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Summary

Myoclonic twitches are jerky movements that occur exclu-
sively and abundantly during active (or REM) sleep in mam-
mals, especially in early development [1–4]. In rat pups, limb
twitches exhibit a complex spatiotemporal structure that
changes across early development [5]. However, it is not
known whether this developmental change is influenced
by sensory experience, which is a prerequisite to the notion
that sensory feedback from twitches not only activates
sensorimotor circuits but modifies them [4]. Here, we inves-
tigated the contributions of proprioception to twitching in
newborn ErbB2 conditional knockout mice that lack muscle
spindles and grow up to exhibit dysfunctional proprio-
ception [6–8]. High-speed videography of forelimb twitches
unexpectedly revealed a category of reflex-like twitching—
comprising an agonist twitch followed immediately by an
antagonist twitch—that developed postnatally in wild-
types/heterozygotes, but not in knockouts. Contrary to evi-
dence from adults that spinal reflexes are inhibited during
twitching [9–11], this finding suggests that twitches trigger
themonosynaptic stretch reflex and, by doing so, contribute
to its activity-dependent development [12–14]. Next, we as-
sessed developmental changes in the frequency and organi-
zation (i.e., entropy) of more-complex, multi-joint patterns of
twitching; again, wild-types/heterozygotes exhibited devel-
opmental changes in twitch patterning that were not seen
in knockouts. Thus, targeted deletion of a peripheral sensor
alters the normal development of local and global features of
twitching, demonstrating that twitching is shaped by sen-
sory experience. These results also highlight the potential
use of twitching as a uniquely informative diagnostic tool
for assessing the functional status of spinal and supraspinal
circuits.

Results and Discussion

Contrary to the longstanding view of twitching as an aimless,
disjointed, and uncoordinated by-product of a dreaming brain
[15], it is in fact a complex behavior with its own developmental
dynamics [5]. This new perspective raises the question of
whether the development of twitching is shaped by sensory
experience, particularly in early infancy when active sleep

and twitching are prominently expressed [1, 2, 16]. Muscle-
specific ErbB2 knockouts provide a unique opportunity to
address this question: few if any muscle spindles are present
at birth and they are completely lacking by postnatal day (P)
9 [6]. This phenotype arises because normal spindle deve-
lopment requires activation of ErbB2 receptors, located on
spindles, by neuregulin 1 (Nrg1) released from Ia afferents
[6, 7, 17]. Muscle-specific ErbB2 knockouts survive to adult-
hood [6], at which time they exhibit abnormal limb extension
reflexes and ataxia [6–8]. However, motor outflow is spared
in these knockouts, so twitching continues to be expressed.
Thus, by comparing twitching in wild-types (WTs) and hetero-
zygotes (Hets) with that of knockouts (KOs) across the early
postnatal period, the developmental contributions of muscle
spindles to twitching can be revealed.
To confirm the phenotypes of WTs, Hets, and KOs, we

analyzed skeletal muscles for the presence of spindles (see
the Supplemental Information). As expected [6], whereas spin-
dles were readily observed in the WTs and Hets, none were
observed in the KOs. Next, we used high-speed videography
and 3D motion tracking to assess twitching in P4 and P10
mice. At P4, 9 WTs, 11 Hets, and 7 KOs yielded 37–54 video
segments containing 4,020–6,985 twitches per genotype. At
P10, sevenWTs, eight Hets, and eight KOs yielded 40–47 video
segments containing 1,824–2,176 twitches per genotype.
The analyses below focus exclusively on shoulder (adduc-

tion and abduction) and elbow (flexion and extension) twitches
in the left and right forelimbs. We first perform pairwise ana-
lyses of twitch movements, followed by an analysis of more
complex patterns of multi-joint twitching.

Absence of Muscle Spindles Differentially Affects
Agonist-Antagonist Twitches
Wefirst assessed genotype- and age-related differences in the
organization of twitching by computing inter-twitch intervals
(ITIs) and plotting their frequency distributions. After initial re-
view of the data, we focused our attention on ITIs for four cat-
egories of twitch pairs. Each pair was composed of an initial
‘‘agonist’’ twitch and (1) a succeeding twitch that occurred
within the same joint but in the opposite direction (‘‘agonist-
antagonist twitches’’; e.g., right elbow flexion / right elbow
extension; Movie S1), (2) a succeeding twitch that was a repeat
of the first (‘‘agonist-agonist twitches’’; e.g., right elbow flexion
/ right elbow flexion), (3) a succeeding twitch that occurred
within the same limb but at the other joint (e.g., right elbow
flexion / right shoulder abduction), and (4) a succeeding
twitch that occurred in the other limb in a homologous fashion
(e.g., right elbow flexion/ left elbow flexion). The ITI distribu-
tions for the last two twitch pairs exhibited negligible geno-
typic differences at P4 and P10 and so are not discussed
further (Figure S1).
For agonist-antagonist twitches, the three genotypes segre-

