cord plasticity. In this case, the cerebellar output might reflect
(which interrupts the rubrospinal, reticulospinal, and vestibulocerebellar plasticity similar to that thought to occur with vestibuspinal tracts) nor DA transection has any long-term effect. The
loocular reflex (VOR) or eyeblink conditioning (e.g., as a result of
H-reflex remains small for the next 50 d as exposure to the HRthe conjunction of activity in particular mossy and climbing fidown mode continues. In contrast, in 5–10 d after CST transecbers) (Yeo and Hesslow 1998; Ito 2000; Raymond and Lisberger
tion, the H-reflex rises to 125% (Ⳳ8), significantly greater than
2000; Hansel et al. 2001; Carey and Lisberger 2002; Medina et al.
its original control size (P = 0.04, paired t-test), despite continued
2002; Blazquez et al. 2003; Boyden et al. 2004; Bracha 2004;
exposure to the HRdown mode. This high value, which is similar
Broussard and Kassardjian 2004; Fanselow and Poulos 2005;
to the value reached 50 d after DIN ablation, remains through the
Thompson 2005).
end of data collection.
This maintenance study also provides two remarkable and
One-way ANOVA indicated that the final H-reflex values
important new pieces of information: DIN ablation after down(i.e., average H-reflex size 91–100 d after DIN ablation and 41–50
conditioning has occurred leads eventually to an H-reflex that is
d after LC, CST, or DA transection) differed among the four difsignificantly larger than is the control H-reflex prior to downferent lesions (P < 0.001). An all pair-wise multiple comparison
conditioning, and this long-term effect of DIN ablation takes 50
procedure (Fisher LSD method) found that the final H-reflex of
d to occur and appears to develop in two stages, an immediate
DIN rats differed significantly from that of DA or LC rats
increase and a delayed increase.
(P < 0.001 for both) but not from that of CST rats (P > 0.7). CST
transection and DIN ablation had similar final effects: an H-reflex
The larger final H-reflex
larger than control (125% [Ⳳ8 SEM] and 130% [Ⳳ9] for CST and
The larger-than-control H-reflex evident from 100 d on (Fig. 2A)
DIN ablation, respectively). The difference was that after CST
is paradoxical in that it occurs despite the continued imposition
transection, this high value was reached within 10 d, while after
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Figure 3. Comparison of the effects of different lesions on maintenance
of H-reflex down-conditioning. Average H-reflex sizes (ⳲSEM) for each
5-d period for the first 50 d of down-conditioning for all 23 rats (䊉) and
for the next 50–100 d for the DIN (⽧, eight rats), CST (䊐, five rats), LC
(䉭, five rats), and DA (䉮, five rats) groups (CST, LC, and DA data from
Chen and Wolpaw 2002). For the 5 d immediately post-lesion, H-reflex
sizes are shown for the first day and the second day (smaller symbols),
and for the next 3 d together. All the lesions show a nonspecific transient
increase in the first 2 d. After this initial brief effect dissipates, neither LC
nor DA transection has any long-term effect. In contrast, DIN ablation or
CST transection results in an H-reflex larger than control. The difference
between the two lesions is that after CST transection the H-reflex increases within 10 d, while after DIN ablation the H-reflex increases in two
stages, and the second stage is delayed until ∼40 d after the lesion. As
noted in the text, the HRdown mode remains in effect throughout.

