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Introduction

Abstract

Little attention has been given to how age affects the neural processing of
movement within the brainstem. Since the brainstem plays a critical role in
motor control throughout the whole body, having a clear understanding of
deficits in brainstem function could provide important insights into move-
ment deficits in older adults. A unique property of the startle reflex is its abil-
ity to involuntarily elicit planned movements, a phenomenon referred to as
startReact. The noninvasive startReact response has previously been used to
probe both brainstem utilization and motor planning. Our objective was to
evaluate deficits in startReact hand extension movements in older adults. We
hypothesized that startReact hand extension will be intact but delayed. Elec-
tromyography was recorded from the sternocleidomastoid (SCM) muscle to
detect startle and the extensor digitorum communis (EDC) to quantify move-
ment onset in both young (24 £ 1) and older adults (70 £ 11). Subjects were
exposed to a startling loud sound when prepared to extend their hand. Trials
were split into those where a startle did (SCM+) and did not (SCM—) occur.
We found that startReact was intact but delayed in older adults. SCM+ onset
latencies were faster than SCM— trials in both the populations, however,
SCM+ onset latencies were slower in older adults compared to young
(A = 8 msec). We conclude that the observed age-related delay in the startRe-
act response most likely arises from central processing delays within the brain-
stem.

Literature about age-related changes in the brainstem is
sparse likely since direct neurophysiological experimenta-

Older adults face muscle weakness (Delmonico et al.
2009), slow motor learning (Boyke et al. 2008), sluggish,
variable movements (Yan 2000; Yan et al. 2000), and dif-
ficulties with balance and gait (Woollacott and Tang
1997) that impair their ability to interact with their envi-
ronment. The mechanisms driving these changes have
been widely evaluated and include atrophy of the cerebral
cortex (Salat et al. 2004), losses of gray and white matter
(Jernigan et al. 2001; Resnick et al. 2003), axonal atrophy
(Misgeld 2011), changes in neuromuscular sensitivity, and
neuromuscular junction remodeling (Deschenes 2011).
However, little attention has been given to how age affects
the neural processing of movement within the brainstem.
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tion is challenging in the animal and is not ethically pos-
sible in humans.

Still, it can be elucidated from reports that the
brainstem is impacted by age. Aging is known to influ-
ence several brainstem-mediated functions such as the
sleep-wakefulness cycle (Hut and Van der Zee 2011),
cardiovascular reflexes (Vita et al. 1986), the auditory
brainstem response (Backoff and Caspary 1994), and sacc-
adic eye movements (Wilson et al. 1993). Indeed, in rats,
age-related cell shrinkage and loss of neurons were
reported in the brainstem (Sabel and Stein 1981). Imaging
studies in humans provided further evidence that
age-related volume loss in the brainstem does take place

2014 | Vol. 2 | Iss. 6 | €12025
Page 1

This is an open access article under the terms of the Creative Commons Attribution License,
which permits use, distribution and reproduction in any medium, provided the original work is properly cited.



Startle Evoked Movement in Older Adults

(Lawrence and Kuypers 1968b; Luft et al. 1999; Lambert
et al. 2013). Still, we are unaware of any study specifically
evaluating how these age-related changes in the brainstem
affect the ability to plan and execute movement. Because
the brainstem plays a critical role in motor control
throughout the whole body (Buford and Davidson 2004;
Drew et al. 2004; Deliagina et al. 2008; Musienko et al.
2008; Honeycutt et al. 2009; Sakai et al. 2009; Stapley and
Drew 2009; Honeycutt and Nichols 2010; Baker 2011;
Soteropoulos et al. 2012), having a clear understanding of
deficits in brainstem function could provide important
insights into movement deficits in older adults.

The startReact reflex has previously been used as a
probe of both brainstem utilization (Valls-Sole et al.
1999; Queralt et al. 2008; Carlsen et al. 2009; Honeycutt
and Perreault 2012; Honeycutt et al. 2013a; Nonnekes
et al. 2014) and movement planning (MacKinnon et al.
2007, 2013; Carlsen et al. 2012; Maslovat et al. 2012). The
classic startle reflex that occurs in the presence of a star-
tling stimulus, that is a loud sound, results in a quick
whole-body adoption of a protective stance with a charac-
teristic set of muscle activation patterns generalized by
flexion of the neck, elbow, and hand (Landis et al. 1939).
StartReact movements are not different from voluntarily
elicited movements in terms of velocity profiles and target
acquisition (Carlsen et al. 2004a) except that they are
released 30-40 msec faster. Since the startReact move-
ment is identical to the planned movement, the startReact
response has been used as a probe for assessing brainstem
contributions to movement planning. Furthermore, start-
React movements are linked to the ability to actively resist
perturbations of the arm and whole body (Blouin et al.
2006; Ravichandran et al. 2009, 2013; Campbell et al.
2012) indicating that deficits in startReact movements
could lead to deficits dealing with environmental pertur-
bations.

Previous literature indicates that the startle reflex origi-
nates in the reticular formation of the brainstem (Davis
and Gendelman 1977; Davis et al. 1982) and only tasks
that utilize these structures for execution are susceptible
to startReact (Carlsen et al. 2009; Honeycutt et al. 2013a).
Though the cortex does play a modulatory role, startReact
is intact in patient populations with cortical (stroke survi-
vors) and corticospinal (hereditary spastic paraplegic
patients) damage (Honeycutt and Perreault 2012; Nonne-
kes et al. 2014). Thus, startReact movements provide a
means to non-invasively evaluate brainstem function and
its contributions to movement planning in humans.