gate substantially between P4 and P10, with the P10 WTs and
Hets—but not the KOs—exhibiting a pronounced develop-
mental increase in frequency at short ITIs (Figure 1A). These
differences were assessed statistically by performing two-fac-
tor (age and genotype) between-subject ANOVA on mean
twitch latencies computed over a 150-ms window. There was*Correspondence: mark-blumberg@uiowa.edu
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a marked decrease in latency at P10 but only in the WTs and
Hets (Figure 2A, left). The ANOVA revealed significant main ef-
fects of age (F [1,44] = 27.2; p < 0.001) and genotype (F [2,44] =
14.2; p < 0.001) and a significant age 3 genotype interaction
(F [2,44] = 5.2; p < 0.01). Next, we tested the mean likelihood
that an antagonist twitch occurred within 50 ms of the agonist
(Figure 2A, right). We found genotypic differences at both
ages; by P10, agonist-antagonist twitches were 43more likely
in the WTs and Hets than in the KOs. ANOVA revealed a signif-
icant main effect of genotype (F [2,44] = 16.6; p < 0.001).

For the second category of twitch pairs—the agonist-
agonist twitches—the genotypic differences were small, espe-
cially at ITIs less than 50 ms (Figure 1B). KOs exhibited slightly
longer mean latencies than the WTs and Hets at both ages,
with latencies in all three genotypes decreasing slightly with
age (Figure 2B, left); ANOVA revealed significant main effects
of age (F [1,44] = 29.9; p < 0.001) and genotype (F [2,44] =
17.9; p < 0.001). Conversely, the mean likelihood that an
agonist-agonist twitch occurred within 50 ms was lower for
the KOs at both ages, with likelihoods in all three genotypes
increasing with age (Figure 2B, right); again, ANOVA revealed
significant main effects of age (F [1,44] = 21.2; p < 0.001) and
genotype (F [2,44] = 14.6; p < 0.001).

To better visualize differences in agonist-antagonist and
agonist-agonist twitching across age and genotype, we con-
structed perievent histograms from data pooled across sub-
jects (Figure 3). As shown previously [5], strongly coupled
twitch pairs exhibit pronounced peaks on either side of the
‘‘trigger’’ twitch at 0 ms (preceding and following peaks occur
depending on whether the trigger twitch is the second or first
twitch in the pair, respectively). For the agonist-antagonist
pairs in the WTs and Hets, such peaks were weak at P4 and
pronounced by P10; note the clustering of the peaks within
50ms of the trigger and the narrow peri-trigger gaps. However,
this developmental progression was not seen in the KOs—
peaks were weak or absent at both ages in this genotype. In
contrast, perievent histograms of agonist-agonist twitches ex-
hibited weak or absent peaks and wide peri-trigger gaps in all
three genotypes at both ages. The contrast between the two
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Figure 1. Frequency Distribution of Inter-twitch
Intervals for Wild-Type, Heterozygous, and
Knockout Mice at P4 and P10

Inter-twitch intervals were restricted to one of
two movement categories. For each category,
the first twitch of a pair could occur at any joint,
whereas the second immediately succeeding
twitch was (A) an antagonist twitch (e.g., right
elbow flexion / right elbow extension) or (B) a
repeat of the first twitch (e.g., right elbow flexion
/ right elbow flexion). Frequencies were normal-
ized over the 150-mswindow. P4: n = 3,995–6,931
ITIs; P10: n = 1,784–2,131 inter-twitch intervals.
See also Figures S1 and S2.

types of twitch pairs is striking because,
at the completion of each initial agonist
twitch, it is theoretically equiprobable
that the second twitch will be an antag-
onist or an agonist. That they are not,
in fact, equiprobable leads us to con-
clude that the early postnatal develop-
ment of agonist-antagonist twitches
uniquely depends upon the presence
of muscle spindles.

In trying to account for the spatiotemporal structure of
twitching in newborn rats in a previous report [5], we dis-
counted the possibility that sensory feedback triggers reflex-
mediated activation of twitches. This view derived, in part,
from evidence in adult cats that monosynaptic and polysyn-
aptic spinal reflexes are powerfully inhibited during twitching
[9–11] (see also [18]). The present results led us to reconsider
a role for reflexes during twitching.
When a skeletal muscle is stretched andmuscle spindles are

activated, spinally projecting Ia afferents activate motoneu-
rons projecting back to that same muscle (or a related one).
In this way, the monosynaptic stretch reflex counteracts the
stretch on the muscle and controls muscle length. But, do
limb twitches, by contracting one muscle and stretching an
opposing one, trigger spinally mediated reflexive reactions to
result in opposite-going twitches? There are several reasons
to believe that they might. First, agonist-antagonist twitches
developed substantially in the WTs and Hets between P4
and P10, consistent with evidence that the monosynaptic
reflex circuit strengthens over the early postnatal period
[13, 14, 19]. Second, adult ErbB2 KOs exhibit deficient hin-
dlimb extension reflexes as well as a near-complete absence
of Ia afferent connections with spinal motoneurons [6, 8];
accordingly, if the stretch reflex were indeed triggered during
twitching, one would expect that, of all four twitch pairs, the
agonist-antagonist twitches would be most affected by the
absence of muscle spindles, which was clearly the case. Third,
the peak latency from the first (agonist) to the second (antag-
onist) twitch was approximately 30 ms (Figure 1A), which is
both shorter than the latency for agonist-agonist twitches (Fig-
ure 1B) and longer than the latencies for the two other twitch
pairs (Figure S1); in other words, the timing of agonist-antago-
nist twitches is unique in relation to the other twitch pairs.
Given this evidence of reflexive twitches in theWTs andHets,

