Neurobiology of Learning and Memory 166 (2019) 107106

Contents lists available at ScienceDirect

Neurobiology of Learning and Memory
journal homepage: www.elsevier.com/locate/ynlme

Response and sample bridging in a primate short-term memory task
Hadas Sloin, Eran Stark

⁎

T

Sagol School of Neuroscience and Department of Physiology and Pharmacology, Sackler Faculty of Medicine, Tel Aviv University, Tel Aviv 6997801, Israel

A R T I C LE I N FO

A B S T R A C T

Keywords:
Animal cognition
Delayed response
Mediating strategies
Working memory

Freely-moving rodents can solve short-term memory (STM) tasks using “response bridging” strategies, relying on
motor patterns instead of mnemonic functions. This limits the interpretational power of results yielded by some
STM tasks in rodents. To determine whether head-ﬁxed monkeys can employ parallel non-mnemonic strategies,
we measured eye position and velocity of two head-ﬁxed monkeys performing a delayed response reaching and
grasping task. We found that eye position during the delay period was correlated with reach direction. Moreover,
reach direction as well as grasp object could be predicted from eye kinematics during the delay. Both eye
velocity and eye position contributed to the prediction of reach direction. These results show that motor signals
carry suﬃcient information to allow monkeys to solve STM tasks without using any mnemonic functions. Thus,
the potential of animals to solve STM tasks using motor patterns is more diverse than previously recognized.

1. Introduction

each trial, one of three doors was brieﬂy illuminated (sample). After a
delay of 1–3 s, the rat was required to select the previously-illuminated
door (choice). In most sessions, animals oriented their bodies toward the
location of the sample door immediately after the stimulus was presented, maintaining this orientation during the delay phase. This behavior was termed “postural mediation” or “response bridging”
(Pontecorvo et al., 1996). Later studies replicated this ﬁnding, reporting
motor mediating behavior in many rodent STM tasks (Chudasama &
Muir, 1997; Dudchenko, 2004; Dudchenko, Talpos, Young, & Baxter,
2013. Dudchenko & Sarter, 1992; Herremans, Hijzen, & Slangen, 1994;
Pontecorvo et al., 1996; Sloan et al., 2006; van Hest & Steckler, 1996).
Multiple neuronal mechanisms have been suggested to underlie
STM in behaving animals (Constantinidis et al., 2018; Goldman-Rakic,
1995; Lundqvist, Herman, & Miller, 2018; Wang, 2001), including
persistent activity (Fuster & Alexander, 1971; Goldman-Rakic, 1995;
Romo et al., 1999), neuronal reverberations (Wang, 2001), and synchrony (Constantinidis, Franowicz, & Goldman-Rakic, 2001; Sakurai &
Takahashi, 2006). It is generally assumed that neuronal activity during
the delay underlies mnemonic processes (Fig. 1A). The same neuronal
activity may also generate motor patterns that are predictive of the
behavioural choice (Fig. 1B). In such a situation, the observation of
motor patterns does not confound the interpretation of the neuronal
activity as underlying the mnemonic component. Alternatively, the
neuronal activity may only underlie motor patterns which in turn
generate the correct response (Fig. 1C). In this case, the mnemonic
requirement is bridged by the motor patterns, and any task-related
neuronal mechanisms may be false-positive for STM. An intermediate