Our primary objective was to evaluate deficits in start-
React movements in older adults. While it has not been
directly studied, it can be elucidated from the literature
that brainstem mediation of movement is impacted by
age. The classic startle reflex is delayed, but intact, in
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older adults (Kofler et al. 2001; Ellwanger et al. 2003)
indicating that motor processing in the brainstem is likely
impaired. Further, despite the brainstem’s known impor-
tance in motor planning (Buford and Davidson 2004;
Sakai et al. 2009), older individuals rely more heavily on
the cortex for motor planning than younger individuals.
Specifically, longer and larger prefrontal cortical activation
occurs in older individuals even during the planning of
very simple tasks (Berchicci et al. 2012). This suggests
that a restructuring of neural processing may occur to
compensate for age-related changes in brainstem function.
Finally, motor tasks which rely heavily on the brainstem
such as locomotion (Shik et al. 1968; Mori 1987; McCrea
et al. 1995; Pearson 1995) and balance control (Lyalka
et al. 2005; Musienko et al. 2008; Honeycutt et al. 2009;
Honeycutt and Nichols 2010) are impacted by age (Woo-
llacott et al. 1986; Shkuratova et al. 2004; Monaco et al.
2010; Krasovsky et al. 2013). Importantly, balance control
was indicated to include brainstem startle circuits (Non-
nekes et al. 2013) implying age-related deficits in these
pathways.

Based upon previous literature, we hypothesized that
startReact hand extension is intact (the presence of startle
decreases onset latency) but delayed in older adults when
compared to younger individuals. We chose hand exten-
sion for two important reasons. First, the classic startle
reflex results in hand flexion movement; thus by choosing
hand extension, we can differentiate movements from the
classic startle response allowing a clean method for identi-
fying an intact startReact. Second, reticulospinal connec-
tions to the hand are weak and few in number (Riddle
et al. 2009); therefore if restructuring of neural processing
during movement is present, it would likely first affect
those movements that rely less significantly on the reticu-
lar formation. A correct hypothesis would indicate that
brainstem processing is delayed in older adults, but
despite this, the brainstem is still utilized by older adults
during motor planning.

Materials and Methods

Ethical approval

Data were collected from 20 young subjects (11 males,
nine females; age, 24 £ 1) and 24 older subjects (13
males, 11 females; age, 70 £ 11). Subjects were inter-
viewed to ensure that they had no recent upper body
injuries (most specifically of the hand, forearm, or neck),
hearing sensitivity, or heart conditions. All participants
gave informed written consent prior to participating in
the study in accordance with the provisions set forth by
the Northwestern University Institutional Review Board
IRB (STU9204).

© 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Experimental set-up

Bipolar electromyography (EMG) electrodes (solid gel,
Ag/AgCl surface electrode, MVAP Medical supplies, Inc.,
Newbury Park, CA) were used to record muscle activity
from the extensor digitorum communis (EDC) on the
right arm and from the left and right sternocleidomastoid
muscle (SCM). For grounding, a unipolar ground elec-
trode (solid gel, Ag/AgCl surface electrode, MVAP Medi-
cal Supplies, Inc.) was positioned on the right styloid
process. EMG signals were preamplified (Model# AMT-8;
base system, Model# APE-500; 500 gain Bortec, Calgary,
AB, Canada) and filtered with a band-pass filter of 10—
1000 Hz. Next, the signals were anti-alias filtered by fifth
order Bessel filters with a 500 Hz cutoff frequency and
sampled at 2500 Hz (PCI-DAS1602/16; Measurement
Computing, Norton, MA).

Subjects were comfortably seated in a chair with arm-
rests supporting hands and arms against gravity. To mini-
mize motion and to ensure a similar position for every
subject, participants were strapped across the chest to the
chair. Further, the right elbow joint was in a flexed posi-
tion (90°) and placed in line with the right shoulder to
ensure a comparable neutral posture.

Visual feedback was delivered via a monitor placed
approximately 3 feet in front of the subject. The screen
displayed reaction times (milliseconds) and a visual repre-
sentation of the relative success of the trial. Specifically, a
happy face was displaced to indicate an appropriate onset
latency and an unhappy face displayed when subjects ini-
tiated movement too slowly. The inclusion of visual feed-
back was important because the level of arousal and
attention is known to improve the size and probability of
startle responses (Carlsen et al. 2011).

Subjects were asked to extend their hand from a neu-
tral, resting position with the palm oriented in the sagittal
plane and the thumb on the top (Fig. 1A). A switch
device was placed such that the switch was pressed when
participants were in a resting position and was released
when they extended their hand (Fig. 1B). The switch
device was used during data processing to ensure that the
task was executed correctly.

Protocol

Subjects were instructed to extend their hand in response
to two nonstartling, low-intensity acoustic sounds (80 dB;
low-intensity trial). The first sound was a WARNING
sound, which signaled the subject to get ready and plan
the extension task. The second sound was a GO signal,
where the subject was asked to perform the extension
movement as fast as possible. To avoid anticipation of
the GO, the time between the WARNING and GO was

© 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Figure 1. lllustration of the extension task. (A) Hand configuration
during the resting position and (B) after completing the extension
task.

randomized between 1.5 and 3.5 sec (Cressman et al.
2006).

Following training, participants performed 4-6 blocks
with 15 trials each. During each block, five trials were
randomly selected to be either classic startle or high-
intensity trials (i.e., startReact). For classic startle trials,
the WARNING signal was replaced with a startling acous-
tic stimulus (128 dB). In these trials subjects experienced
the startling stimulus when they were not prepared to
move (classic startle). For high-intensity trials, the GO
signal was replaced by a startling acoustic stimulus. Under
these conditions, the subject had already planned the
hand extension movement. The startling acoustic stimulus
was emitted from a loudspeaker fixed to the chair directly
behind the head of the subject. There was no instruction
provided on how to react to this sound.

Data analysis

Onset latency of the EDC and SCM muscles were deter-
mined for each trial. The EMG signal was first rectified
and filtered with a 10-point moving average filter. Then,
onsets were identified with the help of an automatic
detection file in Matlab (R2011b; the MathWorks, Natick,
MA), which automatically tagged the time point when the
EMG signal rose significantly over background. All trials
were then visually inspected for accuracy and to exclude
trials when the subjects did not move (the switch device
was not altered), moved before the GO signal, or moved
too late (muscle activity onset after 400 msec after the Go
signal). Trial type and task were blinded to the reviewer.
Next we assessed the presence of a startle during all trial
types (low-intensity, high-intensity, and classic startle).
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SCM muscle onset latency within 120 msec after the GO
signal indicated a startle occurred (Carlsen et al. 2004a,
2011; Carlsen and MacKinnon 2010). Trials where a startle
was detected were designated SCM+, while those without
were designated SCM—. Activity in either the right and
left SCM muscle was considered (Carlsen et al. 2007;
Honeycutt and Perreault 2012; Maslovat et al. 2012).

