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Developmental Differences in Medial Temporal Lobe
Function during Memory Encoding
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The ability to recollect details about past events improves during childhood. Most researchers favor the view that this improvement
depends largely on the development of the prefrontal cortex, which is thought to have a protracted course of development relative to the
medial temporal lobes (MTL). The primary goal of the present study was to test the hypothesis that the development of detail recollection
is also associated with changes in MTL function. We collected functional magnetic resonance imaging data during an incidental encoding
task in 80 participants, divided equally across four age groups: 8-year-olds, 10- to 11-year-olds, 14-year-olds, and young adults. Devel-
opmental differences in MTL activation profiles were observed. Fourteen-year-olds and adults engaged regions of the hippocampus and
posterior parahippocampal gyrus selectively for subsequent detail recollection, whereas 8- and 10- to 11-year-olds did not. In 8-year-olds,
these regions were recruited indiscriminately for detail recollection and item recognition; in 10- to 11-year-olds, activation in these
regions did not consistently predict subsequent memory. These results suggest there are changes in the functional organization of the
MTL, such that the hippocampus and posterior parahippocampal gyrus become increasingly specialized for recollection; these changes

may be in part responsible for long-term memory improvements during childhood.

Introduction

Structures in the medial temporal lobe (MTL) and the prefrontal
cortex (PFC) have proven critical for forming new episodic mem-
ories in adults (Davachi, 2006; Moscovitch et al., 2006; Badre and
Wagner, 2007; Blumenfeld and Ranganath, 2007). Relatively little
is known, however, about how these substrates mediate memory
development during childhood and adolescence.

Maturation of MTL structures has been invoked to explain
memory development during infancy (Bauer, 2008), but it has long
been argued that changes during childhood and beyond are related
to the maturation of the PFC (Cycowicz et al., 2003; Newcombe et
al., 2007; Ofen et al., 2007). This account has found support in
structural brain imaging studies showing protracted maturation
of PEC (Paus et al., 1999; Giedd, 2004; Sowell et al., 2004). Further-
more, a functional neuroimaging study confirmed age-related in-
creases in recruitment of PFC regions for memory encoding and
stability in MTL recruitment (Ofen et al., 2007).

However, the possibility that changes in MTL function may
also contribute to this development should not be prematurely
dismissed, given recent evidence of protracted structural devel-
opment of MTL regions well into middle childhood and beyond.
That is, longitudinal research has shown that, although the over-
all volume of the hippocampus does not change from ages 4 to 25
years, the anterior hippocampus decreases in volume during this
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period, whereas the posterior hippocampus increases (Gogtay et
al., 2006). Furthermore, a recent functional magnetic resonance
imaging (fMRI) study has documented development in the para-
hippocampal place area, a region within the posterior parahip-
pocampal gyrus. The size of this area recruited during encoding
increased with age and significantly predicted subsequent recog-
nition memory for scenes (Golarai et al., 2007).

Neuroimaging studies involving adults have shown that the
hippocampus and posterior parahippocampal gyrus selectively
support memory for items in association with their source or
other qualitative details of encoding context (Davachi et al., 2003;
Ranganath et al., 2004; Prince et al., 2005), broadly defined as
episodic memory (Tulving, 1972). It is precisely this form of
memory that exhibits the most pronounced behavioral improve-
ment during childhood (Sluzenski et al., 2006; Ghetti and Ange-
lini, 2008). Together, these observations led us to the hypothesis
that changes in the function of these MTL regions might support
age-related improvements in episodic memory.

To test this hypothesis, we conducted an incidental encoding
fMRI study that included 80 participants divided across four age
groups: 8-year-olds, 10- to 11-year-olds, 14-year-olds, and young
adults. The use of an incidental task reduces the impact of develop-
mental differences in intentional encoding strategies (Bjorklund et
al., 2009). These groups were selected based on behavioral re-
search indicating that rapid improvements in episodic memory
occur during middle and late childhood (Brainerd et al., 2004;
Ghetti and Angelini, 2008). We then examined blood oxygen-
ation level-dependent activation during item encoding as a func-
tion of subsequent memory performance, that is, as a function of
whether items were subsequently remembered in association
with a specific detail (reflecting accurate episodic memory re-
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trieval), recognized without accurate memory of this detail, or
forgotten.

