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Abstract

This study traces the development of spatial memory abilities in monkeys and reports the effects
of selective neonatal hippocampal lesions on performance across development. Two different
versions of the visual paired-comparison (VPC) task were used. The VPC-Spatial-Location task
tested memory for object-locations that could be solved using an egocentric spatial frame of
reference and the VPC-Object-In-Place task taxed memaory for spatial relations using an
allocentric reference frame. Eleven rhesus macaques (6 neonatal sham-operated controls and 5
with neonatal neurotoxic hippocampal lesions) were tested on both tasks as infants (8 months),
juveniles (18 months), and adults (5-6 years). Memory for spatial locations was present by 18
months of age, whereas memory for object-place relations was present only in adulthood. Also,
neonatal hippocampal lesions delayed the emergence of memory for spatial locations and
abolished memory for object-place associations, particularly in animals that had sustained
extensive and bilateral hippocampal lesions. The differential developmental time course of spatial
memory functions and of the effects of neonatal hippocampal lesions on these functions are
discussed in relation to morphological maturation of the medial temporal lobe structures in
monkeys. Implications of the findings for the neural basis of spatial memory development in
humans are also considered.
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Introduction

The hippocampus consistently has been linked to spatial memory processes in several
species (Burgess, Maguire, & O'Keefe, 2002; Glavis-Bloom, Alvarado, & Bachevalier,
2013; Lavenex, Amaral, & Lavenex, 2006; O'Keefe & Nadel, 1978). Furthermore, in
rodents and humans, spatial memory abilities have a protracted development associated with
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a prolonged postnatal development of the hippocampus (see for reviews Alvarado &
Bachevalier, 2000; Bachevalier & Beauregard, 1993; Overman, Pate, Moore, & Peuster,
1996; Ribordy, Jabés, Lavenex, & Lavenex, 2012).

The rodent hippocampus is poorly developed at birth and reaches morphologic adult-pattern
at approximately the end of the third week (21-30 days of age), an age that coincides
remarkably well with the appearance of adult levels of performance in a variety of spatial
memory tasks. Moreover, early damage to the hippocampus, well before its complete
maturation, disrupts the third-week emergence of adult-performance levels of spatial
memory (see for review Alvarado & Bachevalier, 2000). A similar association between
hippocampal maturation and the development of spatial memory processes has been
suggested in humans as well. As compared to rodents, the human hippocampus is more fully
developed at birth, although important morphological changes in its circuitry continue until
around 5-7 years of age (Giedd et al., 1996; Lenroot & Giedd, 2006; Seress, 2001, 2007;
Seress & Abraham, 2008). Of interest, children demonstrate poorer abilities in several
spatial memory tasks until around the same age (see for review Ribordy et al., 2012) and
patients with early hippocampal pathology demonstrate impaired spatial memory skills
(Burgess et al., 2002; King, Burgess, Hartley, Vargha-Khadem, & O'Keefe, 2002; Spiers,
Burgess, Hartley, Vargha-Khadem, & O'Keefe, 2001), although the age at which the spatial
memory deficits occur is at the present time unknown.

Likewise, recent studies in monkeys have shown a pattern of morphologic development of
the hippocampus similar to that of humans, albeit with a shorter timeline, reaching adult
level of maturity around the end of the second year of life (Jabes, Lavenex, Amaral, &
Lavenex, 2010, 2011; Payne, Machado, Bliwise, & Bachevalier, 2010; Seress, 1992, 2007;
Seress & Ribak, 1995a, b). Accordingly, this protracted maturation of the hippocampus
suggests that proficient use of spatial relational memory in monkeys would appear by the
end of the second year of life. Yet, there has been no systematic longitudinal investigation to
support this proposal. In addition, damage to the hippocampus in the first few weeks of life
results in no spatial memory impairment at 9 months of age (Lavenex, Lavenex, & Amaral,
2007), but severe deficits are reported when animals were tested as adults (Alvarado &
Rudy, 1995; Alvarado, Wright, & Bachevalier, 2002; Mahut & Moss, 1986; Malkova,
Mishkin, & Bachevalier, 1995; Pascalis & Bachevalier, 1999). Given the paucity of
information regarding the development of spatial memory abilities in monkeys and of their
dependence on an intact hippocampus, the goal of this study was three-fold: (1) to
longitudinally trace the development of spatial memory abilities in monkeys, using two
versions of the visual paired-comparison (VPC) task and assess the age at which these
abilities reached adult levels of proficiency, (2) to investigate whether selective neonatal
hippocampal lesions hinder or delay the emergence of spatial memory, and if yes (3)
whether the magnitude of the deficits observed was equivalent to that of adult animals that
have received the same hippocampal damage in adulthood and were tested using the same
tasks (Bachevalier & Nemanic, 2008). Given the current knowledge supporting a role of the
hippocampus in spatial relational memory, but not in memory for spatial locations
(Bachevalier & Nemanic, 2008; Lavenex & Lavenex, 2009; Morris, Garrud, Rawlins, &
O'Keefe 1982; Nadel & Hardt, 2004; O'Keefe & Nadel, 1978), spatial memory performance
in the present study was measured using two different versions of the VPC task. A VVPC-
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Spatial-Location task tested memory for object-locations in which egocentric spatial frame
of reference (left, right, up, down in relation to the observer viewpoint) could be used to
solve the task. A VPC-Object-in-Place was used to assess memory for spatial relations
among several objects (allocentric spatial representation). A preliminary report of these data
has been presented in abstract form (Blue, Kazama, & Bachevalier, 2009; Kazama, Lay, &
Bachevalier, 2003).

