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Aging Affects the Neural Representation
of Speed in Macaque Area MT

Human perception of speed declines with age. Much of the decline is
probably mediated by changes in the middle temporal (MT) area, an
extrastriate area whose neural activity is linked to the perception of
speed. In the present study, we used random-dot patterns to study the
effects of aging on speed-tuning curves in cortical area MT of
macaque visual cortex. Our results provide evidence for a significant
degradation of speed selectivity in MT. Cells in old animals preferred
lower speeds than did those in young animals. Response modulation
and discriminative capacity for speed in old monkeys were also
significantly weaker than those in young ones. Concurrently, MT cells
in old monkeys showed increased baseline responses, peak
responses and response variability, and these changes were
accompanied by decreased signal-to-noise ratios. We also found
that speed discrimination thresholds in old animals were higher than
in young ones. The foregoing neural changes may mediate the
declines in visual motion perception that occur during senescence.
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Introduction

Psychophysical studies have indicated that aged humans
exhibit deficits in visual motion sensitivity, motion discrimina-
tion and detection and the perception of direction and speed
(Norman et al. 2003; Snowden and Kavanagh 2006; Bennett
et al. 2007). All these deficits cannot be accounted for by
optical factors alone and most likely reflect an aged-related
degeneration in visual cortical areas responsible for motion
processing (Spear 1993; Schmolesky et al. 2000; Norman et al.
2003). A number of studies in recent years have investigated
the degradation of visual cortical functions during aging (Spear
1993; Spear et al. 1994; Schmolesky et al. 2000; Wang et al.
2005; Hua et al. 2006; Yu et al. 2006). To date, there have been
no studies of the effects of senescence upon the cortical
mechanism mediating the perception of speed in primates.
The perception of speed is important for vision and plays
a crucial role in perceptual judgments and motion actions.
Humans as well as nonhuman primates benefit from speed
information when estimating the 3-dimensional structure of
objects from motion cues (Braunstein 1962; Todd et al. 1988;
Norman and Lappin 1992; Andersen 1997; Xiao et al. 1997).
Psychophysical findings indicate that one can segment images
based solely on gradients of speed signals (Masson et al. 1999;
Grzywacz and Merwine 2003). Saccades and smooth pursuit
eye movements also require the precise estimation of speed
information (Lisberger et al. 1987; Groh et al. 1997).
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Intimately involved in cortical encoding and decoding of
speed information is visual area middle temporal (MT), a key
cortical area in the magnocellular stream in primates (News-
ome and Pare 1988; Maunsell et al. 1990; Born and Bradley
2005). Many neurons in MT area are tuned to speed of a moving
visual stimulus (Maunsell and Van Essen 1983; Mikami et al.
1986; Perrone and Thiele 2001; DeAngelis and Uka 2003; Priebe
et al. 2003). These cells are thought to play a direct role in the
perception of visual speed (Liu and Newsome 2005). Lesions of
MT adversely affect performance on speed discrimination and
pursuit tasks (Newsome et al. 1985; Pasternak and Merigan
1994; Orban et al. 1995). Microstimulation of MT can bias speed
perception in monkeys (Liu and Newsome 2005). Neuro-
imaging research has revealed that human area MT+ activity of
the normal human brain is much higher during speed
discrimination tasks than during other visual discrimination
tasks (Corbetta et al. 1991; Beauchamp et al. 1997; Huk and
Heeger 2000; but also see Sunaert et al. 2000). Lisberger and
colleagues (Churchland and Lisberger 2001; Priebe and
Lisberger 2004) have reported that speed perception in the
macaque is consistent with the firing rate-weighted average of
preferred speed of each MT neuron. It has been reported that
the correlation between neural activity and speed discrimina-
tion could be predicted by the speed-tuning properties of MT
cells (Liu and Newsome 2005). Previous studies also suggest
that speed sensitivity of MT neurons may be used to generate
acceleration sensitivity for the subsegment stages of visual
motion processing (Price et al. 2005; Schlack et al. 2007). The
visual system may use speed-tuned MT neurons for high-level
motion processing tasks such as self-motion and depth
estimation (Perrone and Stone 1994, 1998; Perrone and Thiele
2002). In view of the foregoing, any functional abnormality of
speed-selective neurons in area MT seems to have a potential to
affect speed perception adversely. It is, therefore, tempting to
speculate that age-related deficits in human perception of
speed are due to degeneration and/or dysfunction in area MT.

In this study, we used single-unit extracellular recording
techniques to examine the speed-tuning MT neurons in very
old rhesus monkeys. We found that speed tuning in macaque
area MT is severely affected by normal aging.