Materials and Methods

Participants

Eighty participants (20 from each of the four age groups) were included
in the present study. Children received financial compensation and
young adults (college students) received course credit. An equal number
of male and female participants were included in each age group. Before
enrollment, participants were screened for a number of conditions: low
birth weight (below the 25 ™ percentile), gestational age <36 weeks, spe-
cial education placement, history of head trauma, neurological or psy-
chiatric conditions, and previous history of attention or learning
disorders. Given the specific demands of our task, individuals who were
color-blind were also excluded. Finally, we relied on the standard proce-
dures developed by the University of California (UC) Davis Research
Imaging Center (IRC) for excluding individuals who should not partic-
ipate in fMRI research (e.g., metal in the body, heart pace makers, insulin
pumps, etc.).

Aside from the 80 participants whose data were included in the anal-
yses, data from an additional eight participants were excluded for the
following reasons: (1) two 8-year-olds, one 10-year-old, and one adult
were excluded because of motion exceeding 4 mm within a scan; (2) one
adult participant was excluded because a ring artifact was visible in the
echo planar imaging (EPI) images; sustained volume artifacts across the
entire experimental session were confirmed with Art Global (Mazaika et
al,, 2007); and (3) one 8-year-old, one 14-year-old, and one adult were
excluded because they performed at chance on the memory task or ob-
tained scores in the Wechsler Abbreviated Scale of Intelligence that were
two or more SDs below average.

Task and procedures

Familiarization with scanning environment. On the day of the scan ses-
sion, all participants were first familiarized with the imaging procedures
in an MRI mock scanner available at the UC Davis IRC. The mock scan-
ner set-up consists of a 12-foot simulation scanner with a 6-foot tapered
bore, motorized table, head coil, head stabilizer system, visual and audi-
tory presentation systems, and equipment for monitoring participants’
response to the training procedure. In the mock scanner, participants
were exposed to the noises that are typical of MR and practiced lying still
in the confined space. Although these procedures are geared toward
training and reassuring young children, our pilot work showed that these
procedures are helpful to reassure and reduce motion in adults as well.
Based on these results, and to maintain methodological consistency, all
participants were familiarized with the MRI environment regardless of
age.

Incidental encoding task. Next, participants were trained to perform the
encoding task. They were shown a set of practice items, which consisted
of 24 drawings from the same database as those used in the experiment.
Drawings were presented either in green or red and participants were
instructed to perform a semantic judgment for each drawing depending
on the color, pressing one of two buttons on a response device. For
example, when the object was presented in red, they had to indicate
whether the depicted object could be found in a house; when the object
was presented in green, they had to indicate whether the object was
animate. The association between specific semantic judgment and color
was counterbalanced. This method ensures that participants attend to
the critical qualitative detail about the item, i.e., the color. Memory for
the item and its color were probed in the subsequent memory test.

Once participants learned the encoding task, the scanning session be-
gan. During scanning, participants viewed 200 unambiguous line draw-
ings that had been previously normed with child participants for
familiarity and visual complexity (Cycowicz et al., 1997). Each drawing
was presented for 2 s, followed by a fixation time of 2 s. Jittering was
included so that each stimulus onset followed the previous stimulus
2-8 s later. To remind participants of the semantic task to be performed,
a cue with the key word representing the judgment to be performed
(“house?”, “alive?”) was presented above each drawing. The association
between color and semantic judgment was counterbalanced, as was each
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item status as being viewed during encoding or being presented as a
distracter. The full set of 200 drawings was presented over the course of
four runs of 4:52 min each.

