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Abstract
We examined the role of the hippocampus in list-memory processing. Three rhesus monkeys that
had extensive experience in this task and had demonstrated full abstract-concept learning and
excellent list memory performance (Katz et al., 2002; Wright et al., 2003) received bilateral
neurotoxic hippocampal lesions and were re-tested in the serial list memory task. Effects of delays
on memory performance were measured in all monkeys, whereas the effects of proactive
interference were assessed in only one. Despite a slight change in performance of one of the three
animals during re-learning of the same/different task, selective hippocampal damage had little or
no effects on list memory accuracy. In addition, the hippocampal damage did not impact serial list
position functions (SPFs) but slightly altered the dynamic of the SPF curves. Finally, even more
remarkable was that accurate memory performance of one animal remained intact despite the use
of small set size of 8 items that created high proactive interference across lists thereby eliminating
any use of familiarity judgments to support performance. Together the findings indicate that, with
short list items and extensive training in the task (i.e., reference memory), monkeys with selective
hippocampal lesions may be able to use alternative memory processes (i.e., working memory) that
are mediated by structures other than the hippocampus.
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1. Introduction
Over the past decade, the contributions of the hippocampus and medial temporal lobe cortex
to recognition have generated a host of studies in many species, but at the current time the
specific role of each of these brain structures remains heavily debated. An example is
provided by the recent issue of the journal “Hippocampus” (2010, vol. 20) exposing the
different views fueling this debate. One of the reasons this controversy has lasted so long is
the disagreement over how to measure hippocampal and cortical contributions to recognition
memory. Recognition memory in humans is commonly assessed with list learning tasks in
which participants study a set of stimuli (pictures of objects, visual patterns, faces, or
words), and after a delay, judge whether the stimuli are familiar (included in the list) or new.
Studies on human amnesic patients with damage to the hippocampus or adjacent cortical
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areas (Aggleton and Shaw, 1996; Bowles et al., 2007; Holdstock et al., 2002; Mayes et al.,
2003; Mishkin et al., 1998; Reed et al., 1997; Stark et al., 2002; Vargha-Khadem et al.,
1997) and functional imaging studies (Yonelinas and Parks, 2007; for reviews, see
Eichenbaum et al., 2007; Skinner and Fernandes, 2007; Wais, 2008) have suggested that the
hippocampus is involved in recognition memory only when participants fully recollect the
items (i.e., the items and all other information associated with the items, such as whether the
words were shown in red or green or the pictures were emotionally positive or negative), but
not when they simply used familiarity judgments (was the item in the list or not?), which are
supported by the medial temporal cortical areas. Another view, however, proposed that the
strength of the memory traces is the critical attribute such that memory traces with strong or
weak memory load may require the hippocampus and medial temporal cortex, respectively
(Squire et al., 2007; Wixted et al., 2010).

Animal studies have attempted to resolve this disagreement but without convincing success
so far. For example in monkeys, recognition memory has generally been investigated using
delayed matching-to-sample (DMTS) or delayed nonmatching-to-sample (DNMTS) tasks in
which the animal has to indicate which of two stimuli has been seen earlier by choosing
either the familiar (match) or the novel (nonmatch) stimuli presented together during a
choice test. Generally, these tasks employed a large pool of stimuli (500 to thousands).
Memory is then further assessed by increasing the delays between the sample presentation
and the choice or by increasing the list of items to be remembered. Using these tasks, lesion
studies have provided conflicting results. Thus, whereas some studies have reported
recognition deficits at the long delays or long lists following selective hippocampal lesions
(Beason-Held et al., 1999; Zola et al., 2000), others found no impairment (Baxter and
Murray, 2001; Murray and Mishkin, 1998; Nemanic et al., 2004). One potential limitation
with the nonhuman primate studies is that the DMTS and DNMTS paradigms may rely on
memory processes different from those that support the list memory tasks in humans (see
Nemanic et al., 2004). The memory processes supporting DNMTS performance could
include familiarity judgment, working memory, or retrospective processing, which could
recruit brain areas other than the hippocampus, such as the medial temporal and prefrontal
cortices known to be critical for normal performance on DNMTS tasks (Bachevalier and
Mishkin, 1986; Brown and Aggleton, 2001; Ennaceur et al., 1996; Fahy et al., 1993; Gaffan
and Murray, 1992; Kolb et al., 1994; Meunier et al., 1993; Miller et al., 1996; Murray and
Bussey, 1999; Nemanic et al., 2004; Pihlajamaki et al., 2004; Simons and Spiers, 2003;
Suzuki et al., 1993; Xiang and Brown, 2004).

In an attempt to investigate further the reasons for this disagreement and enable better
comparisons with results from the human literature, the present study employed a serial list
memory task similar to that used in humans (Wright et al., 1985) to re-assess the effects of
selective hippocampal lesions on recognition memory in monkeys. In this task, animals are
presented with a short list of items on a computer monitor followed by a probe test. The
probe test presents either an item seen in the list or a new item together with a white
rectangle. To receive a reward, the animal has to touch the item on the screen if it was an
item of the list or touch the white rectangle if the item was new. The serial list memory task
offers several advantages relative to the previous matching tasks. First, as compared to the
DNMTS task in which both the familiar and new items are present together on the screen
during the animal’s selection (familiar versus novel), the serial list memory task presents
only one item necessitating a “yes/no” or “same/different” response. Thus, the forced-choice
response in the DNMTS task may favor the use of familiarity/novelty judgment that are
more dependent upon the medial temporal cortex to the detriment of same/different
relational representations and retrieval strategies, which depend more heavily upon the
hippocampus (Damasio et al., 1985; Eichenbaum et al., 1989, 2007; O’Keefe and Nadel,
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1978; Rudy and Sutherland, 1989, 1992; Shapiro and Olton, 1994; Sutherland and Rudy,
1989).

