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Abstract The integration of neck proprioceptive and
vestibular inputs underlies the generation of accurate pos-
tural and motor control. Recent studies have shown that
central mechanisms underlying the integration of these
sensory inputs differ across species. Notably, in rhesus
monkey (Macaca mulata), an Old World monkey, neurons
in the vestibular nuclei are insensitive to passive stimula-
tion of neck proprioceptors. In contrast, in squirrel monkey,
a New World monkey, stimulation produces robust mod-
ulation. This has led to the suggestion that there are
differences in how sensory information is integrated during
self-motion in Old versus New World monkeys. To test this
hypothesis, we recorded from neurons in the vestibular
nuclei of another species in the Macaca genus [i.e.,
M. fascicularis (cynomolgus monkey)]. Recordings were
made from vestibular-only (VO) and position-vestibular-
pause (PVP) neurons. The majority (53%) of neurons in
both groups were sensitive to neck proprioceptive and
vestibular stimulation during passive body-under-head and
whole-body rotation, respectively. Furthermore, responses
during passive rotations of the head-on-body were well
predicted by the linear summation of vestibular and neck
responses (which were typically antagonistic). During
active head movement, the responses of VO and PVP
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neurons were further attenuated (relative to a model based
on linear summation) for the duration of the active head
movement or gaze shift, respectively. Taken together, our
findings show that the brain’s strategy for the central pro-
cessing of sensory information can vary even within a
single genus. We suggest that similar divergence may be
observed in other areas in which multimodal integration
occurs.
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Introduction

The vestibular system plays an essential role during daily
activities by contributing to spatial orientation, gaze sta-
bilization and accurate motor control. Vestibular sensory
organs transmit information to the vestibular nuclei by way
of afferents of the vestibular nerve. The integration of
vestibular with extra-vestibular information at this first
stage of central processing is a hallmark of the vestibular
system (reviewed in Angelaki and Cullen 2008). For
example, during every day activities, the stimulation of
neck proprioceptive afferents will occur whenever the head
is rotated relative to the body. Projections from the cere-
bellum, brain stem, as well as many cortical areas (for
review see, Fukushima 1997) carry neck proprioceptive
information to the vestibular nuclei. In turn, the integration
of vestibular and proprioceptive information allows the
brain to compute the movement of the head relative to the
body as well as to space—an ability that is critical for
the generation of accurate postural and motor control. In
this way the vestibular system both senses and controls
self-motion.
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Our understanding of how the human brain processes
information from different modalities is largely based on
the results of single unit recording experiments in nonhu-
man primates. For example, to characterize the vestibular
system, researchers have carried out experiments in both
Old and New World monkeys; two groups of primates that
evolutionarily diverged approximately 30 million years
ago from the Simiiformes infraorder (Ackermann and
Cheverud 2004). The results of recent studies have sug-
gested divergence in the way the two groups integrate
sensory information. Notably, rotation sensitive neurons in
the vestibular nuclei of Saimiri sciureus (i.e., squirrel
monkey), a type of New World monkey, are modulated by
both vestibular and neck proprioceptive inputs (Gdowski
and McCrea 2000). In contrast, such neurons in the ves-
tibular nuclei of the rhesus monkey (M. mulatta), a type of
Old World monkey, only respond to vestibular stimulation
(Roy and Cullen 2001a, b, 2002). These differences may
have developed to meet the requirements of the behavioral
repertoire of each group—Old World monkeys are more
terrestrial, while New World monkeys are mostly arboreal
(Fleagle 1978).

Currently, the macaque monkey (a genus of the Old
World monkeys) is the most widely studied animal model
used to understand the higher level processing of sensory
inputs at the level of single neurons. The ability to then
compare human and macaque data using fMRI has further
allowed us to extend our understanding of neural mecha-
nism underlying human central processing based on
neurophysiological studies in monkeys. While the rhesus
macaque (M. mulatta) is the most widely used species of
Old World monkeys, other species within the macaque
monkey genus, such as the M. fascicularis (cynomolgus
monkey) and M. fuscata (Japanese macaque), have also
been extensively used. The question we aimed to answer
was whether these two species within a single genus
(M. mulatta and fascicularis) use different strategies for
central processing of sensory information. Specifically, we
asked whether they might utilize different neural substrates
for vestibular and neck proprioceptive integration. To
address this question, we recorded from neurons in the
vestibular nuclei of the M. fascicularis, and compared
responses to those recorded previously in comparable
studies in M. mulatta. Recordings were made from two
functional classes of neurons during passive head and body
rotations as well as during voluntarily generated head
movements: (a) vestibular-only (VO) neurons which have
been implicated in vestibular spinal reflexes and also most
likely send projections to higher order structures within the
cerebellum and cortex, and (b) position-vestibular-pause
(PVP) neurons which are responsible for mediating the
vestibulo-ocular reflex (VOR) (reviewed in Cullen and Roy
2004). Our results suggest that there are significant
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differences in how the vestibular system integrates sensory
information early in sensory processing. These results have
important implications regarding the choice of a model
species for comparing human data directly with an animal
model and suggest the need from more detailed neuro-
physiological and neuroanatomical experiments.

Materials and methods

Two cynomolgus monkeys were prepared for chronic
extracellular recordings using aseptic surgical techniques.
All experimental procedures were approved by McGill
University Animal Care Committee and followed the
guidelines and of the Canadian Council on Animal Care.

Surgical procedures

Surgeries were performed as described by Sylvestre and
Cullen (1999). Briefly, anesthesia was achieved by the use
of isoflurane gas (2-3% initially) and maintained for the
duration of the procedure (0.8-1.5%). A dental acrylic
implant was attached to the skull of the animal using
stainless steel screws. A stainless steel post (used to
restrain the monkey’s head) and a stainless steel recording
chamber (positioned to provide access to the medial ves-
tibular nucleus) were attached to the implant. A 16- to
17-mm eye coil, consisting of three loops of Teflon coated
stainless steel wire, was placed behind the conjunctiva of
the right eye. The animals were allowed 2 weeks to recover
from surgery before any experiments were performed.