Recognition task. Upon completing the scanning session, participants
were trained to determine whether they had seen the drawing before and,
if so, in what color. Then, participants were given a self-paced recogni-
tion test, in which they were shown line drawings rendered in black and
white. The 200 drawings viewed at encoding were intermixed randomly
with 100 new drawings. When an item was recognized as old, participants
were also asked to indicate, with a button press, whether it had been
shown in green or red. No reference to the semantic judgment was made
in the recognition test instructions. This recognition test phase of the
study lasted ~45 min.

fMRI data acquisition

MRI data were collected using a high-resolution 3T Siemens scanner at
the UC Davis IRC. Functional MRI data were acquired with a gradient
echo EPI sequence [repetition time(TR) = 2000, echo time (TE) = 25,no
interslice gap, flip angle = 90°, field of view (FOV) = 220, 144 volumes
per run]. Each volume consisted of 34 contiguous 4 mm axial slices.
Coplanar T2-weighted and high-resolution T1-weighted images were
acquired for each participant (TR = 4000, TE = 109, FOV = 220). To
minimize head movement and to ensure that participants were suffi-
ciently comfortable to maintain focus on the task during the scan session,
we placed foam and bean pillows between the head and the head coil,
thereby maintaining the head in a still and comfortable position. In
addition, snugly fitting headphones (MR Confon) and ear plugs damp-
ened background scanner noise while allowing for easy communication
during the session. The acquisition of structural scans was performed
while participants watched cartoons (duration, ~4:42 min). Finally, each
of the four functional scans was relatively short and rest breaks were
provided between scans.

fMRI data analysis

Data were preprocessed using custom routines in SPM2 (Wellcome De-
partment of Cognitive Neurology) and MATLAB6. Images were cor-
rected for differences in timing of slice acquisition, followed by rigid
body motion correction. Structural and functional volumes were spa-
tially normalized to T1 and EPI templates, respectively. During normal-
ization, the volumes were resampled to 3 mm cubic voxels. Templates
were based on the MNI305 stereotaxic space (Cocosco et al., 1997). These
procedures have been validated for use with children aged 6 years and
above (Burgund et al., 2002; Kang et al., 2003). Functional volumes were
spatially smoothed with an 8 mm full-width at half-maximum isotropic
Gaussian kernel.

Data for individual participants were analyzed with the general linear
model in SPM. The fMRI time series data were modeled by a series of
events convolved with a canonical hemodynamic response function
(HRF). Although the correlations between age and the motion parame-
ters for translation (i.e., x, y, z) and rotation (i.e., yaw, pitch, roll) did not
reach conventional levels of significance (r < [0.19], p = 0.08), we in-
cluded these parameters as covariates of noninterest in the general linear
model to account for such source of individual variability. The least-
squares parameter estimates of height of the best-fitting canonical HRF
for each condition were used in pairwise contrasts. Contrast images cre-
ated at the individual level were submitted to group analyses. As detailed
below in fMRI results, we used group data to conduct region-of-interest
(ROI) analyses in regions showing memory-related activity in the MTL
(with minimum cluster size of at least 10 contiguous voxels) at p < 0.001
uncorrected.

Our study design allowed for the examination of activation associated
with three types of items, as follows: (1) items that were subsequently
recognized along with correct recall of the item color (labeled “Color
Correct” trials), (2) items that were subsequently recognized but whose
color was not correctly recalled (labeled “Color Incorrect” trials), and (3)
items that were subsequently forgotten (labeled “Miss” trials).

To test for differences in the pattern of MTL activation across the four
age groups, we first identified clusters of at least 10 contiguous voxels that
demonstrated memory-related activity in the comprehensive contrast of
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Color Correct > Miss at p < 0.001 uncorrected. We confined the exam-
ination of this contrast to the MTL by applying a mask created with
MarsBar that included hippocampus and parahippocampal gyrus bilat-
erally (Table 1). We then conducted ROI analyses for the clusters that
emerged within this mask.