Methods

Animal Preparation and Electrophysiology
All experimental protocols were consistent with the Society for
Neuroscience and National Institute of Health guidelines for the



humane use and care of animals. Experiments were performed at the
Kunming Institute of Zoology (KIZ), Chinese Academy of Sciences, and
were approved by the Institutional Animal Care and Use Committees at
KIZ and the University of Utah. Subjects for this study were 2 groups of
rhesus monkeys (Macaca mulatta). Young adult monkeys (7= 3, male)
were 5-9 years old and weighed 3.6-6.2 kg. Old monkeys (7 = 3, male)
were 23-31 years old and weighed 5.2-8.7 kg. According to a life-span
analysis of rhesus macaques housed at the Yerkes Primate Center
(Tigges et al. 1988), our 23- to 31-year-old monkeys can be considered
old, whereas 5- to 9-year-old monkeys are at an age that is considered
sexually mature. Monkeys were examined ophthalmoscopically and had
no apparent optical or retinal problems that would impair visual
function. Retinal blood vessels, lens clarity and the maculae all appeared
to be within normal limits.

The techniques used in our laboratory have been reported in detail
elsewhere (Schmolesky et al. 2000; Leventhal et al. 2003). Subjects
were sedated with ketamine HCI (10 mg/kg, i.m., Ketalar, Parke-Davis,
Morris Plains, NJ) and then anesthetized with halothane (5%,
Halocarbon Laboratories, River Edge, NJ) in a 70:30 mixture of
N,0:0,. Intravenous and tracheal cannulae were inserted. Animals
were placed in a stereotaxic apparatus, and all pressure points
and incisions were infiltrated with lidocaine HCI (2%). A mixture of
p-tubocurarine (0.4 mg/kg/h, Sigma, St Louis, MO) and gallamine
trithiodide (7 mg/kg/h, Sigma) was infused intravenously to induce
and maintain paralysis. Monkeys were ventilated, and anesthesia
was maintained with a mixture of N>O (70%) and O, (30%) and
halothane (0.25-1.0%, as needed). Expired pCO, was maintained at
approximately 4%. Body temperature was maintained at 38 °C with
a heating pad. Heart rate, electrocardiogram, and cortical electrical
activity were monitored throughout the experiment to assess the level
of anesthesia.

After the animal was placed on life support, the level of anesthesia
was adjusted so that all vital signs were comparable in young and old
animals. The eyes were protected from desiccation with contact lenses.
Spectacle lenses and artificial pupils were used when needed. The
locations of the optic discs and foveae were determined repeatedly
during the course of each recording session. No visible deterioration in
optics occurred during the experimental period (2-5 days). Electrode
penetrations were advanced using a hydraulic microdrive (David Kopf
Instruments, Tujunga, CA) through a craniotomy centered 16 mm
lateral to the middle and 4 mm posterior to the lunate sulcus. The
receptive fields were determined by hand using hand-held stimuli
projected onto a tangent screen. Action potentials of isolated MT units
were recorded using glass or glass-coated tungsten microelectrodes
with impedances of 1-3 MQ. The signals were then amplified and
converted to standard pulses that were collected by computer.

Visual Stimulation

All visual stimuli were displayed at a resolution of 1024 x 768 pixels and
frame rate of 100 Hz on a Sony Multiscan G220 monitor (Tokyo, Japan).
The center of the video monitor was placed 57 cm away from the
animals’ eyes. The program to generate the stimulus was written in
MATLAB, using the extensions provided by the high-level Psychophys-
ics Toolbox (Brainard 1997) and low-level Video Toolbox (Pelli 1997).
The stimuli consisted of random-dot fields moving coherently in one
direction were presented on a dim ground (<0.01 cd/m?). Dot
luminance was 73.68 cd/m” and dots were 0.15° in diameter. Dot
density was 1 dot/sq. deg on average. The random-dot pattern was
matched to the dimensions of the classical receptive field of an isolated
MT neuron, and there was no blurring along the edges. For each
neuron, we first collected a direction-tuning curve to adjust the
direction of motion to match the neuron’s preferred direction. To
measure the speed-tuning curve, each neuron was tested with random-
dot patterns having speeds of 0.5, 1, 2, 4, 8, 12, 16, 24, 32, 40, 52, and
64°/s. One hundred twenty-eight degrees per second was sometimes
also used for neurons preferring very fast speeds. It is noteworthy that
coherent motion was degraded at this speed because of the limited
refresh rate of the monitor. All neurons we recorded in these
experiments preferred speeds lower than 40 °/s and responded very
weakly at a speed of 128 °/s. Thus, virtually, we always used a maximum
speed of 64°/s. For all trials, textures appeared and were stationary for
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500 ms before moving for 1 s. Each different speed was repeated 2-5
times in random order.

Data Collection and Analysis
After the response of an isolated cell was amplified with a microelec-
trode amplifier (x1000; DAGAN 2400A, Dagan Corporation, Minneap-
olis, MN), the amplified response was fed into an oscilloscope, an audio
monitor, and was digitized using an acquisition board (National
Instruments, Austin, TX) controlled by IGOR software (WaveMetrics,
Portland, OR). The responses of the cells to the moving pattern were
stored in the computer for offline analysis. At the time of each
presentation, spontaneous activities (baseline) were obtained during
a 0.5-1 s “null condition” period (no visual stimulus presented). All
baseline values below 1 spike/s were set equal to 1 spike/s for peak-
to-baseline analyses (Schmolesky et al. 2000; Leventhal et al. 2003). A
cell’s signal-to-noise ratio was defined as the ratio of the cell’s response
to the optimal stimulus and the cell’s spontaneous activity (Schmolesky
et al. 2000; Leventhal et al. 2003).