Subjects were 11 rhesus macaque monkeys (Macaca mulatta) that received either neonatal
neurotoxic lesions of the hippocampus (Group Neo-Hibo, N =5, 2 females) or sham
operations (Group Neo-C, N = 6, 3 females) between 10 and 15 days of age. All animals
were surrogate nursery-reared and received daily social interactions, intensive human
contact, and cognitive testing that began within the first few weeks of life (see Goursaud &
Bachevalier, 2007; Zeamer, Heuer, & Bachevalier, 2010; for more information on rearing
conditions). All experimental rearing, surgeries, and experimental testing of animals were
approved by the Institutional Animal Care and Use Committees at the University of Texas at
Houston and Emory University.

Neuroimaging and Surgical Procedures

All neuroimaging and surgical procedures as well as lesion extent of the operated animals
have been described previously in detail (Goursaud & Bachevalier, 2007; Zeamer et al.,
2010). Briefly, these procedures were performed under deep anesthesia (Isoflurane gas, 1.0—
2.0%, vlv, to effect) and vital signs (body temperature, heart rate, blood pressure, rate of
respiration, and expired gas CO2 levels) were monitored and recorded.

Monkeys received three magnetic resonance imaging (GE Signa 1.5 Tesla, GE Medical
Systems, Milwaukee, WI) sessions of the brain, that is, the day of surgery, 6-8 days after the
surgical procedure and finally 1-2 years after surgery. The first two sessions included three-
dimensional (3D) T1-weighted fast spoiled gradient (FSPGR)-echo scans and 3 fluid
attenuated inversion recovery scans (FLAIR, contiguous 3-mm sections offset by 1 mm
posteriorly), but only the 3D T1 scan was performed at 1-2 years. The pre-surgical T1
images were used to select and calculate the coordinates of each injection site along the
hippocampus, which were then transformed into stereotaxic plans. The FLAIR images taken
6-8 days after surgery were used to locate the extent of hypersignals produced by brain
edema following the neurotoxin injections, and estimate the percent of extent of damage.
Finally, the T1 images taken 1-2 years post-surgery were used to estimate the percent of
hippocampal volume reduction.

After the first imaging session, the animals remained under anesthesia and were immediately
transferred to the surgical suite. An intravenous drip containing 5.0% dextrose and 0.45%
sodium chloride maintained normal hydration, and a blanket placed around the animals and
attached to a Bair Hugger® Therapy warming unit provided warm air to maintain body
temperature. Under aseptic conditions, the tissues were retracted to expose the skull and
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small bilateral craniotomies were made above the hippocampus. Small slits were made in
the dura to allow penetration of the injection needles. For sham-operated controls (Neo-C),
the surgical procedures stopped at this point and no injections were made.

For neurotoxin injections into the hippocampus, two 10-ml Hamilton syringes held in Kopf
manipulators (David Kopf Instrument, Tujunga, CA) were used to inject ibotenic acid
(Biosearch Technologies, Novato, CA, 10 mg/mL in phosphate buffered saline, pH = 7.4) in
seven to eight sites along the hippocampus bilaterally (0.6-0.8 pL injected at each site at a
rate of 0.2 uL/30 s). The injections were made in the two hemispheres simultaneously and
were intended to damage the dentate gyrus, the Cornu Ammonis fields, and the subicular
complex.

Following surgical procedures, all tissues were closed in anatomical layer, first the dura (5.0
Vicryl with a Taper needle; Ethicon, Somerville, NJ), then the galea (4.0 Dexon with a
Taper needle; Ethicon), and finally the skin (4.0 Dexon with a cutting needle; Ethicon). The
animals were treated with dexamethasone sodium phosphate (0.4 mg/kg, im) and cephazolin
(25 mg/kg, im) beginning 12 h before surgery and lasted until 7 days after surgery to reduce
brain swelling and to prevent infection, respectively. In addition, acetaminophen (10 mg/kg,
po) was given four times a day for 3 days after surgery for relief of pain.