To determine if startReact was intact, it was first neces-
sary to differentiate between the confounding intensity-
dependent and startle-dependent effects on reaction time.
Faster onset latencies occur in the presence of a startle
(Valls-Sole et al. 1999; startle-dependent effect) and when
the intensity of the GO stimulus is increased (e.g., louder
sound; intensity-dependent effect; Kohfeld 1969, 1971).
To identify the intensity-dependent effect, low-intensity
SCM— trials are compared to high-intensity SCM— trials.
To identify the startle-dependent effect, high-intensity
SCM+ and high-intensity SCM— trials are compared to
determine if startReact is intact. In addition, we evaluated
classic startle trials to confirm reported trends that muscle
activity onsets are delayed in the classic startle response in
older individuals compared to young (Kofler et al. 2001;
Ellwanger et al. 2003). Low-intensity SCM+ and classic
startle SCM— trials were excluded from further analysis
as they were elicited only rarely. This procedure resulted
in four important trial types: (1) Low-intensity SCM—
trials (LI SCM—); (2) high-intensity SCM— trials (HI
SCM—); (3) high-intensity SCM+ trials (HI SCM+); and
(4) classic startle SCM+ trials (Clst SCM).

Our hypothesis was that startReact would be intact but
delayed in older individuals. If a startle-dependent effect
is present, this would indicate that startReact is intact.
We further evaluated how age influenced all trial types to
determine if a delay was present in older adults compared
to young.

Finally, the probability of detecting a startle response
(SCM+) was calculated by dividing the number of HI
SCM+ and Clst SCM+ by the total number of all high-
intensity trials and classic startle trials, respectively.

Statistical analysis

Our hypothesis was tested using an analysis of variance
(ANOVA) of a linear mixed-effect model with age (old,
young), trial type (LI SCM—, HI SCM+, HI SCM—, Clst
SCM+) as the independent factors. Onset latency and
probability were considered dependent factors. Subjects
were treated as a random effect. Equal variance was not
assumed in the statistical model. All individual trials were
included in the analysis to decrease the probability of
statistical errors by capturing all the variability in the
data set (Hedeker 2006). Tukey’s Honestly Significant
Difference (TukeyHSD), which corrects for multiple
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comparisons, was applied to compute the pattern of dif-
ference between means for all posthoc comparisons. All
statistical analyses were computed utilizing R (R Develop-
ment Core Team, 2008). Differences with a probability
lower than 0.05 were considered to be significant. All
error bars in figures relate to standard deviations.

Results

Hand extension movements were susceptible to startReact
in both young and old subjects as demonstrated by HI
SCM+ trials showing faster EDC onset latencies than HI
SCM— trials (Figs. 2, 4A, Table 1) EDC muscle onset
latency was significantly influenced by trial type
(Fy30s7 = 1859.95, P < 0.0001) and age (Fy4 = 5.98,
P =0.02). Posthoc comparisons confirmed that the EDC
onset latencies were significantly faster during HI SCM+
trials compared to HI SCM— trials for both young and old
subjects (P ~ 0). LI SCM— trials were significantly slower
than HI SCM+ (P ~ 0) and HI SCM— (P =~ 0) in both
young and old subjects.
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Figure 2. Representative data from hand extension in a young
subject. Switch and electromyography (EMG) data from the
extensor digitorum communis (EDC) and right sternocleidomastoid
(SCM) muscle during high-intensity SCM+ (A), high-intensity
SCM— (B), and low-intensity SCM— (C) trials. The thick vertical line
is placed to show the onset of EDC activity during high-intensity
SCM+ trials.
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Older subjects showed delayed muscle activation during
trials when a startle was present (SCM+; Figs. 3, 4B) but
not during trials that did not elicit a startle (SCM—).
Posthoc comparisons showed that EDC muscle onset
latency was significantly delayed in older subjects com-
pared to young during HI SCM+ trials (A = 8 msec,
P =0.002). Though a delay in HI SCM— trials between
young and old was observed, it did not reach significance
(A =12 msec, P = 0.27) indicating it was not consistent
across all subjects. Finally, older subjects were not signifi-
cantly slower during LI SCM-— trials (A = 3 msec,
P = 0.58) suggesting that old and young subjects could
perform hand extension equally efficiently.

Sternocleidomastoid muscle activation was slower in
older adults during both classic startle and high-intensity
SCM+ trials (Figs. 5, 6, Table 1). The right SCM muscle
onset latency was significantly influenced by trial type
(Fi71 = 51.07, P <0.0001) and age (F,4 = 16.70, P =
0.0002). Posthoc comparisons confirmed that the right
SCM muscle onset latency was slower in older adults dur-
ing both classic startle (A = 14 msec, P = 0.01) and start-

SCM-

Old

Low-intensity

SCM-

Old

High-intensity

SCM+

Old

High-intensity

0 100 200
Time (ms)

Figure 3. Comparison of muscle activation between young and
old subjects. Extensor digitorum communis (EDC) muscle activation
during high-intensity SCM+ (A), high-intensity SCM— (B), and
low-intensity SCM— (C) trials in young (top) and old (bottom)
subjects. Vertical line marks the onset of EDC activity in young
subjects.
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Figure 4. Group statistical results. Comparison of muscle activity
onset latencies during high-intensity SCM+, high-intensity SCM—,
and low-intensity SCM— trials (A). Comparison of latencies
between young and old subjects (B).