Another important advantage of the serial list memory task over the DNMTS in the
investigation of the participation of the hippocampus in recognition memory is that the list
memory task can better dissociate different memory processes. In a previous study
comparing serial list memory abilities in pigeons, monkeys and humans, Wright et al. (1985)
demonstrated that the typical serial U-shaped position function with good (long-term)
memory of the first list items (primacy effect) and a good (short-term) memory of the last
list items (recency effect) normally found in human studies was also present for pigeons and
monkeys. Furthermore, the authors demonstrated that in those three species, the shape of the
serial-position function changed with varying the retention intervals between the end of the
list and the probe test. That is, at short retention delays, recognition memory increased
monotonically with better memory for the last items of the list; for intermediate delays, the
serial list curve had U-shape functions with better memory for the first and last items than
for the middle ones; lastly, for long retention delays, recognition memory decreased
monotonically with better memory for the first items of the list. The authors suggested that
these dynamic changes in serial-position functions reflect the participation of two or more
memory processes. This conclusion is strengthened by the numerous demonstrations
showing that the primacy and recency effects can be independently altered. Variables that
selectively affect the recency effect include: moderate to long retention delays (e.g.,
Gardiner, 1974; Glanzer and Cunitz, 1966; Postman and Phillips, 1965; Roediger and
Crowder, 1976; Wright et al., 1985); auditory vs. visual modality of stimulus presentation
(e.g., Crowder, 1986; Crowder and Morton, 1969; Murdock, 1966; Wright, 2007); and
knowledge about the end of the list (Watkins and Watkins, 1974). Variables that selectively
affect the primacy effect include: fast presentation rates (Glanzer and Cunitz, 1966), long list
lengths (Murdock, 1962), very short retention delays in single-item recognition tasks
(Wright et al., 1985), alcohol intoxication (Jones, 1973), and mental retardation (Belmont
and Butterfield, 1971).

Interestingly, there exists also neuropsychological evidence to support this functional
dissociation of memory processes in serial list learning task. Thus, different brain areas seem
to independently support the primacy and recency effects. The prefrontal cortex known to be
critical for working memory processes and perirhinal cortex known to mediate short term
memory have been associated with the recency effect (Barker and Warburton, 2011;
Goldman-Rakic, 1987; Kesner, 1985; Saffran and Marin, 1975; Warrington et al., 1971;
Warrington and Shallice, 1984; Weiskrantz, 1987), whereas the hippocampus has been
associated with long-term (primacy) memory (e.g., Baddeley and Warrington, 1970;
Hermann et al., 1996; Hopkins and Kesner, 1995; Hopkins et al., 1995; Kesner, 1998;
Kesner and Novak, 1982).

The advantages provided by the serial list learning task over the DMTS and DNMTS offers
an improved method with which to assess the role of hippocampus in recognition memory.
More importantly, task manipulations, such as length of the delays and magnitude of the
proactive interference across list items, may inform recent theories concerning the precise
role of the hippocampus in recognition memory (see reviews of the current neural models in
the review Hippocampus, 2010, vol. 20). Therefore, in this study, three rhesus monkeys with
extensive experience in a serial list memory task were used (Katz et al., 2002; Wright et al.,
2003). All monkeys had demonstrated full abstract-concept learning and excellent list
memory performance before receiving bilateral neurotoxic lesions of the hippocampal
formation. After recovery from surgical procedures the monkeys were then re-tested in the
serial list learning task.
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2. General methods
All procedures were approved by the Animal Care and Use Committee of the University of
Texas Health Science Center at Houston in Houston, TX and carried out in accordance with
the National Institute of Health Guide for the Care and Use of Laboratory Animals. All
efforts were made to minimize the number of animals used, as well as any pain and
suffering.

2.1. Subjects
Subjects were three, 6–12 year-old, rhesus monkeys (Macaca mulatta) of both sexes,
weighing 5–12 kg (Cuba, Gracie, and Slim). They were housed individually and maintained
on a 12:12h light–dark cycle. Multi-vitamins were given daily and fresh fruit weekly. All
three monkeys received presurgical training on a two-item same/different task and then list
memory (Katz et al., 2002; Wright et al., 2003). Experimental training sessions were
conducted 5–7 days a week. On testing days, access to food (Purina Monkey Chow) and
water in their home cages was restricted about 15 h before testing. On non-testing days, they
had accessed to food and water ad libitum. Additionally, vegetable and fruit supplements
were provided at the end of each week. All monkeys were first trained on the same/different
task and then received a transfer test to assess same/different concept learning, followed by a
list memory task to measure serial position functions. After this training, all animals
received bilateral neurotoxic (ibotenic acid) lesions of the hippocampal formation. After
recovery from the surgical procedure, they were re-trained on the list memory task, as
described below.