of the HRdown mode (i.e., despite the fact that the rat continues
to be rewarded for a smaller H-reflex). And, as noted above, it
cannot be attributed to the DIN ablation itself, which has no
significant long-term effect on H-reflex size (Chen and Wolpaw
2005). This big H-reflex is surprising, but not unprecedented.
Four similarly unexpected increases have appeared in earlier
studies of H-reflex conditioning. First, as Figure 3 shows, CST
transection in down-conditioned rats leads to a similar increase
over control (Chen and Wolpaw 2002). Second, in downconditioned monkeys, general anesthesia and spinal cord transection produce reflexes that are larger than expected on both
the down-conditioned side and the contralateral side (Wolpaw
and Lee 1989). Third, detailed analysis of the time course of Hreflex down-conditioning in normal rats suggests that its beginning is associated with a small increase in H-reflex size that is
obscured by the progressive development of the H-reflex decrease
(Chen et al. 2001a). Fourth, and perhaps most remarkable, is the
increase found in recent studies of contralateral sensorimotor
cortex (cSMC) ablation. When rats with cSMC ablation are exposed to the control mode, the H-reflex does not change (Chen
et al. 2004; data not shown). However, when these cSMC rats are
exposed to the HRdown mode, the H-reflex increases (rather than
decreases) over 6 d (Chen et al. 2004; data not shown).
These previous observations and the increase seen in this
study are consistent with other data indicating that H-reflex conditioning is associated with activity-dependent plasticity at multiple sites (Wolpaw and Lee 1989; Carp and Wolpaw 1994, 1995;
Feng-Chen and Wolpaw 1996; Wolpaw 1997; Carp et al. 2001;
Wang et al. 2003, 2006; for review, see Wolpaw and Tennissen
2001). While some of this plasticity appears responsible for the
conditioned H-reflex change (i.e., primary plasticity), other plasticity may ensure the preservation of older skills such as locomotion (i.e., compensatory plasticity), or may simply reflect reactive
downstream effects caused by changes in activity due to primary

or compensatory plasticity (i.e., reactive plasticity) (Wolpaw and
Lee 1989; Wolpaw and Carp 1990; Wolpaw 1997; Wolpaw and
Tennissen 2001).
The plasticity responsible for the paradoxical long-term Hreflex increase in Figure 2A, which is likely to be either compensatory or reactive, could be located in the spinal cord or in the
brain. The paradoxical increase with anesthesia and spinal cord
transection in monkeys is certainly of spinal origin: It is evident
only when the spinal cord is isolated from the brain (Wolpaw
and Lee 1989). On the other hand, the increase after CST transection (Fig. 3) could be an effect of supraspinal plasticity that
operates through non-CST pathways and is normally opposed by
CST influence (so that it only emerges following CST transection). In this case, LC transection in down-conditioned rats
might be expected to produce a rapid further decrease in H-reflex
size. Figure 3 does suggest that LC transection in downconditioned rats may be followed by some additional decrease
(for full data, see Chen and Wolpaw 2002).
All of the other four paradoxical increases described above
occur immediately or in a few days. This suggests that the increase above control seen in Figure 2A is the same increase evident by 2 d after DIN ablation, and that for the next 40 d it
coexists with the H-reflex decrease produced by downconditioning. It is only 40–50 d after DIN ablation, when the
H-reflex decrease finally disappears, that the H-reflex actually
becomes larger than control.

The delayed H-reflex increase
As the previous section indicates, the larger final H-reflex, although unexpected, is not unprecedented. In contrast, the delayed increase also evident in Figure 2A is both unexpected and
unprecedented. Following the immediate increase after DIN ablation, the H-reflex size remains stable at a level significantly
below its original control size for ∼40 d. It then rises to its final
high value, which is comparable to the value reached by 10 d
after CST transection (Fig. 3). The delayed increase is particularly
striking in that it is evident in the averaged data from all the rats
and is not accompanied by an increase in the standard error
(which only increases past day 100 when the number of rats falls
from eight to five and the individual H-reflex values become
considerably higher). Nothing like this delayed increase has occurred before in extensive explorations of H-reflex and SSR conditioning in monkeys and rats (Wolpaw and Tennissen 2001; for
review, see Wolpaw 2001). A similar delayed increase does not
occur after DIN ablation or other lesions in naive rats, or after
CST, DA, or LC transection in down-conditioned or upconditioned rats (Chen and Wolpaw 1997, 2002; Chen et al.
2001b, 2002, 2003).
The 40-d stability followed by the increase, occurring in the
context of the continued presence of the HRdown mode, implies
that the plasticity responsible for a smaller H-reflex survives DIN
ablation for ∼40 d and then deteriorates. This plasticity is unlikely to be spinal: The rapid effect of CST transection, illustrated
in Figure 3, indicates that the spinal plasticity that is directly
responsible for the smaller H-reflex can survive only 5–10 d on its
own. Thus, the plasticity that deteriorates after 40 d is more likely
to be supraspinal and to be responsible for the CST influence that
maintains the spinal cord plasticity. Plasticity in sensorimotor
cortex and associated regions, which occurs in many physiological and pathological situations (Nudo 2003; Siebner and
Rothwell 2003; Field-Fote 2004; Luft et al. 2005; Sawaki 2005), is
a strong possibility, and the pathways mediating cerebrocerebellar interactions, which are important for a variety of motor behaviors (Glickstein and Yeo 1990; Leiner et al. 1991; Raymond et
al. 1996; Houk 1997; Schmahmann and Pandyat 1997; Desmond
and Fiez 1998; Middleton and Strick 1998; Thach 1998; Holdefer
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et al. 2000; Mandolesi et al. 2001; Schwarz and Mock 2001;
Schwarz and Welsh 2001; Molinari et al. 2002; Andre and Arrogi
2003; Mori et al. 2004; Nitschke et al. 2005), are likely to support
the maintenance of this plasticity.
DIN ablation had no lasting effect on animal well-being,
gross motor behavior, or activity level: Rats gained weight,
walked normally, and satisfied the background EMG requirement (see Materials and Methods) with the same daily frequency
as before ablation. Combined with the long delay in the loss of
down-conditioning, these observations suggest that the effect of
DIN ablation on maintenance of down-conditioning is not due
to a nonspecific impairment of cortical function. It suggests that
cerebellar influence (and perhaps cerebellar plasticity; see above)
produced by the reward contingency is essential for the longterm (i.e., >40 d) maintenance of the supraspinal plasticity. The
fact that the full effect of DIN ablation was not evident for 50 d
implies that investigations of cerebellar participation in learning
and memory may require data collection over very prolonged
periods.