Data acquisition

During the recording sessions, the monkey was comfort-
ably seated in a primate chair, which was set upon a
vestibular turntable. Head-restrained recordings were per-
formed initially while the room was dimly lit. An enamel-
insulated tungsten microelectrode (7-10 MQ impedance;
Frederick Haer Co., Bowdoinham, ME) was used to record
single unit activity as previously described (Sylvestre and
Cullen 1999). Turntable velocity was measured using an
angular velocity sensor (Watson Inc.). Unit activity, hori-
zontal gaze and head positions, target position, and table
velocity were recorded onto a digital audio tape for play-
back at a later time. Each unit recorded was analyzed off-
line to ensure proper isolation. During playback, action
potentials were distinguished using a windowing circuit
(BAK Electronics Inc., Germantown, MD). This was
operated manually such that a pulse was associated with
the rising phase of each action potential. Gaze position,
head position, target position, gaze velocity and head
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velocity signals were low-pass filtered at 250 Hz (eight-
pole Bessel filter) and sampled at 1,000 Hz.

Behavioral paradigms

Neurons were initially recorded during standard head-
restrained paradigms with the head in the stereotaxic position
in order to characterize their sensitivities to eye movements
and/or head velocity. Monkeys were trained to follow a laser
target, which was projected onto a screen (60 cm in front of
the monkey) in exchange for a juice reward. Saccadic eye
movements were elicited by stepping the target between
horizontal positions (£5°, 10°, 15°, 20°, 25°, and 30°).
Smooth pursuit eye movements were evoked by rotating a
target sinusoidally in the horizontal plane with a frequency of
0.5 Hz, reaching a maximal velocity of 40°/s. Neuronal
sensitivities to head velocity were quantified by passively
rotating monkeys about an earth-vertical axis (with a fre-
quency of 0.5 Hz, £40°/s) in the dark [passive whole-body
rotation (pWBR)] and while they canceled their VOR [pas-
sive whole-body rotation cancelation (pWBRc)]. The latter
was achieved by having the monkey follow a laser that
moved together with the turntable (i.e., at the same speed and
frequency). Neuronal responses were also recorded during
pWBR at frequencies of 1 and 2 Hz (4 40°/s).

Using the above-mentioned paradigms, we characterized
neurons (see below) that showed vestibular sensitivity
during pWBRc as PVP (i.e., eye position sensitivity, pause
during saccades) or VO (no eye position sensitivity) neu-
rons (Roy and Cullen 2001b, 2002; Scudder and Fuchs
1992). In order to measure neuronal response to neck
proprioceptive input we next characterized neuronal
responses during a paradigm in which the neck proprio-
ceptors were stretched, but there was no activation of
vestibular receptors. To do this, the head was held sta-
tionary relative to space while the body was rotated
underneath [body-under-head (BUH) paradigm, 1 Hz,
440°/s]. We then recorded the responses of the same
neurons during combined activation of vestibular and neck
proprioceptive receptors; by manually rotating the head
above a stationary body [passive head-on-body (PHB)
paradigm] at a frequency of 1 Hz.

Once a neuron had been fully characterized during head-
restrained conditions, the monkey’s head was slowly and
carefully released such that the monkey was able to make
natural head movements only in the horizontal plane. This
was obtained by means of a specially designed head-holder
(Huterer and Cullen 2002) that enabled us to either com-
pletely immobilize the animal’s head or allowed the
monkey to freely rotate its head around the yaw axis
(Sadeghi et al. 2007a; Sadeghi et al. 2007b). The response
of the same neuron was then recorded during voluntary
(i.e., active) horizontal eye—head gaze shifts made to orient

targets as described previously (Roy and Cullen 2002). For
the present study, we chose gaze shifts that had amplitudes
of 35°—45°. At the beginning of the gaze shift, as well as, at
the end of the head movement, the eye-in-head position
was close to the center (i.e., <2.5°). Velocities of head
movements that were produced during such gaze shifts
reached peak values of ~ 140°s.

Finally, to investigate the frequency response of PVP
and VO neurons, we recorded from a subpopulation of
neurons during BUH and PHB paradigms at rotation fre-
quencies of 0.5 and 2 Hz.

Analysis of neuronal discharges

Gaze, head, target, and table signals were digitally filtered
at 125 Hz. Eye position was calculated from the difference
between gaze and head position signals. Gaze, eye, and
head position signals were digitally differentiated to pro-
duce velocity signals. Neuronal firing rates were estimated
using convolution of the spike train with an optimal digital
filter (non-eye movement neurons; Cherif et al. 2008) and a
Gaussian window (eye-movement neurons; Roy and Cullen
1998, 2002). Subsequent analysis was performed using
custom algorithms (Matlab, Mathworks).

In this study, we present data from two classes of neurons
in the medial vestibular nuclei that were sensitive to yaw
rotations: (a) neurons that are sensitive to eye movements
(i.e., PVP neurons, which encode eye position during fixa-
tion, respond to smooth pursuit eye movement, and pause
during saccades), and (b) neurons that are not sensitive to any
class of eye movement (VO neurons). In order to distinguish
between these two types of neurons, periods of steady fixa-
tion and saccade-free smooth pursuit were analyzed using a
multiple regression analysis and correlations between firing
rate and eye position/velocity were assessed. A least squares
regression analysis was then used to analyze the responses of
both classes of neurons during passive and active head
rotations. To quantify response modulation during pWBR
and pWBRc, we optimized the coefficients of Egs. 1 and 2
(see “Results”) for VO and PVP neurons, respectively.
Specifically, the values of the resting discharge (bias, spikes/
s), and head velocity and acceleration coefficients [g,wgr in
(spikes/s)/(°/s) and aywgr in (spikes/s)/(°/sz)] were esti-
mated (Roy and Cullen 2002). Neuronal sensitivities [S in
(spikes/s)/(°/s)] and phases (¢ in degrees) relative to head
velocity were then computed using the following equations:

. 2
S = \/[g[z)WBR + (2 X p1 ><f X aPWBR) :|

Q= atan(2 X pl Xf X apWBR/gPWBR) X (180/[)1)

where f is the frequency of the sinusoidal rotation. A
comparable approach was used to calculate the sensitivity
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and phase relative to the body and head velocity during
BUH and PHB rotations, respectively. In the following
sections, we report the value of S and the phase value,
rather than comparing the velocity and acceleration terms,
in order to be able to compare our results with those of
previous studies.

Values are expressed as mean & SEM and a Student’s ¢
test was used to determine whether the average of two
measured parameters differed significantly from each
other. A linear mixed-effect regression model (Littell et al.
2006) which accounts for the correlation of responses for
each neuron was used to characterize frequency-dependent
trends. Analyses were conducted using the mixed model
procedure (PROC MIXED) of SAS, version 9.1.3 (SAS
Institute, Inc., 2002-2003). A log-base 10 transformation
was used to normalize response distributions as required.
Because measurements on some frequencies were not
available in some neurons, a Kenward-Roger correction
was applied to the degrees of freedom for better control of
Type I error (Kowalchuk et al. 2004).