we returned to an earlier data set comprising typically devel-
oping rats [1] to determinewhether they exhibit similar patterns
of twitching across the first postnatal week (although it should
benoted that P2 andP8 ratsmaybemore functionally similar to
P0 and P7 mice, respectively; see http://www.translatingtime.
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net/translate). Figure S2 compares the ITIs of agonist-antago-
nist and agonist-agonist twitches at P2 and P8. At both ages,
the rats exhibit agonist-antagonist twitches that peak at
shorter ITIs than do the agonist-agonist twitches. Thus, these
data in rats parallel those reported here in mice (see Figures
1 and 3). It also appears that agonist-antagonist twitching is
more developed at P2 in rats than at P4 in mice. In fact, the
peak latency of approximately 50 ms for agonist-antagonist
twitches in the P2 rats is close to the reported latency of 69.7
6 9.2 ms for the monosynaptic stretch reflex in P0 to P1 rats
[20], thus providing additional evidence that agonist-antago-
nist twitches are produced by a reflex mechanism.

Latent Class Analysis of Multi-Joint Twitch Patterns
Whereas the analyses thus far have focused on pairwise
movements, twitching also comprises complex multi-joint
combinations of actions [1]. Moreover, these complex combi-
nations exhibit large-scale developmental changes that are
consistent with a selectionist scheme: complex twitches that
are frequently expressed early in development become better
organized later in development, and twitches that are better
organized early in development become more frequent later
in development. Our question here is whether these develop-
mental changes are altered in ErbB2 KOs due to diminished
proprioceptive feedback.

Using latent class analysis (LCA), we first identified and
characterized the complex twitch patterns across age and ge-
notype. To do this, we conducted six separate LCA analyses
on the WT, Het, and KO mice at each age. These analyses
were conducted on windowed data sets, in which, for each
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Figure 2. Mean Latencies and Likelihoods for
Agonist-Antagonist and Agonist-Agonist Twitch
Pairs in Wild-Type, Heterozygous, and Knockout
Mice at P4 and P10

Thesemovement categories correspond to those
in Figure 1. Mean latencies between twitch pairs
were calculated over a 150-ms window (and
thus are longer than the peak latencies observed
in Figure 1), and mean likelihoods of each pair
were calculated over a 0- to 50-ms window.
Means were calculated across individual pups
(n = 7–11 pups per group). *, significant difference
from both WT and Het; y, significant difference
from WT only. Mean + SEM.

50-ms increment, we designated
whether each of the eight possible
twitch movements (two movements 3
two joints 3 two limbs) did or did not
occur. The resulting vectors were
pooled across all subjects within a given
age and genotype (litter was used as a
random effect). From this, LCA yielded
a set of clusters, each representing a
distinct pattern of twitch movements.
Moreover, each cluster was associated
with a frequency of occurrence and a
vector of the likelihoods that each joint
movement belonged to the cluster (see
Figure S3). Table S1 provides a sum-
mary description of the clusters. The
clusters identified by LCA generally rep-
resented motor patterns comprising

more than two twitches. Averaged across all six groups, the
clusters included 2.28 joint movements that were strongly
associated (probability > 0.5) with a given cluster and an addi-
tional 1.41 joint movements that were moderately associated
(probability = 0.1–0.5).
We examined how these clusters changed over develop-

ment. To do this, we matched clusters across P4 and P10
within each genotype using a procedure similar to that
described previously [5]. Table S1 shows that, across the three
genotypes, 14–18 clusters were identified as matching, thus
leaving 11–15 clusters at P4 that did not have a match at P10
(they were ‘‘lost’’) and two clusters at P10 that did not have a
match at P4 (they ‘‘appeared’’). Next, for each genotype, we
conducted regression analyses on these clusters to examine
the patterns of change across age and genotype. These ana-
lyses considered two factors within and across age: the fre-
quency of occurrence of a cluster and its entropy (computed
using Shannon’s information over the profile probabilities of
each cluster). Here, entropy is a measure of the organization
of joints within a cluster: Higher-entropy clusters can be
seen as having more-random activity across all joints, and
lower-entropy clusters as having a few strongly associated
joints and little ‘‘noise’’ in the weakly associated ones. As
shown in Figure 4, all three genotypes at P4 showed strong
and significant negative correlations between frequency and
entropy (WT: r =20.50; Het: r =20.55; KO: r =20.47): clusters
that were less structured (high entropy) were also expressed
less frequently. By P10, however, these correlations were no
longer significant for any genotype (WT: r = 20.09; Het: r =
20.30; KO: r = 20.33).
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Both the WTs and Hets showed strong developmental con-
tinuity in that clusters that were highly frequent at P4 tended to
remain highly frequent at P10 (Figures 4A and 4B; upper hori-
zontal connections:WT: r = 0.53; Het: r = 0.57), and the clusters
that were highly structured at P4 tended to remain highly struc-
tured at P10 (lower horizontal paths:WT: r = 0.57; Het: r = 0.65).
This continuity was markedly different in the KOs: neither fre-
quency (r = 0.19) nor entropy (r = 0.39) was significantly corre-
lated across age in these mice (Figure 4C).