2.2. Apparatus
2.2.1. Chamber—Monkeys were tested unrestrained in one of two identical (47.5 cm wide
× 53.13 cm deep × 66.25 cm high) custom aluminum test chambers (see Bhatt and Wright,
1992 for further details). A fan (Dayton 4C440, Niles, IL) located in the ceiling of the
chamber, provided ventilation and white noise. Bio-Serv banana pellets (300 mg) were
dispensed (model # ENV-203–300 MED Associates, Inc., Georgia, VT) into a pellet cup
(5.6 cm diameter and 2.5 cm deep) that was 10 cm from the left edge and 52.5 cm from the
top edge of the front panel. Tang orange drink was delivered (model #71215 Honeywell,
Inc., New Britain, CT) through a juice spout that was 10 cm from the right edge and 42.5 cm
from the top edge of the front panel. Touches to a computer monitor were detected by an
infrared touch screen bezel (model # 81009703-01 Carroll Touch, Round Rock, TX). The
bezel fitted snugly within a 40 cm × 33.75 cm cut-out in the front panel that was centered
9.38 cm from the top of the operant chamber. Touch responses were directed by a Plexiglas
template (32.5 cm × 40 cm) with cut-outs matching the size and location of the stimuli.

2.2.2. Stimuli—Travel-slide color pictures were digitized via a Howtek Photomaster
(87RU) camera and a Truevision TARGA-16 processing card in a 256 × 256 resolution.
Stimuli were presented on a 39 cm color monitor (Eizo FX-C6; Ishikawa, Japan, 600 × 480-
pixel resolution). Stimulus displays consisted of two travel-slide color pictures (each 13.75
cm × 9.7 cm) and a white rectangle (6.25 cm × 5.6 cm) on a black background. The pictures
were vertically aligned with a 3.4 cm gap between them. The top picture was centered 20.63
cm from the left edge and 18.75 cm from the top of the front panel. The bottom of the white
rectangle was horizontally aligned with the bottom of the lower picture with a 3.7 cm gap
between them. A set of 432 travel slides was used in these experiments (for the complete set
of stimuli see Wright and Katz, 2006).

2.2.3. Experimental control—Experimental events were controlled and recorded via
custom software written in Visual Basic on a Pentium personal computer. A video card
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(Appian Jeronimo J2 Advanced Graphics Accelerator) controlled the monitor. A computer-
controlled relay interface (model # PI0-12, Metrabyte, Taunton, MA) operated the juice
valve and pellet dispenser.

2.3. Pre-surgical training procedures
Detailed description of data obtained on presurgical training procedures has been published
(Katz et al., 2002; Wright et al., 2003). Table 1 summarizes the presurgical training history
for each monkey as well as the number of sessions they received for each phase.

Briefly, monkeys were first trained to retrieve banana pellets (Noyes 300 mg) from the food
cup and drink Tang orange juice from the juice spout. Responses to the video monitor and
touch screen were shaped by successive approximations to a white rectangle positioned at
the right bottom corner of the screen (later to become the different response area) and
another white rectangle (13.75 cm × 9.7 cm) placed in the position where the lower picture
will appear on each trial. These two rectangles appeared on separate trials and were
randomly and equally presented over a 100-trial session. A single touch to the white
rectangle was followed by a 1.1 s, 660 Hz tone.The rewards were either food (1 pellet,
delivered simultaneously with the tone) or juice (3–5 cm3, delivered 1 s after the tone) and a
15 s intertrial interval (ITI) followed reinforcement. Once a monkey was consistently
responding (1–5 sessions), same/different (S/D) training began.

2.3.1. Same/different training—Eight pictures were used for S/D training. They were
arranged in 64 pairs (8 “same” and 56 “different”) and each session consisted of 100 trials
(50 “same”/50 “different”). For Gracie and Slim, a trial began with presentation of the two
pictures (one above the other) and the white rectangle. If the two pictures were the same, a
touch response to the lower picture was rewarded. If the two pictures were different, a touch
response to the white rectangle was rewarded. For Cuba, a trial began with presentation of
the upper picture (sample stimulus) only. Initially, the monkey was required to touch the
picture once, before the two pictures appeared on the screen. Then, the number of touches to
the sample picture was progressively increased to a maximum of 10 touches. Only correct
choices were rewarded and starting on the fifth training session, incorrect choices were
followed by a repeat of the incorrect trial (correction procedure). Training continued until
performance was 80% or better on three consecutive sessions. The correction procedure was
then removed and training continued until the same criterion was met. Whereas Cuba
learned the task in 35 sessions (100 trials/session), neither Gracie nor Slim learned the same/
different task in the limit of testing, i.e., 250 sessions (Katz et al, 2002). Slight modifications
were done on the task to allow Gracie and Slim to learn the same/different task. Both
monkeys received additional sessions (54 and 30 sessions, respectively) in which the sample
stimulus remained on the screen for a fixed-time period before the choice test was presented.
The length of time that the upper picture remained on the screen was made equivalent to the
average time required by Cuba and two other monkeys (see Katz et al., 2002) to touch 10
times the sample picture. Gracie learned the S/D with the fixed-time procedure, but Slim did
not. Slim received an additional 26 sessions during which he was required to touch 10 times
the sample stimulus before the choice test was presented (as did Cuba).

2.3.2. Transfer testing—Following S/D training, all three monkeys received six
consecutive transfer test sessions to assess abstract-concept learning. Like training, each
transfer session had 100 trials. They received 10 transfer trials (5 “same” and 5 “different”)
consisting of novel stimuli pseudo-randomly intermixed with 90 baseline training trials (45
“same” and 45 “different”) consisting of the same 8 pictures used in the S/D training. The
set size was then progressively increased from 8 to 16, 32, 64, and 128 pictures. Transfer
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tests were conducted after reaching the performance criterion following the 32, 64, and 128
set sizes.

2.3.3. List-length and retention delay training—List-length training began with one
list item. The upper image was presented and after 10 touches, the list item disappeared for 1
s, following which the lower picture and the white rectangle appeared on the screen.
Monkeys received 100 trials per session until reaching the criterion of 85% correct or better.
The list was then extended progressively to 2, 3, 4, 6, 8 and 10 items. The inter-stimulus
interval (ISI) and the delay between the last item of the list and the probe item were 1 s. The
training set size was increased from 128 items to as many as 432 items during this training.