Behavioral Task

All animals had already been tested in the VPC task to assess the development of object
recognition memory over increasing delays at the ages of 1.5, 6, and 18 months and as adults
(Zeamer et al., 2010; Zeamer & Bachevalier, 2013). For the present experiment, they were
given the VPC spatial memory tasks (VPC-location, VPC-Object-In-Place, and VPC-
control, see Figure 1) identical to those described in Bachevalier & Nemanic (2008) at the
age of 8 months (infants), 18 months (juveniles), and 5-6 years (adults).

Apparatus—At 8 months, monkeys were held by an experimenter approximately 30 cm in
front of a computer monitor (Dell Ultrasharp 2407WFP-HC 24-inch widescreen LCD)
enclosed inside a testing box located in a darkened room. As juveniles and adults, they were
seated in a size-appropriate-Plexiglas primate chair (University of Texas Machine Shop and
Crist Instruments, Damascus, MD) and positioned 30 cm in front of the computer monitor.

VPC-spatial-location—The VPC-Spatial-Location task was used to assess memory for

the location of an object. During the familiarization phase of each trial, a single image (10

cm x 10 cm) was presented in a random location on the screen for a 30-s cumulative time,

followed by a short delay of 5 s. During test phase of 5 s, the familiar image was presented
again, in the same location as before, along with an identical image presented in a random

novel location on the screen. Preferential looking in the test phase was measured by longer
viewing of the familiar object occupying the novel location (Figure 1A).

VPC-object-in-place—The VPC-Object-In-Place was used to measure memaory for
object-place associations. During familiarization of 30 s, a single image consisting of an
array of five objects was presented in the center of the screen. During the two 5-s test
phases, the familiar image was presented together with the novel image for which the
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location of three objects were re-arranged and the left/right position of the novel images was
changed between the two tests (Figure 1B). Preferential looking in the test phases was
measured by longer viewing at the novel re-arranged image.

VPC-object-control—The VPC-Object-Control task was used to ensure that any
impairment in the VPC Object-In-Place could not be due to difficulty in perceiving complex
visual images. The task parameters were identical to those in the Object-In-Place task. The
only difference was that three of the five objects were replaced with new ones in the novel
image (see Figure 1C). Preferential looking in the test phases was measured by longer
viewing at the image with the novel objects.

Data Analyses

Task parameters

A frame-by-frame examination of the corneal reflection of the stimuli recorded on the
videotapes (see for details Pascalis & Bachevalier, 1999) was conducted to quantify three
viewing parameters: (1) the time necessary to reach the 30 s cumulative looking at the
stimulus during familiarization (familiarization time), (2) the amount of time spent fixating
the stimuli during the two test phases (total looking time), and (3) the percent looking time
at the novel stimulus (preferential looking) as a measure of recognition memory. Any trial
for which the total looking time during the two test phases did not exceed 1s was excluded
from the analyses. Inter-observer reliability (Pearson r = 0.94).

Statistical analyses

Scores of Group Neo-C were analyzed first to establish normal developmental pattern of
performance on each task. One-way analyses of variance (ANOVASs) were used with Age as
a repeated-measures factor, followed by pairwise comparisons. Group differences were
assessed with two-way ANOVAS (Group x Age) and Huynh-Feldt correction was used
when appropriate. Post hoc (Tukey) and a priori (Holm-Bonferroni) were used for pairwise
comparisons. Significant interactions were further explored using GLM (generalized linear
model) multivariate analyses, simple effects, or planned comparisons (Pedhazur, 1982).
One-sample t tests were used to evaluate group differences from chance.

Finally, to assess the effects of early-onset versus late-onset hippocampal lesions, ANOVAS
(Group x Age at lesions) were used to compare performance from animals with Neo-Hibo
lesions and their controls obtained at 5-6 years of age with that of adult monkeys (3-12
years) that had received similar sham lesions (Adult-C, N = 6) or neurotoxic hippocampal
lesions (Adult-Hibo, N = 4) in adulthood (data from Bachevalier & Nemanic, 2008).