The psychological and neurobiological mechanisms underlying
short-term memory (STM) have been studied extensively over the last
hundred years (Atkinson & Shiﬀrin, 1968; Richardson, 2007). While the
psychological processes and brain regions involved in STM have been
studied mainly in human subjects (Doncic, Falleur-Fettig, & Skotheim,
2011; Richardson, 2007), the neurobiological basis of STM is typically
studied in animal models. During the past few decades, non-human
primates were used to study neuronal spiking mechanisms underlying
STM (Funahashi, Bruce, & Goldman-Rakic, 1989; Fuster & Alexander,
1971; Fuster, Bauer, & Jervey, 1985; Goldman-Rakic, 1995; Kubota &
Niki, 1971; Levy & Goldman-Rakic, 2000; Miller, Li, & Desimone, 1993;
Romo, Brody, Hernández, & Lemus, 1999). In parallel, behaving rodents have been used to research the biological basis of STM, from the
molecular-cellular to the brain-region level (Deadwyler, Bunn, &
Hampson, 1996; Dunnett, 1985; Dunnett, Wareham, & Torres, 1990; Li
et al., 2018; McQuail et al., 2016; Prusky, Douglas, Nelson, Shabanpoor,
& Sutherland, 2004; Roozendaal, 2004; Sloan, Good, & Dunnett, 2006;
Yuen et al., 2011).
Various behavioural tasks have been used to study STM in animals,
all sharing a similar sample-delay-choice architecture (Dudchenko,
2004) (Fig. 1A). It has been recognized that rodents can solve many
STM tasks without relying on STM per se, using “non-mnemonic”
strategies (Chudasama & Muir, 1997; Dudchenko, 2004; Dudchenko &
Sarter, 1992; Pontecorvo, Sahgal, & Steckler, 1996). Over a century
ago, Hunter (1913) trained rats on a delayed match to position task. In
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movements may be used for bridging. In other tasks, eye ﬁxation is
required (Funahashi et al., 1989; Miller et al., 1993; Spaak, Watanabe,
Funahashi, & Stokes, 2017), and then limb movements may be used for
bridging. Even when both limbs and eyes are ﬁxated, an animal may
use other actuators such as the tail to bridge a delay. The possibility of
bridging in head-ﬁxed animals has yet to be addressed.
We found that monkey ocular position and velocity during the delay
phase of a STM reach and grasp task can predict reach direction. This is
the ﬁrst evidence that head-ﬁxed animals, and in particular non-human
primates, can solve STM tasks using motor mediation. In addition, we
show that monkey ocular position and velocity during the delay phase
can also predict grasp object. This suggests that motor patterns can
facilitate “sample bridging”, the mediation of non-spatial sample stimuli.
2. Materials and methods
The dataset used for this study was previously described in Stark
and Abeles (2007), Stark, Asher, and Abeles (2007) and Stark,
Globerson, Asher, and Abeles (2008).
2.1. Animals
The data used for the current work were collected from two monkeys (female Macaca fascicularis, monkey D, 2.5 kg; and monkey J,
3.2 kg) trained to perform a delayed response reach and grasp task
using their right hand. The task and data collection procedures were
described in detail elsewhere (Stark & Abeles, 2007; Stark et al., 2007,
2008) and are brieﬂy summarized below. All animal handling procedures were in accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals (1996), complied with Israeli
law, were approved by the Ethics Committee of the Hebrew University,
and supervised by a veterinarian.
2.2. Behavioral task
During recording sessions, the monkey was seated in a primate chair
in an isolated booth with its head ﬁxed and left arm restrained. During
each session, six reach directions and two grasp types were used for a
total of 12 reach-grasp combinations (Fig. 2A). A trial started when the
monkey pressed a button (Ready event). The monkey was required to
keep its hand on the central button of the touch pad, but was not required to attend to any visual stimulus or memorize any target. After
500–1000 ms (median, 750 ms), a single object was shown at one location for 200–400 ms (Sample on to Sample oﬀ; median, 300 ms), indicating the upcoming reach direction and grasp type (sample). After a
delay of 1000–1500 ms (Sample oﬀ to Go signal; median, 1250 ms)
during which the monkey was required to continue pressing the button
and no visual stimulus was provided (delay), a non-informative Go
signal prompted the monkey to reach, grasp, and hold the target object
without visual feedback (choice). During the delay and movement, a
half mirror lit only from above prevented the monkey from seeing its
hand or the object. Correct trials were reinforced by a juice reward. A
typical session lasted ~2 h during which monkeys completed 379 of
these trials (median of 41 sessions; range of 209–585).
One control and six task epochs were deﬁned for analyses, all
400 ms long. During the Control epoch, starting 100 ms after Ready, the
monkey did not know in which direction it would have to reach and
what type of grip it would have to use. During the Sample epoch,
starting 50 ms after Sample On, the identity and location of the goal
objects were brieﬂy visible, yet no movement was required. Following
Sample oﬀ, a delay was initiated. The delay was divided into three
epochs – Delay1, Delay2, and Delay3. Delay1 started 450 ms after Sample
on, and thus at least 50 ms after the target object disappeared. Delay2
started 400 ms after the ﬁrst delay epoch, and Delay3 started 400 ms
prior to the Go signal. Delay2 and Delay3 overlapped on average by

Fig. 1. Neuronal, mnemonic, and motor patterns during short term memory
(STM) tasks. The neuronal mechanisms underlying STM are typically studied
using tasks with a canonical sample-delay-choice architecture. The rationale for
this design is that delay-phase neuronal activity underlies the STM component
(A). However, the appearance of motor patterns that are predictive of the behavioural choice demands an expansion of this scheme. One possibility is that
the neuronal activity underlies the STM trace, which in turn generates the
motor patterns (B). A second option is that the neuronal activity only generates
motor patterns, which bridge between the sample stimulus and correct performance, eﬀectively bypassing the mnemonic requirement (C). Finally, the
STM trace and the motor patterns may both be used to generate correct choice
behavior (D).