Following list-length expansion training, monkeys were returned to training and testing with
a list length of 4 items. Again list items were presented for 1 s, 1 s ISI, and a 1 s retention
delay was interposed between the last list item and the probe item. After performance
stabilized with this procedure, retention delays of 0, 1, 2, 10, 20 and 30 s were tested in a
block design. Each block consisted of six sessions of 32 trials (16 same/16 different) each
with the retention delay fixed. The serial position of the matching picture on same trials was
counterbalanced and randomized within each session. Two sessions, with different retention
delays, were tested daily. One delay was short (0, 1 and 2 s) and one was long (10, 20 and
30 s). The order (short, long) was counterbalanced over successive six session blocks. Each
delay was selected randomly with the constraint that each delay occurred once within a
block. Training items were unique in a session. Training continued until performance was
accurate and the serial position functions were stable over several days of testing.

3. Experiment 1
To investigate the role of the hippocampal formation on the retention of S/D abstract-
concept learning and on the shape and time-course of serial position functions, the three
animals received MRI-guided neurotoxic lesions of the hippocampal formation bilaterally,
and, following recovery, were re-tested on the “S/D” and list memory tasks.

3.1. Methods
3.1.1. Neuroimaging procedures—Briefly, one to three weeks prior to surgery, each
subject was placed in a non-ferromagnetic stereotaxic device (Crist Instruments, Co., Inc.,
Damascus, MD), and received a T1-weighted, structural MRI scan through the entire brain
at 1 mm slice intervals in the coronal plane (see Nemanic et al., 2002 for details). These
high-resolution images were used to create an individual atlas for each monkey from which
the coordinate values for each neurotoxin injection site for the hippocampal lesion were
calculated.

The hippocampal lesions were produced by injections of ibotenic acid and were intended to
include all ammonic fields, the dentate gyrus, and subicular complex. For each monkey,
MRI coordinates (i.e., anterior–posterior, medial–lateral, dorsal–ventral) of the injection
targets were taken through the entire rostral–caudal extent of the structure. For the posterior
two-thirds of the hippocampal formation, one coordinate was selected per MR image (every
millimeter) to target the center of the hippocampus body. For the most anterior portion of
the hippocampus, where the uncus was clearly visible, two coordinates were taken per
image, one to target the body of the hippocampal formation (lateral) and one to target the
uncus (medial). The MRI coordinates for the selected injection sites were then converted
into stereotaxic coordinates relative to the stereotaxic point zero. A total of 11–12 injection
sites were selected per hippocampus, 9–10 sites were spaced 1.5 mm apart, through the body
of the hippocampal formation, and 2 additional sites were spaced 1.5 mm apart, at the uncus.
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3.1.2. Surgery—All surgical procedures were carried out under deep anesthesia (7:3
mixture of ketamine hydrochloride, 100 mg/ml, and robinul 0.2 mg/ml, 0.1 ml/kg i.m.),
followed by isoflurane inhalation (2% to effect) using aseptic conditions. The anesthetized
animal was repositioned in the stereotaxic apparatus for the hippocampal lesions. Heart and
respiration rates, blood pressure, expired CO2, and body temperature were monitored
throughout the procedure.

Following disinfection (Nolvasan solution) of the scalp and application of local anesthetic
(Marcaine 25%, 1.5 ml) along the incision line, the skin was cut from the orbit to the
occiput, and the connective tissue and temporal muscles were gently retracted and the dura
cut.

To access the injection sites, a bone flap was made on the top of the skull and small slits
were cut in the dura over the location of the injection sites. Injections were performed
simultaneously in the left and right hemispheres. The needle of the 10 µl Hamilton syringe,
held in a Kopf electrode manipulator (David Kopf Instruments, Tujunga, CA), was slowly
lowered to each injection site and a total of 1.5–2.4 µl of ibotenic acid (Regis Chemical,
Morton Grove, IL, 15 mg/ml in PBS, pH 7.4) was injected at each site at a rate of 0.2 µl/min.
A 5 min delay was imposed before retraction of the needle to permit diffusion of the
neurotoxin and minimize its spread along the needle track. The needle was then swabbed to
remove any residual neurotoxin, and repositioned and lowered to the next injection
coordinate.

When the injections were completed, the dura openings were sewn, and all tissues were
closed in anatomical layers. To minimize brain swelling, all operated animals received an
intravenous drip of 30 ml of mannitol (20%, delivered at a rate of 1 ml/min) before
beginning the final injection.

Beginning 12 h prior to and continuing for one week after surgery, all operated monkeys
were treated with dexamethazone sodium phosphate (0.4 mg/kg, i.m.) and Cephazolin
(Bristol-Myers Squib, 25 mg/kg, i.m.) to reduce inflammation and protect against infection,
respectively. For 3 days after surgery, the monkeys also received an analgesic
(acetaminophen 10 mg/kg, p.o.).

3.1.3. Lesion assessment—Seven to ten days after surgery, all monkeys received a
second MRI procedure, including a high resolution T1 and a Fluid Attenuated Inversion
Recovery (FLAIR) scans to visualize areas of increased water density induced by cell death
at the injection sites. The post-surgical scanning procedures have been shown to provide a
rapid and accurate way to quantify lesion location and extent after neurotoxin infusion
(Málková et al., 2001; Nemanic et al., 2002). In one case (Gracie), the extent of damage was
minimal on the left side and so a second surgery was performed 1 month later during which
ibotenic acid was injected unilaterally at 8 sites along the spared hippocampus. A second
FLAIR, one week later, confirmed the additional damage by the ibotenic acid to the left
hippocampus.