React (A = 24 msec, P =~ 0) conditions. The left SCM
muscle showed a similar, but less robust, trend. Onset
latency was influenced by trial type (F; ;30 = 69.00,
P < 0.0001) though not age (F;4; = 2.66, P = 0.10). The
interaction showed a trend toward significance
(F1,730 = 2.813, P = 0.09); therefore posthoc comparisons
were completed that demonstrated that the left SCM
muscle onset latency was slower in older adults during
both classic startle (A = 7 msec, P = 0.001) and startRe-
act (A = 5 msec, P = 0.03) conditions.

The onset latency of both right and left SCM muscles
were faster during classic startle than during startReact in
both young and old adults. The onset of the right SCM
muscle was faster during classic startle compared to start-
React in both young (A =11 msec, P~ 0) and old
(A =22 msec, P~ 0) subjects. The left SCM muscle
showed the same result in both young (A = 22 msec,
P ~ 0) and old (A = 19 msec, P =~ 0) subjects.
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Figure 5. Sternocleidomastoid (SCM) muscle latency comparison

between young and old subjects. Right SCM muscle onset latency
is depicted for young and old subjects during high-intensity SCM+
(A) and classic startle SCM+ (B) trials.

The probability of detecting a SCM+ did not reach sta-
tistical significance during high-intensity trials but was
lower during classic startle trials in older adults. The
probability of eliciting a SCM+ was influenced by age
(F142 = 6.36, P =10.02) but not trial type (F;40 = 0.24,
P =0.62) with no interaction effect (F,4, =0.11, P =
0.73). The probability of eliciting a SCM+ was decreased
in older adults during classic startle (old: 0.46 + 0.35;
young: 0.69 £ 0.34; P = 0.04), but did not reach statisti-
cal significance during high-intensity trials (old:
0.50 £ 0.34; young: 0.70 £ 0.30; P = 0.06) though there
was a trend toward significance. There was no difference
in the probability of eliciting a SCM+ between classic
startle and high-intensity trials within each population
(old: P = 0.55; young: P = 0.99) indicating that each pop-
ulation’s sensitivity to SCM+ was the same during both
classic startle and high-intensity trials.

Discussion

Summary

In older subjects, the presence of a startle (SCM+) resulted
in faster reaction times during high-intensity trials com-
pared to high-intensity trials when startle was not present
(SCM—) indicating that older individuals possess an intact
startReact response. Therefore, despite evidence that older
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Figure 6. Group results of sternocleidomastoid (SCM) muscle
onset latencies in young and old subjects. SCM muscle onset
latencies in the right (RSCM) and left (LSCM) in both old and young
subjects are compared during high-intensity SCM+ (A) and classic
startle SCM+ (B) trials.

individuals rely more heavily on the cortex for movement
planning (Wild-Wall et al. 2007; Berchicci et al. 2012) and
evidence of brainstem volume reduction (Sabel and Stein
1981; Luft et al. 1999; Lambert et al. 2013), our findings
reveal that brainstem structures are likely still involved in
motor planning and execution. Still, startReact movements
(HI SCM+) were delayed in older adults compared to
young indicating that the brainstem processing is likely
impacted by age. Importantly, the probability of eliciting a
startReact (HI SCM+) and the latency of voluntary (LI
SCM—) hand extension movements were not different
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the American Physiological Society and The Physiological Society.



U. A. Tresch et al.

Table 1. Mean muscle activity onset latencies (msec).

Trial type Muscle Group young Group old
=
1
HI SCM+ EDC 84+16ms (N=376) — 92+16ms (N=317) —
dedkk
RSCM 85+14ms (N=376) 110+27ms (N=317)
|—*-x_| *
LscM 94+22ms (N=376) i ooxtems (N=317) |}
p=0.27
|
HI SCM- EDC 108+34ms (N=165) — 119+40ms (N=31) —|
=0.58 | :
LI SCM- EDC 179457ms (N=1045) —  176+73ms (N=1244)

*k

74+12ms (N=76)

ok

Clst SCM+ RSCM 88+10ms (N=56)

LSCM 73+14ms (N=68) 80+17ms (N=64)

* = P-value < 0.05, ** = P < 0.01, *** = P-value < 0.001.

between young and old individuals suggesting that the
observed delay is not related to differences in the ability to
execute the task.

Mechanism driving startReact delay

The observed age-related delay in the startReact response
likely arises from central processing delays within the
brainstem. Although the specific neural mechanism
remains debated, there are several key papers that indicate
that the cortex and corticospinal tract is not the primary
neural tract utilized during startReact. First, individuated
movements of the hand that are expressed predominately
through the corticospinal tract (Lawrence and Kuypers
1968a; Kuypers 1981; Schieber 2004, 2011; Lemon et al.
2012) are not susceptible to startReact (Carlsen et al.
2009; Honeycutt et al. 2013a). Second, startReact is intact
in patient populations with cortical (stroke survivors) and
corticospinal (hereditary spastic paraplegic patients) dam-
age (Honeycutt and Perreault 2012; Nonnekes et al. 2014)
showcasing that degradation to these pathways does not
eliminate the startReact response. Finally, the results from
this paper and others (Yordanova et al. 2004) demon-
strating that voluntary movements are not delayed during
simple ballistic tasks in older adults, highlight that when
the cortex is utilized for execution a delay is not observed
in older adults. Therefore, despite the fact that the cortex
and corticospinal tract are known to modulate startReact
(Alibiglou and MacKinnon 2012; MacKinnon et al. 2013;
Marinovic and Tresilian 2014), we conclude that the cor-
tex is not a likely source of the delay seen in this particu-
lar study. Rather, we suggest that the most likely source
of the delay is processing delays within the reticular for-
mation. Importantly, we are evaluating a simple reaction
time task and this conclusion likely does not extend into
more complex tasks that rely more heavily on cortical

© 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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support. Still, this report indicates that some of the delays
observed in those more complex tasks may be due in part
to brainstem processing delays.