Results

We recorded from 60 neurons in the vestibular nuclei (VN)
in two cynomolgus monkeys. The neurons were catego-
rized based on their eye and head sensitivities during head-
restrained paradigms as position-vestibular-pause (PVP,
n = 22) or vestibular-only (VO, n = 38). Neurons in each
group showed excitatory responses during either ipsilateral
(type I cells) or contralateral (type II cells) rotations. For
the purposes of this study, we combined type I and II
neurons in the data analysis, since they responded similarly
during each behavioral task. Below, we will first describe
the criteria used for characterizing the cells. We will then
show their responses to vestibular and/or neck proprio-
ceptor stimulation and consider integration of these two
signals. Finally, we compare the response of each class of
neurons during active head-on-body movements to their
responses obtained during passive rotations of head and
body.

General characterization of response of neurons
to passive sinusoidal rotation: VO neurons

Vestibular-only neurons were identified based on their lack
of responses to eye movements during head-restrained
paradigms. As has been previously demonstrated (e.g., see
Roy and Cullen 2001b), VO neurons are insensitive to eye
position and velocity during ocular fixation, smooth pur-
suit, and saccadic eye movements, but respond to head-in-
space motion during pWBR. Based on this criterion, 38 of
the recorded neurons were identified as VO cells (20 in
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monkey G and 18 in monkey D). To quantify the response
of neurons during pWBR we used the following equation:

fr = bias + (ngBR x head velocity)
+ (apWBR x head acceleration) (1)

where fr is the firing rate, bias is a constant equal to the
resting neural discharge, and g,wgr and a,wgr are constant
coefficients. The estimates of gywgr and a,wgr Were then
used to calculate the neuron’s sensitivity and phase lead
with respect to head velocity (see “Materials and meth-
ods”). To further dissociate the vestibular sensitivity from
any possible eye movement-related response, we also
recorded from neurons during pWBR while the animal
suppressed its VOR (i.e., pWBRc; see “Materials and
methods™). For the population of VO neurons recorded,
sensitivities during pWBR and pWBRc were not signifi-
cantly different (P = 0.54, 1 Hz, 40°/s), further confirming
that they were VO neurons (Cullen and McCrea 1993; Roy
and Cullen 2001b).

Figure 1A1 shows the response of an example neuron
during sinusoidal rotations with a frequency of 1 Hz (peak
velocity of 40°/s). The neuron was strongly modulated,
with excitatory responses during ipsilateral head move-
ments produced by rotations about an earth-vertical axis.
Using Eq. 1 the estimation of the response of the example
neuron provided a resting discharge of 83 spikes/s, sensi-
tivity of 0.59 (spikes/s)/(°/s) with a VAF of 0.95 and a
response phase lead of 33°. For the population of neurons
we measured a resting discharge of 56 £ 4 spikes/s, and
estimated a sensitivity of 0.55 £ 0.06 (spikes/s)/(°/s) and
phase lead of 32° £ 3° relative to head velocity (average
population VAF = 0.69 + 0.03). The responses of a sub-
set of neurons were also recorded at frequencies of 0.5
(n = 37) and 2 (n = 35) Hz. In agreement with a recent
report (Dickman and Angelaki 2004), vestibular sensitivity
significantly increased [from 0.46 + 0.06 to 0.74 £ 0.09
(spikes/s)/(°/s)] as a function of rotation frequency (mixed
model regression on transformed data, P < 0.0001). In
contrast, we found that response phase was constant over
the same frequency range (29° £ 3° to 37° £ 3°, mixed
model regression, P = 0.06).

General characterization of response of neurons
to passive sinusoidal rotation: PVP neurons

Position-vestibular-pause neurons were identified on the
basis of their sensitivity to head velocity during pWBR and
eye position sensitivity during ocular fixation. The neurons
also paused during ipsilateral or contralateral saccades for
type I and II cells, respectively. Sensitivity to eye position
(k) for these neurons was calculated using a regression
analysis on eye positions and firing rates during periods of
steady fixation. Cells were then characterized in response
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to pWBR paradigm, where the following model was used
to fit the firing rate during periods of slow phase eye
movements:

fr = bias + (k x eye position) + (gowsr X head velocity)
+ (aPWBR x head acceleration)

(2)

where fr is the firing rate, bias is a constant equal to the
resting neural discharge, k is the cell’s sensitivity to eye

<« Fig. 1 Activity of an example VO and PVP neuron. a Responses to

vestibular stimulation during passive whole-body rotation. Both
neurons increased their discharges during ipsilaterally directed head
movements. The VO neuron (A7) was insensitive to eye movements
(not shown), whereas the PVP neuron (A2) increased its discharge for
contralaterally directed eye movements (not shown) and paused for
ipsilaterally directed saccades. Vestibular sensitivities were estimated
using Eqgs. 1 and 2 for VO and PVP cells, respectively (solid black
traces superimposed on neuronal responses). b Responses to neck
proprioceptive stimulation during BUH rotations. The example VO
(B1) and PVP (B2) neurons both responded to ipsilaterally directed
rotations of body under a fixed head. Neuronal sensitivities to neck
movement were estimated using Eq. 3 (superimposed solid black
traces). ¢ Responses to concurrent vestibular and neck proprioceptive
stimulation during PHB rotation. The example VO (C/) and PVP
(C2) neurons were excited by ipsilaterally directed rotations. Addition
of the vestibular and neck sensitivities (see text, Eq. 4) accurately
predicted (dashed red line) the firing rate and was similar to the
estimated response (solid black line). E eye velocity, H head velocity,
B body velocity, FR firing rate

position, and g,wgr and a,wgr are constant coefficients.
Coefficients in Eq. 2 were estimated using least squared
optimization, as has been previously described by Roy and
Cullen (2002). As for VO neurons, estimates of g,wgr and
aywer were then used to calculate the neuron’s sensitivity
and phase lead with respect to head velocity (see “Mate-
rials and methods”). Next, to further dissociate each PVP
neuron’s vestibular and eye movement sensitivities,
responses were also characterized during cancelation of the
VOR (pWBRc). In contrast to VO neurons, and consistent
with previous studies of PVP neurons in other primate
species (squirrel monkey, Cullen and McCrea 1993; rhesus
monkey, Roy and Cullen 2002), vestibular sensitivities
during pWBRc were significantly reduced (18%) compared
to those measured during rotation in the dark (paired  test,
P = 0.02).