All three monkeys died during Tropical Storm Allison, thus, hypersignals observed onto
post-surgical FLAIR images were the only means to examine the location and extent of
damaged areas. However, estimation of the extent of hypersignals was shown to provide a
good estimate of the extent of cell loss observed histologically and to correlate with the
amount of volume reduction observed months after surgery (r = 0.893, p< 0.005; Málková et
al., 2001; Nemanic et al., 2002). For each animal, FLAIR images were matched with
digitized drawings of coronal sections at 1 mm intervals through a normal monkey brain.
The extent of hypersignals on each image was drawn on each coronal section of the normal
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monkey. Using Scion Image® software, the extent of hypersignals seen within the
hippocampal formation as well as in adjacent structures was measured on each section and
percent damage for each structure (as compared to the normal brain) was calculated. For
Gracie, which received ibotenic acid injections in two stages in the left hemisphere, the
extent of hypersignals seen on the 2 post-surgical scans were combined and drawn onto the
coronal sections of the normal brain.

3.1.4. Postsurgical training—Following recovery from surgery, which lasted 40, 49 and
52 days for Cuba, Gracie and Slim, respectively, all monkeys were re-trained on the list
learning task, using the same procedures described above for the pre-surgical training. The
animals were first given training S/D sessions followed by three transfer sessions to assess
retention of abstract-concept learning. Training sessions consisted of 32 trials (16 same, 16
different) with stimuli randomly selected for each trial from a set size of 432 images. Upon
completing an FR 1 to the upper image, it disappeared, followed by a 1 s retention delay and
the lower image. Transfer sessions were identical to training sessions except 16 transfer
trials (8 same, 8 different) replaced baseline trial. Slim was not given the transfer sessions at
this time because of poor performance in the S/D task, but he was tested later, after
completing list memory testing. Next, two monkeys (Cuba and Gracie) were returned to list
memory testing using a list of 4 items in the block design previously described. Testing
continued in this design until the serial position functions were stable. Slim also returned to
list memory testing but with short delays (0, 1 and 2 s) because of his difficulty in the S/D
task. After 24 sessions (8 of each short delay) his performance improved and he began
training in the block design with all six retention delays.

3.2. Results
3.2.1. Lesion extent—Examples of post-surgical FLAIR images matched with
corresponding coronal sections of the normal monkey are shown for the three cases in Figs.
1–3. The percent damage to each field of the hippocampal formation for each hemisphere in
each case is presented in Table 2.

Damage to the hippocampal formation was incomplete, but substantial, in all cases, ranging
from 57% to 97%. In one case, Cuba, cell loss was extensive, encompassing all but the
rostral most 2 mm of the hippocampal formations on the right (see Fig. 1, level +12),
whereas in the others, Gracie (Fig. 2) and Slim (Fig. 3), cell loss was extensive (>85%) on
one side, but only moderate on the other (<43%). Nevertheless, despite an incomplete lesion
on the left hemisphere, Gracie had 71% and 91% damage to the CA1 and CA2 fields,
respectively. Importantly, none of the three monkeys had unintended damage to the cortical
areas surrounding the hippocampal formation. Slim’s lesions, however, encroached on the
posterior amygdala bilaterally (12% and 9% on the right and left, respectively). In addition,
Slim incurred damage to the head of the caudate and tail of the putamen (more left than right
hemisphere), resulting most likely from the injection needles.

3.2.2. Re-training and transfer on the same/different task—Two monkeys (Gracie
and Cuba) showed excellent retention of the S/D task they had learned pre-surgically and
were retrained for only two sessions (64 trials) averaging 93.75% and 81.3%, respectively.
By contrast, Slim performed more poorly averaging only 55% over 11 sessions (352 trials).
Therefore, Gracie and Cuba immediately proceeded to transfer testing and showed full
abstract-concept learning again (Gracie: baseline = 98%, transfer = 98%; Cuba: baseline =
98%, transfer =95.8%). For Slim, after completing list memory testing, he also showed full
abstract-concept learning again (baseline = 89.6% and transfer = 91.7%).
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3.2.3. List memory—Fig. 4 illustrates serial position functions (SPFs) obtained during the
last 5 blocks of pre-surgical and post-surgical list-memory testing for each monkey. At the
end of post-surgical list-memory training, all animals showed high accuracy on the list
memory task with some changes in the shape of the SPFs compared to pre-surgical SPFs.
For Gracie (Fig. 4, top), the primacy effect during the pre-surgery training only emerged
after a 10 s delay, whereas the primacy effect during post-surgery was present at all delays,
including those shorter than 10 s. In addition, the recency effect dissipated at a slightly
shorter delay (2 s) after surgery as compared to pre-surgery (10 s). Slim, like Gracie, also
showed an earlier primacy effect (0 s delay) post-surgery than pre-surgery (Fig. 4, center),
but the primacy effect grew more slowly with increasing delays than for Gracie. Slim did
not show dissipation of the recency effect (pre-surgery or post-surgery) at longer delays, but
his good accuracy was somewhat confounded by a bias to respond “same” at long delays.
Monkey Cuba was clearly the most exceptional performer both pre-and post-surgically (Fig.
4, bottom). Cuba’s primacy effect remained very strong across all delays and interestingly
Cuba’s post-surgery recency effect did not dissipate at long delays (even at the longest delay
of 30 s) as it had pre-surgically.

