
Memory loss in a nonnavigational spatial task after
hippocampal inactivation in monkeys
Patrick A. Forcellia,b,1, Guillermo Palchikb, Taylor Leatha, Jacqueline T. DesJardina, Karen Galea,b, and Ludise Malkovaa,b,1

aDepartment of Pharmacology and Physiology and bInterdisciplinary Program in Neuroscience, Georgetown University Medical Center, Washington, DC 20007

Edited by Leslie G. Ungerleider, National Institute of Mental Health, Bethesda, MD, and approved February 7, 2014 (received for review November 1, 2013)

The hippocampus has a well-documented role for spatial naviga-
tion across species, but its role for spatial memory in nonnaviga-
tional tasks is uncertain. In particular, when monkeys are tested in
tasks that do not require navigation, spatial memory seems
unaffected by lesions of the hippocampus. However, the interpre-
tation of these results is compromised by long-term compensatory
adaptation occurring in the days and weeks after lesions. To test
the hypothesis that hippocampus is necessary for nonnavigational
spatial memory, we selected a technique that avoids long-term
compensatory adaptation. We transiently disrupted hippocampal
function acutely at the time of testing by microinfusion of the
glutamate receptor antagonist kynurenate. Animals were tested
on a self-ordered spatial memory task, the Hamilton Search Task.
In the task, animals are presented with an array of eight boxes,
each containing a food reinforcer; one box may be opened per
trial, with trials separated by a delay. Only the spatial location of
the boxes serves as a cue to solve the task. The optimal strategy is
to open each box once without returning to previously visited
locations. Transient inactivation of hippocampus reduced perfor-
mance to chance levels in a delay-dependent manner. In contrast,
no deficits were seen when boxes were marked with nonspatial
cues (color). These results clearly document a role for hippocampus
in nonnavigational spatial memory in macaques and demonstrate
the efficacy of pharmacological inactivation of this structure in this
species. Our data bring the role of the hippocampus in monkeys into
alignment with the broader framework of hippocampal function.
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Although a role for the hippocampus in navigational spatial
memory has been well documented in many species, in-

cluding humans (1–4), rodents (5, 6), and monkeys (7–9), a role
for hippocampus in nonnavigational spatial memory is less cer-
tain. Because nonhuman primates have a close neuroanatomical
and behavioral homology to humans, they offer a unique op-
portunity to assess the neural substrates of spatial memory using
nonnavigational tasks. However, studies using nonnavigational
spatial tasks with nonhuman primates have found little or no
effect of hippocampal lesions (10–15).
The ability of hippocampal-lesioned monkeys to perform these

tasks without impairment has been explained by the reliance on
a strategy that is not dependent on hippocampus. Whereas the
use of allocentric (world-centered) cues depends on the hippo-
campus, it is thought that the use of egocentric (body-centered)
cues does not. Indeed, it has been suggested that the use of
egocentric cues is supported by extrahippocampal substrates in-
cluding striatum and parietal cortex (15–18).
Following a hippocampal lesion, subjects may learn to resolve

a given task by developing a strategy distinct from that used in
the presence of an intact hippocampus. Several factors may
support this compensatory strategy, including (i) postlesion training
or retraining and (ii) postlesion network reorganization (19–21).
Thus, although lesion studies are useful in documenting altered
function after injury, they cannot directly address the role of the
hippocampus in the uninjured brain.

A technique frequently used in rodents to avoid the adapta-
tions described above is the rapid and reversible inactivation of
a brain region by focal intracerebral drug infusions (e.g., with
drugs that block glutamatergic neurotransmission or enhance
GABAergic neurotransmission). An important advantage of this
approach is the ability to use each animal as its own control in
a repeated-measures design. In monkeys, we (22–26) and others
(27–29) have used this technique to probe functions of several
brain regions, but it has yet to be applied to the hippocampus.
In the present experiments, we infused the glutamate receptor