A hierarchy of plasticity
H-reflex down-conditioning clearly changes the spinal cord, and
the results of descending pathway transections indicate that this
spinal cord plasticity is created by CST activity and can survive
only 5–10 d without it (Chen and Wolpaw 1997, 2002). The
results of the present study imply that this CST activity depends
on supraspinal plasticity that can survive ∼40 d without the cerebellum. Thus, H-reflex down-conditioning appears to depend
on a hierarchy of brain and spinal plasticity. The spinal plasticity
directly underlies the conditioned H-reflex change and can survive on its own for only a short time (5–10 d). It is maintained by
supraspinal plasticity that is created by the reward contingency.
As discussed in detail previously (Carp and Wolpaw 1994; Halter
et al. 1995), the spinal cord plasticity includes a positive shift in
motoneuron firing threshold that may be due to a comparable
shift in sodium channel activation voltage, and recent data suggest that the shift might be mediated through metabotropic
GABA-B input to the motoneuron (Pillai et al. 2004; Wang et al.
2004, 2006). The nature and site(s) of the supraspinal plasticity
are unknown, although sensorimotor cortex is a likely candidate.
The long-term paradoxical increase evident in Figure 2A implies that this hierarchy is associated with additional spinal or
supraspinal plasticity, which, as noted above, may serve to preserve previously acquired skills. When the hierarchy is intact, the
effect of this additional plasticity on the H-reflex is not evident.
It becomes evident only when the hierarchy is disrupted (e.g., by
DIN ablation [present study], CST transection [Chen and Wolpaw 2002], or complete spinal cord transection [Wolpaw and Lee
1989]).

Conclusions
Earlier studies implied that the spinal cord plasticity underlying
down-conditioning is created and maintained by CST activity,
and that the development of this activity requires the cerebellum. The present study shows that the long-term maintenance of
the CST activity that maintains the spinal cord plasticity also
requires the cerebellum, and it thereby implies the existence of
supraspinal plasticity that requires the cerebellum for its longterm survival. H-reflex down-conditioning appears to depend on
a hierarchy of plasticity, and the cerebellum appears to be essential for the creation and maintenance of this hierarchy.

Materials and Methods
The study used eight adult Sprague-Dawley rats (three females
weighing 266–299 g initially and five males weighing 342–586 g
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initially). All procedures satisfied the Guide for the Care and Use of
Laboratory Animals of the Institute of Laboratory Animal Resources, Commission on Life Sciences, National Research Council (National Academy Press, Washington, DC, 1996) and had
been reviewed and approved by the Institutional Animal Care
and Use Committee of the Wadsworth Center. The H-reflex conditioning and DIN ablation protocols, which are described in
detail elsewhere (Wolpaw and Herchenroder 1990; Chen and
Wolpaw 1995, 2005), are summarized here.