Analyses of the cross-correlations across genotypes pre-
sent a mixed picture. Specifically, frequency at P4 was signif-
icantly and negatively correlated with entropy at P10 in the
WTs and Hets (WT: r = 20.51; Het: r = 20.59). This suggests
that the higher-frequency twitch patterns at P4 tended to
become more organized (lower entropy) at P10 as minor com-
ponents of the twitch patterns were pruned. However, this was
not observed in the KOs (KO: r = 20.31), suggesting muscle
spindles may be required for this within-cluster pruning. In
contrast, entropy at P4 was significantly and negatively corre-
lated with frequency at P10 in all three genotypes (WT: r =
20.41; Het: r = 20.48; KO: r = 20.55). Here, the better-orga-
nized (lower entropy) twitch patterns tended to become
more frequent later in development.

These results reaffirm in newborn mice a major finding from
our earlier report in newborn rats [5]: clusters of twitching
develop such that more-frequent clusters become more orga-
nized (in the WTs and Hets, but not the KOs) and more-orga-
nized clusters become more frequent (in all three genotypes).
These relationships are illustrated by the diagonal pathways in
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Figure 3. Perievent Histograms Comparing Tem-
poral Pairwise Relationships for Agonist-Antago-
nist and Agonist-Agonist Twitches for Wild-Type,
Heterozygous, and Knockout Mice at P4 and P10

Perievent histograms were computed from data
pooled across subjects. Significant bins for the
agonist-antagonist plots are indicated by upper
and lower confidence bands (solid and dashed
black lines; p < 0.01). The agonist-agonist perie-
vent histograms exhibit mirror imaging because
they are auto-correlations. See also Figure S2
and the Supplemental Experimental Procedures
for details.

Figures 4A and 4B. What is novel here is
the use of ErbB2 KOs to assess the role
that proprioception plays in this devel-
opmental process. If we focus on the
downward-going diagonal path, muscle
spindles appear necessary for highly
frequent (‘‘well-practiced’’) twitches to
become more organized across devel-
opment; we might think of this develop-
mental process as ‘‘pruning’’ of irrele-
vant features of clusters such that they
become more refined. In contrast, if we
focus on the upward-going diagonal
path, muscle spindles appear unneces-
sary for highly organized twitches to
become more frequent across develop-
ment; we might think of this process as
‘‘amplification.’’ Whereas ‘‘pruning’’ en-
tails changes within a cluster, ‘‘amplifi-
cation’’ entails changes to clusters as a

whole. That only the latter process was intact in the KOs
suggests that ‘‘pruning’’ and ‘‘amplification’’ are governed by
distinct mechanisms acting over developmental time.
There was a strong propensity for highly frequent and orga-

nized clusters at P4 to remain highly frequent and organized by
P10; however, this was true only for the WTs and Hets. That is,
focusing on the horizontal paths in Figure 4, muscle spindles
appear necessary to maintain the frequency and structure of
clusters across development. In other words, this continuity
across age may not come for free but rather must be actively
maintained through proprioception.

Conclusions
Here, we have presented evidence for the first time that the
development of twitching is shaped by sensory experience.
We obtained this evidence by comparing the spatiotemporal
structure of twitching at two postnatal ages in mice with and
without normal proprioception. Critically, had we not obtained
such evidence, it would be difficult to sustain the theory that
animals use twitches to build, refine, and maintain sensori-
motor maps [4].
Sensory feedback from a twitching limb may modulate sub-

sequent twitching in several non-mutually exclusive ways [5].
First, feedback may activate local spinal circuits—including,
but not limited to, reflex-mediated activation of twitches—
thereby triggering cascades of subsequent twitches in one or
both limbs; this process could contribute to the moment-to-
moment spatiotemporal structure of twitching. Second, sen-
sory feedbackmay exert long-term influences on sensorimotor
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integration, thereby modifying the future production of
twitches (as well as wake movements). The present findings
provide support for both mechanisms.
The specific engagement by twitching of the monosynaptic

reflex circuit raises the question of whether twitches con-
tribute to its activity-dependent development. In fact, it has
been suggested that the activity-dependent release of neuro-
trophin 3 by muscle spindles strengthens Ia afferent connec-
tions on motoneurons during the 2nd postnatal week [13, 14].
Thus, in light of the early postnatal functional development of
muscle spindles [21] and the monosynaptic stretch reflex
[12–14], we propose twitching as a source of discrete activity
for developing spinal circuits.
It is possible that other proprioceptors (i.e., Golgi tendon or-