An alternative mechanism that could explain the
observed delay in the startReact and classic startle response
is an age-dependent slowing in central and peripheral
motor conduction. However, voluntarily initiated exten-
sion movements were not different in latency between old
and young indicating that motor conduction is not
impaired during voluntary tasks. Further, previous reports
indicate that central and peripheral motor conduction def-
icits in older adults likely can only account for 3-5 msec
of delay in distal muscle (Dorfman and Bosley 1979; Claus
1990), shorter than the 9 msec delay in our report. We
conclude that while a potential factor, central and periph-
eral motor conduction is not the most likely cause of the
observed delay in startle responses.

Motor planning in older adults

Our results showing an intact startReact response indicate
that older adults still can utilize the brainstem for plan-
ning movement — at least in simple ballistic tasks. Move-
ment planning is a global process that requires all layers
of the nervous system (Rushworth et al. 2003; Buford and
Davidson 2004; Sakai et al. 2009; Stinear et al. 2009)
including the brainstem and reticular formation (Buford
and Davidson 2004; Sakai et al. 2009). Recent evidence
indicates that older individuals rely more heavily on corti-
cal structures for movement planning (Wild-Wall et al.
2007; Berchicci et al. 2012) possibly the result of age-
related brainstem volume loss (Sabel and Stein 1981; Luft
et al. 1999; Lambert et al. 2013). Further, age-associated
shifts from brainstem (automatic) to more cortical (atten-
tional) control have been observed for locomotion and
stance (Zwergal et al. 2012). These shifts are accompanied
by reports that older adults do not plan the whole move-
ment in advance, relying more on adjustments during
movement execution (online corrections) that result in
slower, less smooth ballistic aiming arm movements (Yan
2000; Yan et al. 2000).

The startReact reflex has been previously used as a
probe of both brainstem utilization (Valls-Sole et al.
1999; Queralt et al. 2008; Carlsen et al. 2009; Honeycutt
and Perreault 2012; Honeycutt et al. 2013a) and move-
ment planning (MacKinnon et al. 2007, 2013; Carlsen
et al. 2012; Maslovat et al. 2012). Only movements that
utilize the brainstem (specifically the reticular formation)
for movement planning are susceptible to startReact
(Carlsen et al. 2009; Honeycutt et al. 2013a). Addition-
ally, startReact is only triggered when a subject is in a
state of movement planning. Specifically, if planning is
not possible, for example, during a choice reaction time
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task where the task is not revealed until the GO, a star-
tling stimulus does not result in the early release of move-
ment (Carlsen et al. 2004b, 2008). Our result that hand
extension is susceptible to startReact in older individuals
indicates that despite probable brainstem processing
delays, they still utilize the brainstem for planning move-
ment — at least in the simple tasks described in this
report.

Startle versus StartReact

The results of this paper highlight that the classic startle
reflex and the startReact response are closely linked but
still appear to be somewhat distinctive phenomena. It has
been previously suggested in literature that startle and
startReact are unique phenomena (Kumru et al. 2006;
Alibiglou and MacKinnon 2012; Honeycutt and Perreault
2012). Our result that the onset latency of SCM activity
during the classic startle response was faster than that
elicited during startReact responses further indicates that
these phenomena are distinctive. While this paper cannot
specifically identify why the delay during startReact is
present, we suggest that this result could be an artifact of
the time differences when the classic startle and startReact
trials were collected. Specifically, classic startle responses
adapt readily and are only present for a few trials while
startReact can be elicited as long as the subject is focused
on the experiment. As the earliest classic startle and start-
React trials represent the strongest responses, this may
explain the change in latency. Alternatively, it could be
argued that the startReact response utilizes more complex
neural circuitry, and therefore introduces a delay. Thus,
despite the fact that startle and startReact are always
expressed together and both show delays in older adults,
indicating that these phenomena are fundamentally
linked, there remains a distinctive quality to these
responses.

Clinical significance

Our result that the startReact response is delayed in older
individuals highlights that movements and reflexes that
are coordinated by the brainstem may have deficits in
older adults. Since the brainstem is known to be highly
involved in postural control and locomotion (Lyalka et al.
2005; Musienko et al. 2008; Honeycutt et al. 2009; Hon-
eycutt and Nichols 2010) and the startle reflex has been
linked to whole-body postural responses, (MacKinnon
et al. 2007; Queralt et al. 2008; Nonnekes et al. 2013) our
result shows that aging delays startle circuits could have
implications for the poor postural control seen with age.
Furthermore, it has been linked to the ability to react and
withstand environmental perturbations (Blouin et al.

2014 | Vol. 2 | Iss. 6 | 12025
Page 8

U. A. Tresch et al.

2006; Ravichandran et al. 2009, 2013; Campbell et al.
2012). It is known that older adults are less stable and
prone to falls (Campbell et al. 1981; Lord et al. 1994).
Our results indicate that one potential mechanism may
be a delay in brainstem processing limiting older individ-
ual’s ability to quickly adjust to their environment.

This is the first report to demonstrate that hand exten-
sion is susceptible to startReact. It was recently demon-
strated that startReact elbow movements were improved
in terms of onset latency and muscle activation patterns
in stroke survivors compared to voluntary initiated move-
ments (Honeycutt and Perreault 2012). Therefore, if start-
React hand extension is present in stroke survivors it may
be an attractive therapeutic target addressing the most
prevalent impairment following stroke (Latham 1989).
Our own preliminary results demonstrate that hand
extension is indeed susceptible to startReact in stroke sur-
vivors (Honeycutt et al. 2014). Still, further research in
stroke survivors is necessary to evaluate if the startReact
phenomenon is an appropriate mechanism to enhance
hand control.

Acknowledgments

The authors would like to thank T. Goetz-Haswell his
technical and scientific expertise.

Conflict of Interest

The authors have nothing to disclose.

References

Alibiglou, L., and C. D. MacKinnon. 2012. The early release of
planned movement by acoustic startle can be delayed by
transcranial magnetic stimulation over the motor cortex.

J. Physiol. 590:919-936.

Backoff, P. M., and D. M. Caspary. 1994. Age-related changes
in auditory brainstem responses in Fischer 344 rats: effects
of rate and intensity. Hear. Res. 73:163-172.