antagonist kynurenate [KYNA, 100 mM; 1–3 μL per infusion
(30, 31)] bilaterally into the hippocampus of four macaques.
These animals were pretrained to a stable level of performance
on a self-ordered sequencing spatial memory task, the Hamilton
Search Task (32–35), in which the monkey was in a fixed ori-
entation relative to the stimuli within a Wisconsin General
Testing Apparatus. Self-ordered tasks require subjects to moni-
tor self-generated choices from a set of stimuli until each stim-
ulus has been chosen (e.g., refs. 36 and 37). Here, the stimuli
were an array of eight boxes arranged in a horizontal row; the
boxes were identical, except for their spatial position within
the row (Fig. 1 and Methods). As a contrast, we also tested the
animals on a version of the task, in which each box was uniquely
colored (color-cued version), thereby eliminating reliance on
spatial position. At the start of a run, each box was baited with
a single food reward; when the monkey collected all eight
rewards the run was ended. The monkey was allowed to open
one box at a time (boxes snapped shut after release). After each
opening, an opaque screen in front of the monkey was lowered
and then raised again after a delay (either 1 s or 30 s); each
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access to the box array constituted one trial. The optimal strat-
egy, opening each box only once, allows all eight rewards to be
retrieved within eight trials. Returning to a previously opened
box constitutes an error.
After training to criterion (Methods), cranial platforms were

implanted to allow drug to be infused bilaterally into the hip-
pocampus in awake animals (as described in refs. 22–26). Mea-
sures used to assess performance were number of trials needed to
complete a run, number of correct openings in the first eight
trials, and a repetition index (see Methods for calculations).
These values were compared within subjects across treatments
and task conditions.

Results
Performance after KYNA infusion was compared with (i) per-
formance under control conditions (predrug baseline or saline
infusions) and (ii) performance at chance levels (i.e., as if box
selections were purely random; Methods and Table S1). The in-
fusion sites were calculated based on at least one postsurgical
MRI (described inMethods) and were verified by focal infusion of
the MR contrast agent gadolinium (1.5 μL, 5 mM). We found that
the contrast agent generated hypersignal visible in a 3- to 4-mm
region of diffusion confined to hippocampus, which did not ex-
tend into structures dorsal or ventral to the hippocampus (Fig.
1 C and D).

Control Sessions. Performance on control sessions (i.e., no drug
infusion) did not differ as a function of session type (i.e., base-
line, sham infusion, or saline infusion; Fig. S1A) for any per-
formance measure. Similarly, under control conditions (no
drug), performance did not differ as a function of task type or
delay (i.e., spatial with 1-s or 30-s delay or color-cued with 30-s
delay; Fig. S1B). Because performance did not differ across these
different control session types, for each subject we calculated
a single control value that was the mean of the animal’s per-
formance on all control sessions. The mean of these control
values across animals is shown as “control” in Fig. 2 (additional
analyses were performed using control data without baseline
values, limited to saline and sham infusions; as presented in Figs.
S2 and S3, these analyses yielded patterns of deficits equivalent
to those described below). The three experimental conditions
(i.e., spatial with 1-s delay, spatial with 30-s delay, or color-cued

with 30-s delay) were compared with the control condition by
within-subject nonparametric Skillings–Mack test. These data
were also analyzed using a parametric mixed-effects analysis that
also included between-group comparisons (30-s spatial vs. 1-s spa-
tial vs. color-cued; Fig. S3). These statistical evaluations were
made for each of the three performance measures.

Trials to Complete a Run. Under control conditions, animals com-
pleted a run in a mean of 14 trials (i.e., six errors). This perfor-
mance was significantly better than that expected by chance
(21 trials; t = 3.87, df = 3, P < 0.05). Mean run duration (including
response latencies) was 78 s for the 1-s delay condition and 455 s
for the 30-s delay condition.
For the number of trials to complete a run, Skillings–Mack test

revealed a significant difference across conditions (Q = 10.83,
P < 0.001). Planned comparisons showed that KYNA infusions

Fig. 1. (A) Spatial version of the task. (B) Intended infusion sites in the
anterior hippocampus. (C and D) Three- to four-millimeter region of diffu-
sion of MR contrast agent (Methods) shown as hypersignal within hippo-
campus. (E and F) Postmortem MRI and (G and H) histological confirmation
of infusion sites. Arrows indicate cannula tracks in E–H.

