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A wide range of behavior depends on the
ability to perceive the passage of time and to
remember and compare short durations
(0.5-5 s). For example, noticing that an in-
ternet connection is slower than normal re-
lies on observing present lag and comparing
it with the normal lag stored in memory.
The mechanisms by which the brain tracks
and compares time from second to second is
not understood; indeed, there is debate
in the literature as to whether dedicated
time-keeping mechanisms exist or whether
timing-related behaviors emerge from the
intrinsic properties of other circuits (Gron-
din, 2010). However, fMRI studies have
implicated a few key brain areas in the per-
ception of short durations. Subcortically,
the basal ganglia are likely to be involved in
the encoding of short durations (Rao et al.,
2001). Cortically, the right prefrontal cortex
(Lewis and Miall, 2006) as well as the area
comprising supplementary motor area ex-
tending to anterior cingulate cortex (ACC)
(Kudo et al., 2004) show increased blood
oxygenation during a task in which subjects
had to estimate an elapsed duration by
pressing a button.
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Perception of elapsing time can be
expanded or compressed compared with
veridical time. A particularly uninteresting
seminar seems to drag on, but a night out
with close friends seems to be over too soon.
Neuromodulators, such as norepinephrine
(NE), acetylcholine (ACh), dopamine, sero-
tonin, and others, could potentially mediate
these temporal distortion effects. Neuro-
modulators alter the dynamics of neuronal
circuits (Marder, 2012) and thus could ei-
ther alter timing circuits, if they exist, or
change the temporal properties of other
circuits.

Suzuki et al. (2016) sought to establish a
link between the NE system and perception
of short durations because NE has been re-
lated to timing behaviors (Rammsayer et al.,
2001), but it has not been as well character-
ized in its temporal distortion effects as
other neuromodulators. Pupil diameter has
been used as an indirect measure of activity
in the locus ceruleus (LC) (Aston-Jones and
Cohen, 2005; Joshi et al., 2016), the source
of NE for much of the brain. Therefore, Su-
zuki et al. (2016) measured pupil diameter
during a delayed saccade task in Japanese
macaques to infer the relationship between
NE and temporal perception. They trained
the animals to make a saccade to a briefly
flashed cue, but only after a self-paced delay
of 1000—1700 ms. After filtering out impul-
sive saccades made immediately after cue
presentation, the authors sorted saccades by
latency and split them into thirds: early,
middle, and late. During the saccade itself,

pupil diameter was not significantly differ-
ent between early and late saccades. In the
time preceding and immediately following
the cue presentation, however, pupil
diameter was significantly larger in the early
saccade group than in the late group.
Furthermore, saccade latency and pupil
diameter during this time were negatively
correlated.

Decreased saccade latency can be ex-
plained by an expansion of internal time
such that intervals are perceived as longer:
the animal would overestimate the elapsed
time since cue presentation and saccade ear-
lier. Therefore, the authors conclude that
increased pupil diameter is related to sub-
jective time expansion and that NE release
may therefore expand the perception of
passing time (Suzuki et al., 2016). The au-
thors rule out some other explanations of
the pupil diameter-related saccade latency.
For example, pupil diameter is not corre-
lated with saccade latency on the impulsive
trials, suggesting that the effect is not from
pupil-linked facilitation of the occulomotor
system (Suzuki et al., 2016).

Although NE levels likely correlate with
the observed effect on saccadic latency, the
interpreted effect on the perception of time
may conflict with the adrenergic perceptual
effects observed elsewhere in the literature.
In a delayed reward task, rats administered
clonidine, an NE agonist, had increased de-
lay in the timing of their responses; on the
other hand, rats administered idazoxan, an
NE antagonist, had reduced delay (Penney
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etal., 1996). These results can be interpreted
to mean that an increase in NE activity con-
tracts perceived time, whereas a decrease in
NE activity expands it. This is in opposition
to the hypothesis proposed by Suzuki et al.
(2016).