possibility is that the motor patterns do not entirely replace memory
but only decrease the mnemonic load. Then, memory-related neuronal
mechanisms may be harder to detect, resulting in a false-negative scenario (Fig. 1D). Since a-priori all four options are possible, it is essential
to evaluate whether predictive motor patterns are limited to freelymoving rodents or appear in other constellations or species.
Non-human primates are often trained on STM tasks similar to those
employed in rodents, such as delayed response (Darusman et al., 2014;
Fuster & Alexander, 1971; Takeda & Funahashi, 2004). Like rodents,
which orient their body towards the goal location, monkeys may use
self-motor patterns to bridge the delay and “maintain” the required
choice response. Since most primate STM tasks have been carried out
during head ﬁxation, bridging by body orientation is unlikely. However, there are at least two possible types of motor patterns relevant to
primate STM tasks, mediated by the limb or the eyes. In some tasks the
limbs of the animal are restricted (Romo et al., 1999), and then eye
2
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Fig. 2. Experimental procedures. Description of
the behavioral task and an example of eye kinematics data. (A) Delayed response reach and
grasp task. Top: schematic illustration of task
goals; left, touch pad, used for presenting the
Ready and Go signal (center), surrounded by goal
directions; right, goal objects. In each session, six
directions and two (out of three possible) objects
were employed. Bottom: the timeline of the behavioral paradigm. In each trial, an object was
brieﬂy presented in one of six locations arranged
in a virtual circle around the central button of a
touchpad. The animal was required to keep its
right hand on that button until the Go signal. The
left hand was restrained, the head was ﬁxed, and
the animal could not see the goal or its hand
during the delay and movement. (B) Eye movement data during a single trial. Vertical lines
represent behavioral events (same color code as
in panel A). The delay phase is highlighted in
light blue. Eye position in the horizontal and
vertical axes was recorded using an intra-red
beam (top). From these data, the eye velocity
vector (speed and direction) was calculated
(second panel from top). Events in which a peak in
the instantaneous speed exceeded one SD from
the mean speed were deﬁned as saccades (red
lines in third panel from top). Vectors indicate the
size and direction of these events (bottom panel).

columns of which were the mean values of each of the four movement
parameters (horizontal eye position, vertical eye position, horizontal
eye velocity, and vertical eye velocity) during that epoch, and each row
represented a single trial. Goals were organized in a vector of class
y ; the elements of y were integers, k ∈ {1, 2, ..,K } (for
labels (goals) →
directions, K = 6; for objects, K = 2). The classiﬁcation problem can be
↔
→
then formulated as follows: “Given a new observation x (row of X ),
→
what is the most likely class y (element of y )?”. The framework of

100 ms; in such cases, the data in the overlapping periods were used for
both epochs. The Choice1 epoch started 150 ms before the hand left the
touch pad, and Choice2 started 100 ms after a Correct grasp.
2.3. Eye movement recordings
Eye movements were recorded using an infra-red beam system
tracking movements of the right eye (Oculometer, Dr. Bouis, Karlsruhe,
Germany). The horizontal and vertical signals from this system were
sampled at 400 Hz and low-pass ﬁltered (40 Hz).

discriminant analysis proceeds as follows. Bayes’ theorem indicates
that:

p (→
x |y ) p (y )
p (y|→
x)=
p (→
x)

2.4. Classiﬁcation based on a Gaussian mixture model

(1)

x ) does not depend on y, it is an
The log is then taken; since p (→
additive element identical for all y’s and can be ignored. We thus obtain
the general expression for a discriminant score:

The classiﬁcation method used here is identical to that used in Stark
& Abeles, 2007. For each epoch separately, a quadratic Gaussian clas↔

siﬁer was trained. Ocular data were organized in an n × 4 matrix X , the
3
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d (y|→
x ) = logp (→
x |y ) + logp (y )

(2)

prob (H0) =

which depends on the class-speciﬁc prior p (y ) and the conditional
x |y ) . To estimate p (→
x |y ) , some assumptions on its p.d.f.
probability p (→
must be made. Here, we assume that on any single trial, the ocular data
are drawn from a class-speciﬁc N-dimensional (N = 4) Gaussian disμ y and
tribution. The parameters of that distribution, namely the mean →
↔
the covariance matrix Σ y , are both speciﬁc to the class (goal) in that
x |y ) can be written as
trial. Under these assumptions, p (→

p (→
x |y ) =

1
2π N

↔
| Σy |

↔−1
1
x −→
μ y )T Σ y (→
x −→
μy ) ⎞
exp ⎛− (→
⎠
⎝ 2

M+1

(5)

2.6. Statistical analyses
The dataset contained 41 sessions from two monkeys. Non-parametric tests were used for statistical analyses: Mann-Whitney U test for
comparing two unpaired samples, Wilcoxon’s signed-rank test for
paired samples or for comparing the median of a sample to zero, and
resampling tests for comparing prediction accuracy to chance level
prediction. A signiﬁcance level of alpha = 0.05 was used in all tests,
and the Bonferroni method was used to correct for multiple comparisons.