3.2.4. Extended delay training—Given the unexpected failure to identify important
changes in memory performance at delays up to 30 s with compromised or absent
hippocampi, we extended the delays of Cuba and Slim further as shown in Fig. 5. Cuba was
tested with longer delays of 60, 120, and 240 s and Slim with longer delays of 60 and 120 s
(along with the 0, 1 and 2 s short delays) in the block design previously described. Short-
delay performance was basically unaltered for these two monkeys, and remarkable was that
their longer delay performance was basically unchanged from what it had been with the 30 s
delay. Cuba’s performance averaged 84%, 82%, and 93% for long delays of 60, 120, and
240 s, and Slim’s performance averaged 78% and 89% for long delays of 60 and 120 s. In
general, the longer delays had very little effect on their overall list memory performance and
only slightly affected the form of some of their serial position functions.

4. Experiment 2
The accurate performance and regular serial position functions from Experiment 1, even
when the delays between the end of the list and the probe test were increased, suggest that
this good list-memory performance was not dependent upon the hippocampus. The majority
of the serial position functions for each animal remained similar to those they obtained prior
to the hippocampal lesions, with the only changes being improved primacy performance for
Gracie and Slim at short delays, and improved recency performance for Cuba at long delays.

Indeed, the complete lack of decrements in memory performance following hippocampal
lesions on a S/D recognition task in fact parallels many of the findings reported in humans
with temporal lobe amnesia using yes/no recognition tasks (Bastin et al., 2004; Freed et al.,
1987; Holdstock et al., 2005; Mayes et al., 2002). One reason for this lack of effects might
be that these tasks may be solved using familiarity judgments “Have I seen this item before
or not?” mediated by the medial temporal cortex rather than by accurate recollection about
“when” or “where” (contexts) that this item (“what”) occurred. Such context learning is the
basis for episodic memory and has been concluded to depend on the hippocampus (see for
review Brown and Aggleton, 2001; Eichenbaum et al., 2007; Norman and O’Reilly, 2003;
Rugg and Yonelinas, 2003). According to these theorists, in the absence of a functional
hippocampus, serial list memory of the three monkeys could only have been maintained at a
high level of proficiency by the use of familiarity judgments possibly mediated by the
medial temporal cortical areas.
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One way to test this possibility of familiarity processing would be to reduce the stimulus set
size from the original large pool of items (used only once in a daily session) to a set size of 8
items that are repeated many times in different lists within the daily session. Thus, simple
familiarity “Have I seen this item today” could not support good list memory performance.
With this manipulation, after just 1 or 2 list presentations, all items become very familiar to
the monkeys. If they are simply using familiarity judgments, they should respond “same”
more often on “different” trials. Thus, under this condition, memory performance should
become very poor, unless as in humans, these monkeys could remember that the test on a
“different” trial does not match the current sample/list-item even though they may have seen
it on the previous trial. Said otherwise, they would need to maintain memory of which items
they have seen that day and in which list (i.e., prior list) they have seen them. Given that
such strategies have been thought to depend on the integrity of the hippocampus, we would
predict that removal of the hippocampus would render the subjects more susceptible to
increases in proactive interference from previous list items and impair memory performance.

4.1. Method
Cuba was the only monkey that was available to be tested for an across list interference
effect on list memory performance. For this testing, the stimulus set size was progressively
reduced from 144, 32, 16 and then 8 stimuli with tests at the shortest delay of 0 s and the
longest delay of 30 s and different sets of stimuli at the two delays. Finally, the effect of
interference on serial position functions was assessed using a stimulus set of 8 items with all
6 probe delays (0 s, 1 s, 2 s, 10 s, 20 s and 30 s) in the block design previously described. In
this phase of testing, one set of 8 stimuli was used for delays of 0 s, 1 s, and 2 s, and a
different set of 8 stimuli was used for delays of 10 s, 20 s, and 30 s, so that tests in the first
block of a daily test session would not adversely affect (buildup of proactive interference)
and confound tests in the second block.

4.2. Results
As shown in Fig. 6, it is remarkable that Cuba maintained excellent performance even when
the set size was decreased from 144 items to 8 items. Thus, despite the high level of
proactive interference and overall high level of familiarity created by the use of a small set
of 8 items, this animal nevertheless maintained a strong recency effect at the short delay of 0
s and a strong primacy effect at the long delay of 30 s. In addition, memory performance
remained high in this animal when the six delays were blocked. As shown in Fig. 7, Cuba’s
performance shows a strong recency effect at the 1 s delay, and, as the delays increased,
memory for the first items of the list became stronger (primacy effect) and progressively
inhibited memory for the last items.

5. Discussion
The main findings of this study indicate that contrary to most memory models of the role of
the hippocampus, selective damage to the hippocampus had only minor effects on list
memory accuracy and dynamic time changes of the serial position function. Most memory
models would predict: loss of primacy (first item) memory, loss of accuracy with delay, and
loss in the ability to combat proactive interference. Contrary to those predictions, primacy
memory actually increased for two monkeys (Gracie and Slim) at shorter delays and recency
memory increased for a third monkey (Cuba) at longer delays, accuracy was maintained at
long delays including delays up to 240 s (8 times longer than any pre-surgery testing), and
accuracy was maintained despite high levels of proactive interference. Implication of these
findings is discussed in the following sections.
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5.1. Hippocampus and serial list memory performance
Two monkeys, Gracie and Cuba, were shown to perform the S/D task to high levels of
proficiency in only 64 trials (i.e., no loss of learning) following hippocampal lesions. These
monkeys also showed full abstract-concept learning where transfer was equivalent to
baseline performance. A third monkey, Slim required some re-learning (1636 trials), but
there was a huge savings relative to the original acquisition (30,600 trials) and he also
eventually achieved accurate performance and full abstract-concept learning. All three
monkeys also demonstrated good performance on the serial list memory task at 0–30 s
delays, with strong recency and primacy effects. The lack of effects of hippocampal lesions
on the serial position functions differs from the absence of primacy effect that has been
previously reported in patients with medial temporal lobe damage (e.g., Baddeley and
Warrington, 1970; Hermann et al., 1996; Hopkins et al., 1995; Hopkins and Kesner, 1995)
as well as rodents with selective hippocampal damage (Kesner, 1998; Kesner and Novak,
1982). The difference in results most likely stems from several differences between these
previous studies and the one reported here.