In the present study, we fitted the speed-tuning data of MT neurons
with a log-Gaussian function described by the following using the con-
strained minimization tool, “fmincon,” in Matlab (Mathworks, Novi, MI):

1 s+ 2
r=R0+Axexp[—2xaz(logspTS;)) ] (1)
where ris the firing rate and s corresponds to the stimulus speed in
degrees per second. The function has 5 free parameters. R, is the
spontaneous firing of the cell, 4 is the peak amplitude, ¢ determines
the (logarithmic) tuning width, s, represents the preferred speed and
so is necessary to keep the logarithm from becoming undefined as
stimulus speed is close to zero (Nover et al. 2005; Krekelberg et al.
20006). Here, we only consider Ry, 4, 6, and s,. The median R values are
0.971 for young group and 0.932 for old group. And the difference
between the 2 populations is not significant (Mann-Whitney U test; P =
0.274). To evaluate the quality of the fit using a y? goodness-of-fit test,
we fit all of the single-trial responses for each stimulus condition not
just the mean response (DeAngelis and Uka 2003). We also fit the
square root of the function to the square root of data, which helps to
homogenize the variance of the neuronal response (Prince et al. 2002).
Eighty-three percent of MT neurons in the young group and 78% in the
old group pass this test for the tuning function. Moreover, most of the
neurons that failed the ¥ test still had B values more than 0.9. Removal
of these neurons from the sample does not affect our population analyses,
so we did not exclude neurons from study based on the ¥ test alone.
For each speed-tuning curve, a modulation index was calculated to
qualify speed tuning according to the formula

Rmax B Rm‘in (2)
Rmax - S

where R, is the mean response to the most effective stimuli, R, iS

the lowest mean response and S is the spontaneous activity (DeAngelis

and Uka 2003; Liu and Newsome 2003). We also computed

a discrimination index, which quantifies how well a neuron discrim-

inates between its preferred and nonpreferred stimulus

Modulation Index =

Rmax Rl'ﬂll‘l (3)
SSE/(N-M)

where SSE is the sum of squared error around the mean response, N is
the number of trials, and M is the number of tested speed values (Prince
et al. 2002; DeAngelis and Uka 2003). Both the modulation and
discrimination indices were calculated from the square root of the
firing rate.

To relate the changes in speed tuning of MT neurons to changes in
speed discrimination seen in humans, we also computed the Fisher
information from the derivative of the log-Gaussian function fit to the
tuning curve and a linear to the relation between response variance
and mean response (Yang and Maunsell 2004; Nover et al. 2005;
Purushothaman and Bradley 2005). The details of the calculating
methods are well described in the paper of Nover et al. (2005). First, we
calculated the absolute value of the derivative of log-Gaussian function
fit to the tuning curve of 1 neuron (|(G'(s))|). |G (s)| gives a
quantitative estimate of the steepness of the tuning curve at each

Discrimination Index =
anx - Rmin +2



speed. From the best linear fit to response variance and mean response
for the same neuron, we could then calculate the variance, 62, of the
response of the neuron at each speed along the tuning curve. Thus,
for each reference speed, Se, the ratio of |G, (swer)| /0 (swer) character-
izes how well this neuron discriminate small differences in speed.
The Fisher information is given by the sum of the square of
|G,ﬁ (Srcf) | / a,-(s,cf) in the population of MT neurons. Thus, the
predicted threshold for speed discrimination could be simply given
by the reciprocal of square root of the Fisher information (Nover et al.
2005). Notice that the Fisher information value grows with the size of
the population due to summation. Nover et al. (2005) computed the
Fisher information from a population of 501 MT neurons. In order to
compare our data with the results of Nover et al., a bootstrap analysis
was performed when we calculated the Fisher information values for
young and old populations. First, we sampled neurons randomly with
replacement from 1 population of MT neurons. Each sample was the
same size as the original population. Then we calculated the mean of
|G,i (Sref) |/0,-(s,ef)of each sample: }G, (Srcf) |/(T{(Srcf). We repeated the
process 501 times respectively for both young and old populations.
Thus, for both young and old groups, /; (s;ef) Which denotes the Fisher
information was given by the following:
G, (ser)\*
) (@)
01 (Ster)

where Nrepresents the number of neurons in the population (here for
both young and old groups, N = 501). The way we compute the Fisher
information is somewhat different from the way Nover et al. (2005)
have done, but it gives a reasonably good approximation.

Statistical comparisons between young and old monkeys’ data were
carried out using unpaired ¢ tests, chi-square tests, 1-way ANOVAs,
Mann-Whitney U tests and Kruskal-Wallis tests.

=

)= 3

i

Results

Speed-tuning curves were obtained for 88 MT cells in 3 old
monkeys and 107 MT cells in 3 young monkeys. The data were
collected from 3 to 5 penetrations in each monkey. The
recording depths and eccentricities (less than 8°) of the cells
studied were comparable in the young and old groups. To
quantify the effects of senescence on the response properties
of MT neurons, we fitted the speed-tuning data with a log-
Gaussian function (see Methods). The fitting tuning curve
provides a good estimate of peak firing rate, preferred speed,
width of the curve (in log speed) and spontaneous activity.
Speed-tuning curves obtained from 1 young MT cell and 1 old
MT cell are shown in Figure 1.