Baker, S. N. 2011. The primate reticulospinal tract, hand
function and functional recovery. J. Physiol. 589:5603—-5612.

Berchicci, M., G. Lucci, C. Pesce, D. Spinelli, and F. Di Russo.
2012. Prefrontal hyperactivity in older people during motor
planning. Neuroimage 62:1750—1760.

Blouin, J. S., J. T. Inglis, and G. P. Siegmund. 2006. Startle
responses elicited by whiplash perturbations. J. Physiol.
573:857-867.

Boyke, J., J. Driemeyer, C. Gaser, C. Buchel, and A. May.
2008. Training-induced brain structure changes in the
elderly. J. Neurosci. 28:7031-7035.

Buford, J. A, and A. G. Davidson. 2004. Movement-related
and preparatory activity in the reticulospinal system of the
monkey. Exp. Brain Res. 159:284-300.

© 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.



U. A. Tresch et al.

Campbell, A. J.,, J. Reinken, B. C. Allan, and G. S. Martinez.
1981. Falls in old age: a study of frequency and related
clinical factors. Age Ageing 10:264-270.

Campbell, A. D., R. Chua, J. T. Inglis, and M. G. Carpenter.
2012. Startle induces early initiation of classically conditioned
postural responses. J. Neurophysiol. 108:2946-2956.

Carlsen, A. N., and C. D. MacKinnon. 2010. Motor
preparation is modulated by the resolution of the response
timing information. Brain Res. 1322:38—49.

Carlsen, A., R. Chua, J. T. Inglis, D. J. Sanderson, and
I. M. Franks. 2004a. Prepared movements are elicited early
by startle. J. Mot. Behav. 36:253—-264.

Carlsen, A. N., R. Chua, J. T. Inglis, D. J. Sanderson, and
I. M. Franks. 2004b. Can prepared responses be stored
subcortically? Exp. Brain Res. 159:301-309.

Carlsen, A. N., C. J. Dakin, R. Chua, and I. M. Franks. 2007.
Startle produces early response latencies that are distinct
from stimulus intensity effects. Exp. Brain Res. 176:
199-205.

Carlsen, A. N., R. Chua, C. J. Dakin, D. J. Sanderson,

J. T. Inglis, and I. M. Franks. 2008. Startle reveals an
absence of advance motor programming in a Go/No-go
task. Neurosci. Lett. 434:61-65.

Carlsen, A. N., R. Chua, J. T. Inglis, D. J. Sanderson, and
I. M. Franks. 2009. Differential effects of startle on reaction
time for finger and arm movements. J. Neurophysiol.
101:306-314.

Carlsen, A. N., D. Maslovat, M. Y. Lam, R. Chua, and
I. M. Franks. 2011. Considerations for the use of a startling
acoustic stimulus in studies of motor preparation in
humans. Neurosci. Biobehav. Rev. 35:366-376.

Carlsen, A. N., D. Maslovat, and 1. M. Franks. 2012.
Preparation for voluntary movement in healthy and clinical
populations: evidence from startle. Clin. Neurophysiol.
123:21-33.

Claus, D. 1990. Central motor conduction: method and
normal results. Muscle Nerve 13:1125-1132.

Cressman, E. K., A. N. Carlsen, R. Chua, and I. M. Franks.
2006. Temporal uncertainty does not affect response
latencies of movements produced during startle reactions.
Exp. Brain Res. 171:278-282.

Davis, M., and P. M. Gendelman. 1977. Plasticity of the
acoustic startle response in the acutely decerebrate rat.

J. Comp. Physiol. Psychol. 91:549-563.

Davis, M., D. S. Gendelman, M. D. Tischler, and
P. M. Gendelman. 1982. A primary acoustic startle circuit:
lesion and stimulation studies. J. Neurosci. 2:791-805.

Deliagina, T. G., I. N. Beloozerova, P. V. Zelenin, and
G. N. Orlovsky. 2008. Spinal and supraspinal postural
networks. Brain Res. Rev. 57:212-221.

Delmonico, M. J., T. B. Harris, M. Visser, S. W. Park,

M. B. Conroy, P. Velasquez-Mieyer, et al. 2009.
Longitudinal study of muscle strength, quality, and adipose
tissue infiltration. Am. J. Clin. Nutr. 90:1579—-1585.

© 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

Startle Evoked Movement in Older Adults

Deschenes, M. R. 2011. Motor unit and neuromuscular
junction remodeling with aging. Curr. Aging Sci. 4:209-220.

Dorfman, L. J., and T. M. Bosley. 1979. Age-related changes in
peripheral and central nerve conduction in man. Neurology
29:38—44.

Drew, T., S. Prentice, and B. Schepens. 2004. Cortical and
brainstem control of locomotion. Prog. Brain Res. 143:251—
261.

Ellwanger, J., M. A. Geyer, and D. L. Braff. 2003. The
relationship of age to prepulse inhibition and habituation
of the acoustic startle response. Biol. Psychol. 62:

175-195.

Hedeker, D., and R. D. Gibbons. 2006. Longitudinal Data
Analysis: Wiley series in probability and statistics. John
Wiley & Sons, Inc., Hoboken, NJ, p. 337.

Honeycutt, C. F.,, and T. R. Nichols. 2010. The decerebrate cat
generates the essential features of the force constraint
strategy. J. Neurophysiol. 103:3266-3273.

Honeycutt, C. F., and E. J. Perreault. 2012. Planning of
ballistic movement following stroke: insights from the startle
reflex. PLoS ONE 7:e43097.

Honeycutt, C. F., J. S. Gottschall, and T. R. Nichols. 2009.
Electromyographic responses from the hindlimb muscles of
the decerebrate cat to horizontal support surface
perturbations. J. Neurophysiol. 101:2751-2761.

Honeycutt, C. F., M. Kharouta, and E. J. Perreault. 2013a.
Evidence for reticulospinal contributions to coordinated
finger movements in humans. J. Neurophysiol. 110:1476—
1483.