(3)

Plugging Eq. (3) in Eq. (2) yields the discriminant score for the
multi-dimensional Gaussian case,

↔−1
↔
1
1
d (y|→
x ) = − (→
x −→
μ y )T Σ y (→
x −→
μ y ) − log | Σ y| + log p (y )
2
2

#(Ashuffled ≥ A) + 1

3. Results
(4)
3.1. Delay phase eye kinematics diﬀers between goals

Thus, the discriminant score consists of a data-dependent (ocular
activity) part (the ﬁrst element); and a class-dependent, activity independent part (the last two elements). Given a new sample →
x (trial),
x ) is computed for every possible value of y (classes/
the score d (y|→
goals). Then, the maximum a-posteriori (MAP) is selected as the classiﬁcation result for that trial.
In this framework, classiﬁcation proceeds in three steps. First, the
full dataset (n trials) is divided into a training set and a test set. Second,
a Gaussian mixture model (GMM) is estimated from the training set; in
the case of goal directions, K = 6 so there are six 4D Gaussian distributions. Third, each trial from the test set is assigned K discriminant
scores according to Eq. (4), and the MAP is assigned as the classiﬁcation
result for that trial. The process is repeated for all trials in the test set. A
confusion matrix is then built (Fig. 5A), tabulating the number of times
a trial with label k was classiﬁed as 1, 2, …, K. Since the diagonal of that
matrix contains the number of correctly-classiﬁed trials, the ratio between the sum of the on-diagonal elements and the total number of
trials n is the prediction accuracy A .

Two monkeys performed a STM reach and grasp task (Fig. 2A). In
each trial, a sample stimulus was presented at one of six possible directions. The stimulus was one of three objects, each requiring a different type of grasp. Sample presentation was followed by a
1000–1500 ms delay, during which the monkey could not see its hand
or the sample stimulus. Following a Go signal, the animal was required
to reach at the correct direction and grasp the previously-presented
object. In the following, reach direction and object are referred to as
goal direction and object.
We examined whether this task could be solved using non-mnemonic motor mediation (“bridging”). Since the subjects (monkeys) were
head-ﬁxed and their left arms were restrained, body position was ﬁxed
and thus body posture could not be used to bridge the delay. We
therefore evaluated whether they could use ocular signals (eye position
and velocity) to encode goal direction or object. During each trial, eye
position in the horizontal and vertical axes was measured using an
infra-red eye tracker (Fig. 2B). From these data, the eye velocity vector
(speed and direction) was calculated. Initially, events in which a peak
in the speed exceeded a threshold of one SD were deﬁned as saccades
(red lines in Fig. 2B). However, smaller (e.g. micro-saccades) or slower
(e.g. smooth pursuit) eye movements may contain information
(Collewijn & Kowler, 2008; Lisberger, 2015). Thus, to account for
various types of eye movements, we employed a total of four eye
movement parameters: position in the horizontal axis, position in the
vertical axis, velocity in the horizontal axis, and velocity in the vertical
axis.
To determine if oculomotor bridging may be employed in the delayed response primate task, we ﬁrst calculated the characteristic eye
position and velocity in all trials in which the same goal direction and
object were used. Traces were aligned to the Sample oﬀ event and
averaged (Fig. 3A). The time-dependent horizontal eye position for
right or left goal trials during an exemplary session revealed that the
animal oriented its eyes towards the goal direction during the delay
(Fig. 3A). Towards the end of the delay, the horizontal eye position
returned to the center, consistent with anticipation of the Go signal.
Comparison between the goal direction-averaged eye positions revealed
a diﬀerence spanning the end of the Sample epoch, the entire Delay1
epoch, and the bulk of the Delay2 epoch (from 140 ms before until
705 ms after Sample oﬀ; Bonferroni-corrected Mann-Whitney U test,
p ≪ 0.001; Fig. 3B). Similar patterns were observed in 36/41 sessions
(93%; Binomial test, p ≪ 0.001; Fig. 3C). These diﬀerences were not
due to visualization, since the sample stimulus was not visible to the
subject following Sample oﬀ.
To determine whether additional goal stimuli corresponded with
unique eye kinematics, we examined horizontal and vertical eye position during the Delay1 epoch for all goals in an exemplary session. We
found that each goal direction (averaged over goal objects) was