Fig. 2. Intrahippocampal infusions of KYNA selectively impair spatial
memory at 30-s delays. (A) Trials to complete a run (i.e., to open all eight
boxes). (B) Number of openings before an error (reopening a box) in a run.
(C) Repetition index (Methods). Each symbol represents an individual animal.
Bars show means + SEM. Control is the average performance for each
monkey collapsed across baseline, sham, and saline sessions. Chance levels
for each measure are shown by the dotted line (see median values in Table
S1). “Spatial” refers to the standard task with all eight boxes visually iden-
tical; “color” refers to the task version, in which each box is marked with
a unique color. *Significantly different from control performance (P < 0.05);
^not different from chance. Symbols used to identify monkeys are as fol-
lows: □, OL; ▽, GZ; ○, TX; and △, LE.
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significantly increased the number of trials to complete a run
when animals were tested on the spatial task with a 30-s delay
(P < 0.05). In contrast, KYNA infusions did not affect perfor-
mance when animals were tested on the spatial task with a 1-s
delay or on the color-cued version with a 30-s delay (P > 0.05).
Mixed-effects analysis also revealed a significant difference
across conditions (F3,7.676 = 8.611, P < 0.01) with Sidak-corrected
post hoc tests showing significant differences between the control
and 30-s spatial condition, and between the 30-s spatial condition
and the 30-s color-cued condition (P < 0.05).
Performance on the 30-s spatial task after KYNA infusion did

not differ from chance (t = 0.71, P = 0.26); in contrast, perfor-
mance remained significantly better than chance for the 1-s
spatial and 30-s color-cued conditions (t = 3.87, df = 3, P < 0.05
and t = 3.46, df = 3, P < 0.05, respectively).

Number of Correct Openings in the First Eight Trials. Under control
conditions, animals made a mean number of 6.1 correct openings
in the first eight trials. This level of performance was significantly
better than that expected by chance (5.3; t = 3.87, df = 3,
P < 0.05).
Skillings–Mack test revealed a significant difference across

conditions (Q = 8.07, P < 0.0001), with post hoc comparisons
indicating impaired performance on the spatial task with a 30-s
delay (P < 0.05) but not with a 1-s delay or on the color-cued
version (P > 0.05). Mixed-effects analysis also revealed a signifi-
cant difference across conditions (F3,7.663 = 6.073, P < 0.05), with
Sidak-corrected post hoc tests showing significant differences
between the control and 30-s spatial conditions.
Performance following intrahippocampal KYNA infusion drop-

ped to chance levels when animals were tested on the spatial task
with a 30-s delay (t = 0, df = 3, P = 1.0).

Repetition Index. The repetition index weighted errors more
heavily when they occurred in close temporal proximity (e.g.,
returning to a box after one intervening trial is “worse” than
returning to a box after two intervening trials). Random box
openings (chance performance) yielded a repetition index of
51.4. Under control conditions the mean repetition index was
19.5, which was significantly lower than expected by chance
(t = 3.87, df = 3, P < 0.05) and reflective of a low rate of revisiting
boxes. Repetition errors in the 30-s spatial task occurred as little
as 30 s apart (opening the same box on two consecutive trials) or
as long as several minutes apart (e.g., separated by eight or
more trials).
Intrahippocampal KYNA infusions caused the repetition in-

dex to reach chance levels, but only when animals were tested on
the spatial task with a 30-s delay (t = 1.46, df = 3, P = 0.12). On
the spatial task with a 1-s delay and on the color-cued version,
animals performed significantly better than chance (t = 3.87, df =
3, P < 0.05 and t = 3.46, df = 3, P < 0.05, respectively). Skillings–
Mack test revealed a significant difference across conditions
(Q = 10.83, P < 0.0001) with KYNA treatment only on the
spatial task with a 30-s delay differing significantly (P < 0.05)
from control. Mixed-effects analysis also revealed a significant
difference across conditions (F3,7.643 = 9.041, P < 0.01), with
Sidak-corrected post hoc tests showing significant differences
between the control and 30-s spatial condition and between the
30-s spatial condition and the color-cued condition (P < 0.05).