First, differences between the human and monkey data could have resulted from varying
extent of medial temporal lobe tissue included in the hippocampal lesions. In the earlier
human studies, damage to the hippocampus was not selective and extended to the
surrounding cortical areas that may have had greater impact on memory performance.
Alternatively, one could argue that in two cases of the present study the hippocampal
damage was not complete and the spared hippocampal tissue may have allowed for good
performance. But this latter possibility seems unlikely given that in one case (Cuba) the
hippocampal damage was selective, bilateral, and complete and nevertheless Cuba’s
recognition memory accuracy remained virtually unchanged from his pre-surgery levels.
Another factor that could be used to explain the different outcomes between the human and
monkey results was a difference in list lengths. Longer lists have been used in many human
studies than the list of 4 items used here with the monkeys. Longer lists do emphasize the
primacy effect more than shorter lists (Murdock, 1962). Nevertheless, there are a number of
mitigating factors that bear upon this issue. For example, none of the human studies with
longer lists systematically varied the retention interval. And varying the retention interval
does emphasize the visual memory primacy effect. Moreover, by varying the retention
interval the return-to-primacy or Law of Primacy becomes apparent (see Tulving, 2008;
Wright, 2013, this volume). Moreover, primacy effects have also been shown for humans
with short 4-item lists of kaleidoscope patterns along with similar dynamic SPF changes
with delay (e.g., Wright et al., 1985).

Second, differences between the rodent and monkey data cannot be accounted by differences
in the extent of hippocampal lesion. The rodents, however, were trained in a radial-arm
maze which tends to favor memory for spatial locations instead of memory for items. Given
the well-known role of the hippocampus in spatial memory (for review see O’Keefe and
Nadel, 1978; Kessels et al., 2001; King et al., 2004), differences between the outcomes of
rodent studies and the monkey study of this article could be due to the difference between
spatial memory (“where” memory) and item memory (“what” memory) of the present study.

Additionally, the intact performance of the three monkeys on the list memory task actually is
supported by other findings of unimpaired recognition memory performance by monkeys,
rodents, and amnesic patients. Monkeys with selective hippocampal lesions have
demonstrated intact recognition memory in the delayed nonmatching-to-sample (DNMTS)
task, even with substantial memory delays and long lists of sample stimuli. Monkeys with
selective hippocampal lesions have demonstrated intact recognition memory in memory
span tasks (Heuer and Bachevalier, 2011; Murray and Mishkin, 1998; Nemanic et al., 2004;
but see also Beason-Held et al., 1999; Zola et al., 2000). Similarly, DNMTS recognition
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performance in rodents is also intact after selective hippocampal damage, although other
studies report partial impairment at long delays or long lists (Clark et al., 2000, 2001;
Mumby, 2001; Steckler et al., 1998). Intact recognition memory was also found in several
cases of amnesic patients with damage to the hippocampal formation, specifically in those
tested with a yes/no recognition task, a task similar to the S/D task used in the current study
(Adlam et al., 2009; Mayes et al., 2002; Vargha-Khadem et al., 1997; but see also Cipolotti
et al., 2001; Manns et al., 2003).

5.2. Hippocampus and within-list interference
Given that one well-accepted role of the hippocampus in memory processes is to combat
interference among items of a list (Eichenbaum and Buckingham, 1990; Shapiro and Olton,
1994), we predicted two possible outcomes following hippocampal lesions. First, retroactive
interference of the last item upon the first item of the list would likely increase such that the
primacy effect would be delayed or eliminated, as had been shown in previous studies with
humans (Baddeley and Warrington, 1970; Hermann et al., 1996; Hopkins et al., 1995;
Hopkins and Kesner, 1995) and rodents (Kesner, 1998; Kesner and Novak, 1982).
Alternatively, under trial-unique conditions where the first list items exert proactive
interference on memory for the last list items, removal of the hippocampus may increase this
within-list proactive interference and actually delay or eliminate the recency effect. The data
showed that, after selective hippocampal lesions, the shapes of some serial position curves
were slightly altered for all 3 animals, but contrary to our expectations neither the primacy
effect nor the recency effect was delayed or abolished (see Fig. 4).

Extensive pre-surgical training may have allowed the animals to rely on their well-learned
reference memory of the task, which in turn may have provided the necessary basis for good
working memory (remembering items of the current list) and their robust retrieval memory.