Effect sizes (eta-squared values) were provided for all data analyses reported and
correlations of behavioral parameters with extent of hippocampal or adjacent damage were
investigated using one-tailed Pearson correlations.
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Results

Hippocampal Lesion Evaluation

Table 1 provides the extent of bilateral hypersignals seen on 1-week post-surgery FLAIR
images in the hippocampus, amygdala, and parahippocampal cortical areas TH and TF.
Extent of hippocampal lesion estimated from the FLAIR images was used here since this
procedure has proven to be an adequate estimate of the cell loss later found on histological
sections (Malkova, Lex, Mishkin, & Saunders, 2001; Nemanic, Alvarado, Price, Jackson, &
Bachevalier, 2002). Figure 2 illustrates that the 67.6% bilateral damage observed in Case
Neo-Hibo-2 from FLAIR images resulted in a significant and bilateral volume reduction
(see Goursaud & Bachevalier, 2007; Heuer & Bachevalier, 2010; Zeamer et al., 2010, for
illustration of other cases).

Two cases (Neo-Hibo-2 and Neo-Hibo-3) had extensive symmetrical bilateral lesions of the
hippocampus (X% > 50% bilaterally). The other three cases (Neo-Hibo-1, Neo-Hibo-4, and
Neo-Hibo-5) had mostly asymmetrical lesions (% Left vs. % Right: 63.8% vs. 2.9%; 20.3%
Vvs. 67.3%; 20.7% vs. 84%, respectively). Unintended damage was mild in all cases,
averaging 2.5% to the posterior amygdala and 6.5% to parahippocampal area TH/TF.

Viewing Behaviors during the VPC tasks

Viewing parameters were analyzed for both groups to ensure that spatial memory
performance was not affected by differences in the time animals allocated viewing the
stimuli during the three tasks and across the three ages (see Table 2). The familiarization
time in animals of both Groups increased with age in all three tasks [Age: Fryyhn-Feldt (2,
18) = 12.45; p=.000; n? =0.58; Fiyyynn-reldt = 8.882; p<.005; n? =0.51; and Fpyyynn-reldt (2,
18) =18.53; p=.000; 12 = 0.66; for the Spatial Location, Object-In-Place, and Object-Control
tasks, respectively] with no main effect of Group and no Group x Age interaction. The total
time looking at the two images during the two test phases decreased with age for both
groups in the three tasks [Age: Fruyhn-Feldt (2, 18) =8.568; p=.004, 12 =0.49; FHuyhn-Feldt (2,
18) =25.455; p=.000; n? =0.74; FHuyhn-Feldt (2, 18) =25.365; p=.000; N2 =0.74; for the
Spatial Location, Object-In-Place, and Object-Control tasks, respectively] with no effect of
Group and no Group xAge interaction. The data indicate that both groups explored the
stimuli in the same way.

Novelty Preference in the VPC tasks

Memory performance was measured by the amount of time the subject spent looking at the
novel stimulus (see Table 3; Figure 3), and data were analyzed for each task separately
below.

VPC-spatial-location—For sham-operated controls, novelty preference increased with
age; although this change did not reach significance, the effect size was large [Fryyhn-reldt
(2,=10) = 2.31; p=.15; 12 5 0.316]. Thus, in the Spatial Location task (Figure 3A), control
animals did not show novelty preference as infants (M = 55; t = .94, ns), but showed robust
memory for location as juveniles (M = 63.05; t = 3.140; p = .026) and adults [M=66.02;
t=5.133; p=.004].

J Int Neuropsychol Soc. Author manuscript; available in PMC 2014 July 28.
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A similar increase in novelty preference with age was also found for animals of Group Neo-
Hibo. Again, although the age factor did not reach significance, the effect size was large
[FHuyhn-Feldt (2, 8) = 4.15; p = .058; 12 = .509; Figure 3A]. However, as compared to
controls for which strong novelty preference was present as juveniles and adults, for Group
Neo-Hibo, it did not differ from chance in the juvenile period (M =53; t = .80, ns) and
showed only a trend in adulthood (M = 65; t = 2.26; p = .08). This group difference showed
only a trend toward significance [Group effect: F(1,9) = 3.89; p = .08; 12 = 0.32].

Of interest, at the juvenile age only, novelty preference correlated negatively with bilateral
lesions of the hippocampus as well as bilateral unintended damage to area TH/TF (r = —.89;
p< .02 and r = -.95; p < .004, respectively), indicating that novelty preference scores
decreased with greater bilateral damage to the hippocampus and TH/TF. As shown in Figure
3A, at this age, poor performance was observed in the two animals with bilateral damage to
the hippocampus (white circles) but not in those with most unilateral damage (black circles).

VPC-object-in-place—Novelty preference in sham-operated controls increased
significantly with age [Fruyhn-Feldt (2, 10) = 7.24; p=.02; n? = .592; Figure 3B]. As infants
and juveniles, controls had lower novelty scores than as adults (p < .035 and .0086,
respectively), and only as adults did novelty preference scores differ from chance (M = 60; t
=3.75; p=.01).