The H-reflex conditioning protocol
Each rat was implanted with chronic stimulating and recording
electrodes in the right hindlimb under general anesthesia (ketamine HCl [80 mg/kg] and xylazine [10 mg/kg]; both intraperitoneally [i.p.]). To elicit the H-reflex, a nerve stimulating cuff was
placed on the right posterior tibial nerve just above the triceps
surae branches. To record soleus EMG, fine-wire electrodes were
placed in the right soleus muscle. The Teflon-coated wires from
the nerve cuff and the muscle went subcutaneously to a connector plug on the head. Data collection started at least 20 d later.
During data collection, the rat lived in a standard rat cage with a
flexible cable attached to the head plug. The cable allowed the
animal to move freely about the cage and conveyed the wires
from the electrodes to an electronic swivel above the cage, from
which they went to an EMG amplifier and a nerve-cuff stimulation unit. All animals had full access to water and food, except
that, during H-reflex conditioning, they received food mainly
through the task described below. Animal well-being was carefully checked several times every day, and body weight was measured every week. Laboratory lights were dim from 2100–0600 h
each day.
A computer system constantly monitored EMG from soleus
muscle and controlled the nerve cuff stimulus. Whenever the
absolute value (i.e., equivalent to the full-wave rectified value) of
the background (i.e., ongoing) EMG remained within a defined
range (typically 1%–2% of maximum possible EMG as determined by maximum M response) for a randomly varying 2.3- to
2.7-sec period, a stimulus pulse (typically 0.5 msec in duration)
was given by the nerve cuff. This criterion ensured that background EMG at the time of H-reflex elicitation was the same
throughout data collection. Pulse amplitude was initially set just
above M-response threshold and then continuously and automatically adjusted to keep M-response size unchanged. Thus,
both the background EMG (reflecting soleus motoneuron tone at
the time of H-reflex elicitation) and the M-response (reflecting
the effective strength of the nerve cuff stimulus) were stable
throughout the entire period of data collection. Under the control mode, the computer simply measured the absolute value of
soleus EMG for 50 msec after nerve stimulation and determined
H-reflex size. Under the HRdown mode, it also gave a food reward
200 msec after nerve stimulation if EMG amplitude in the Hreflex interval (i.e., typically 6.0–10.0 msec after stimulation) was
below a criterion value (which was initially defined on the basis
of the control-mode data so as to reward the smallest 20%–30%
of the rat’s H-reflexes, and was subsequently adjusted as needed
to maintain this reward percentage). In the course of its normal
activity, the animal usually satisfied the background EMG requirement, and thus received nerve stimulation, 3200–8900
times per day. H-reflex size was measured as average EMG amplitude in the H-reflex interval minus average background EMG
amplitude and was expressed in units of average background
EMG amplitude. As indicated in the Results, each rat’s number of
trials per day, background EMG amplitude, and M response size
were stable throughout data collection.