2.5. Cross-validation and signiﬁcance of classiﬁcation results
The procedure described above is statistically sound if three assumptions are met: (1) normality: the data conform to a Gaussian
model; (2) stationarity: distributions yielding the training and test data
are the same; and (3) data size: the training dataset is suﬃciently large
to precisely estimate the distributions. In practice, these assumptions
rarely hold exactly, and (2) and (3) may even contradict. While the
process of dividing the data into training and test sets can be randomized, the size of the training set is always limited. To minimize estimation bias and simultaneously maximize accuracy, we use a leaveone-out (n-fold) cross-validation procedure. Speciﬁcally, we build the
GMM based on a training set that includes all available data except one
trial (i.e. n-1 trials), and use the last trial as the test set. The classiﬁcation result on that trial is noted. The process is then repeated for
every single trial being the test set. The confusion matrix shown in
Fig. 5A was built using this procedure.
To evaluate the statistical signiﬁcance of a given classiﬁcation result, we use a permutation test, in which we shuﬄe the labels of the
y ) and repeat the entire n-fold cross-validated
trials (the elements of →
procedure. Under the null hypothesis that the class (goal) does not
x |y )
change the multi-dimensional Gaussian distributions (i.e. that p (→
does not depend on y), classiﬁcation accuracy A should not change
following the permutation of labels. To determine whether this null
should be accepted or not, we repeat the shuﬄing procedure many
times (M = 5000), obtaining a distribution of the accuracy under H0
(see example in Fig. 5B). Then, the probability of accepting the null is
estimated by the number of cases in which the shuﬄed accuracy Ashuffled
exceeds the observed accuracy A :
4
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Fig. 3. Eye position during the delay phase corresponds with goal direction. Comparison between eye positions during trials associated with left vs. right goals. (A)
Horizontal eye position during trials corresponding to the left or right goal direction, averaged over 38 right and 39 left trials from the same session. All trials
correspond to the same goal object. Data are aligned to the Sample oﬀ event. Vertical lines represent behavioral events; the delay phase is highlighted in light blue.
Each goal direction was associated with a distinct eye trajectory. (B) Comparison of average eye position between left and right goal trials from the same exemplary
session. Surprise values are log-transformed p-values (Mann-Whitney U test) and horizontal dashed line indicates the Bonferroni-corrected threshold (alpha level,
0.05). (C) Comparison of eye position between left and right goal trials, averaged over all sessions (n = 41). Horizontal scale is identical in all panels.

(n = 41 from two subjects). During the Control epoch, goal direction
was predicted correctly in 16.8% of the trials (chance level is 16.7%).
This is compared to 49%, 34% and 31% during Delay1, Delay2, and
Delay3 epochs (Fig. 5C, left). Eye kinematics predicted goal direction
above chance in 95–98% of the sessions during the delay phase epochs
(p ≪ 0.001 for all epochs except Control, Binomial test; Fig. 5D, left).
Thus, eye kinematics could predict goal direction throughout the delay
phase, during which no goal was visible and no action was required.
A similar analysis carried out for the goal objects yielded correct
prediction in 54% and 53% of the trials during the Delay1 and Delay2
epochs (chance being 50%; Fig. 5C, right). Eye kinematics predicted
goal object above chance in 39% and 17% of the sessions during these
epochs (Delay1: p ≪ 0.001; Delay2: p = 0.004, Binomial test), but at
chance level during the Control and Delay3 epochs (p = 0.61 and
p = 0.15; Binomial test; Fig. 5D, right). Hence, eye kinematics could
predict goal object during the ﬁrst two epochs of the delay.

Fig. 4. Delay phase eye position diﬀers between goals. Statistics of horizontal
and vertical eye positions, for each goal direction and object during the Delay1
epoch. Data are from 473 trials from a single session (same dataset as used in
Fig. 3A). The grey “+” sign represents the origin (neutral eye position). Each
ellipse represents data covariance: the center indicates the mean, the long and
short axes indicate the SDs, and the angle represents the correlation between
the two parameters (horizontal and vertical position).

3.3. Both eye position and velocity contribute to goal direction decoding
typically associated with a distinct position, mirroring the spatial arrangement of the goal directions (Fig. 4). Furthermore, each goal object
(averaged over goal directions) corresponded to a distinct eye position.