gans) and tactile receptors contribute to aspects of twitching
that were not affected in the ErbB2 KOs. In fact, twitching
has been implicated in the self-organization of the withdrawal
reflex, which involves the integration of tactile and propriocep-
tive information [22]. Moreover, a computational model of
twitching suggests that different types of peripheral sensors
contribute differentially to the development of spinal circuits
[4, 23]. It is not known whether and how these various sensors
interact through development to shape the patterning of
twitching.
It is possible that twitching plays no causal role in sensori-

motor development and that the effects observed here on
twitching are mediated entirely by wake movements; in that
case, developmental changes in twitching would merely
come along for the ride. However, evidence is accumulating
in favor of a causal role for twitching. This claim is based, in
part, on overwhelming evidence that the nervous system
pays close attention to sensory feedback arising from twitches
[3, 24–29] and the recent demonstration that sensory feedback
from twitching limbs is processed very differently from feed-
back arising from wake movements [29]. Moreover, and of
particular relevance to the present report, twitch-dependent
neural activity in week-old ErbB2 KOs is substantially disrup-
ted in the cerebellum (B.D. Uitermarkt et al., 2013, Soc. Neuro-
sci., conference) and sensorimotor cortex (A. Tadjalli et al.,
2013, Soc. Neurosci., conference). Nonetheless, selective ma-
nipulations of sleep and wake movements may be needed to
establish the precise functional contributions of twitching
across early development.
There are tangible benefits to taking more seriously the

notion that themotor systemduringwake functions very differ-
ently than it does during sleep [29–31]. For example, just as
REM behavior disorder—a movement disorder expressed
exclusively during REM sleep—is predictive of the later onset
of Parkinson’s disease [32, 33], twitching in early infancy may
prove useful for diagnosing neurodevelopmental disorders
before they can be detected using standard neurological as-
sessments, which are routinely performed only during wake-
fulness. The present results underscore this unrecognized
value of twitching as a sensitive indicator of the functional
status of spinal and supraspinal circuits. Ultimately, these
findings should be extended to other peripheral sensory re-
ceptors, at later ages, and to humans—in healthy and disor-
dered populations—if we wish to grasp the full potential of
twitching as both a diagnostic and explanatory tool.

Experimental Procedures

All experiments were approved by the Institutional Animal Care and Use
Committee of The University of Iowa. Subjects were male and female
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Figure 4. Regression Analyses of LCA Cluster Frequency and Entropy for
Wild-Type, Heterozygous, and Knockout Mice at P4 and P10

Correlation coefficients (r) in red are statistically significant (p < 0.05), and
the width of each connecting line is scaled to the magnitude of r. See also
Figure S3.
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ErbB2+/+ (WT), ErbB2+/2 (heterozygous), and ErbB22/2 (KO) mice. As
described previously [5], small dots of UV fluorescent paint were applied
on the two forelimbs and chest at strategic locations for identifying indi-
vidual joint movements. Pups were secured in a supine position in
custom-made silicone molds appropriate to their age and size. Two
high-speed (250 frames/s) digital video cameras (Integrated Design
Tools) with 105-mm micro-Nikkor lenses (Nikon) were used to record
twitches. Recordings began when the pup was acclimated in an incu-
bator (35!C) and cycling between sleep and wakefulness. Under UV illu-
mination, multiple 20-s recordings were acquired. For each subject, a
minimum of three and a maximum of eight videos were acquired. As
described previously [5], automatic motion tracking of the joints was per-
formed using ProAnalyst (Xcitex). 3D reconstruction of the pups’ limb
movements in space was done with a calibration fixture with an accuracy
of approximately 0.1 mm. Data were imported into Spike2 (Cambridge
Electronic Design) as eight continuous waveforms representing the four
joints across the two forelimbs. For pup-specific parametric analyses,
ANOVA was performed using SPSS (IBM). When appropriate, follow-up
ANOVAs and post hoc tests (LSD) were used. For all inferential statistics,
alpha was set at 0.05. Perievent histograms were used to assess pairwise
within-joint relationships using the ‘‘event correlation’’ function in Spike2.
As described previously [29], statistical significance was assessed using
a jitter protocol implemented in MATLAB (MathWorks) [34]. LCA (Latent
GOLD software; Statistical Innovations) and follow-up analyses were per-
formed as described previously [5], with some modifications (see the
Supplemental Experimental Procedures). All means are presented with
their SE.

Supplemental Information

Supplemental Information includes Supplemental Experimental Proce-
dures, three figures, one table, and one movie and can be found with this
article online at http://dx.doi.org/10.1016/j.cub.2015.01.022.
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Figure S1, related to Figure 1. Frequency distributions of inter-twitch intervals for 

wild type, heterozygous, and knockout mice at 4 and 10 days of age. Inter-twitch 

intervals were restricted to one of two movement categories. For each category, the first 

twitch of a pair could occur at any joint, whereas the second twitch was (A) a 

succeeding twitch in the same limb but at another joint (e.g., right elbow flexion ! right 

shoulder abduction) or (B) a succeeding homologous twitch in the other limb (e.g., right 

elbow flexion ! left elbow flexion). Frequencies were normalized over the 150-ms 

window. Ns at P4: 3995-6931; Ns at P10: 1784-2131. 
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Figure S2, related to Figures 1 and 3. Frequency distributions of inter-twitch 