Reboxetine, an NE reuptake blocker, in-
creased accuracy and performance in a tem-
poral discrimination task (Rammsayer et
al., 2001). Thus, in the present study, in-
creased NE might be expected to increase
the accuracy of the comparison between
the correct interval stored in memory
and the time elapsed since the cue. How-
ever, the shortest latency saccades, associ-
ated with increased NE, show the worst
timing performance in the task. A large frac-
tion of the shortest latency saccades occur
before the required 1000 ms had elapsed
(Suzuki et al., 2016). However, the tasks
used in these two studies have different cog-
nitive requirements: comparing an elapsing
interval with one stored in memory (Suzuki
et al., 2016) and comparing two consecu-
tively presented intervals (Rammsayer et al.,
2001). The effects may be mediated by dif-
ferent mechanisms, which could explain the
discrepancy.

Although it does seem likely that NE af-
fects the perception of time, it may not fully
explain the effects observed in the current
study. Other neuromodulators may also be
involved in pupil diameter and temporal
perception. Although pupil diameter is cor-
related with LC activity, it is also correlated
with activity in several other brain struc-
tures, including the intermediate layer of the
superior colliculus, inferior colliculus, and
ACC (Joshi et al., 2016). Indeed, Joshi et al.
(2016) suggest that NE’s influence on pupil
diameter is indirect because the latency to
pupil diameter change is greater after LC
stimulation than these other brain areas.
Thus, it is possible that some other structure
or circuit in the brain may more directly
relate to both pupil diameter and time
perception.

Although pupil diameter is most often
linked to NE levels, levels of other neuro-
modulators may also correlate with pupil
diameter. For example, serotonergic ago-
nists can increase pupil diameter (Schmid et
al., 2015), whereas metergoline, a serotoner-
gic antagonist, decreases pupil diameter
(Vitiello et al., 1997). Moreover, pupil di-
ameter correlates with expected risk, which
is associated with cholinergic activity (Yu
and Dayan, 2005; Preuschoff et al., 2011).
Thus, it seems likely that the activity of
neuromodulatory systems beyond NE may
relate to pupil diameter. There has been a
surprising lack of study on the direct rela-
tionships of neuromodulators to pupil di-

ameter, however. These relationships could
be tested by simultaneously measuring pu-
pil diameter and neuromodulator concen-
trations in ACC, superior colliculus, or
other brain regions using fast-scan cyclic
voltammetry or microdialysis techniques.

The effects on saccadic latency and tem-
poral distortion observed by Suzuki et al.
(2016) may also be the result of other neu-
romodulators. For example, the cholinergic
system may be affecting the storage of the
behavioral delay interval in memory. In-
creasing ACh with physostigmine, a cholin-
esterase inhibitor, shifts the distribution of
responses earlier on delayed response task;
ACh antagonists had the opposite effect
(Meck and Church, 1987). This effect was
not immediate but instead gradually shifted
the distribution of response timing over
many trials. Because the effect was gradual,
the authors speculated that cholinergic dis-
turbances may distort the storage of correct
durations in memory, altering the perfor-
mance only after the accumulation of sev-
eral trials (Meck and Church, 1987; Meck,
1996). If increased pupil diameter and ACh
levels are correlated, this alternative hypoth-
esis could explain the precocious saccades
associated with large pupil diameter: in-
creased ACh could shorten the task-specific
saccade delay stored in memory, causing an
early saccade. This alternative hypothesis
could be tested with the current data. The
effects of pupil diameter on saccadic latency
should start small and build with successive
trials of either large or small pupil diameter.

Neuromodulators in addition to NE and
ACh also affect temporal perception and
pupil diameter. Antipsychotics that target
D2 dopamine receptors increase perceived
duration (Meck, 1986), and dopamine an-
tagonists impair processing of intervals in
the same range used by Suzuki et al. (2016)
(Rammsayer et al., 2001). Serotonin recep-
tor agonism has been shown to interfere
with perception of time intervals >2 s (Wit-
tmann et al., 2007), and serotonergic ma-
nipulations can influence interval detection
and the stored memory of duration (Ho et
al.,2002). To add even more complexity, the
circuit-level effects induced by neuromodu-
lators depend on the preexisting state of the
network and may also be influenced by neu-
romodulator—neuromodulator interactions
(Marder et al., 2014). Additionally, tempo-
ral perception across magnitudes of time
duration is implemented by different mech-
anisms; each time scale responds differently
to each of the neuromodulators (Ramm-
sayer et al., 2001; Grondin, 2010).