To determine whether eye position, velocity, or both contributed to
goal direction decoding accuracy, we trained two new sets of classiﬁers:
one that used only eye position information (horizontal and vertical),
the other using only eye velocity. To determine the contribution of eye
position beyond that provided by eye velocity, we compared the results
yielded by the classiﬁers based on the full data to those of the classiﬁers
based on the velocity data alone.
For the Control epoch, the improvement index (Afull − Avelocity)/
(Afull + Avelocity) was negligible (−0.0005; p = 0.63, Wilcoxon’s signed
rank test comparing median to zero). However, for all other epochs, eye
position made a considerable contribution (Fig. 6A). For instance,
during the Delay1 epoch, the improvement index was 0.27 (p ≪ 0.001
for all six non-control epochs). An equivalent metric was used to
quantify the non-redundant contribution of eye velocity:
(Afull − Aposition)/(Afull + Aposition). This analysis indicated that the eye
velocity made a considerable contribution during the Sample
(p ≪ 0.001) and Delay1 (p = 0.004) epochs (Fig. 6B). However, even
during these epochs, eﬀect sizes were smaller than those observed for
position: for instance, during Delay1, the improvement index was 0.27
for position but only 0.035 for velocity (paired signed rank test, comparing velocity and position eﬀects: p ≪ 0.001 for all epochs except
Control: p = 0.61). Together, these results show that while eye position
dominates, both eye position and velocity contain independent information useful for goal direction classiﬁcation.

3.2. Delay phase eye kinematics can predict behavioral choice
To objectively evaluate the potential of eye position and velocity to
encode goal directions and objects in all available sessions, we used a
decoding approach. Separately in each session, for each of the seven
behavioral epochs, we trained two separate classiﬁers: one for predicting goal directions and another for goal objects (total 14 diﬀerent
classiﬁers per session). Each classiﬁer was trained on all trials except
one, and tested on the last trial; this process was repeated for every
single trial and the results were averaged over all trials (n-fold crossvalidation). An example of correct and incorrect classiﬁcations for decoding goal direction based on eye position and velocity during the ﬁrst
delay epoch (Delay1) can be observed in Fig. 5A. In that session, goal
direction was classiﬁed correctly in 50.7% of the trials, chance level
being 16.7%. To determine whether this result is consistently above
chance, we generated a distribution of classiﬁcation accuracy values
under the null hypothesis that goal direction does not inﬂuence eye
kinematics by shuﬄing goal labels (permutation test). The probability
of rejecting the null was estimated by the tail of the distribution
(p < 0.001 in that case; Fig. 5B).
For each of the seven epochs and for every goal type (direction or
object), classiﬁcation performance was quantiﬁed by accuracy (fraction
of correctly-classiﬁed trials) and then averaged over all sessions
5
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Fig. 5. Eye kinematics can predict behavioral
choice. Prediction of behavioral choice from eye
movement data. (A) An example of correct and
incorrect classiﬁcations for decoding goal direction based on eye position and velocity during
Delay1 (same dataset as used in Fig. 3A). Direction labels correspond to those indicated in
Fig. 4. Data include 77–81 trials per goal direction. The diagonal elements of the confusion
matrix depict correctly-classiﬁed trials. (B) Distribution of accuracy values, generated under the
null hypothesis that goal direction does not inﬂuence eye kinematics (same dataset as in panel
A). (C) Classiﬁcation accuracy (fraction of correctly classiﬁed trials) based on eye kinematics,
for each of the seven task epochs. Dashed lines
show chance levels. Values were calculated separately for every session (shown by individual
dots) and then averaged over sessions. Error bars
indicate SEM. (D) Fraction of sessions in which
eye kinematics predicted goal direction (left) or
object (right) above chance. Signiﬁcance was
evaluated using the permutation test described
in panel B. Dashed lines show uncorrected alpha
level (0.05), error bars represent SEM (41 sessions), numbers above each bar represent p-values
(Binomial
test;
***p ≪ 0.001;
**p < 0.005), and signiﬁcant p-values are
marked in red.

4. Discussion

eye position and velocity during the delay could predict goal directions
and objects. Both eye position and eye velocity contributed to the
prediction of goal direction. These results suggest that oculomotor
signals can be used by monkeys to mediate the delay phase of a STM
task without relying on STM per se.

We showed that in head-ﬁxed monkeys, delay phase oculomotor
signals contain enough information to correctly solve an STM task. Eye
position during the delay was correlated with goal direction. Moreover,

Fig. 6. Eye position and velocity both contribute
to goal direction decoding. Improvement of goal
direction classiﬁcation accuracy when employing a classiﬁer based on both eye position
and velocity, compared to a classiﬁer based on
only one of these parameters. (A) Improvement
index for position. Negative contribution values
indicate that relying on the tested parameter
decreases
classiﬁcation
accuracy.
(B)
Improvement index for velocity. In both panels,
error bars represent SEM over 41 sessions,
numbers above each bar represent p-values, and
signiﬁcant values are marked in red (Wilcoxon’s
signed-rank
test
comparing
to
zero;
***p ≪ 0.001; **p < 0.005; *p < 0.05).