In addition to the Color Correct > Miss contrast, we computed several
additional contrasts. First, to identify regions engaged specifically during
detail recollection, we computed the Color Correct > Color Incorrect.
Second, to test whether any regions responded specifically to item recog-
nition without detail recollection, we examined additional contrasts (i.e.,
Color Incorrect < Miss, Miss < Color Incorrect, and Color Incorrect >
Color Correct).

Results

Behavioral results

Before proceeding with analysis of behavioral data, we verified
that IQ levels were comparable across age groups (F; ;¢ = 1.49,
p = 0.22; 8-year-olds, 115.9 * 14.8; 10- to

11-year-olds, 114.2 * 10.1; 14-year-olds,

108.9 = 10.8; adults, 111.2 = 10.1, mean = @
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Ghetti et al. @ Development of Medial Temporal Lobe Contributions to Memory

Table 1. Contrasts for clusters identified in the medial temporal lobes from Color
Correct > Miss (all participants, p < 0.001 uncorrected) and Color Correct > Color
Incorrect

MNI coordinates

—  No. Peak t
BA x y z voxels  value
Color Correct > Miss
L Hippocampus -2 —10 —20 166 432
R Hippocampus 30 —12 —20 105 4.01
L Posterior parahippocampal gyrus 36  —32  —38 —14 204 5.98
R Posterior parahippocampal gyrus 37 34 —40 —12 248 572

Color Correct > Color Incorrect

L Hippocampus —12 36 0 12 3.99
L Hippocampus —24 —10 —20 24 3.81
L Parahippocampal gyrus 35, -2 -2 -0 44 3.95
L Posterior parahippocampal gyrus 36  —24 =38 —14 10 3.73
R Parahippocampal gyrus 35 2 -2 -2 14 3.59
L, Left; R, right. All participants, p << 0.001, uncorrected.
—4—Hit Rate b
e Eia i r [——Color Correct Rate|

0.95 1

SD). With respect to memory performance, "
there were no differences between groups in 7
terms of either the rate of correct recogni- %1
tion of drawings that had been seen (i.e., hit 0.7 1
rates) or the rate of incorrect recognition of ~ , 61
new items, i.e., false-alarm rates (F; ;) = g 05 1
1.95, p = 0.13) (Fig. 1a). In contrast, there 04 4
was a significant age difference in the rate of 03
correct color recollection, calculated as the o5
number of items for which the color was oi -
correctly identified divided by the total i

H
4
73
Iy

number of correctly recognized items
(Fi3,76) = 2.87, p < 0.05). Indeed, 8-year-
olds were significantly less likely to accu-
rately remember the color of the items they
judged old than were 14-year-olds or adults
(p < 0.05) (Fig. 1b); 10- to 11-year-olds did not significantly differ
from the other groups.

We measured accuracy and response times for each semantic
judgment performed during encoding. Accuracy of the semantic
judgment did not differ by age (F; ;¢) = 1.17, p = 0.34; 8-year-
olds, 0.81 = 0.10; 10- to 11-year-olds, 0.79 * 0.11; 14-year-olds,
0.80 = 0.11; adults, 0.84 *+ 0.06, mean * SD).

Although participants rarely failed to respond to the encoding
prompt (an average rate of 0.03 of 200 encoding trials), there was
a significant age difference in these rates (F; 54 = 3.14, p <
0.05), such that 8-year-olds exhibited higher rates of failure to
respond to the encoding prompt (0.04 £ 0.04, mean = SD)
than did 14-year-olds (0.02 = 0.03, mean *= SD) or adults
(0.01 = 0.02, mean * SD); 10- to 11-year-olds did not differ
from the other groups (0.03 = 0.04, mean = SD). Behavioral
results replicated those presented above when these trials were
removed (F; ;5) = 2.96, p < 0.05). Trials in which no behav-
ioral response was produced during encoding were excluded
from fMRI analyses.