Figure 1A2 shows an example PVP neuron which was
excited by contralaterally directed yaw rotations (1 Hz, 40°/
s peak velocity). This example neuron had a resting dis-
charge of 94 spikes/s, sensitivity of 0.61 (spikes/s)/(°/s) and
the response had a phase lead of 8° (VAF of estima-
tion = 0.83). This neuron was typical of our population of
PVP neurons (n = 22; 15 in monkey G and 7 in monkey D),
for which the mean resting discharge was 111 + 12 spikes/
s and the response sensitivity was 0.79 £ 0.13 with a phase
lead of 21° % 3° re. head velocity (VAF = 0.57 £ 0.05).
A subpopulation of PVP neurons were also tested at 0.5
(n = 19) and 2 Hz (n = 21). Over this frequency range, the
mean response sensitivity of the population increased
slightly from 0.72 £ 0.1 to 0.87 & 0.13 (spikes/s)/(°/s)
(mixed model regression on transformed data, P = 0.01),
while there was no significant change in response phase
(27° £ 3° to 20° £ 2°, mixed model regression, P = 0.1).
These trends are consistent with those reported in rhesus
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Fig. 2 Comparison of vestibular and neck proprioceptive sensitivities
of VO (a) and PVP (b) neurons. The plots in A (VO) and B (PVP)
depict the relationship between the calculated neuronal sensitivities
(see “Materials and methods”) obtained during pWBR and BUH
rotations. Neurons were considered as neck sensitive (filled symbols)

monkey (Dickman and Angelaki 2004), suggesting simi-
larities in the rotational response dynamics of both VO and
PVP neurons of cynomolgus and rhesus monkeys.

General characterization of response of neurons
to passive neck rotation

We next addressed whether neurons were directly influ-
enced by the stimulation of neck proprioceptors. The
responses of VO and PVP neurons were recorded while the
body was rotated beneath the earth-fixed head (i.e., BUH
rotations). Notably, in this paradigm neck proprioceptors
were activated, but there was no stimulation of vestibular
receptors. Figure 1B1 shows the response of the example
VO neuron to BUH rotations at the frequency of 1 Hz. The
sensitivity of VO neurons to neck proprioceptive stimula-
tion was quantified using the following equation:

fr = bias + (ggun % body velocity)
+ (apun X body acceleration) (3)

where fr is the firing rate, bias is a constant equal to the
resting neural discharge, and ggyy and agyy are constant
coefficients. For the analysis of PVP neurons, we used a
comparable approach that included an additional eye
position term to account for a neuron’s eye position sen-
sitivity. Approximately half of the populations of VO and
PVP neurons—55% (16/20 in monkey G and 5/18 in
monkey D) of VO and 50% (7/15 in monkey G and 4/7 in
monkey D) of PVP cells—was sensitive to neck proprio-
ceptive stimulation [i.e., Sgyy > 0.1 (spikes/s)/(°/s)]. The
example VO and PVP neurons shown in Fig. 1B1, B2 are
typical in that their responses to neck proprioceptive
stimulation (during BUH rotation) were ~50% smaller
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if this calculated neck sensitivity was greater than 0.1 (spikes/s)/(°/s)
(see “Materials and methods”). Note that neck proprioceptive
sensitivities were, on average, ~50% smaller than vestibular
sensitivities, even for neck-sensitive neurons, and as a result most
of the data points fall close to the x axis

than their responses during vestibular stimulation (pWBR
in Fig. 1Al, A2). The example VO neuron had a neck
sensitivity of 0.25 (spikes/s)/(°/s) and a phase lead of 51°
relative to body velocity (VAF of 0.93), while the example
PVP neuron had a neck sensitivity of 0.32 (spikes/s)/(°/s)
and a phase lag of 23° relative to body velocity (VAF of
0.45). Figure 2 compares, on a cell by cell basis, the neck
proprioceptive (Spyp) and vestibular (S,wgr) sensitivities
of VO (n = 19; Fig. 2a) and PVP (n = 15; Fig. 2b) neu-
rons recorded during both pWBR and BUH paradigms
(1 Hz, 40°/s). Notably, neck proprioceptive sensitivities
(during BUH rotation) were on average ~50% smaller
than vestibular sensitivities (during pWBR) and as a result
most of the data points fall close to the x axis. This rela-
tionship was also true when neck and vestibular velocity or
acceleration coefficients were compared individually (see
Supplementary Fig. 1).

Overall, there was no difference in the vestibular sen-
sitivities (measured during whole-body rotation) for VO
and PVP neurons that were sensitive versus insensitive to
neck proprioceptive inputs (VO neurons, P > 0.4; PVP
neurons, P > 0.3). Moreover, while the average of the
absolute value of neck sensitivities for neck-sensitive VO
and PVP neurons were comparable [0.24 £+ 0.04 and
0.23 £ 0.03 (spikes/s)/(°/s), respectively], neck-related
responses led velocity more for VO than PVP neurons
(14° £ 5° vs. 1° £ 10°, respectively). Notably, of the
neurons that were sensitive to neck rotation ~78% (25/32)
had vestibular and neck proprioceptive responses that were
antagonistic. This finding is similar to those reported in
previous studies (squirrel monkey, Gdowski and McCrea
2000; cat, Kasper et al. 1988). When the relative direction
of the neck response was taken into account (i.e., if
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vestibular and neck sensitivities were oppositely directed,
the sign of the neck sensitivity was considered negative)
the average neck sensitivities of the population of VO and
PVP neurons were relatively small (i.e., 0.096 + 0.08 and
0.17 £ 0.07, respectively).

A subpopulation of neck-sensitive neurons were also
tested at 0.5 (18 VO and 8 PVP neurons) and 2 Hz (11 VO
and 10 PVP neurons). Although neck sensitivities of VO
neurons showed a statistically significant increase as a
function of frequency (0.5-2 Hz) (mixed model regression
on transformed data, P = 0.01), the change was quite small
[0.19 £ 0.03 to 0.29 &£ 0.04 (spikes/s)/(°/s)]. For PVP
neurons the neck sensitivities remained constant over the
range of frequencies tested [0.24 + 0.06 to 045 £
0.13 (spikes/s)/(°/s); mixed model regression on trans-
formed data, P = 0.13]. Similarly, there was no significant
change (mixed model regression, P > (.5) in response
phases over this frequency range (—2 = 5 to 3 = 4 and
13 £ 10 to 17 £ 12 degrees for VO and PVP neurons,
respectively).