The increase in novelty preference in animals with Neo-Hibo lesions (Figure 3) did not
reach significance [Fryyhn-relat (2, 8) = 2.73, ns; n? = 0.41], and the group difference did not
reach significance [Group: F(1,9) = 0.27, ns; Group x Age: Fyyhn-Feldt (2, 18)=0.48, ns; 12
=.051]. However, unlike controls, novelty preference scores in Group Neo-Hibo did not
differ from chance at any age.

There was only a weak negative correlation between novelty scores as adults and extent of
bilateral damage to the hippocampus estimated on FLAIR images (r=—.64). However, as for
the VPC-Spatial-Location task, the two animals with the most extensive and bilateral
hippocampal lesions measured as the weighted average damage to both hemisphere (e.g., W
%: Neo-Hibo-2=44.0%; Neo-Hibo-3=75.6%) performed at chance (42% and 51%,
respectively; see Figure 3B white circles), whereas the three animals with mostly unilateral
lesions (e.g., W%: Neo-Hibo-1=1.9%; Neo-Hibo-4=13.7% and Neo-Hibo-5= 17.4%)
obtained novelty scores greater than chance (65%, 59%, and 76%, respectively; see Figure
3B black circles).

VPC-object-control—The control task was used to ensure that any impairment of Group
Neo-Hibo in the VPC-Object-In-Place could not be due to any difficulty in visual appraisal
to the complex visual display instead of difficulty in Object-Place memory. As shown in
Figure 3C, the two groups showed novelty preference above chance at each age (all ps <.
05) and did not differ from each other [Group: F(1,9) = 0.001, ns;n? = 0.00; Age:
FHuyhn-Feldt (2, 18) = 4.98; p = .023; 12 = .342; Group x Age: FHuyhn-Feldt (2, 18)=1.013, ns;
n? =.101].

J Int Neuropsychol Soc. Author manuscript; available in PMC 2014 July 28.
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Age at Lesions

To assess any functional sparing in spatial memory after neonatal hippocampal lesions, we
compared novelty performance scores of animals with Neo-H lesions obtained in adulthood
with those of adult animals that had received their hippocampal lesions in adulthood and
were tested in the same way in the VPC tasks (Bachevalier & Nemanic, 2008). There were
important differences in lesion extent between the neonatal and adult hippocampal lesions,
given that all six animals with adult-onset lesions had extensive bilateral lesions (>50%),
whereas only two of the cases with infant-onset lesions had comparable bilateral lesions
(Cases Neo-Hibo-2, Neo-Hibo-3). Thus, to evaluate functional sparing, the three cases of
this study with mostly unilateral lesions to the hippocampus (<50%) were excluded for this
analysis.

For VPC-Spatial-Location (Figure 4A), adult animals with both infant-onset and adult-onset
lesions preferred looking at a familiar object in a novel location and both groups obtained
scores above chance (all ps < .05). There was no main effect of group [F(1,15) = 0.02, ns; 12
=0.00] and of time of lesion [F(1,15) = 2.28, ns; 2 = 0.13] and no interaction [F(1,15) = .
71, ns; 12 = 0.05]. Thus, adults with infant-onset lesions showed strong memory for spatial
location as did adult animals with adult-onset hippocampal lesions.

For VPC-Object-In-Place (Figure 4B), animals with both infant-onset and adult-onset
hippocampal lesions were impaired on the Object-In-Place task (M = 46.39 and M = 51.30,
respectively), as compared to their sham-operated controls [t (5) =3.749; p=.013 and t (5)
=4.854 p=.005, respectively]. There was a main effect of group [F(1,15) = 7.10; p = .02; 12
=0.32], but no main effect of time of lesion [F(1,15)=0.09, ns; 2 = 0.01] and no interaction
[F(1,15)= 0.70, ns; n2 = 0.05]. Thus, regardless of the timing of the damage, animals with
bilateral hippocampal lesions showed impaired memory for object-place associations.

Discussion

Development of Spatial Memory Abilities

The data on the sham-operated controls demonstrate that spatial memory has a protracted
development in monkeys as has been shown already in rodents (Green & Stanton, 1989;
Rudy, Stadler-Morris, & Albert, 1987) and humans (see for review Ribordy et al., 2012).
However, this protracted development measured with the VPC tasks could be due to
changes in perceptual visual abilities with age (see Table 2 for the three tasks). Thus, infant
monkeys may not only require more time to inspect objects and extract visual information
from them, but they also may be unable to distinguish minute changes between the
familiarized and manipulated images regardless of whether the change be in location or in
the perceptual attributes of the image. However, this seems unlikely given that, in the VPC-
Object-Control that required similar perceptual abilities than in the two spatial VPC tasks,
infant monkeys as young as 8 months of age demonstrated novelty preference as robust as
that obtained at 18 months and 5-6 years (see Table 3). Thus, changes in novelty preference
in the VPC-Spatial-Location and VPC-Object-In-Place tasks across age likely represent
maturational changes in spatial memory processes.