Other Observations. Across individual control runs, for the first
selection animals avoided boxes on the ends of the array, instead
preferring boxes in the middle of the array; a similar pattern was
obtained after KYNA infusion (Fig. S4). For openings across the
first eight trials, the monkeys in the control condition showed
fewer back-to-back errors compared with chance (t = 9.4, P <
0.005), reflecting the fact that they had learned not to go back to
the same box (Fig. S5). After KYNA infusion, the mean rate of

the back-to-back openings (across the first eight trials) on the
spatial task with a 30-s delay was equivalent to control but was no
longer different from chance because of increased variability. We
also examined errors as a function of the number of openings
that occurred between two successive visits to a given box. This
showed that the overall error number was significantly increased
after KYNA infusions on the spatial task with a 30-s delay. This
increase in errors was evident with both short (including back-to-
back errors) and long (separated by eight or more trials) intervals
between two successive visits to a box (Fig. S6).
The overall pattern of openings under both conditions was

similar to chance (Fig. S5). In addition, animals did not use a
strategy of left–right alternation on successive trials, either under
control or KYNA-infused conditions (Fig. S7). These data taken
together indicate that the animals did not use a habit-like
strategy, either under control or KYNA-infused condition.
To determine whether our manipulations altered motivation

or motor function, we assessed the latency for animals to open
a box at the start of a trial. KYNA had no effect on response
latency on any of the task variants or delays (Fig. S8; F3,11 = 0.17,
P = 0.9).
In addition to testing with KYNA, one animal was also tested

using the GABAA receptor agonist muscimol (9 nmol) as an-
other means of inactivation (to confirm that the effect we
detected was not specific to the mechanism of pharmacological
inactivation). Muscimol in the hippocampus produced an im-
pairment comparable to that caused by KYNA (Fig. S9); no
impairment was seen after injections of muscimol placed dorsal
to hippocampus.

Discussion
Our data provide previously unidentified evidence for cognitive
impairment in monkeys after transient inactivation of the hip-
pocampus. In particular, we found an impairment in long-term
spatial memory that was task-selective: It was not observed with
a 1-s delay between trials (working memory) or in the presence
of visual cues (colors) that eliminated the dependence on spatial
position. The impairment was evident over delays ranging from
30 s (a single trial) to more than 8 min (an entire run). Impor-
tantly, the inactivation of hippocampus reduced performance to
chance levels.
Unlike the chance-level performance we obtained with acute

drug-induced inactivation of the hippocampus, hippocampal-
lesioned animals typically perform nonnavigational tasks well
above chance, if they exhibit deficits at all (10–13). It has been
argued that egocentric cues allow animals with hippocampal
damage to solve nonnavigational spatial tasks (15, 17). Indeed, in
a study of hippocampal-lesioned animals that had deficits on
a task (spatial memory span task) that most closely matches the
behavior that we examined, the lesioned animals maintained
performance significantly above chance (13). The fundamental
difference between our current study and previous studies is the
use of transient inactivation, which precludes animals from learn-
ing an alternate strategy.
The results we obtained across task variations demonstrate

considerable specificity in the nature of the deficit caused by
inactivation. The absence of deficits in the presence of additional
visual (color) cues indicates that the impairment is selective to
spatial memory, as opposed to a general problem with motiva-
tion, attention, inhibitory control, or memory for a sequence of
objects or task rules. The few hippocampal lesion studies that
detected deficits in nonnavigational spatial tasks have not consis-
tently demonstrated such specificity, with some deficits extending
to nonspatial tasks (13). Moreover, the fact that performance of
our animals at the 1-s delay in the presence of drug was well above
chance indicates that substrates other than the hippocampus, such
as prefrontal cortex, can support spatial memory over short delays
(<30 s). Likewise, the intact performance in the color-cued version
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of the task may be mediated by extrahippocampal substrates that
subserve object recognition memory, such as perirhinal cortex.
This is consistent with studies reporting that damage within peri-
rhinal cortex impairs object recognition memory (38–40).
An important feature of the experimental design in our study