Integration of vestibular and neck proprioceptive
signals during PHB rotations

In order to address how vestibular and neck proprioceptive
inputs are combined at the level of single neurons, neuronal
responses were next characterized during PHB rotations.
Figure 1C1 shows the response of our example VO neuron
to PHB rotation. Superimposed on the unit’s response is
our estimation of the response (solid black line) using
Eq. 1, where the estimated coefficients (now gpyg and
apyp) quantify the response to combined vestibular and
neck stimulation (Note that it is not possible to dissociate
these two inputs during PHB rotation since one is the
inverse of the other).

We then assessed whether a given neuron’s modulation
during PHB could be predicted by its vestibular and neck-
related responses during pWBR and BUH, respectively,
using the equation:

fr = bias + [(gpwsr + gsun) X head velocity]
+ [(apwer + apun) x head acceleration| (4)

where gpwgr and apwgr are constant coefficients obtained
during pWBR, and ggyy and agyg are constant coefficients
obtained during BUH rotations. In the analysis of PVP
neurons, an additional eye position term was included to
account for each neuron’s eye position sensitivity. Fig-
ure 1c shows the estimation (solid black line superimposed
on firing rate) for our example VO (Fig. 1C1) and PVP
(Fig. 1C2) neurons. Model fits provided a VAF of 0.89 and
0.45, respectively. For both VO and PVP neurons, the
predicted responses closely matched neuronal responses
(dashed red lines, VAF = 0.7 and 0.4, respectively). Thus,

during PHB, the responses of both example neurons could
be well predicted by the linear summation of vestibular
and neck-related responses during pWBR and BUH,
respectively.

Similar results were obtained for our entire population of
VO and PVP neurons. Figure 3 compares the estimated and
predicted magnitudes of response sensitivities (S, see
“Materials and methods”) of VO (n = 19; Fig. 3a) and
PVP (n = 15; Fig. 3b) neurons recorded during all three
passive paradigms (i.e., pWBR, BUH, and PHB; 1 Hz, 40°/
s). Overall, the data points fall close to the unity line,
consistent with the proposal that predictions and estimates
were comparable [VO neurons: 0.72 + 0.2 vs. 0.61 +
0.2 (spikes/s)/(°/s), P = 0.45 and PVP neurons: 0.62 £ 0.1
vs. 0.57 £ 0.1 (spikes/s)/(°/s), P = 0.26]. This was true
both for neurons that were sensitive (9 VOs and 9 PVPs) or
insensitive (10 VOs and 6 PVPs) to neck proprioceptive
inputs. This relationship was also true when estimated and
predicted neck velocity or acceleration coefficients were
compared individually (see Supplementary Fig. 2). More-
over, response sensitivities and phases to PHB rotations
remained relatively constant over the range of frequencies
tested (0.5-2 Hz) for both neck sensitive and insensitive
VO neurons (mixed model regression, P > (0.1) and PVP
neurons (mixed model regression, P > 0.1).

Attenuated responses during active head-on-body
movements

In our last experiment, the responses of VO and PVP
neurons were recorded during active head-on-body move-
ments (i.e., gaze shifts). In this condition, not only are the
neck proprioceptors activated by the rotation of the head on
the body, but the monkey also generates a command to
move the head. To address whether we could predict a
neuron’s response based solely on its sensitivity to ves-
tibular and neck inputs (as we could during PHB
movements, i.e., Fig. 3), we recorded from the same neu-
rons during active eye-head gaze shifts and compared their
responses to those obtained during pWBR and PHB para-
digms. Responses were characterized both for the period
during which gaze was redirected (Fig. 4a, gs period), as
well as during the 10-80 ms period following the end of
the gaze shift (Fig 4a, post-gs), where the gaze was stable
but the head continued to move.

Vestibular-only neurons

The shaded gray area in Fig. 4a shows the response of an
example VO neuron during gaze shifts. For each neuron,
we first used Eq. 4 to attempt to predict responses based on
vestibular and neck-related sensitivities measured during
pWBR and BUH paradigms. As is shown for the example
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Fig. 3 Comparison of estimated and predicted sensitivities of VO (a)
and PVP (b) neurons to PHB rotations. The linear addition of
vestibular and neck proprioceptive sensitivities (obtained during
pWBR and BUH rotations, respectively) provided a good prediction
of each neurons modulation during PHB rotations (VAFs for
estimates and predictions: 0.67 = 0.04 and 0.51 £ 0.05 for VO
neurons; 0.50 £ 0.06 and 0.33 £ 0.09 for PVP neurons).The slope of
the line fit to the data was not significantly different from unity
(dashed line), indicating that predictions were accurate whether
neurons were sensitive (filled symbols) or insensitive (open symbols)
to neck proprioceptive inputs

neuron, this prediction [red dashed line; sensitiv-
ity = 0.35 (spikes/s)/(°/s); VAF = 0.20] provided a poor
fit, as compared to an estimate in which coefficients were
independently optimized [black solid line; sensitiv-
ity = 0.2 (spikes/s)/(°/s); VAF = 0.73]. For comparison,
the response predicted based solely on the neuron’s
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vestibular sensitivity (i.e., modulation during pWBR) is
also shown (blue dashed line). As can be seen in Fig. 4a,
neither prediction approaches the attenuation that occurs
during either the gaze shift or the 10-80 ms period that
followed; both predictions substantially overestimated the
neuron’s response. This was true for the population of VO
neurons that was recorded during all passive rotations, as
well as, during active gaze shifts (n = 19). Overall,
responses during active head movements were significantly
less than those predicted based on linear summation of
vestibular and neck sensitivities obtained during passive
rotations [0.25 £ 0.04 vs. 0.53 £ 0.1 (spikes/s)/(°/s),
paired ¢ test, P = 0.0009].