In conclusion, time perception is altered
by many different neuromodulators, in-
cluding norepinephrine, acetylcholine,
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dopamine, and serotonin. These neu-
romodulators act together to alter the cir-
cuit dynamics of timing related circuits, and
they can all change the internal sense of
time. Suzuki et al. (2016) provide an impor-
tant contribution to understanding how pu-
pil diameter, dynamic modulatory systems,
and perception of time interrelate, but more
work needs to be done to understand this
complex neurobiological process. The ef-
fects of neuromodulators on pupil diameter
need to be more directly assessed. To deter-
mine whether time perception can be al-
tered directly by neuromodulator release,
optogenetics and electrical stimulation
could be used in the neuromodulatory nu-
clei: the LC, basal forebrain, dorsal raphe
nucleus, and ventral tegmental area. Under-
standing how the different neuromodula-
tors affect time perception will give a better
understanding of both how time is modeled
in the brain and how the temporal percep-
tion system can be altered.

References

Aston-Jones G, Cohen JD (2005) An integrative the-
ory of locus coeruleus-norepinephrine function:
adaptive gain and optimal performance. Annu Rev
Neurosci 28:403—450. CrossRef Medline

Grondin S (2010) Timing and time perception: a re-
view of recent behavioral and neuroscience find-
ings and theoretical directions. Atten Percept
Psychophys 72:561-582. CrossRef Medline

Ho MY, Velazquez-Martinez DN, Bradshaw CM, Sz-
abadi E (2002) 5-Hydroxytryptamine and inter-
val timing behaviour. Pharmacol Biochem Behav
71:773-785. CrossRef Medline

Joshi S, Li Y, Kalwani RM, Gold JT (2016) Relation-
ships between pupil diameter and neuronal activity
in the locus coeruleus, colliculi, and cingulate cor-
tex. Neuron 89:221-234. CrossRef Medline

Kudo K, Miyazaki M, Kimura T, Yamanaka K,
Kadota H, Hirashima M, Nakajima Y, Naka-
zawa K, Ohtsuki T (2004) Selective activa-
tion and deactivation of the human brain
structures between speeded and precisely
timed tapping responses to identical visual
stimulus: an fMRI study. Neuroimage 22:
1291-1301. CrossRef Medline

Lewis PA, Miall RC (2006) A right hemispheric
prefrontal system for cognitive time measure-
ment. Behav Processes 71:226-234. CrossRef
Medline

Marder E (2012) Neuromodulation of neuronal
circuits: back to the future. Neuron 76:1-11.
CrossRef Medline

Marder E, O’Leary T, Shruti S (2014) Neuro-
modulation of circuits with variable parame-
ters: single neurons and small circuits reveal
principles of state-dependent and robust neu-
romodulation. Annu Rev Neurosci 37:329—
346. CrossRef Medline

Meck WH (1986) Affinity for the dopamine
D2 receptor predicts neuroleptic potency in
decreasing the speed of an internal clock.
Pharmacol Biochem Behav 25:1185-1189.
CrossRef Medline

Meck WH (1996) Neuropharmacology of tim-


http://dx.doi.org/10.1146/annurev.neuro.28.061604.135709
http://www.ncbi.nlm.nih.gov/pubmed/16022602
http://dx.doi.org/10.3758/APP.72.3.561
http://www.ncbi.nlm.nih.gov/pubmed/20348562
http://dx.doi.org/10.1016/S0091-3057(01)00672-4
http://www.ncbi.nlm.nih.gov/pubmed/11888568
http://dx.doi.org/10.1016/j.neuron.2015.11.028
http://www.ncbi.nlm.nih.gov/pubmed/26711118
http://dx.doi.org/10.1016/j.neuroimage.2004.03.043
http://www.ncbi.nlm.nih.gov/pubmed/15219601
http://dx.doi.org/10.1016/j.beproc.2005.12.009
http://www.ncbi.nlm.nih.gov/pubmed/16434151
http://dx.doi.org/10.1016/j.neuron.2012.09.010
http://www.ncbi.nlm.nih.gov/pubmed/23040802
http://dx.doi.org/10.1146/annurev-neuro-071013-013958
http://www.ncbi.nlm.nih.gov/pubmed/25032499
http://dx.doi.org/10.1016/0091-3057(86)90109-7
http://www.ncbi.nlm.nih.gov/pubmed/2880350