Preferred Speed
Our results showed that aging changed the distribution of
preferred speeds in MT and that MT neurons in old monkeys
exhibited significantly reduced preferred speeds (Table 1,
Fig. 2). Specifically, the percentage of MT neurons exhibiting
high speed preferences (=10 °/s) was smaller in old animals
(45%; 40 of 88) than in young ones (82%; 87 of 107; Chi-square
test, P < 0.01). The percentage of cells showing even higher
speed preferences (=20 °/s) also decreased in old monkeys
(16%; 14 of 88) compared with young controls (28%; 30 of 107;
chi-square test, P < 0.01). Also, the mean preferred speed of
MT neurons found in old monkeys (9.21 °/s, geometric mean)
was lower than in young controls (14.09 °/s, geometric mean;
unpaired ttest, P < 0.001). However, the range of preferred
speeds in 2 groups overlapped (old group, 0.5-37.79 °/s; young
group, 1.03-40 °/s) (Fig. 2).

Figure 2B shows the distribution of preferred speeds of cells
subserving different eccentricities in young and old monkeys.
At all eccentricities studied, neurons in old monkeys exhibited
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Figure 1. Speed-tuning curves for 1 young monkey MT cell (4) and 1 old monkey MT
cell (B) are shown. Horizontal axis is plotted logarithmically. The responses to
systematically varied speed were averaged. Error bars mean SEM. PR, SA, PS, and S/
N represent peak response, spontaneous activity, preferred speed, and signal-to-
noise ratio, respectively.

lower preferred speeds than did cells in young ones. There was
a weak correlation between preferred speed and eccentricity
(Spearman rank correlation; young group: » = 0.21, P = 0.031;
old group: 7= 0.29, P=0.019). This is consistent with previous
studies (Maunsell and Van Essen 1983; Lagae et al. 1993).

Speed Selectivity

Bandwidth describes the breadth of the speed-tuning curve of
a single MT neuron. It is a local measure of selectivity around
the peak of the tuning curve (Ringach et al. 2002). Smaller
bandwidths indicate stronger speed selectivity. In the present
study, bandwidth (in log speed) was calculated from Equation 1
(see Methods) to estimate the speed selectivity of MT neurons.
Our results showed that the tuning bandwidths of old MT
neurons were significantly broader than those of young ones
(Table 1, Figs 1 and 3).The percentage of cells showing
significant speed selectivity (¢ < 1.0) in old monkeys was
smaller (7%, 6 of 88) than in young monkeys (63%, 67 of 107;
Chi-square test, P < 0.001). The distribution of bandwidth
values is shown in Figure 3A. Overall, MT cells in old animals
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Table 1
Descriptive statistics of visual response properties of MT cells between young (YM) and old
monkey (OM) groups

Properties YM cells OM cells Mann-Whitney  Kruskal-Wallis
(n = 107) (n = 88) U test test

Peak response 60.7 = 2.75 848 + 3.13 P < 0.001 P < 0.001

Baseline 5.67 = 0.38 186 = 0.82 P < 0.001 P < 0.001

Preferred speed 15.07 = 0.74 1119 = 089 P < 0.001 P < 0.001

Tuning width 0.99 = 0.031 1.69 = 0.06 P < 0.001 P < 0.001

Signal-to-noise ratio  21.36 = 2.87 7.0 =094 P < 0.001 P < 0.001

Note: Two group comparisons of peak response (spikes/s), baseline (spikes/s), preferred speed
(°/s), and tuning width (in log speed) and signal-to-noise ratio were performed between young
and old monkeys using Kruskal-Wallis test or Mann-Whitney U test. Data are presented as
mean = SEM.
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Figure 2. Distribution of preferred speeds for old and young monkeys. The total
number of neurons studied was 88 for old monkeys and 107 for young monkeys. Cells
in old monkeys exhibit significantly reduced preferred speeds compared with cells in
young monkeys (P < 0.001). (4) Percentage of cells with different preferred speeds
in old and young monkeys. (B) Preferred speeds of cells in old and young animals
subserving different eccentricities. Notice that the ranges of the eccentricity tested in
2 populations do not differ (t-test, P = 0.286).

exhibited significantly broader tuning than did cells in young
monkeys. The results provide evidence for a significant
degradation of speed selectivity in area MT of senescent
animals. Figure 3B shows the tuning widths of cells in old and
young animals as a function of eccentricity. There was a weak
correlation between tuning width and eccentricity (young
group: 7 = -0.193, P = 0.040; old group: » = -0.23, P = 0.031).
Notice MT neurons in old monkeys exhibited broader tuning
for speed than in young monkeys at the eccentricities we
studied.
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Figure 3. Distribution of speed-tuning widths in old and young monkeys. Cells in old
monkeys showed increased (logarithmic) tuning bandwidths compared with cells in
young monkeys (P < 0.001). (4) Percentage of cells with different tuning widths in
old and young monkeys. (B) Tuning width as a function of eccentricity of MT neurons
in young and old groups.