is that the animals were pretrained to criterion on the task before
introducing any intervention in the hippocampus. This is a criti-
cal feature because it has been well documented that the in-
tegrity of the hippocampus is essential for efficient learning in
a variety of cognitive tasks. For example, ibotenic acid lesions
within the monkey hippocampus markedly impaired acquisition
of the delayed non-match-to-sample recognition memory task as
evidenced by a significant increase in both errors and trials to
criterion during training (13), an impairment also observed after
radiofrequency lesions of hippocampus (40); similarly, monkeys
with excitotoxic hippocampal lesions displayed deficits in object
reversal learning and spatial scene learning (41). Learning of
repeated visual sequences has also been found to be impaired in
hippocampectomized monkeys (42), with similar deficits repor-
ted after excitotoxic hippocampal lesions in animals tested in
a delayed recognition span task (13). Interestingly, this impair-
ment was observed across spatial, color, and object versions of
the task (13). The latter deficit resembles that described after
unilateral medial temporal lobe damage in human subjects
tested using the Corsi Block-tapping task and the Hebb Digit
Sequence task, in which the ability to learn a repeating sequence
that is either spatially cued (Corsi) or verbally cued (Hebb) was
impaired by right and left hemisphere lesions, respectively (43).
Our experiments avoided these types of learning deficits by

pretraining the animals to criterion in the presence of an intact
hippocampus. Pretraining has also been suggested (44, 45) to
render monkeys resistant to hippocampal lesion-induced deficits
in visual recognition memory, thereby providing one plausible
explanation for the lack of impairment after hippocampal lesions
in some laboratories (10, 46) and significant impairment in others
(44, 45, 47). The former is consistent with the lack of impairment
we observed on the color-cued version of the Hamilton Search
Task after hippocampal inactivation. This makes the lack of spa-
tial memory we observed after hippocampal inactivation all the
more striking.
The fact that we found that spatial memory performance with

30-s delays fell to chance levels after hippocampal inactivation
indicates that the task performance normally relies fully on
a hippocampal-dependent (presumably allocentric) strategy, and
that other mechanisms for spatial processing, such as parietal
cortex (for review see ref. 18), are not sufficient to support
performance without hippocampal processing. However, be-
cause parietal spatial representations seem to function over
relatively short delays (48, 49), it is possible that this mechanism
may support performance in parallel with the hippocampus on
the 1-s delay version of the Hamilton Search Task, which was not
impaired in our study.
The Hamilton Search Task was originally used without the use

of intertrial delays, to assess search strategy (32, 35), a function
that has been associated with frontal cortex (36, 37). The first
experimental manipulations in the Hamilton Search Task were
in monkeys with large frontal lesions, which showed impairment
in applying searching strategy compared with control animals
(35). This is similar to the self-ordered pointing task used in
humans by Petrides and Milner (36), where participants with
either large temporal or frontal lesions displayed impairment in
self-ordered sequencing within an array of visual stimuli. The
results of our present study, which included 30-s delays, indicate
that this task is also effective for assessing long-term spatial
memory. This is consistent with the report of Levin and Bowman
(33), who found that systemically administered scopolamine
impaired the performance of monkeys on the Hamilton Search

Task with 20-s delays. Thus, the Hamilton Search Task seems to
be an especially sensitive probe for hippocampal function.
During inactivation of the hippocampus, the impairments we

have observed are most likely a result of the loss of the ability to
keep track of the relative position of a given box with respect to
the other boxes in the array. This is supported by the observation
that specific neurons in the monkey hippocampus selectively
respond to rewards located in particular locations within a scene
(50, 51) and by the finding that neurons in the human hippo-
campus show object-place coding (52). This process may sub-
serve the mapping of allocentric cues with respect to each other
and/or with respect to egocentric space. However, the particular
spatial cues used by the monkeys to resolve the task cannot be
deduced from our results. In humans, the hippocampus has been
shown to be engaged when subjects make a sequence of re-
membered turns in a virtual starmaze (53). This response was
localized to the left hippocampus, whereas the right hippocam-
pus was engaged by navigating based on relative position within
the maze. This suggests that the hippocampus in humans may
contribute to both egocentric and allocentric spatial processing in
a hemisphere-specific manner (53). Although compelling, these
observations do not offer insight into whether or not the integrity
of hippocampus is necessary for performing both types of spatial
processing. The lesion data in both humans and animal models
clearly point to allocentric spatial orientation requiring hippo-
campus (2, 4, 5, 7, 54), but there is no similar evidence for ego-
centric spatial orientation. The pharmacological inactivation
approach that we have used will be an effective way to directly
assess questions about the role of hippocampus for egocentric vs.
allocentric spatial processing using tasks in which egocentric and
allocentric representations can be individually manipulated.
Our data provide compelling evidence that the role of the