Figure 4b compares estimated and predicted sensitivi-
ties during the gaze shift period on a cell by cell basis for
neck-sensitive (closed symbols) and neck-insensitive (open
symbols) neurons. Almost all the data points fall below the
unity line (dashed), indicating that estimated sensitivities
were less than expected based on the linear summation of
vestibular and neck sensitivities. The slope of the line fit to
the data points was significantly different from unity
(P < 0.0001). This was also true when only neurons with
smaller head velocity sensitivities (inset) were considered
(P < 0.001). Notably, vestibular sensitivities were atte-
nuated regardless of whether the cells were sensitive
to neck proprioceptive stimulation [0.18 &+ 0.03 wvs.
0.45 £ 0.1 (spikes/s)/(°/s), n = 9, paired ¢ test, P < 0.02]
or showed no neck sensitivity [0.35 & 0.09 vs. 0.50 +
0.1 (spikes/s)/(°/s), n = 10, paired ¢ test, P < 0.03]. Thus,
unlike the passive condition, the response of VO neurons
during active head-on-body movements cannot be pre-
dicted by the simple addition of vestibular and neck
signals.

Position-vestibular-pause neurons

A comparable approach was used to investigate the infor-
mation encoded by PVP neurons during the active head
movements made during gaze shifts. Similar to VO neu-
rons, the responses of PVPs were attenuated during the gs
period. Indeed, we were unable to quantify the responses
during the gaze shift period because of the few spikes
present. However, in contrast to VO cells, the responses of
PVP neurons were not attenuated during the post-gs period
when compared to values obtained during PHB rotations at
1 Hz (n = 15, paired ¢ test, P = 0.73); neuronal activities
were accurately predicted by linear addition of the vestib-
ular and neck sensitivities (Eq. 4). This observation was
true for neurons that were sensitive to neck proprioceptive
stimulation [0.66 £ 0.21 vs. 0.62 4 0.18 (spikes/s)/(°/s),
n =9, paired ¢ test, P = 0.83] and those with no neck
sensitivity [0.80 £ 0.33 vs. 0.73 £ 0.27 (spikes/s)/(°/s),
n = 6, paired ¢ test, P = 0.78]. In addition, the average
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Fig. 4 Neuronal responses to active head-on-body movements. a
Example of a neck-sensitive VO neuron during ipsilateral (left panel)
and contralateral (right panel) gaze shifts. Predictions made using
either the vestibular sensitivity obtained during pWBR (blue dashed
line) or the sum of vestibular and neck sensitivities obtained during
pWBR and BUH, respectively (red dashed line) both overpredicted
neuronal responses during gaze shifts as well as during the post-gaze
shift period. For comparison, the response estimated using Eq. 1 is
also shown (black solid trace). b Cell by cell comparison of VO
neuron sensitivities to passive versus active head-on-body move-
ments. The slope of the line fit to the data was significantly less than
unity (dotted line). Similar results were obtained when neurons
sensitive (filled circles) or insensitive (open circles) to neck
proprioceptive inputs were considered separately. Moreover, when
we considered only neurons with sensitivities <1 (i.e., the majority of
neurons), estimated sensitivities were consistently less than those
predicted based on passive stimulation of the vestibular and neck
proprioceptive receptors (inser). G gaze velocity, E eye velocity, H
head velocity, FR firing rate

VAFs for the population of neurons for estimations and
predictions were comparable (0.49 + 0.06 and 0.32 £ 0.04,
respectively). It is also noteworthy, that in the present study

the PVP neurons of our cynomolgus monkeys were largely
silent (i.e., paused) during the gaze shift component of the
movement. This contrasts with previous studies of PVPs in
rhesus monkeys (Roy and Cullen 2002), where we have
reported attenuation but not complete inhibition. One likely
explanation for this difference is that cynomolgus monkeys
generally produced lower peak head velocities (143 + 4°/s)
in our studies compared to rhesus monkeys (317 + 22°/s).
As a result, neurons were less likely to be driven out of the
saccadic pathway mediated inhibition during gaze shifts.

Discussion

During everyday activities, both vestibular and neck
afferents are typically simultaneously activated. The results
of recent studies have suggested important differences in
the way in which these signals are combined at the level of
the vestibular nucleus in squirrel (Saimiri sciureus) versus
rhesus (M. mulatta) monkeys (examples of New and Old
World monkeys, respectively). Notably, neurons in squirrel
monkeys, but not rhesus monkeys are sensitive to passive
stimulation of neck proprioceptors (reviewed in Cullen and
Roy 2004). Here, to establish whether two species within a
single genus could also use different strategies for multi-
modal integration, recordings were made in another species
of the Macaca genus. We found that more than 50% of
both PVP and VO neurons of the M. fascicularis (cyno-
molgus) monkey are modulated by neck proprioceptive
stimulation. Neck and vestibular sensitivities were antag-
onistic such that responses were reduced during PHB
rotation, in a manner predicted by the linear summation of
neck and vestibular inputs. Interestingly, during active
head-on-body movements responses showed even greater
attenuation—suggesting further integration with the head
motor command. Taken together, our findings show dif-
ferences in multimodal integration strategies even within
the Macaca genus. In the following sections we discuss the
neck and vestibular signals carried by the vestibular nuclei,
and address the differential neural substrate for multimodal
integration between different species and animals.

Vestibular signals carried by VN neurons

Our data from the medial vestibular nuclei of cynomolgus
monkey are consistent with those of previous studies in
rhesus monkey. We found that vestibular sensitivity
increased as a function of frequency of rotation (pWBR)
over the range of 0.5-2.0 Hz for both VO and PVP neu-
rons. Dickman and Angelaki (2004) have previously
reported a similar increase in the sensitivity of both non-
eye movement-related neurons (i.e., VO neurons) and eye
movement-related neurons (i.e., PVP neurons) over the
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same range. Most recently, Ramachandran and Lisberger
(2008) tested the responses of rhesus PVP neurons to
stimuli over an extended frequency range (0.5-20 Hz) and
reported a similar increase in sensitivity for the range of
frequencies corresponding to those tested here, and an
increase < threefold overall. In the present study, we also
found that response phase was reasonably constant across
this same frequency range for both groups of neurons.
Similar findings have been reported in rhesus monkeys
(Dickman and Angelaki 2004) where the phase of the
response was relatively constant over the same frequency
range.