We also compared the bandwidths of cells with low-
preferred (<10 °/s), middle-preferred (>10 and <20 °/s), and
high-preferred speeds (=20 °/s) in both young and old animals.
MT neurons in old animals had significantly wider bandwidths
than did cells in young animals across all speed ranges. Thus,
aging affects speed selectivity across all preferred speeds.
These results are illustrated in Table 2.

Modulation and Discrimination Index

We assessed the effects of aging on the strength of tuning for
speed using both modulation index (Equation 2) and discrim-
ination index (Equation 3). Modulation index characterizes the
amount of response modulation due to stimulus variations,
relative to the maximal response (DeAngelis and Uka
2003; Nguyenkim and DeAngelis 2003). Larger modulation
index represents stronger speed tuning. Figure 44 shows the
distribution of modulation indices for speed across the 2
populations. Consistent with previous studies (DeAngelis and
Uka 2003), the distribution of modulation indices for speed
tuning in young monkeys was distributed approximately
around 1 (mean = 0.94). In contrast, the modulation indices
in the old group were not distributed around 1.0 (mean = 0.72)
and were significantly lower than in the young group (Mann-
Whitney U'test, P < 0.001). These results indicate that response
modulations elicited by varying speed were significantly
weaker in old monkeys than in young monkeys.



Discrimination index quantifies the ability of one neuron to
discriminate changes in the stimulus relative to its intrinsic
level of variability (DeAngelis and Uka 2003). This metric is well
correlated with neurometric thresholds in coarse discrimina-
tion tasks (Uka and DeAngelis 2003). Figure 4B shows the
distribution of discrimination indices for the 2 populations.
Notice that the discrimination indices in the old group (mean =
0.61) were significantly lower than that in the young group
(mean = 0.79; Mann-Whitney U test, P < 0.001). This shows
that MT neurons in old monkeys had substantially worse
discriminative capacity for speed than MT cells in young
monkeys.

Spontaneous Activity, Peak-to-Baseline Ratios, and
Response Variability

We also analyzed the spontaneous activities and peak responses
of cells in old and young animals. In line with our previous

Table 2

Descriptive statistics of (logarithmic) bandwidth of the tuning curve of MT cells between young
and old groups in 3 preferred-speed ranges: low-preferred speed (<10 °/s), middle-preferred
speed (>10 and <20 °/s), and high-preferred speed (=20 °/s)

Young Old Mann-Whitney
U test
Mean SEM n Mean  SEM  n
Low-preferred speed 1.23 0.09 19 176 010 48 P <001
Middle-preferred speed ~ 0.96 0.04 58 1.68 0.11 27 P < 0.001
High-preferred speed 0.89 0.05 30 1.27 0.09 13 P <001
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Figure 4. Comparison of tuning indices for speed across old and young MT neurons.
(A) Distributions of the modulation indices for young and old groups, as defined by
Equation 2 (see Methods). (B) Distributions of the discrimination indices for young
and old groups, as defined by Equation 3 (see Methods).

findings in V1 and V2 of old macaque monkeys (Schmolesky
et al. 2000; Leventhal et al. 2003; Wang et al. 2005; Yu et al.
2000), in old monkeys there were significant increases in both
spontaneous activities and peak responses of MT cells (Table
1). Baseline activity was affected more severely than peak
response. Taken together, the increases in peak and baseline
activities in old monkeys resulted in decreased peak-to-baseline
(signal-to-noise) ratios in old animals. These results are
illustrated in Table 1 and Figure 5.

The variability of evoked neural discharges is of central
importance in the study of sensory systems and should have
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Figure 5. Spontaneous activities, peak responses and peak-to-noise (signal-to-noise)
ratios of cells in young and old monkeys. The percentage of young (n = 107) and old
(n = 88) monkey cells with different baselines (4), peak responses (B), and signal-to-
noise ratios (C) are shown in cumulative distribution plots. Solid black and gray lines
represent the data for young and old monkeys, respectively. Old monkey cells had
increased baseline and peak responses but decreased signal-to-noise ratios
compared with young monkey MT cells.
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a profound influence on cognitive functions of humans
(Glimcher 2005). Response variability may reflect noise and
limit the nature of the neural code (Mainen and Sejnowski
1995; Shadlen and Newsome 1998). In this study, we compared
the response variability of MT neurons in young and old
monkeys. The individual means and variances at the cells’
maximum responses measured in young and old monkeys are
scattered in Figure 64. MT neurons in old animals exhibited
more variable responses than did cells in young ones (linear
slope for young group: 1.54; linear slope for old group: 2.34).
Figure 6B examines the relationship between response
variability and speed preference. For each neuron, we
computed the mean and variance of firing rate at each tested
speed. In Figure 6B, the average variance/mean ratio (averaged
across tested speeds) of each neuron in young and old groups
is plotted as a function of its preferred speed. MT neurons in
old animals always exhibited significantly higher average
variance/mean ratio (mean = 2.3) than did cells in young ones
(mean = 1.67; 1-way ANOVA, P < 0.001). It is notable that there
was no correlation between response variability and preferred
speed in either group (young group: » = 0.064, P = 0.512; old
group: r=-0.147, P = 0.275). This is consistent with previous
studies (Nover et al. 2005).