intervals for agonist-antagonist and agonist-agonist twitches in rat pups at 2 (P2) 

and 8 (P8) days of age. These plots were produced using the same methods as those 

used for Figure 1. Data are from [S1]. 
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Figure S3, related to Figure 4. Example profile plots of multi-joint patterns of 
twitching identified using latent class analysis for wild type and knockout mice at 
4 and 10 days of age. Each plot can be interpreted as the likelihood that, given the 
existence of a cluster, a particular joint movement would be included within it. For each 
genotype at each age, a low- and high-entropy (E) example is provided. Abbreviations: 
ShAd, shoulder adduction; ElbFlx, elbow flexion; ShAb, shoulder abduction; ElbExt, 
elbow extension.  
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Supplemental Table 

 
 
 

Table S1. Descriptive data for the clusters, identified by latent class analysis, at 4 
(P4) and 10 (P10) days of age and for each of the three genotypes.  
 
 
 Wild type Heterozygote Knockout 

P4 P10 P4 P10 P4 P10 
No. of clusters 29 16 29 20 21 15 
No. of joint movements 
strongly associated with 
cluster (p > 0.5) 

2.38 2.32 2.37 2.32 2.28 2.0 

No. of joint movements 
moderately associated with 
cluster (0.1 < p < 0.5) 

1.31 1.5 1.31 1.5 1.05 1.8 

P4 clusters not retained over 
development 15 — 11 — 11 — 

P4 clusters matched to P10 
clusters 14 18 14 

New clusters at P10 — 2 — 2 — 2 
  
  



 

Supplemental Experimental Procedures 

Experiments were performed in accordance with the National Institutes of Health Guide 

for the Care and Use of Laboratory Animals (NIH Publication No. 80-23) and were 

approved by the Institutional Animal Care and Use Committee of the University of Iowa.  

 

Subjects  

Subjects were male and female ErbB2+/+ (wild type, WT), ErbB2+/- (heterozygous, Het), 

and ErbB2-/- (knockout, KO) mice. When littermates were tested, they were always of 

different genotypes. For this study, a total of 27 P4-5 mice (hereafter, P4; WT: n=9; Het: 

n= 11; KO: n=7) from 22 litters (body weight: WT: 3.2 + 0.2 g; Het: 2.9 + 0.2 g; KO: 2.4 

+ 0.1 g) and 23 P10-11 mice (hereafter P10; WT: n=7; Het: n= 8; KO: n=8) from 20 

litters (body weight: WT: 6.2 + 0.6 g; Het: 6.5 + 0.4 g; KO: 5.1 + 0.5 g) were used. 

Breeding pairs and their litters were housed and raised in laboratory cages (28 x 18 x 

14 cm; Thoren Caging Systems, Hazleton, PA) in the animal colony at the University of 

Iowa. Food and water were available ad libitum. All animals were maintained on a 12-h 

light-dark schedule with lights on at 0600 h. All testing was done during the lights-on 

period. 

We obtained ErbB2flox/flox human skeletal α-actin (HSA)-Cre mice (see [S2]) and 

established a breeding colony of ErbB2+/- HSA-Cre-positive pairs. Offspring were 

genotyped by P2 from tail snips. Tissue was digested in 50 mM NaOH for 60 min and 

10 µl of Tris HCL (pH 8) was added. Samples were spun down for 6 min. 

Primers used are as follows: ErbB2loxP-F: GCTCAGCCCTCTTGTTCTACTTCT 

G 3’; ErbB2 Exon 1-R: 5’ TCAGGCAGACACTTCCACGCTAG 3’; Cre1: 5’ CCTGTTTT-



 

GCACGTTCACCG 3’; Cre3: 5’ ATGCTTCTGTCCGTTTGCCG 3’; IMR42: 5’ 

CTAGGCCACAGAATTGAAAGATCT 3’; IMR43: 5’ GTAGGTGGAAATTCTAG-

CATCATCC 3’.  

Subjects were individually marked with non-toxic marker for identification until 

testing at P4 or P10. After testing, toe tattoos were used for permanent identification. 

To verify the conditional knockout of muscle spindles, we performed histology on 

forelimb and hindlimb muscles of WT (n=2), Het (n=2), and KO (n=4) mice at P6-10. 

After euthanasia, limbs were removed and fixed in 4% paraformaldehyde before 

switching to 1 M phosphate-buffered sucrose. Muscle tissue was sectioned transversely 

at a thickness of 20-25 µm on a cryostat (Leica Microsystems, Buffalo Grove, IL). 