J Int Neuropsychol Soc. Author manuscript; available in PMC 2014 July 28.
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Moreover, the two forms of spatial memory processes measured by the spatial VPC tasks in
the current study have a different developmental time course. Memory for spatial locations,
which relies on encoding and formation of spatial representation relative to an egocentric
reference frame, was present in the juvenile period. By contrast, memory for object-place
relations, which relies more in encoding and formation of spatial representation relative to
an allocentric reference frame, emerges later.

For the VPC-Spatial-Location, novelty preference scores were at chance at the youngest age
of 8 months but became stronger and significantly above chance by 18-months of age. This
developmental time course indicates that memaory for spatial locations in monkeys emerges
during the juvenile period, although the exact age at which this type of memory becomes
available is still unknown. Given that Lavenex and Lavenex (2006) demonstrated that by 9
months infant monkeys can forage in new locations and avoid locations in which they had
already visited, it is likely that memory for a familiar object in a new location may be
present by the end of the first year in monkeys.

As compared to the VPC-Spatial-Location, novelty preference in the VPC-Object-In-Place
was absent in infancy and in the juvenile period, but was evident when the animals were re-
tested as adults. Thus, although the data do not allow determining the exact age during
which memory for spatial relations emerge in monkeys, it is clear that this memory process
has a more protracted appearance and emerges only after the juvenile period. This protracted
development of relational spatial memory is in sharp contrast with the early development of
object recognition memory as measured by the VPC-Object-Control task. In this later task,
robust novelty preference was present as early as 8 months of age and is consistent with
earlier studies (see for review Bachevalier, & Vargha-Khadem, 2005; Zeamer et al., 2010).
Thus, the difference in performance across ages in the VPC-Object-In-Place and VPC-
Object-Control relates likely to differences in cognitive processes between the two tasks
rather than differences in perceptual abilities, attentional processes, or novelty preference.

Spatial Memory Development after Neonatal Hippocampal Damage

Animals with Neo-H lesions, like sham-operated controls, demonstrated similar changes in
looking behaviors across age (Table 2) as well as intact object recognition memory at short
delays of 5 s in the VPC-Object-Control task (Figure 3C). This functional sparing is
consistent with the normal performance of the same monkeys with an easier version of the
VPC task using discriminable color objects (Zeamer et al, 2010), at least for delays (5 s) as
short as those used in the VPC spatial tasks. By contrast, the Neo-H lesions delayed the
emergence of memory for spatial location and abolished memory for object-place
associations in early adulthood and these changes seem to be related to the extent of
hippocampal damage. Thus, deficits in the two spatial VPC tasks were more severe in the
two animals with the most extensive and bilateral lesions than in those that had more
unilateral hippocampal lesions.

Neo-H lesions did impact memory for spatial location at an age (juvenile) when this type of

memory was apparent in the sham-operated controls. However, this effect was only transient
since as adult monkeys with Neo-H lesions showed novelty scores in the normal range, even
in animals that had the most extended hippocampal lesions. The lack of spatial memory
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impairment at the adult age is totally consistent with the intact memory for locations found
in the same Neo-H animals when tested as adults in a spatial memory span task Heuer &
Bachevalier, 2010), as well as with the sparing of memory for spatial locations found in
adult animals with adult-onset hippocampal lesions when tested in the same VPC-Spatial-
Location task (Bachevalier & Nemanic, 2008).

Of interest, the transient deficit in memory for spatial location at 18 months correlated not
only with extent of damage to the hippocampus but also with extent of damage to para-
hippocampal areas TH/TF, even though damage to these cortical areas was relatively small
(e.g., <12% bilaterally, see Table 1). Given that memory for spatial location is impaired in
adult monkeys with damage to TH/TF areas, but not in those with damage to the
hippocampus (Bachevalier & Nemanic, 2008), the impairment of memory for spatial
location in the juvenile period may have resulted from damage to areas TH/TF rather than
damage to the hippocampus. If so, then the recovery of memory functions in animals with
Neo-H lesions in adulthood could be due to functional recovery within most of TH/TF that
was spared after the Neo-H lesions. This conclusion seems likely given that, contrary to the
present results, two earlier studies (Alvarado et al., 2002; Malkova et al., 1995) reported
severe spatial location deficits on a delayed nonmatching-to-location task in adult monkeys
with Neo-H lesions, but in these two studies, the lesions extended to include almost all para-
hippocampal areas. If this conclusion is correct, neonatal lesions restricted to
parahippocampal areas may yield severe and long-lasting deficits in memory for spatial
locations; a proposal that will need to be addressed in future studies.