5.3. Hippocampus and across-list interference
Several studies have provided evidence that not all recognition memory tasks are sensitive to
hippocampal lesions (Holdstock et al., 2002; Nemanic et al., 2004; Reed et al., 1997) and
more particularly that memory performance on the DNMTS and yes/no recognition tasks
may be supported by familiarity judgments that do not require the contribution of the
hippocampus (for review see Aggleton and Brown, 2006; Diana et al., 2007; Eichenbaum et
al., 2007). This proposal was specifically tested in the second experiment that minimized the
effectiveness with which animals could use a familiarity strategy by increasing item
repetition across trials and proactive interference. We did this by reducing the stimulus set
size from 432 items (trial unique per daily session) to 8 items so that items would be
repeated every few trials and proactive interference would accumulate over the block of 32
trials tested at a particular delay. Hence, if monkeys were simply using familiarity
judgments, then they should respond “same” more often and increase their “same” bias as
the trial block wore on. But as shown in Figs. 6 and 7, there is no evidence supporting a
familiarity judgment strategy for the animal with hippocampal damage tested in this
experiment. Contrary to the familiary strategy, this animal maintained high levels of
memory performance even at the longest delays tested. This result suggests that this animal
was using a strategy (or strategies) other than familiarity judgments to solve the task and
recollect whether a memory item was in the current list or in some previous list. Whether
they shifted their strategy from familiarity with session-unique stimuli to a recollective
memory processes with repeated stimuli or were using a more recollective process all along
is an open question. Other studies have shown that monkeys trained and tested with repeated
stimuli and high proactive interference do gradually improve their performance (see for
review Wright, 2007). Either way, the extensive training this monkey received prior to
surgery was likely instrumental in its post-surgery accurate performance.
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Lastly, the good memory performance of Cuba that had nearly complete, bilateral, damage
to the hippocampus is intriguing and needs further investigation because it contradicts
several theories that have been advanced to support the role the hippocampus in episodic
memory. For example, two proposals have mainly driven research on the role of the
hippocampus in recognition memory. The first is the one-process theory (Squire, 1994;
Squire et al., 2007) that suggests that familiarity and recollection can both be supported by
the hippocampus when memory strength of signals is high. The second is the two-process
theory proposing that the hippocampus is important for recognition memory for events of
episodes (what, where and when) but not for familiarity judgments (Eichenbaum et al.,
2007). However, neither theory would predict that Cuba without a functional hippocampus
(bilaterally), could accurately perform the list-memory task under high proactive
interference with only a familiarity strategy. The findings presented in this article will need
to be followed up and replicated in a larger number of animals, perhaps with differing
amounts of pre-operative training in the serial list memory task. Nevertheless, if confirmed
these findings may change current conceptions of the role of the hippocampus in recognition
memory and further our understanding underlying hippocampal-dependent processes of
relational memory, familiarity, episodic memory.
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Fig. 1.
FLAIR MR coronal images (top) matched with drawing sections of a normal monkey brain
(bottom) for three A–P levels through the hippocampal formation in CUBA. White areas on
the FLAIR images depict areas of hypersignals that were reconstructed onto the
corresponding section (gray area) of the normal monkey brain. MR acquisition parameters
for the three scans were: slice thickness: 3.0 mm (with 1 mm offset between scans),
repetition time: 10, echo time: 1.47, inversion time: 2.2, number of averages: 2.0, echo
numbers(s): 1, magnetic field strength: 1.5 T, spacing between slices: 3 mm echo train
length: 24. The numeral on the left indicates the distance in millimeters from the interaural
plane. Abbreviations: CA1, CA2, and CA3, cornu ammonis fields of the hippocampus; DG,
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dentate gyrus; ERh, entorhinal area 28; HATA, amygdala–hippocampus transition area;
PRh, perirhinal areas 35 and 36, SUB, subicular complex; TE, TEO, TH, and TF:
cytoarchitectonic fields described by von Bonin and Bailey (1947), and V2, visual
extrastriate cortical area.
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Fig. 2.
FLAIR MR coronal images (top) matched with drawing sections of a normal monkey brain
(bottom) for three A–P levels through the hippocampal formation in GRACIE. Note that the
MR images shown were those obtained after the first surgical procedure; note the extensive
sparing of the hippocampal formation on the left hemisphere as reproduced on the drawing
below. Conventions as in Fig. 1.
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Fig. 3.
FLAIR MR coronal images (top) matched with drawing sections of a normal monkey brain
(bottom) for three A–P levels through the hippocampal formation in SLIM. Conventions as
in Fig. 1.
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Fig. 4.
Serial position functions curves at the end of list-learning training for Gracie, Slim, and
Cuba. For each animal, top graphs illustrate pre-surgery performance and bottom graphs
illustrate post-surgery performance. Data points are mean performance for four-item serial
lists at different probe delays (retention intervals), the interval between the last list item and
the probe test item. The bar shown for each serial-position function is the average standard
error of the mean for the four serial positions (“same” trials). Open triangles show
performance on “different” trials where the probe item matched none of the four list items.
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Fig. 5.
Cuba and Slim post-surgical serial position functions with delays increased to 60 s, 120 s,
and 240 s. Error bars are the average standard error of the mean for the four serial positions
of each function.
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Fig. 6.
Serial position functions for Cuba with the set size of items progressively reduced from 144
to 32, 16 and finally 8 items. Delays used were 0 s and 30 s. Error bars are the average
standard error of the mean for the four serial positions of each function.
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Fig. 7.
Serial position functions across retention delays with a set size of 8-items for Cuba. Error
bars are the average standard error of the mean for the four serial positions of each function.
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Table 1

Number of sessions received for each training phase prior to surgery. Session consisted of 100 trials and Cuba
started training with 10 touches to the sample.

Monkey Gracie Slim Cuba

Training

  0-Response 250 250 NA

  Fixed-time 54 30 NA

  10-Responses 0 26 35

Transfer training 41 46 33

List-length testing 31 37 45

Delays testing 205 995 497
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