DIN ablation and post-ablation animal care
and well-being
Bilateral ablation of the DIN (Voogd 1995; Voogd and Glickstein
1998) was performed electrolytically with a platinum/iridium
electrode (monopolar, 0.125-mm diameter, 0.100 mm exposed).
(Ablation was bilateral so that, if the results were negative [i.e., if
conditioning was maintained in the DIN rats], they would clearly
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rule out an essential role for the cerebellum.) The rat was anesthetized as described above and placed in a stereotaxic frame.
Two holes (1-mm diameter) were made in the skull on each side.
For dentate ablation, the electrode was positioned vertical to the
plane defined by the interaural line and the midline with its tip
on the surface of the brain 2.70 mm caudal to the interaural line
and 2.72 mm lateral to the midline, and the tip was then inserted
vertically 4.10 mm into the brain (Paxinos and Watson 1986;
Kruger et al. 1995; Chen and Wolpaw 2005). For interpositus
ablation, the electrode was positioned vertical to the plane defined by the interaural line and the midline with its tip on the
surface of the brain 2.70 mm caudal to the interaural line and
1.72 mm lateral to the midline, and the tip was then inserted
vertically 4.50 mm into the brain. Each ablation was achieved by
passing AC current (0.2–0.3 mA, 5-Hz sine wave) for 7 min. The
electrode was then removed, and the hole was filled with bone
wax. After both nuclei were ablated on both sides, muscle and
skin were sutured in layers.
Immediately after ablation, the rat was put under a heat
lamp and given an analgesic (Demerol, 0.2 mg, intramuscularly
[i.m.]). Once awake, it got a second dose of analgesic and was
returned to its cage. Rats that ate poorly in the first few postablation days were fed manually with water-soaked chow and a
dietary supplement (Nutri-Cal). All rats resumed eating normally
within 5 d and were healthy and active throughout the remainder of the study. Body weight fell 4%–17% in the first postablation week, and regained its pre-ablation level in 11–43 d.
Every rat gained weight over the period of study. For all rats,
weight increased from 265–586 g at the beginning to 351–673 g
at the end. Locomotion, which was frequently awkward and
poorly balanced immediately after DIN ablation, appeared normal in 3–4 wk or less.

Histology
At the end of data collection, each rat received an overdose of
sodium pentobarbital (i.p.) and was then perfused through the
heart with saline followed by 3% paraformaldehyde and 1% glutaraldehyde in 0.1 M phosphate buffer (pH 7.3). The EMG electrodes, nerve cuff, and tibial nerve were examined, and the right
and left soleus muscles were removed and weighed (as percentage
of body weight). Their weights were symmetrical and did not
differ significantly from normal.
The brain was removed and the area including the cerebellum was stored in 10% sucrose in 0.2 M phosphate buffer (pH
7.3). Transverse 100-µm serial sections were stained with 1% neutral red. In the sections including the DIN, we counted, on right
and left sides, the number of DIN cells with diameters ⱖ10 µm.
Four normal (i.e., unablated) rats were similarly studied (Chen
and Wolpaw 2005). The number of DIN cells remaining on each
side of each DIN rat was calculated as the percentage of the average number of cells on each side of the normal rats.
Normal rats averaged 2879 (Ⳳ91 SD) DIN cells on each side,
with no significant difference between right and left sides
(P > 0.05 by paired t-test) (Chen and Wolpaw 2005). DIN ablation was largely effective in all eight of the DIN rats. Total cell
counts averaged 17% (Ⳳ10 SD) (range 1%–30%) of normal. The
right DIN averaged 15% (Ⳳ10 SD) (range 1%–26%) and the left
DIN averaged 18% (Ⳳ10 SD) (range 2%–33%). Figure 1B shows
transverse sections from a normal rat and a DIN rat. Beyond the
nearly total loss of the DIN nuclei, DIN rats showed little or no
damage other than the narrow tract of the electrode through the
cerebellum. Thus, the effects of DIN ablation were almost certainly due to DIN loss rather than to collateral damage to other
structures.

Data analysis
To assess short-term effects on H-reflex size of DIN ablation in
these down-conditioned rats (i.e., Figure 2), a repeated-measures
ANOVA was used to compare the first 10 post-ablation days to
the last 10 pre-ablation days. If an effect was found, Dunnett’s
multiple comparisons method was used to identify post-ablation

days that differed significantly from the average of the last 10
pre-ablation days. To assess the long-term effects of DIN ablation,
a similar procedure was used to compare the average H-reflex size
for each 10-d period after onset of the HRdown mode to the
average H-reflex size for the last 10 control days. (For the first
10-d period after DIN ablation, the average for days 3–10 was
used to exclude the nonspecific transient increase seen in days
1–2.) If an effect was found, Dunnett’s multiple comparisons
method was used to identify those 10-d periods that differed
significantly from the average of the last 10 control days. In addition, to compare the effects of different lesions (i.e., DIN ablation, LC, CST, or DA transection) on maintenance of H-reflex
down-conditioning, a one-way ANOVA followed by an all pairwise multiple comparison procedure (Fisher LSD method) was
used to compare the final H-reflex sizes (i.e., average H-reflex size
for days 91–100 after DIN ablation and days 41–50 after LC, CST,
or DA transection).
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