Sections were incubated on gelatin-subbed slides for 24 h at -4˚C in universal blocking 

serum (3% Bovine serum albumin, 0.1% Triton, and 0.02% Sodium Azide in PBS) with 

anti-vesicular glutamate transporter 1 (1:1000; AB5905; Millipore, Temecula, CA) and 

anti-parvalbumin (1:200; AB11427; Abcam Inc., Cambridge, MA). After incubation with 

primary antibodies, sections were washed 3 X 10 min in PBS and then incubated with 

fluorescent secondary antibodies at room temperature for 90 min (Alexa Fluor® 488 and 

Alexa Fluor® 568; Life Technologies, Grand Island, NY). Sections were washed 2 X 10 

min in PBS. A final 10-min wash in PBS included 15 µl of DAPI (Life Technologies, 

Grand Island, NY) to counterstain all cell nuclei. Sections were rinsed with Barnstead 

water and coverslipped with Fluoro-Gel (Electron Microscopy Sciences, Hatfield, PA). 

Labeling was visualized at 10–20X magnification using a Leica fluorescent microscope 

(Leica Microsystems).   

 



 

Preparation of subjects for videorecording 

As described previously [S1], on the day of testing, a pup with a visible milk band was 

anesthetized with isoflurane and secured in a supine position in a custom-made silicone 

mold appropriate to the age and size of the pup. To keep the pup in place, light 

restraints were placed over the abdomen and neck. Small dots of ultraviolet (UV) 

fluorescent paint were applied on the two forelimbs and chest at strategic locations for 

identifying individual joint movements. After approximately 10 min when this set-up 

procedure was complete, the pup was transferred to a humidified incubator maintained 

at thermoneutrality (P4: 36.5°C; P10: 34°C). 

 

Data acquisition 

Two high-speed (250 frames/s) digital video cameras (Integrated Design Tools, 

Tallahassee, FL) with 105 mm micro-Nikkor lenses (Nikon, Melville, NY) were used. 

These cameras record directly to digital at 1280 x 1024 pixels. Motion Studio software 

(Integrated Design Tools) was used to synchronize the cameras and record videos. 

  Recordings began when the pup was acclimated in the incubator and cycling 

between sleep and wakefulness. Under UV illumination, multiple 20-s recordings were 

acquired. During each recording, the subject was closely monitored for behavioral state. 

Videos were not saved if wake behaviors or startles were detected. When data were 

saved, approximately 35 min were needed to download the data from the two cameras, 

after which the next recording began. At the completion of the recording session, each 

pup was returned to its home cage and the cameras were calibrated for 3-D motion 

tracking using a calibration fixture and ProAnalyst software (Xcitex, Boston, MA). 



 

  For each subject, a minimum of three and a maximum of eight videos were 

acquired. A total of 135 P4 videos (WT: 44; Het: 54; KO: 37) and 133 P10 videos (WT: 

40; Het: 46; KO: 47) were acquired and used for analysis. 

 

Data reduction 

As described previously [S1], automatic motion tracking of the joints was performed 

using ProAnalyst 3-D software. Frame-by-frame confirmation and manual correction 

was used when necessary. Three-dimensional reconstruction of the pups’ limb 

movements in space was done with a calibration fixture with an accuracy of 

approximately 0.1 mm. 

Based on our previous study, we identified four joint angles that reliably identified 

shoulder abduction and adduction and elbow extension and flexion for each of the two 

forelimbs. These angles were computed using the ProAnalyst software for each of the 

5000 video frames from each camera for a given 20-s recording. Next, the data were 

imported into Spike2 (Cambridge Electronic Design, Cambridge, UK) as eight 

continuous waveforms representing the four joints across the two forelimbs. Slow 

oscillations were filtered from the waveforms (time constant = 0.4 s). Mean baseline 

quiescent activity for each waveform was calculated from four 1-s time-points across the 

20-s recording. The threshold for estimating the onset time for each twitch event was 

the standard deviation of this mean multiplied by 10. Waveforms were randomly 

selected to cross-check event onset times against video records. 

 

 



 

Data analysis 

A single datafile was created with onset times for each specific joint movement; breaks 

between 20-s recordings were marked to prevent inappropriate analyses across 

sessions. Inter-twitch intervals were computed from these records and counts were 

normalized over a 150-ms window. Because each onset time was linked with a 

particular pup, it was possible to perform pup-specific as well as pooled analyses.  

 For pup-specific analyses of twitch pairs, mean latencies from the first to second 

twitch were calculated over a 150-ms window. The mean likelihood that a twitch pair 

occurred over a 0-50-ms window was also calculated; this likelihood represents the 

probability that both joints in a pair twitched at least once in a given window. Probability 

values were empirical logit transformed prior to analysis. For each movement category, 

two-factor (age, genotype) between-subject analyses of variance (ANOVAs) were 

performed separately for mean latency and mean likelihood using SPSS (IBM, Armonk, 

NY). When appropriate, follow-up ANOVAs were performed within each age to assess 

genotype differences; for post hoc tests, the Least Significant Difference (LSD) test was 

used. For all inferential statistics, alpha was set at 0.05. All means are presented with 

their standard error. 

Perievent histograms were used to assess within-joint relationships for agonist-

antagonist and agonist-agonist pairs. They were computed using the “event correlation” 

function in Spike2 on pooled data at each age and genotype. For agonist-antagonist 

pairs, four separate event correlations were computed for each of the four joints. For 

each joint, one movement (e.g., left elbow flexion) was designated the “target” and the 

other (e.g., left elbow extension) was designated the “trigger” (the choice was arbitrary). 