Predicted Speed Discrimination Threshold
Nover et al. (2005) used the Fisher information to compute
speed discrimination thresholds for MT cells and found that
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using random-dot patterns. (4) Response variance is plotted against mean response.
Data collected from 107 neurons in young monkeys and 88 in old monkeys. (B) The
variance/mean ratio for each MT neurons in young and old animals is plotted as
a function of its preferred speed.
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these predictions agree pretty well with human data. We used
a similar analysis to compare the predicted speed discrimina-
tion thresholds in young and old MT populations. The Fisher
information value grows with the size of the population due to
the summation. Thus, in order to compare our data with the
results of Nover et al,, a bootstrap analysis was performed to
normalize the Fisher information by the number of neurons
(see Methods). The speed discrimination thresholds for young
and old groups were calculated. Figure 7 shows the predicted
speed discrimination threshold as a function of pedestal speed.
Consistent with previous results (Nover et al. 2005), predicted
speed discrimination thresholds increased approximately
linearly with pedestal speed in the 2 populations, and there
was an initial steep rise at very low speeds. Notice that the
thresholds in the old population were higher than in the young
population, although there was some overlap at very low
speeds. Some factors, such as broad tuning width and high
response variability, are likely to contribute to the higher speed
discrimination thresholds in the old group. Figure 7 is
analogous to psychophysical speed discrimination data from
the studies of Snowden and Kavanagh (2006) on aging humans
(see their Fig. 3). In their study, they showed that older
observers exhibit a loss of the ability to discrimination different
speeds (Snowden and Kavanagh 2006). Notice that the speed
discrimination threshold in the young group we studied was
higher than the result of Nover et al. This difference may be
due to the different recording conditions. Nover et al. did
the experiments on alert animals, whereas we used anesthe-
tized animals.

Relationship between Speed- Tuning Metrics and
Spontaneous Activity

In order to understand the relationship between the speed
tuning and spontaneous rate, we constructed scatter plots of
preferred speed and tuning width versus spontaneous activity
(Fig. 8). Figure 84 illustrates the relationship between tuning
width and spontaneous activity in our samples. There was
a weak positive correlation between tuning width and
spontaneous activity in the young group (r = 0.206, P =
0.037). However, a strong correlation between tuning width
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Figure 7. Predicted speed discrimination threshold for the MT population is plotted
as a function of pedestal speed in young and old monkeys. Estimated threshold values
increased approximately linearly with pedestal speed. There was a steep rise at low
speeds in both groups. The thresholds in old population were higher than in young
population, despite some overlap at very low speeds.
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and spontaneous activity was found in the old group (7= 0.397,
P=0.001). Compared with cells in young monkeys, cells in old
animals tended to exhibit poor speed selectivity as well as
increased spontaneous activity. Similar results were observed
when preferred speed and spontaneous activity were com-
pared (Fig. 8B). There was a weak negative correlation
between preferred speed and the level of spontaneous activity
in the young group (r = -0.190, P = 0.049), but a strong
correlation in the old group (7=-0.2560, P=0.007). Cells in old
animals exhibited slower preferred speed and much higher
levels of spontaneous activity than do cells in young ones.
These results raise the possibility that some degeneration of
intracortical inhibition may contribute to the age-related
difference in speed tuning. Note that Figure 84 is similar to
Figure 34 of Palanca and DeAngelis in which stationary/moving
response ratios are plotted against the preferred speeds for
each MT unit (Palanca and DeAngelis 2003).

Effects of Anesthesia

It is possible that differential effects of anesthesia upon MT
function in young and old monkeys have impacted our results.
In the present study, this possibility has been tested by studying
the properties of individual cells while systematically varying
anesthesia levels. Peak response was affected by anesthesia
similarly for both young (7 = 18) and old groups (n = 14)
(Fig. 94). As the level of halothane was increased from 0.3% to
0.6%, responsiveness in the old group declined by 42% in
comparison to 38% in the young group (P = 0.572). When the
level of halothane was increased from 0.3% to 0.9%, re-
sponsiveness in the old group was reduced by 81% compared
with 76% in the young group (P = 0.439). In addition, as shown
in Figure 9B, an increase in anesthesia did not significantly
affect the level of spontaneous activity in either group (young
group: F>53=2.859, P=0.16, n=18; old group: F, 44 = 1.814, P=
0.276, n = 15). Anesthetic concentration also did not affect
speed selectivity (width of speed-tuning curves) in young or old
groups (young group: F> 53 =0.701, P=0.501, n = 18; old group:
F> 4, = 0.755, P= 0477, n = 14) (Fig. 9C). Preferred speed was
also not modified by changing the level of halothane (young
group: P = 0.713, n = 18; old group: P = 0.583, n = 14).These
results are similar to those in cats which suggest that direction
selectivity and spontaneous activity are barely dependent on
the level of anesthesia (Villeneuve and Casanova 2003). Thus,
problems with anesthesia in old animals are not a concern.
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Discussion