Neck proprioceptive signals are carried by VN neurons

Information from neck proprioceptors is sent to the
vestibular nuclei (VN) via monosynaptic excitatory con-
nections between the central cervical nucleus (CCN) and
contralateral VN (Sato et al. 1997) as well as by means of
direct projections from the cerebellum (Akaike 1983;
Eccles et al. 1974; Furuya et al. 1975; Noda et al. 1990;
Robinson et al. 1994). Previous studies in decerebrate cats
(Kasper et al. 1988; lateral and descending vestibular
nuclei) as well as in alert squirrel monkeys (Gdowski and
McCrea 2000) have shown that a significant number of
neurons in the vestibular nuclei are modulated in response
to neck (BUH) stimulation (50 vs. 78%, respectively).
Here, we found that ~50% of both VO and PVP neurons
in the medial vestibular nucleus of cynomolgus monkeys
are sensitive to neck proprioceptive stimulation. Even
when neurons with and without neck sensitivity are pooled
together, both VO and PVP neurons showed significant
neck sensitivity (Fig. 5, BUH paradigm, gray bars). Inter-
estingly we also observed a noticeable difference in the
proportion of neck-sensitive cells between the two animals,
particularly for VO neurons (80% in monkey G and 28%
monkey D). However, it is important to emphasize that the
results in both animals were markedly different from those
obtained in our recent studies in rhesus monkeys (M. mul-
atta) where neither VO nor PVP neurons are responsive to
passive stimulation of the neck proprioceptors (Roy and
Cullen 2001b, 2002) (Fig. 5a, b, BUH paradigm, black
bars).

The apparent differences across species in relation to the
strategy used to integrate neck information with vestibular
processing (at the level of the vestibular nucleus) could
potentially reflect differences in behavioral strategies used
in daily life. For example, the cervico-ocular reflex (COR)
is activated by rotation of the neck and works in con-
junction with the VOR to stabilize visual gaze. Prior
studies have evaluated the performance of this reflex by
passively rotating the body under a stationary head (i.e., the
BUH paradigm used in the present study) in order to
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Fig. 5 Comparison of VO and PVP neuronal responses in rhesus and
cynomolgus monkeys during different paradigms. a Average vestibular
and neck sensitivity of PVP neurons measured during pWBR and BUH
rotations, respectively. Responses were normalized relative to vestibular
sensitivity obtained during pWBR. PVP neurons in rhesus monkey
exhibit negligible neck proprioceptive sensitivity (BUH, black bar),
while those in cynomolgus monkey are significantly modulated (BUH,
white bar). Although, sensitivities were slightly attenuated during PHB
rotations compared to pWBR, the difference was not significant for
cynomolgus PVP neurons. During active eye-head gaze shifts, the
modulation of rhesus PVP neurons (black bars) was reduced when
compared to passive movements (rhesus normalized sensitiv-
ity = 0.46 &+ 0.14). However, during the post-gaze shift interval,
neuronal sensitivities were similar to those obtained during PHB rotation
(rhesus normalized sensitivity = 0.96 £ 0.34 vs. 0.99 £ 0.05, respec-
tively). Data for rhesus PVP neurons was taken from Roy and Cullen
(2002; n = 24 for pWBR, gaze shifts and post-gaze shifts, and n = 12
for BUH and PHB). b Average vestibular and neck sensitivity of VO
neurons measured during pWBR and BUH rotations, respectively.
Responses were normalized relative to vestibular sensitivity obtained
during pWBR. VO neurons in rhesus monkey exhibit negligible neck
proprioceptive sensitivity (BUH, black bar), while those in cynomolgus
monkey are significantly modulated (BUH, white bar). Responses of VO
neurons in the cynomolgus monkey during PHB rotations were
significantly decreased compared to those obtained during pWBR
(PHB, white bar). In contrast, rhesus monkey VO neurons did not show a
change in their responses (PHB, black bar, normalized sensitiv-
ity = 0.96 £ 0.08). During gaze shifts and post-gaze shift intervals,
neuronal responses were attenuated in both species (rhesus monkey
normalized sensitivity = 0.31 & 0.08 and 0.32 % 0.05, respectively).
Data for rhesus VO neurons was taken from Roy and Cullen (2001a, b;
n = 40 for pWBR, gaze shifts and post-gaze shifts,n = 15 for BUH, and
n = 23 for PHB). See text for details of cynomolgus monkey data.
Asterisk shows significant difference with pWBR, dagger shows
significant difference between rhesus and cynomolgus monkeys
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evaluate the effect of neck proprioceptor activation on eye
movements. Notably, over the same frequency range used
in the study, squirrel monkeys have a robust COR with
gains as large as 0.4 (Gdowski et al. 2001; Gdowski and
McCrea 2000). In contrast, comparable stimulation in
rhesus monkeys demonstrates that the COR response is
negligible in this species (Roy and Cullen 2002). Thus,
when only these two species are considered—the neck
sensitivity of neurons in the vestibular nuclei is predictive
of the strength of the COR. Based on this observation, one
might predict that the COR response produced by cyno-
molgus monkeys would also be robust. Interestingly,
however, when we tested our monkeys, no consistent COR
response was observed: reflex gains were virtually non-
existent with mean values of 0.03, 0.02 and 0.02 for 0.5, 1
and 2 Hz, respectively. Similarly, no significant COR in
cats is present during yaw rotations in this frequency range
(Baker et al. 1982). Thus, it seems that although neck
proprioceptive afferent projections to VN are present in cat
(non-primate mammal), squirrel monkey (New World
monkey), rhesus monkey (Old World monkey), and
cynomolgus monkey (Old World monkey), there are dif-
ferences in the way the neck signal is utilized by VN
neurons in these animals. Putative functional roles for these
neck signals are further discussed below.

One possibility is that the difference between the two
species of macaques is the result of a sampling bias.
However, this seems unlikely. In the present study we found
that ~50% of neurons (in both animals) were sensitive to
the activation of neck proprioceptors. In our previous
studies in rhesus, we directly tested the neck sensitivity of a
comparable number of neurons (total = 27). Assuming a
50% chance of neck sensitivity, the probability that these
previous studies have only recorded from neurons that have
no neck sensitivity would be 0.5*” (0.000000007). In
addition, differences in the training history of monkeys are
not likely to underlie the observed differences. Notably, the
training, experimental setup and experimental procedures
that rhesus and cynomolgus monkeys underwent in our lab
were identical. As such, we believe that the observed dif-
ference between the two species is not an artifact of the
experiments and is the result of differences between the
neural processing by the two species (see below).

Multimodal integration: convergence of vestibular
and neck signals

In the present study, during PHB rotations, the responses of
all neurons could be predicted based on the sum of their
vestibular sensitivity during pWBR and neck sensitivity
during passive rotation of the body under head. This find-
ing is consistent with previous studies in anesthetized/
decerebrate cats (Kasper et al. 1988) and alert squirrel

monkeys (Gdowski et al. 2001). Similar to these previous
studies, we also found that for both PVP and VO neurons,
neck and vestibular sensitivities were typically antagonistic
such that their summation during PHB movements resulted
in attenuation of the vestibular response, where the effect
was more pronounced for VO neurons (Fig. 5a, b, compare
pWBR and PHB paradigms). This result differs from that
found in rhesus monkeys (Roy and Cullen 2001b) where all
neurons were insensitive to neck motion, and modulation
was comparable during passive whole-body and passive
head-on-body rotations (Fig. 5, compare black bars for
PHB and pWBR).