 

Each of the four event correlations yielded the total number of target events for each 10-

ms bin surrounding the trigger; counts were then summed within each bin and 

normalized in relation to the total number of target twitches across the 500-ms window 

(i.e., 250 ms before and after the trigger). Perievent histograms for agonist-agonist pairs 

were constructed identically except that eight separate event correlations were 

computed for each of the eight possible joint movements. We tested statistical 

significance for the agonist-antagonist event correlations using a jitter protocol [S3,  

S4] implemented in MATLAB (MathWorks, Natick, MA). We corrected for multiple 

comparisons using the method of Amarasingham et al. [S5]; this method produces 

upper and lower confidence bands for each event correlation (p < 0.01).  

Latent class analysis (LCA) was performed as described previously [S1]. We first 

created a “windowed” dataset by stepping through the raw data in 50 ms increments 

and identifying those twitches that occurred within each window. Only windows with at 

least two twitches were included. Next, Latent GOLD software (Statistical Innovations, 

Belmont, MA) was used to perform the LCA on the windowed dataset. The data at each 

age and genotype were analyzed separately and litter was used as a random effect. 

Cluster convergence occurred for all datasets and the determination of the best model 

fit was made by minimizing the value of the Akaike Information Criterion (AIC). We 

evaluated model fit by examining the bivariate residuals for each joint, a measure of the 

degree to which the clusters failed to predict the pairwise co-occurrence of each joint. 

None of these residuals exceeded a value of 1.0, suggesting that LCA had determined 

the best model fit.  

As described previously [S1], P4 and P10 clusters for each genotype were 



 

matched for similarity to examine developmental changes using the eight probability 

values that comprise each profile plot. Two similarity rules were used: Euclidean 

distance and a probabilistic rule (where the probability of the same twitch being present 

in each cluster was added to the probability that the same twitch was absent from both. 

A P4 and P10 cluster were deemed a match only if they were the best matches on both 

similarity rules exclusively and reciprocally (i.e., the P4 cluster’s closest match was the 

P10 cluster, and vice versa). 

Regression analyses of the LCA clusters were performed using SPSS, as 

described previously [S1]. We computed Shannon’s Entropy, E, for each cluster by first 

normalizing the probabilities associated with each twitch (for a given cluster) and then 

dividing each probability by the sum of the probabilities. A cluster with low entropy is 

considered highly organized. Cluster frequency was obtained from Latent Gold LCA 

software and was log-transformed prior to analysis. The regressions examined the 

various relationships between entropy and frequency at P4 and P10. 

Because different numbers of clusters were identified at each age and because 

not every cluster matched across ages, different numbers of clusters contributed to 

each path of the regression analyses. For example, at P4 the frequency-entropy 

correlation included 19 clusters, whereas at P10 it only included 16. For some analyses, 

we maximized the amount of data available by assuming that the frequency of a non-

matching cluster (e.g., a cluster at P4 that did not occur at P10) was 0 at that age (since 

that cluster did not occur). We could not assign such values for entropy, so those 

analyses have smaller sample sizes. 



 

 Relationship between the number of twitches in the sample and LCA measures. 

The LCA reported fewer clusters at P10 than P4 for all genotypes (see Table S1). The 

likely cause of this is that there were substantially fewer twitches overall in the P10 

sample (1824-2176 twitches/genotype) than the P4 sample (4020-6985 

twitches/genotype), as the LCA’s implicit threshold for including a cluster in the model is 

based on the frequency of that pattern in the data. If the smaller number of clusters in 

the older animals was due to the smaller number of twitches, we were concerned that 

this could also systematically bias the frequency or entropy estimates on which our 

regressions were based. 

 To rule this out, we conducted an additional LCA analysis using only half of the 

WT P4 data (either the first or second half), and compared the resulting clusters to 

those extracted from the full dataset. As expected, the truncated dataset yielded fewer 

clusters (1st half: 18 clusters; 2nd half: 21 clusters; full dataset: 29 clusters). We 

compared the entropy of these clusters using unpaired t tests and found no significant 

differences in mean entropy between either half and the full dataset (Mfull=1.74, SD=.43, 

M1st=1.77, SD=.40, t45=.31, NS; M2nd=1.73, SD=.40, t45=.007, NS). When we matched 

clusters from the truncated and full analyses, entropy was highly correlated (1st half vs. 

full dataset: r=.83, 2nd half vs. full dataset: r=.77). To examine frequency, we multiplied 

the frequency of the clusters from the truncated dataset by 2 (since there were half as 

many twitches). Considering the matched clusters, we found no significant differences 

in mean frequency between either half and the full dataset (Mfull=112.5, SD=87, 

M1st=131.1, SD=80, t16=1.49, NS; M2nd=1.67, SD=.39, t17=1.56, NS), and the 

frequencies were highly correlated (1st half vs. full dataset: r=.81, 2nd half vs. full 



 

dataset: r=.95). Thus, although a dataset with fewer twitches leads to fewer clusters, 

this does not appear to systematically bias either cluster entropy or frequency 

estimates. 
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