Honeycutt, C. F., U. A. Tresch, and E. J. Perreault. 2014.
Startling acoustic stimuli can evoke fast hand extension
movements in stroke survivors. Clin. Neurophysiol. In Press.

Hut, R. A,, and E. A. Van der Zee. 2011. The cholinergic
system, circadian rhythmicity, and time memory. Behav.
Brain Res. 221:466-480.

Jernigan, T. L., S. L. Archibald, C. Fennema-Notestine,

A. C. Gamst, J. C. Stout, J. Bonner, et al. 2001. Effects of
age on tissues and regions of the cerebrum and cerebellum.
Neurobiol. Aging 22:581-594.

Kofler, M., J. Muller, L. Reggiani, and J. Valls-Sole. 2001.
Influence of age on auditory startle responses in humans.
Neurosci. Lett. 307:65-68.

Kohfeld, D. L. 1969. Effects of the intensity of auditory and
visual ready signals on simple reaction time. J. Exp. Psychol.
82:88-95.

Kohfeld, D. L. 1971. Simple reaction time as a function of
stimulus intensity in decibels of light and sound. J. Exp.
Psychol. 88:251-257.

Krasovsky, T., A. Lamontagne, A. G. Feldman, and
M. F. Levin. 2013. Effects of walking speed on gait stability
and interlimb coordination in younger and older adults.
Gait Posture 39:378-385.

Kumru, H., J. Valls-Solé, M. Kofler, J. Castellote, and
M. T. Sanegre. 2006. The effects of a prepulse on the

2014 | Vol. 2 | Iss. 6 | €12025
Page 9



Startle Evoked Movement in Older Adults

startReact phenomenon. Suppl. Clin. Neurophysiol. 58:
101-109.

Kuypers, H. 1981. Anatomy of descending pathways. Pp. 597—
666 in Handbook of physiology Sect I The nervous system.
Am Physiol Soc, Bethesda, MD.

Lambert, C., R. Chowdhury, T. H. Fitzgerald, S. M. Fleming,
A. Lutti, C. Hutton, et al. 2013. Characterizing aging in the
human brainstem using quantitative multimodal MRI
analysis. Front. Hum. Neurosci. 7:462.

Landis, C., W. A. Hunt, and H. Strauss. 1939. The startle
pattern. Farrar & Rinehart, New York, NY.

Latham, C. A. T. 1989. Occupational therapy for physical
dysfunction. Williams & Wilkins, Baltimore, MD.

Lawrence, D. G., and H. G. J. Kuypers. 1968a. Functional
organization of motor system in monkey. Brain 91:1-14.

Lawrence, D. G., and H. G. J. Kuypers. 1968b. Functional
organization of motor system in monkey. 2. Effects of
lesions of descending brain-stem pathways. Brain 91:

15-36.

Lemon, R. N., W. Landau, D. Tutssel, and D. G. Lawrence.
2012. Lawrence and Kuypers (1968a, b) revisited: copies of
the original filmed material from their classic papers in
Brain. Brain 135:2290-2295.

Lord, S. R, P. N. Sambrook, C. Gilbert, P. J. Kelly, T. Nguyen,
I. W. Webster, et al. 1994. Postural stability, falls and
fractures in the elderly: results from the Dubbo Osteoporosis
Epidemiology Study. Med. J. Aust. 160:684—685, 688—691.

Luft, A. R., M. Skalej, J. B. Schulz, D. Welte, R. Kolb, K. Burk,
et al. 1999. Patterns of age-related shrinkage in cerebellum
and brainstem observed in vivo using three-dimensional
MRI volumetry. Cereb. Cortex 9:712-721.

Lyalka, V. F., P. V. Zelenin, A. Karayannidou, G. N. Orlovsky,
S. Grillner, and T. G. Deliagina. 2005. Impairment and
recovery of postural control in rabbits with spinal cord
lesions. J. Neurophysiol. 94:3677-3690.

MacKinnon, C. D., D. Bissig, J. Chiusano, E. Miller,

L. Rudnick, C. Jager, et al. 2007. Preparation of anticipatory
postural adjustments prior to stepping. J. Neurophysiol.
97:4368—4379.

MacKinnon, C. D., D. P. Allen, T. Shiratori, and
M. W. Rogers. 2013. Early and unintentional release of
planned motor actions during motor cortical preparation.
PLoS ONE 8:e63417.

Maslovat, D., P. M. Kennedy, C. J. Forgaard, R. Chua, and
I. M. Franks. 2012. The effects of prepulse inhibition timing
on the startle reflex and reaction time. Neurosci. Lett.
513:243-247.

McCrea, D. A., S. J. Shefchyk, M. J. Stephens, and
K. G. Pearson. 1995. Disynaptic group I excitation of
synergist ankle extensor motoneurones during fictive
locomotion in the cat. J. Physiol. 487(Pt 2):527-539.

Misgeld, T. 2011. Lost in elimination: mechanisms of axonal
loss. e-Neuroforum 2:21-34.

2014 | Vol. 2 | Iss. 6 | 12025
Page 10

U. A. Tresch et al.

Monaco, V., A. Ghionzoli, and S. Micera. 2010. Age-related
modifications of muscle synergies and spinal cord activity
during locomotion. J. Neurophysiol. 104:2092-2102.

Mori, S. 1987. Integration of posture and locomotion in acute
decerebrate cats and in awake, freely moving cats. Prog.
Neurobiol. 28:161-195.

Musienko, P. E., P. V. Zelenin, V. F. Lyalka, G. N. Orlovsky,
and T. G. Deliagina. 2008. Postural performance in
decerebrated rabbit. Behav. Brain Res. 190:124—134.

Nonnekes, J., A. Scotti, L. B. Oude Nijhuis, K. Smulders,

A. Queralt, A. C. Geurts, et al. 2013. Are postural responses
to backward and forward perturbations processed by
different neural circuits? Neuroscience 245:109-120.

Nonnekes, J., L. B. O. Nijhuis, M. de Niet, S. T. de Bot,

J. W. Pasman, B. P. C. van de Warrenburg, et al. 2014.
StartReact restores reaction time in HSP: evidence for
subcortical release of a motor program. J. Neurosci. 34:275—
281.