During active head-on-body rotations, however, the
summation of vestibular and neck sensitivities (estimated
in passive rotation paradigms) did not reliably predict
neuronal responses. First, during active eye-head gaze
shifts, the modulation of PVP neurons was greatly attenu-
ated relative to the summation prediction. Neuronal firing
often completely paused during the early part of the gaze
shift, gradually resuming activity at gaze shift end. This
observed attenuation of the PVP modulation during gaze
shifts effectively reduces the efficacy of the VOR. This is
important since the VOR is counterproductive during gaze
shifts; it would produce an eye movement command in the
direction opposite to that of the intended gaze shift (Cullen
et al. 2004). Taken together with similar findings in other
species (rhesus monkey: reviewed in Angelaki and Cullen
2008; reviewed in Cullen and Roy 2004; Roy and Cullen
2002; squirrel monkey: Gdowski and McCrea 2000), our
results are consistent with the proposal that during gaze
shifts saccadic burst neurons in the brain stem send a strong
inhibitory input to PVP neurons to reduce the efficacy of
the VOR (Cullen and Roy 2004).

In contrast, during active head movements where gaze is
stable (such as the interval immediately following a gaze
shift where the eye is aligned with the target, but the head
is still moving), PVP neurons in the cynomolgus monkey
were substantially modulated. Moreover, responses could
be predicted by the linear summation of neck and vestib-
ular signals (estimated during pWBR and BUH rotation,
respectively) as was the case during passive head-on-body
movements. Accordingly, as shown in Fig. 5a, sensitivities
were comparable during PHB and post-gaze shift interval.
That PVP neurons continue to respond during active head
movements when gaze is stable has important functional
implications since, to hold gaze (i.e., eye-in-space) stable,
it is beneficial for the oculomotor system to generate a
VOR. This finding is also consistent with the results of
previous studies in rhesus monkeys (Fig. 5a, black bars;
Roy and Cullen 2002).

Unlike PVP neurons, the responses of VO neurons were
consistently attenuated during active head-on-body move-
ments regardless of the ongoing gaze behavior. The
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summation of vestibular and neck sensitivities (estimated
during passive rotation paradigms) overestimated neuronal
responses during and following gaze shifts. Accordingly,
as is shown in Fig. 4b (gray and white bars) neuronal
sensitivities were reduced during gaze shifts as well as the
post-gaze shift interval when compared to pWBRs.
Moreover, unlike PHB the suppression in neck-sensitive
neurons was greater than could be accounted for based on
the summation of vestibular and neck sensitivities during
PHB rotations (Fig. 5b, compare white bars for PHB).
Comparable levels of attenuation during active head
movements have been reported for VO neurons in rhesus
monkey (black bars; Roy and Cullen 2001a, b), as well as
for many VO neurons in squirrel monkeys (Gdowski and
McCrea 2000). Notably, while direct inputs from neck
proprioceptors have not been observed in alert rhesus
monkeys during BUH rotations, neck signals are used to
gate in an inhibitory signal during active head rotations in
conditions where there is a match between the motor
command to the neck and the resultant proprioceptive
feedback (e.g., Roy and Cullen 2004). We propose that a
similar mechanism underlies the augmented suppression
modulation during active head movements in cynomolgus
monkeys.

Multimodal Integration in the vestibular nuclei:
functional role

What is the functional role of the multimodal integration
observed in the vestibular nuclei of cynomolgus monkeys?
Information from the vestibular system describes the
motion of the head relative to space. However, during self-
motion the maintenance of posture and balance requires
knowledge of body movement. The integration of vestib-
ular and neck proprioceptive signals—the latter of which
provides information concerning the orientation of the head
relative to the body—could underlie a coordinate trans-
formation of head-centered information (i.e., head
movement) into a body-centered reference frame (reviewed
in Angelaki and Cullen 2008).

In rhesus monkeys, neurons that receive both vestibular
and neck inputs have been reported in the fastigial nucleus
of the cerebellum (Brooks and Cullen 2007). In turn,
neurons in the fastigial nucleus have been shown to encode
self-motion in a body-centered reference frame (Kleine
et al. 2004; Shaikh et al. 2004, 2005). The fastigial nucleus
has strong reciprocal connections with the vestibular
nuclei, which in the case of cynomolgus monkeys appears
to result in similar firing behaviors. The similarity is most
notable, for VO neurons which have been implicated in
vestibular spinal reflexes and also most likely send
projections to higher order structures within the cerebellum
and cortex.
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Implications for the observed integration of signals

There are more than 19 different recognized species within
the macaque genus, which is considered the most wide-
spread primate genus over the planet (Morales and Melnick
1998). While it is estimated that one species of macaque
will have no more than about 1% difference in its genomic
sequence from another (Page and Goodman 2001; Stewart
and Disotell 1998), there are variations across species in
habitat, diet, and social behavior. For example, cynomol-
gus monkeys can spend up to 97% of their time in trees
whereas rhesus monkeys are more terrestrial (Wheatley
1980). The need to adopt a more arboreal posture might
enhance the efficacy of mechanisms that support the sta-
bilization of the head and/or torso. In contrast, inherently a
terrestrial posture is more biomechanically secure. It is
possible that the differences in strategies used for the
integration of vestibular and proprioceptive sensory infor-
mation in cynomolgus versus rhesus monkeys reflect, at
least in part, this difference in life style.

Ultimately, which of these species of monkeys provides
a better model for multimodal integration in the human
brain remains to be determined. Humans and Old World
monkeys diverged at about 25 million years ago (Goodman
et al. 1998; Osada et al. 2001). The average human-—
macaque sequence identity is ~93% (International
HapMap Consortium 2007). Prior studies have shown that
small genetic variations can result in marked phenotypic
changes (Goodman et al. 1990). For example, mutations in
the phenylalanine hydroxylase gene in human that cause
phenylketonuria are actually part of the normal genome of
the macaque and yet have no phenotypic effect in this
animal (International HapMap Consortium 2007). As such,
it is evident that, even with only small variants in the
genome different strategies can evolve to solve functional
problems.
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