In this study, we have identified the effects of aging on MT
tuning curves for speed. Our main findings are as follows. 1)
Aging altered the distribution of the preferred speeds of MT
cells. Neurons in old animals preferred lower speeds than do
cells in young ones. 2) MT neurons in the aged macaque were
more widely tuned for speed than in young ones. 3) Response
modulation and discrimination capacity for speed in the old
group were significantly weaker than in the young group. 4)
Old MT neurons exhibited increased spontaneous and visually
evoked activities. Spontaneous activity was affected more
severely than peak response. As a result, the signal-to-noise
ratios of old cells were reduced. Response variability in old
monkeys was also higher than in young ones. 5) We also
estimated the speed discrimination thresholds in the 2 groups
and found that thresholds in the old group were higher than in
the young group.

Speed Tuning and the log-Gaussian Function

Perrone (20006) reported that the log-Gaussian function is not
a reliable method for assessing the extent of speed tuning in
MT when sine-wave gratings are employed to map out the
spatiotemporal frequency response profiles of MT neurons
(Perrone 2000). This raises a possibility that the broader tuning
curves in old monkeys are causing the peaks to be shifted to
lower speed values compared with the narrower tuning curves
of cells in young monkeys. However, Nover et al. (2005) have
established that the speed-tuning curves of MT neurons are
well described by the log-Gaussian function when random-dot
patterns are employed as stimuli. These authors also concluded
that the tuning width of the log-Gaussian function depends
little upon the speed preference of MT neurons. Two
subsequent studies have confirmed this point (Krekelberg
et al. 2006; Pack et al. 2005). Thus, our use of the log-Gaussian
function is not a problem in the present study.

Implication for Visual Motion Deficits in Aged Human
Older drivers are thought to be involved in more automobile
accidents than younger adults and senior citizens tend to have
significant impairments in their visual function (OECD 2001;
NHTSA 2004; Gorrie et al. 2007). They usually underestimate or
cannot accurately judge the speed of oncoming vehicles
(Scialfa et al. 1991). Psychological studies showed that aged
humans exhibit decreased performances at task based on speed
perception (Norman et al. 2003; Snowden and Kavanagh 2000).
Performance of eye-movement tasks that rely in part on speed
and acceleration estimation also suffers with aging (Moschner
and Baloh 1994; Ross et al. 1999). These declines could be
attributed to some aged-related differences in perception of
target speed. It has been well established that MT is a key area
in the M-pathway and plays an important role in the analysis of
object speed (Perrone and Thiele 2001; Priebe et al. 2003; Born
and Bradley 2005). So losses at this site may underlie the
perceptual declines above. Our findings that there is a signifi-
cant functional degradation in the neural representation of
speed information in MT of old monkeys may provide
physiological evidence for these deficits.

Many age-related declines in cognitive function may be due
to older adults’ relatively higher levels of neural noise (Welford
1984; Bennett et al. 2007). Slowed reaction times to the onset
of motion in aged human are also thought to be derived from
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the fact that the signals within central nervous systems have to
be distinguished against a background of greater noise
(Welford 1984). Recent theoretical work has also suggested
that noisy responses across the active population of neurons
would bias human perception toward low speed estimates
(Weiss et al. 2002; Priebe and Lisberger 2004). Consistent with
these suggestions, we observed that MT neurons in aged
monkeys exhibited increased spontaneous activities, reduced
signal-to-noise ratios and extremely variable responses.

Cortical and Subcortical Contributions to Aging Related
Degradation

It has been shown that age-related deficits in speed perception
are not a consequence of ocular declines present in the elderly
(Norman et al. 2003). Researchers have mimicked optical loss
by reducing retinal illuminance in normal subjects and found
that this manipulation does not alter speed discrimination
thresholds for random-dot patterns. It was concluded that
deficits occur within the central visual system responsible for
the estimation of speed.

Previous studies have revealed that dorsal lateral geniculate
cells and possibly even the geniculorecipient cells of V1 are
relatively unaffected by aging (Spear 1993; Spear et al. 1994;
Schmolesky et al. 2000). It has been suggested that declines in
primary visual cortex (V1) and second visual cortex (V2) do
occur with age (Schmolesky et al. 2000; Leventhal et al. 2003;
Yu et al. 20006). Recent evidence indicates that certain aspects
of speed tuning in MT could arise from inputs from earlier
visual areas and sharp speed tuning in MT can be created from
broadly tuned V1 inputs (Perrone and Thiele 2001, 2002;
Priebe et al. 2003, 2006; Perrone 2004). Perrone has also
showed that MT neurons tuned to high speeds could be
generated from V1 inputs that are themselves tuned to quite
low temporal frequencies (Perrone 2005). Thus, degradation of
the afferents inputs to MT would seem 1 possible candidate to
explain some of the changes observed among aged monkeys,
though there is still no evidence that aging affects neural
representation of speed in these areas.