hippocampus in primates is not limited to spatial processing in
tasks that require navigation, but is also a critical mediator of
spatial memory in nonnavigational tasks. Although preferred be-
havioral strategies may differ across taxa (55), the fundamental
processing and functions of a structure seem to be highly con-
served. Our data bring the role of the hippocampus with respect to
spatial memory processing in the nonhuman primate into align-
ment with observations of hippocampal function in spatial mem-
ory in other species, including humans. The robust deficits in spatial
memory we obtained by blocking glutamate-mediated transmission
in a circumscribed region within the hippocampus demonstrate that
pharmacological inactivation of the nonhuman primate hippo-
campus is a viable technique for assessing the function of this
structure. These data open the door to further explore the role of
the hippocampus in the intact primate brain for processing
spatial relationships in nonnavigational settings.

Methods
Animals. Four adult macaques aged 3–7 y (two rhesus, OL and GZ, and two
pigtail, TX and LE) were used. Monkeys were pair-housed in a room with
regulated lighting (12 h light/dark cycle) and maintained on primate Lab
Diet (5049; PMI Nutrition International) supplemented with fruit and vege-
tables. Water was available for ad libitum consumption. This study was
conducted with approval of the Georgetown University Animal Care and
Use Committee.

Animal History. All monkeys were previously tested on object-based tasks. OL
had received microinjections in substantia nigra, superior colliculus, and
orbitofrontal cortex (23, 24, 26). GZ had received microinjections in amyg-
dala and superior colliculus. TX had received microinjections in orbitofrontal
cortex (23), piriform cortex, amygdala, and substantia nigra. In the present
study, TX was first tested with two injection sites per hemisphere based on
our experience in another brain region (perirhinal cortex). After achieving
a behavioral effect, we examined the efficacy of a single injection site to
determine whether this would be sufficient to achieve the same effect in this
animal. Because the behavioral effect with a single site was comparable to
that with two sites, all subsequent experiments with this animal (and all
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experiments in the other animals) were conducted using a single site
per hemisphere.

Materials. Apparatus. The testing board (Fig. 1A) consisted of a linear array of
eight boxes attached to a base plate (33). Each box measured 87 × 63 × 32
mm and was made of black plastic with gray metal lids for the spatial-only
version. The lids were painted red, blue, white, green, orange, purple, yel-
low, or black for the cued version. A spring hinge connected the lid to the
box, such that the box only remained open while held open by the subject.
The apparatus was produced to our specifications by Elmeco Engineering.
Reinforcers. At the start of each session, all eight boxes were baited with
a food reward (e.g., a fruit snack, a piece of dried fruit or nut, or a small piece
of candy), and the choice of reinforcer was consistent within a session.
Training.Animals were trained by approximation to open boxes. On initial test
days, animals were allowed to remove fruit snacks from the tops of the boxes,
and next from boxes held open by the experimenter. The box openings were
made progressively smaller until animals began spontaneously opening them
and retrieving rewards. After animals reliably retrieved a reward within 30 s
of being granted access to the test board, daily testing sessions commenced.