2808 - J. Neurosci., March 15,2017 - 37(11):2806 —2808

ing and time perception. Cogn Brain Res
3:227-242. CrossRef Medline

MeckWH, ChurchRM (1987) Cholinergic modula-
tion of the content of temporal memory. Behav
Neurosci 101:457—464. CrossRef Medline

Penney TB, Holder MD, Meck WH (1996)
Clonidine-induced antagonism of norepi-
nephrine modulates the attentional processes
involved in peak-interval timing. Exp Clin
Psychopharmacol 4:82. CrossRef

Preuschoff K, ‘t Hart BM, Einhduser W (2011)
Pupil dilation signals surprise: evidence for
noradrenaline’s role in decision making.
Front Neurosci 5:115. CrossRef Medline

Rammsayer TH, Hennig J, Haag A, Lange N
(2001) Effects of noradrenergic activity on

temporal information processing in humans.
Q J Exp Psychol B 54:247-258. CrossRef
Medline

Rao SM, Mayer AR, Harrington DL (2001) The
evolution of brain activation during temporal
processing. Nat Neurosci4:317-323. CrossRef
Medline

Schmid Y, Enzler F, Gasser P, Grouzmann E, Preller
KH, Vollenweider FX, Brenneisen R, Miiller F,
Borgwardt S, Liechti ME (2015) Acute effects
of lysergic acid diethylamide in healthy subjects.
Biol Psychiatry 78:544—553. CrossRef Medline

Suzuki TW, Kunimatsu J, TanakaM (2016) Correla-
tion between pupil size and subjective passage of
time in non-human primates. ] Neurosci 36:
11331-11337. CrossRef Medline

Faber e Journal Club

Vitiello B, Martin A, Hill J, Mack C, Molchan S,
Martinez R, Murphy DL, Sunderland T
(1997) Cognitive and behavioral effects of
cholinergic, dopaminergic, and serotonergic
blockade in humans. Neuropsychopharma-
cology 16:15-24. CrossRef Medline

Wittmann M, Carter O, Hasler F, Cahn BR, Grim-
berg U, Spring P, Hell D, Flohr H, Vollen-
weider FX (2007) Effects of psilocybin on
time perception and temporal control of be-
haviour in humans. J Psychopharmacol 21:
50—64. CrossRef Medline

Yu AJ, Dayan P (2005) Uncertainty, neuro-
modulation, and attention. Neuron 46:681—
692. CrossRef Medline


http://dx.doi.org/10.1016/0926-6410(96)00009-2
http://www.ncbi.nlm.nih.gov/pubmed/8806025
http://dx.doi.org/10.1037/0735-7044.101.4.457
http://www.ncbi.nlm.nih.gov/pubmed/2820435
http://dx.doi.org/10.1037/1064-1297.4.1.82
http://dx.doi.org/10.3389/fnins.2011.00115
http://www.ncbi.nlm.nih.gov/pubmed/21994487
http://dx.doi.org/10.1080/02724990143000036
http://www.ncbi.nlm.nih.gov/pubmed/11547514
http://dx.doi.org/10.1038/85191
http://www.ncbi.nlm.nih.gov/pubmed/11224550
http://dx.doi.org/10.1016/j.biopsych.2014.11.015
http://www.ncbi.nlm.nih.gov/pubmed/25575620
http://dx.doi.org/10.1523/JNEUROSCI.2533-16.2016
http://www.ncbi.nlm.nih.gov/pubmed/27807173
http://dx.doi.org/10.1016/S0893-133X(96)00134-0
http://www.ncbi.nlm.nih.gov/pubmed/8981385
http://dx.doi.org/10.1177/0269881106065859
http://www.ncbi.nlm.nih.gov/pubmed/16714323
http://dx.doi.org/10.1016/j.neuron.2005.04.026
http://www.ncbi.nlm.nih.gov/pubmed/15944135

	Neuromodulation of Pupil Diameter and Temporal Perception