Previous studies on animals have suggested that the efficacy
of cortical inhibitory function declines with age (Schmolesky
et al. 2000; Leventhal et al. 2003; Caspary et al. 2005; Hua et al.
20006; Yu et al. 2006). Our findings that MT cells in old monkeys
showed increased spontaneous and visually driven activity
are consistent with this hypothesis. Previous studies have
suggested that speed tuning for random-dot textures is
enhanced by a nonlinear processing within MT itself (Mikami
et al. 1986; Priebe et al. 2006) and suppression may play an
important role in establishing speed tuning in MT (Mikami et al.
1986; Simoncelli and Heeger 1998). Suppression is to a large
extent interpreted as evidence for intracortical inhibition
(DeAngelis et al. 1992; Carandini et al. 2002; Bair et al. 2003).
Therefore, we suggest that an age-related degeneration of
intracortical inhibition within MT itself may provide another
possible mechanism underlying the severe effects of aging on
the speed tuning we observed. Age-related deterioration of
cortical inhibitory functions could also account for the
extremely variable responses in old monkeys, because
the level of response variability is thought to be mediated by
the balance of excitation and inhibition in the output layers
(Tolhurst et al. 1983; Shadlen and Newsome 1998; Gur and
Snodderly 2000).



Studies of human visual cortex showed that L-glutamic acid
decarboxylase, an enzyme needed to synthesize the inhibitory
transmitter gamma-aminobutyric acid (GABA) (an important
inhibitory interneuron), is reduced during aging (McGeer and
McGeer 1976). Other studies also suggested that there is
aweakness of GABAergic inhibition in the cortex of old animals
(Post-Munson et al. 1994; Dustman et al. 1996). It is known that
MT neurons are susceptible to GABAergic manipulation (Thiele
et al. 2004). Therefore, decreased GABAergic inhibition may
contribute to functional degradation of MT cells in old
monkeys. In addition, other inhibitory pathways, such as
cholinergic and dopaminergic system, may also be involved
(Amenta et al. 1991; Muir 1997).

The age-associated degradation reported here might be
thought of as a consequence of age-associated cellular
alterations. Previous studies have proved that the number of
cortical neurons in macaque monkeys and humans is largely
preserved during aging (Morrison and Hof 1997, 2007; Peters
et al. 1998). Specifically, studies in the superior temporal
sulcus, on the posterior bank of which MT is located, failed to
detect an age-related loss in humans and macaques (Duan et al.
2003; Morrison and Hof 2007), however statistically significant
decreases in spine numbers and densities on both apical and
basal dendritic arbors in old brains were observed (Duan et al.
2003). In view of these findings, age-related pre- and post-
synaptic changes might have contributed to the functional
degradation of MT cells observed here.

It is worth noting that many of the effects of aging on speed
tuning appear similar to those that would be obtained by
lowering the contrast of the stimulus in young monkeys (Pack
et al. 2005; Krekelberg et al. 2006). Two previous studies have
revealed a reduction in the preferred speeds of MT neurons at
low contrast. Pack et al. (2005) reported that lowering the
contrast decreased the bandwidth for slow-tuned neurons and
increased the bandwidth for fast-tuned neurons. Krekelberg
et al. (2006) found that the width of the log-Gaussian tuning
function was essentially independent of contrast. In contrast to
the foregoing studies, we found that aging significantly affects
both preferred speed and tuning width. Despite this, we still
cannot rule out the possibility that some age-related low-level
deficit that reduces stimulus contrast could contribute to the
changes we observed in old monkeys. It has been reported that
the influence of contrast on MT tuning curves is mostly due to
contrast-dependent changes in the spatial and temporal
properties of receptive properties (Pack et al. 2005; Krekelberg
et al. 2006). Similarly, aging may also affect spatial-temporal
properties of cortical neurons, which has been indicated in
psychological studies (Scialfa et al. 1991; Salthouse 2000). Pack
et al. (2005) suggested that contrast-dependent changes in
speed tuning of MT neurons are due to interactions within MT
and surround suppression may play an important role in this
processing. Our results suggest that old age may affect speed
tuning of MT neurons in the same way. Indeed, center-
surround antagonism in visual motion processing degrades
during normal aging. This might be caused by an abnormal
GABAergic system in old brains, perhaps in MT (Betts et al.
2005).

Visual motion processing is crucial for primates’ successful
interaction with their visual environments. Sensory-motor
systems must use speed signals to guide accurate movements.
The findings of this study have significant implications for visual
motion processing deficits in aged humans. However, given the

constraints of MT speed tuning, MT neurons cannot directly
output speed information on their own. Some sort of
population code must also be in place at later stages of the
motion pathway beyond MT, such as the middle superior
temporal cortex, superior temporal polysensory area, and
ventral intraparietal area (Anderson and Siegel 1999; Lisberger
and Movshon 1999; Bremmer et al. 2002; Priebe and Lisberger
2004; Perrone 2005). Therefore, future studies parsing age-
related changes upon higher visual cortex should help in better
understanding of physiological mechanisms underlying visual
motion processing deficits that accompany normal aging.
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