6

Neurobiology of Learning and Memory 166 (2019) 107106

H. Sloin and E. Stark

Fig. 7. Sample and response bridging in behaving
animals. Cartoon examples of response and
sample bridging in animals performing STM
tasks. Left: Response bridging. A delayed nonmatch to position task can be bridged by moving
a limb or a ﬁnger used for lever pressing (sample
lever in red, choice lever in white). Right: Sample
bridging. A delayed-non match to sample task can
be bridged by associating each sample with a
unique conﬁguration of body parts not directly
related to the task, such as the eyes or the tail.

motor pattern. These considerations suggest a newly described of
bridging behavior, in which a motor pattern is linked with a non-spatial
stimulus not directly associated with a speciﬁc response. We term this
potential phenomenon Sample bridging.
In sample bridging, the memory trace of a sample can be replaced
with associations engraved in long-term memory. In such a scenario, at
the end of the delay the subject does not have to recall the sample
stimulus from STM, but rather to “look up” the stimulus associated with
a motor pattern. It is not known whether animals employ sample
bridging intentionally. Such behaviors may develop spontaneously,
based on a strong association between certain motor patterns and stimuli, created during the learning phase of an STM task. In other words,
in response bridging, the motor pattern mediates the response required
at the choice stage (Fig. 7, left). In sample bridging, however, it is not
the goal response that is being mediated, but the sample stimulus itself
(Fig. 7, right). In delayed response tasks, such as used here, the sample
and choice stimuli are the same. Therefore, it is not clear whether the
sample or the response is bridged. Yet if sample bridging exists, it implicates STM tasks which are immune to response bridging (Pontecorvo
et al., 1996), such as delayed match and non-match to sample and
delayed comparison tasks (Dudchenko, 2004; Dudchenko et al., 2013;
Fassihi, Akrami, Esmaeili, & Diamond, 2014).

Previous studies have shown that while performing STM tasks,
freely-moving rodents often demonstrate mediating behaviors that can
assist correct performance without using any mnemonic functions
(“response bridging”; Chudasama & Muir, 1997; P. Dudchenko & Sarter,
1992; Hunter, 1913; Pontecorvo et al., 1996). The present results show
that motor mediation in STM tasks is more diverse than previously
recognized, in terms of (1) animal species (rodent, primate); (2) subject
degrees of freedom (freely-moving, head-ﬁxed); (3) type of motor
mediation (postural, kinematic); and (4) mediated content (responserelated, abstract).
4.1. Species, degrees of freedom, and type of mediation
First, the current results show that motor mediating behaviors are
not exclusive to rodents and can occur in non-human primates. Second,
the monkeys were head-ﬁxed, their left arm was restrained, and they
were required to press a button using their right hand throughout the
delay. This indicates that bridging behaviors are not exclusive to freelymoving animals and can be observed when an animal is head-ﬁxed.
Third, the main contribution to goal classiﬁcation accuracy was made
by eye position. However, eye velocity – the temporal derivative of
position – made an independent contribution to classiﬁcation. This indicates that a static “lookup table” can be extended by dynamical aspects of the motor apparatus, increasing the coding potential of motor
mediation.

4.3. Approaches to minimize bridging
Together, previous and the current results show that motor patterns
during the delay contain useful information which enables predicting a
correct choice. This indicates that animals can solve STM tasks using
non-mnemonic strategies. It does not, however, mean that animals actually do solve tasks in that manner (Fig. 1C). Mediating behaviors
could be performed in parallel to STM (Fig. 1D) and/or may be an
externalized manifestation of the STM maintenance process (Fig. 1B).
Nevertheless, the fact that STM tasks can be solved using non-mnemonic strategies raises a concern in terms of the experimental design
and interpretation of results yielded by STM tasks. For this reason, it is
imperative to design behavioral tasks which minimize the possibility of
bridging.
As pointed out by Pontecorvo et al. (1996), the use of response
bridging can be completely prevented by employing tasks in which the
correct response cannot be predicted before the choice phase. Tasks
fulﬁlling this requirement include (1) multiple-choice delayed nonmatch to position (Kim et al., 2015; Spellman et al., 2015); (2) sensory
delayed non-match and match to sample (Fuster & Alexander, 1971; Liu
et al., 2014; Moore, Schettler, Killiany, Rosene, & Moss, 2012; Otto &
Eichenbaum, 1992); and (3) delayed comparison (Akrami, Kopec,
Diamond, & Brody, 2018; Fassihi et al., 2014; Hernández, Salinas,
García, & Romo, 1997; Romo et al., 1999). However, since the inability
of a subject to predict a correct response is not suﬃcient to prevent
sample bridging, such tasks do not fully prevent the potential use of nonmnemonic strategies.
A second approach, often employed in studies with head-ﬁxed animals, is the use of bodily restriction. Restriction reduces the diversity
of possible motor mediation strategies but cannot prevent them.
Fixation can prevent motor mediation by the ﬁxated actuator. For