Pearson, K. G. 1995. Proprioceptive regulation of locomotion.
Curr. Opin. Neurobiol. 5:786-791.

Queralt, A., V. Weerdesteyn, H. J. van Duijnhoven,

J. M. Castellote, J. Valls-Sole, and J. Duysens. 2008. The
effects of an auditory startle on obstacle avoidance during
walking. J. Physiol. 586:4453—4463.

R Development Core Team. 2008. R: A language and
environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. URL http://www.
R-project.org. ISBN 3-900051-07-0.

Ravichandran, V. J., J. B. Shemmell, and E. J. Perreault. 2009.
Mechanical perturbations applied during impending
movement evoke startle-like responses. Conf. Proc. IEEE
Eng. Med. Biol. Soc. 2009:2947-2950.

Ravichandran, V. J., C. F. Honeycutt, J. Shemmell, and
E. J. Perreault. 2013. Instruction-dependent modulation of
the long-latency stretch reflex is associated with indicators
of startle. Exp. Brain Res. 230:59—69.

Resnick, S. M., D. L. Pham, M. A. Kraut, A. B. Zonderman,
and C. Davatzikos. 2003. Longitudinal magnetic resonance
imaging studies of older adults: a shrinking brain.

J. Neurosci. 23:3295-3301.

Riddle, C. N., S. A. Edgley, and S. N. Baker. 2009. Direct
and indirect connections with upper limb motoneurons
from the primate reticulospinal tract. J. Neurosci. 29:
4993-4999.

Rushworth, M. F., H. Johansen-Berg, S. M. Gobel, and
J. T. Devlin. 2003. The left parietal and premotor cortices:
motor attention and selection. Neuroimage 20(Suppl 1):
$89-5100.

Sabel, B. A., and D. G. Stein. 1981. Extensive loss of
subcortical neurons in the aging rat brain. Exp. Neurol.
73:507-516.

Sakai, S. T., A. G. Davidson, and J. A. Buford. 2009.
Reticulospinal neurons in the pontomedullary reticular

© 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.



U. A. Tresch et al.

formation of the monkey (Macaca fascicularis).
Neuroscience 163:1158-1170.

Salat, D. H., R. L. Buckner, A. Z. Snyder, D. N. Greve,

R. S. Desikan, E. Busa, et al. 2004. Thinning of the cerebral
cortex in aging. Cereb. Cortex 14:721-730.

Schieber, M. H. 2004. Motor control: basic units of cortical
output? Curr. Biol. 14:R353-R354.

Schieber, M. H. 2011. Dissociating motor cortex from the
motor. J. Physiol. 589:5613-5624.

Shik, M. L., G. N. Orlovskii, and F. V. Severin. 1968.
Locomotion of the mesencephalic cat evoked by pyramidal
stimulation. Biofizika 13:127-135.

Shkuratova, N., M. E. Morris, and F. Huxham. 2004. Effects of
age on balance control during walking. Arch. Phys. Med.
Rehabil. 85:582-588.

Soteropoulos, D. S., E. R. Williams, and S. N. Baker. 2012.
Cells in the monkey ponto-medullary reticular formation
modulate their activity with slow finger movements.

J. Physiol. 590:4011-4027.

Stapley, P. J., and T. Drew. 2009. The pontomedullary reticular
formation contributes to the compensatory postural
responses observed following removal of the support surface
in the standing cat. J. Neurophysiol. 101:1334-1350.

Stinear, C. M., P. A. Barber, J. P. Coxon, T. S. Verryt,

P. P. Acharya, and W. D. Byblow. 2009. Repetitive
stimulation of premotor cortex affects primary motor cortex
excitability and movement preparation. Brain Stimul. 2:152—
162.

Valls-Sole, J., J. C. Rothwell, F. Goulart, G. Cossu, and E.
Munoz. 1999. Patterned ballistic movements triggered by a
startle in healthy humans. J. Physiol. 516(Pt 3):931-938.

© 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

Startle Evoked Movement in Older Adults

Vita, G., P. Princi, R. Calabro, A. Toscano, L. Manna, and
C. Messina. 1986. Cardiovascular reflex tests. Assessment of
age-adjusted normal range. J. Neurol. Sci. 75:263-274.

Wild-Wall, N., J. Hohnsbein, and M. Falkenstein. 2007. Effects
of ageing on cognitive task preparation as reflected by
event-related potentials. Clin. Neurophysiol. 118:558-569.

Wilson, S. J., P. Glue, D. Ball, and D. J. Nutt. 1993. Saccadic
eye movement parameters in normal subjects.
Electroencephalogr. Clin. Neurophysiol. 86:69—74.

Woollacott, M. H., and P. F. Tang. 1997. Balance control
during walking in the older adult: research and its
implications. Phys. Ther. 77:646—660.

Woollacott, M. H., A. Shumway-Cook, and L. M. Nashner.
1986. Aging and posture control: changes in sensory
organization and muscular coordination. Int. J. Aging Hum.
Dev. 23:97-114.

Yan, J. H. 2000. Effects of aging on linear and curvilinear
aiming arm movements. Exp. Aging Res. 26:393—407.

Yan, J. H,, J. R. Thomas, G. E. Stelmach, and K. T. Thomas.
2000. Developmental features of rapid aiming arm
movements across the lifespan. J. Mot. Behav. 32:

121-140.

Yordanova, J., V. Kolev, J. Hohnsbein, and M. Falkenstein.
2004. Sensorimotor slowing with ageing is mediated by a
functional dysregulation of motor-generation processes:
evidence from high-resolution event-related potentials. Brain
127:351-362.

Zwergal, A., ]J. Linn, G. Xiong, T. Brandt, M. Strupp, and
K. Jahn. 2012. Aging of human supraspinal locomotor
and postural control in fMRI. Neurobiol. Aging 33:1073—
1084.

2014 | Vol. 2 | Iss. 6 | 12025
Page 11