During each session, animals were typically tested on two back-to-back
runs separated by at least 5 min. Delay and task version were counter-
balanced within a session to avoid any order effect. During each run animals
were presented with the testing board (either spatial-only or color-cued
versions) and tested at one of two delays (1 s or 30 s). Only the 30-s delay was
used for the color-cued version of the task. One animal (OL) was not tested on
the cued version of the task because it was introduced only after this animal
completed testing and was no longer available for further testing. After
animals completed the test session (by opening all eight boxes) they were
rewarded with several additional fruit snacks. All animals were first tested on
the spatial-only version of the task. After several weeks of testing, the cued
version was introduced. Animals were tested daily (up to five times per week)
until they reached criterion. Criterion performancewas assessed by taking the
average (for three runs) of the inverse of trials to complete, using a sliding
window over a 10-run period. All task types were used when evaluating
criterion performance. Criterion was defined as more than 87% of these
values exceeding chance, with coefficients of variation below 0.3 over the
10-run period. Criterion was met after a mean of 35 sessions.

Surgical Procedures. Each monkey was implanted with a stereotaxically po-
sitioned chronic infusion chamber, which allowed a removable injector, fitted
with an infusion cannula of adjustable length, to be inserted into pre-
determined sites in the brain. We have previously described in detail the
approach, the chamber, and the surgery (22–26). Briefly, a chamber made of
polyoxymethylene (Helm Tech Machining Inc.) was implanted during aseptic
surgery. A removable grid allowed injections spaced at 2-mm intervals in the
anteroposterior and mediolateral planes. Adjustments to the length of the
injection cannula set the dorsoventral position of the infusions. The cannula
was inserted using a custom-built telescoping injector (22), allowing for the
27-gauge stainless steel infusion cannula to be positioned at the desired
intracerebral sites.

Postoperative MRI. Postoperatively, each monkey received one or more
T1-weighted scans to determine and/or verify the coordinates for the infusion
sites. Scans were conducted as previously described (23) with an effective
resolution of 1.0 × 1.0 × 1.0 mm. To calculate infusion site coordinates,
tungsten microelectrodes were inserted through the infusion grid with the
tip of the electrode placed ∼2–10 mm above the intended site. Based on the
position of the tip of the electrode on the MRI scan, the final coordinates for
the drug infusions were adjusted with respect to the coordinates of the
infusion grid.

MRI Verification of Tissue Volume Reached by Infusion. To verify the volume of
diffusion of the infused solution, we infused 1.5 μL of an MRI contrast agent,
gadolinium (5 mM gadopentetic acid; Magnevist; Fig. 1 C and D), as we have
previously described (24).

Intracerebral Microinfusions. As shown in Fig. 1B, hippocampus was targeted
bilaterally for microinfusion. KYNA (glutamate antagonist, 100 mM), mus-
cimol (GABAA agonist, 9.0 nmol in 1.0 μL), or sterile saline (1.0 μL of 0.9%
NaCl solution) was infused into the brain of the awake animal while it was
seated in a nonhuman primate chair (Crist Instrument Company).

Sterile drug solutions (1.5–2.0 μL) were infused at a rate of 0.2 μL/min
using a pump-driven syringe, connected by polyethylene tubing to the
cannula, as previously described (22–26). One or two sites per hemisphere

were infused, producing a radius of inactivation covering at least the 3–4
mm of diffusion seen after gadolinium infusion.

Sham sessions involved cleaning the cranial implant, placing the grid into
the chamber, and activating the pump without inserting cannulae.

At least 48 h were allowed to elapse between experimental sessions in an
individual subject.

Perfusion and Histological Confirmation of Infusion Site. Animals (TX, GZ, and
LE) were anesthetized with ketamine (5–10 mg/kg, i.m.) followed by sodium
pentobarbital (25–50 mg/kg, i.v.) and perfused according to the methods we
have previously used (22). The formaldehyde-fixed brain was removed from
the skull and postfixed overnight in 4% (wt/vol) paraformaldehyde, 10%
(vol/vol) glycerol, and 2% (vol/vol) DMSO in 0.1 M phosphate buffer then
transferred for up to 6 d into 20% (vol/vol) glycerol and 2% (vol/vol) DMSO in
0.1 M phosphate buffer. After cryoprotection, the brain was scanned (de-
scribed below) then frozen and sectioned (40-μm sections) on a freezing-
stage sliding microtome (860; American Optical). Sections were processed
and stained with thionin as previously described (22). Examples of cannula
tracks in the hippocampus are presented in Fig. 1 G and H.