In contrast to the recovery of memory for spatial locations, memaory for object-place
associations was impaired after Neo-H lesions, at least in animals with substantial bilateral
hippocampal damage. In those animals, the object-place memory loss was as severe as that
observed in adult animals with adult-onset hippocampal lesions (Bachevalier & Nemanic,
2008). This impairment cannot be associated with difficulty in perceptual decoding of
complex visual stimuli because, using similar complex stimuli (VPC-Object-control), the
same animals demonstrated normal object recognition memory at the same age (see Figure
3C). Notably, the spatial relational memory (object-place association) deficit is in line with a
similar memory impairment the same animals demonstrated when required to form memory
for place-food associations in a free-foraging spatial working memory task (Glavis-Bloom et
al., 2013). All together these findings demonstrate that the hippocampus is critical for spatial
relational memory and that its involvement in object-space association emerges after 18-
months of age when the hippocampus circuitry reaches its morphological maturity (Jabés et
al., 2010, 2011).

The present data, however, contradict those of recent studies (Lavenex & Lavenex, 2006;
Lavenex et al., 2007) showing that spatial relational abilities, as measured with a foraging
task known to be affected by adult-onset hippocampal lesions (Lavenex et al., 2006), are
present by 9 months of age and are spared following neonatal hippocampal damage
(Lavenex et al., 2007). Although both studies intended to measure encoding and
remembering of spatial relational information, there were also important procedural
differences that could explain the inconsistent results. As already proposed by Lavenex et al.
(2007), one important difference is that the VPC-Object-In-Place task uses trial-unique
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stimuli (new array of 5 items presented on each trial) that may have favored the formation of
memory for specific event (a kind of “episodic” spatial memory), whereas the foraging task
in which the same spatial locations were experienced every day in the same environment
may have favored the formation of memory for “episodic-free” spatial relations (a kind of
“semantic” memory). One of the caveats with this interpretation, however, is that it does not
fit with our own study on the same group of monkeys (Glavis-Bloom et al., 2013). In the
foraging Place/Food association task, animals with Neo-H lesions were impaired even
though they returned daily in the same environment to visit the same locations (e.g., a type
of “episodic-free” memory as proposed by Lavenex et al., 2007, 2009). Another important
difference between the two studies relates to the timing of behavioral assessment, which was
performed only at 9 months in Lavenex et al. (2007), a very young age when control animals
showed good performance on the task. Thus, it is still unknown whether performance of the
animals with Neo-H lesions would deteriorate or not with further brain maturation.
Deterioration of memory performance as development proceeds has already been
demonstrated in our own study (Zeamer et al., 2010).

The data indicate that the long-term effects of hippocampal damage spared memory for
locations (egocentric-like processes), while severely impacting spatial relational memory
(allocentric-like processes). Although the present findings will need to be confirmed with a
larger sample size, they parallel recent reports of spatial memory performance in
developmental amnesic cases with perinatal hippocampal damage. Gadian et al. (2000)
reported normal performance on a task measuring visuo-spatial memory that could be solved
using an egocentric frame of reference. By contrast, the same patients demonstrated
profound memory deficits for scenes and topographical information (Bird, Vargha-Khadem,
& Burgess, 2008; King, Trinkler, Hartley, Vargha-Khadem, & Burgess, 2004; Spiers et al.,
2001).

The deficits described in monkeys and humans in many of the memory processes supported
by the hippocampus suggest that compensatory mechanisms do not operate to ensure
recovery of functions after early hippocampal insult. This is in sharp contrast to effects of
early cortical injury, which in many cases results in a better prognosis for functional sparing
(for review, see Finger & Almli, 1984; Kolb, Halliwell, & Gibb, 2010; Levin & Grafman,
2000; Webster, Ungerleider, & Bachevalier, 1995). However, any attempt to predict the
outcomes of early brain damage is complicated by many factors, such as the specific locus
of the damage (cortical vs. subcortical), the maturational stage of the structures at the time of
the insult, the age of the subject at the time of testing, the nature of the behavioral test used,
as well as environmental factors (rearing conditions, maternal care, diet, etc.).

Relationships to Human Spatial Memory Development

The encoding and remembering of spatial information is realized through different forms of
spatial representation, that is, egocentric versus allocentric frame of reference (O'Keefe &
Nadel, 1978). In addition, as recently reviewed (Lavenex & Lavenex, 2009), the
hippocampus is critical for solving tasks requiring memory of objects relative to their spatial
relationship among other objects or features in the environment (i.e., foraging task and VPC-
Object-In-Place), but not for solving tasks requiring the memory of spatial locations relative
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to a subject (i.e., delayed nonmatching-to-locations, spatial memory span, VPC-Spatial-
Location).