4.2. Sample bridging
Bridging behavior mediating the goal response was described previously: in delayed non-match and match to position tasks, rodents may
bridge the delay by orienting their body to the goal position, as if
preparing to respond once the delay ends (Chudasama & Muir, 1997;
Dudchenko & Sarter, 1992; Pontecorvo et al., 1996). Similarly, in the
current study, the monkeys oriented their eyes towards the goal direction, perhaps in preparation for reaching to the same direction.
However, eye position is not directly connected to the choice response.
While rodent body orientation is performed by the same actuators
creating the correct response (Chudasama & Muir, 1997), the reach and
grasp task only necessitated forelimb movements and no speciﬁc oculomotor output was required. Furthermore, animals could not see their
limbs or the goals during the delay and choice epochs. Therefore, the
coding of goal information by oculomotor signals represents a more
abstract form of bridging, in which the bridged content is not necessarily the beginning of the response itself but rather some representation of it. Abstraction of information is even more prominent
when considering that the delay phase oculomotor signals could also
predict the goal objects. Goal objects are independent of location: any
object could appear in any direction. Thus, the fact that delay phase
oculomotor signals could be used to predict goal object suggests a
higher level of abstraction, connecting an object with ocular location in
space or/and movement.
The abstraction of goal stimuli observed here raises the possibility
that any stimulus, including perhaps location-independent stimuli such
as odor or texture, could be mediated by associating a stimulus with a
7
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instance, ocular ﬁxation during the delay (e.g. as used by Funahashi
et al., 1989) suﬃces to prevent oculomotor mediation. Likewise, application of muscle relaxants to the ocular muscles would prevent
ocular bridging. However, unless fully paralyzed, an animal can still
perform motor mediation with any unrestricted actuators such as ﬁngers, legs, or tail movements.
Full protection from sample and response bridging might prove
considerably diﬃcult. However, we suggest addressing this issue by
making bridging behavior less “economic” than the usage of mnemonic
functions. A transition from bridging to mnemonic strategies was previously shown by Chudasama and Muir (1997), who reported that rats
which performed bridging at short delays, abandoned bridging as the
delay elongated. We thus suggest two additional approaches to increase
the diﬃculty of bridging behavior.
The ﬁrst approach is motor interference. If the animal is involved in
motor behavior, bodily mediation becomes harder. The more distracting the motor behavior, the lower the chances of motor bridging.
To eﬃciently prevent bridging, motor interference must be prominent.
For example, in the delayed non-match to position task developed by
Dunnett (1985), rats were required to poke a centralized port during
the delay to prevent postural mediation. However, later studies showed
this is insuﬃcient for preventing postural mediation (Chudasama &
Muir, 1997; Dudchenko & Sarter, 1992; Herremans et al., 1994; van
Hest & Steckler, 1996). We thus suggest the employment of more engaging motor distractors. Freely-moving animals may be required to
run on a treadmill with obstacles (Asante et al., 2010). Head-ﬁxed
animals could be required to engage in a whole-body motor distractor
(Sofroniew, Cohen, Lee, & Svoboda, 2014).
A complementary approach for minimizing the use of non-mnemonic strategies is to use an enlarged stimulus pool. In the delayed response task employed here, subjects could associate one goal object
with leftward eye position and another with rightward position.
However, if the stimulus pool would have consisted of many diﬀerent
non-spatial goals, each additional stimulus would have required the
animal to employ another motor pattern. The larger the stimulus pool,
the higher the diversity of the motor patterns that must be developed
for eﬃcient bridging, reducing the chances that the animal will adopt a
bridging strategy. As a radical example, Moore et al. (2012) trained
monkeys on a delayed non-match to sample task with 600 diﬀerent
objects. The rationale is that the stimulus pool should be very large,
akin to the dictionary of English nouns used in human STM free recall
and word span tasks (Dudukovic, 2017; Richardson, 2007).
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