Postmortem MRI Confirmation of Infusion Sites. Cryoprotected brains were
wrapped loosely in paper towel moistened with cryoprotectant and placed
into a plastic bag. The brainwas centered in a 72-mm transmit/receive volume
coil within a 7-Tesla Bruker Biospin magnet running Paravision 4.0. The brain
was imaged using a TURBO-RARE sequence (TE = 12 ms, rare factor = 8,
TR =1,400 ms) with four averages. The in-plane resolution was 0.25 mm with
0.5-mm slice thickness. Examples of cannula tracks visible on the scan are
presented in Fig. 1 E and F.

Data Analysis. Chance performance. Chance performance (Table S1) was cal-
culated by Monte Carlo simulations with the following parameters: Each box
had an equal and random probability of being selected on a given trial and
data were generated for a maximum of 40 trials regardless of the state of
task completion. The sequences of box openings were scored for the same
measures above and chance performance was defined as the mean response
from 2,000 simulations.
Primary measures. Data were analyzed as described by Levin and Bowman (33)
using three measures of behavior: the number of trials needed to complete
the task, the number of correct openings in the first eight trials, and a rep-
etition index. The last measure (modified from Levin) was calculated ac-
cording to the following formula: sum of the inverse of the number of trials
that had elapsed between successive openings of a box, multiplied by 10.
This temporally weighted index thus penalized errors more severely if they
occurred closer together. For example, opening box 1, then box 2, then
returning to box 1 (one box opening before returning to box 1) is a “worse”
error than opening box 1, then box 2, then box 3, then returning to box 1
(two box openings before returning to box 1). Whereas the number of errors
is reflected in each of these measures, each measure also offers additional
information. Trials to complete provided an overall index of performance,
number of correct openings in the first eight trials reflects performance early
in a session (at a point when the task is easier owing to less interference
from within-session openings), and repetition index reflects the number of
errors and the severity of the errors (i.e., errors occurring at short delays are
“worse” because they should suffer from less interference and less “for-
getting”). Error rate as a function of severity is also examined in Fig. S6.
Supplementary behavioral measures. To determine whether the animals used
a specific habit-like strategy to solve the task under control conditions, we
assessed the distribution of box openings on the first trial (Fig. S4) and the
distance between successive box choices across all trials (Fig. S5). For these
purposes, boxes were assigned numbers 1 through 8 (left to right, from the
experimenter’s point of view). The distance between choices was calculated
according to the formula

jan+1 − anj, where a= the  number  of  the  box  opened  and  n= the  trial 

number  for  n→n+8:

We also assessed the degree to which animals adopted a strategy of
alternation or nonalternation. This was calculated according to the formula

X

x<0

, where x = f½ðan+1 − anÞ=ðjan+1 − anjÞ� p ½ðan+2 − an+1Þ=ðjan+2 − an+1jÞ�g 

for  n→n+8:

Analysis of search strategy under control conditions indicated that animals
did not adopt a nonspatial habit strategy (Figs. S4–S7).
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Statistics. Data were analyzed using a repeated-measures ANOVA (Green-
house–Geisser corrected for violations of sphericity) in SPSS or GraphPad
Prism, by the Skilling–Mack test in Stata, and by a mixed-effects analysis in
SPSS. The Skillings–Mack test is an extension of the nonparametric Friedman’s
test that allows for missing values. This was chosen because one animal (OL)
was not available for testing on the cued version. In all cases, planned com-
parisons were corrected for multiple comparisons using the method of Sidak.
Sidak-corrected planned comparisons (control vs. each of the infused con-
ditions) were performed as recommended by Conover (56). For analyses
presented in Fig. S3 (comparing performance on each task type to the task-
type-specific control values), we used a mixed-effects approach (task type

within treatment as a repeated measure and monkey as a random effect)
with Sidak-corrected post hocs. To evaluate performance relative to chance,
data were assessed using rank-transformed (56), one-sample, one-tailed t
tests, against chance level for a given parameter. P < 0.05 were considered
statistically significant.
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