Based on this knowledge, the present results indicate that these two forms of spatial memory
processes have a different developmental time course. Thus, encoding and remembering of
object locations, which could be accomplished using an egocentric representation of space,
emerge earlier than encoding and remembering of spatial relationships among objects
requiring the use of allocentric representations. This developmental pattern of spatial
memory abilities has been related to morphological changes within the hippocampus and
medial temporal cortical areas (Alvarado & Bachevalier, 2000; Ribordy et al., 2012). Of
interest, the development of spatial memory abilities in humans appears to follow a similar
developmental time course. The ability to remember the location of an object in an
egocentric frame of reference (spatial location memory) is present in infants younger than 3
years (see Newcombe & Huttenlocher, 2005, for review; Sluzenski, Newcombe, & Satlow,
2004), whereas the ability to encode and remember object/place relationships emerges after
3 years of age with substantial improvement still present until 7 years (Bullens et al., 2010;
Cestari, Lucidi, Pieroni, & Rossi-Arnaud, 2007; Foreman, Warry, & Savage, 1990; Lehnung
etal., 1998; Leplow et al., 2003; Mandolesi, Petrosini, Mewnghini, Addona, & Vicari, 2009;
Nardini, Burgess, Breckenridge, & Atkinson, 2006; Oveman et al., 1996; Pentland,
Anderson, Dye, & Wood, 2003; Ribordy et al., 2012; Smith et al., 2008). As recently
discussed by others (Ribordy et al., 2012), the substantial improvement of spatial relational
memory between 3 and 7 years of age may parallel the progressive maturation of the dentate
gyrus and trisynaptic hippocampal pathway.

The remarkable parallel between the development of spatial memory processes and the
morphologic hippocampal maturation in monkeys and humans clearly demonstrate the
significant benefits of using a comparative neuropsychological approach to further our
understanding of the neural circuits underlying spatial memory processes in humans.
Additional morphological and functional (electrophysiological recording and neuroimaging)
studies in non-human primates will be critical for defining the neural substrate available to
support spatial memory functions at different time points in development. Finally,
longitudinal studies that take advantage of tasks and paradigms that can be used across
species will be most important to fulfill this endeavor.
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A VPC-Spatial-Location

Familiarization Phase (30 sec) Retention Phase (5 sec)

Fig. 1.

Efamples of trials for the visual paired-comparison (VPC) -Spatial-Location (A), VPC-
Obiject-In-Place (B), and VPC-Object-Control (C) tasks. Note that for the Spatial-Location
task, the novel image is the same as the familiar image but is placed in a different position
on the screen. For the Object-In-Place tasks, the novel image differed from the familiar
image only in the location of three of the five objects forming the images (black arrows). In
the Object-Control task, the novel image consisted of replacing three objects of the familiar
image with three new objects (black arrows).
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Neo-C-1-Right Neo-Hibo-2-Left Neo-Hibo-2-Right

Fig. 2.
High-resolution T1 images at three levels of the hippocampal formation in a sham-operated

animal (case Neo-C-1, right hemisphere) and in an animal with neonatal hippocampal
lesions (case Neo-Hibo-2, left and right hemispheres) taken when the animals were 1-2
years of age. Note the almost complete loss of hippocampal tissue in this case.
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Fig. 3.

Mgan percent of time (£ SEM) looking at the familiar object appearing in the novel location
in the visual paired-comparison (VPC) -Spatial-Location task (A) and at the novel image in
the VPC-Object-In-Place (B) and VVPC-Object-Control (C) tasks for animals with neonatal
sham operations (Group Neo-C, white bars) and animals with neonatal hippocampal lesions
(Group Neo-Hibo, black bars). Animals were tested at 8 months, 18 months, and 5-6 years
of age for the 3 tasks. Note that for the VPC-Spatial-Location at 18 months and the VPC-
Object-In-Place at 5-6 years when novelty preference did not differ from chance, white
circles illustrate scores of two animals with bilateral hippocampal lesions, whereas black
circles illustrate scores of the 3 animals with mostly unilateral hippocampal lesions (see
Table 1). The horizontal dashed line represents chance performance and asterisk indicates
significant difference from chance (p <.05).
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Fig. 4.
Mean percent of time (£ SEM) looking at the novel image in the visual paired-comparison

(VPC) -Spatial-Location task (A) and VPC-Object-In-Place task (B) for adult animals with
sham operations (white bars) and animals with hippocampal lesions (black bars). Neo-lesion
represents adult animals with infant-onset lesions and Ad-lesion represents adult animals
with adult-onset lesions. Conventions as in Figure 3.
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