With respect to encoding response times, there was a signifi-
cant effect of age (F 5 ;5) = 6.04, p < 0.01), such that 8-year-olds
and 10- to 11-year-olds responded more slowly (1719.7 = 330.4
ms and 1599.9 & 215.6 ms, mean * SD, respectively) than did 14-
year-olds (1407.5 = 181.0 ms, mean * SD) or adults (1409.9 =
371.9 ms, mean * SD). However, response times did not differ as a
function of whether participants recognized items and recollected
their color accurately, recognized items but did not recollect their
colors, or forgotten the items (F; ;55 = 0.39, p = 0.67). Thus, any

8-year-olds

Figure 1.
group. Error bars indicate SEs.

10-11-year-olds  14-year-olds

Adults 8-year-olds  10-11-year-olds 14-year-olds Adults

Behavioral results. a, b, Hit and false-alarm rates (a) and rates of correct color recollection (b) as a function of age

age differences in the activation profile across type of trial cannot be
accounted by differences in response times.

fMRI results

Following the approach described in Materials and Methods, we
sought to test the hypothesis that activation profiles of the hip-
pocampus and posterior parahippocampal gyrus become more se-
lective during development, such that these regions are engaged
specifically for color recollection in the mature state. Table 1 shows
the clusters within the MTL, identified from the comprehensive con-
trast of Color Correct > Miss at p << 0.001 uncorrected and from the
more specific detail recollection contrast Color Correct > Color
Incorrect (at least 10 contiguous voxels). All brain coordinates are
reported in MNI atlas space (Cocosco et al., 1997).

No cluster survived the p < 0.001 threshold for the additional
contrasts (Color Incorrect < Miss, Miss < Color Incorrect, and
Color Incorrect > Color Correct). For all ROIs, mean levels of
activation are reported separately for Color Correct, Color Incor-
rect, and Miss trials.

Subsequent memory effects in the hippocampus
The comprehensive contrast of Color Correct > Miss trials, com-
puted across all 80 participants, revealed clusters of hippocampal
activation in both hemispheres. We performed ROI analyses on
these clusters to test for qualitative differences in the activation
profiles across age groups.

In the left hippocampal ROI (Fig. 2 A), there was a significant
main effect of trial type (F(, 5,y = 11.65, p < 0.001), such that
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B ColorCorrect
B ColorIncorrect
O Forgotten

the effects of age group and trial type in
two separate ANOVAs. The first ANOVA
included only Color Incorrect and Miss
trials, and addressed the question of

Contrast Value

8 yrs 10-11 yrs

L Hippocampus
-26 -12 -21

Y=-10

—

*

-

whether this hippocampal region was sen-
sitive to item recognition (Color Incor-
rect > Miss trials). This analysis yielded a
significant interaction between age and
trial type (F(; 76 = 2.74, p < 0.05). In-

* K

.**
%

14 yrs

deed, 8-year-olds recruited this region
significantly more strongly for Color In-
correct trials than Miss trials ( p < 0.05),
but none of the other age groups exhibited
a difference between these conditions
(p > 0.26). Thus, an item recognition ef-
fect was observed in left hippocampus for
8-year-olds but not for the older age
groups.

The second ANOVA included only
Color Correct and Color Incorrect trials,
and addressed the question of whether the
left hippocampal ROI was recruited more
strongly at encoding for items whose cri-
terial detail (i.e., color) was subsequently

Adults

AKX

Contrast Value

8 yrs 10-11 yrs
R Hippocampus
30 -12 -21

C v=36

N
=N
PN

Contrast Value
© o o o

14 yrs

remembered rather than forgotten. This
analysis yielded a main effect of item type
(F(3,76) = 8.76, p < 0.01) such that greater
activation was observed for Color Correct
trials compared with Color Incorrect tri-
als; however, the difference between these
two types of trials was not significant in
8-year-olds (p = 0.99) or the 10- to 11-
year-olds ( p = 0.08), but was significant in
14-year-olds and adults ( p < 0.05 for both).

Opverall, both 8-year-olds and 10- to
11-year-olds exhibited immature patterns
of activation in left hippocampus. In
8-year-olds, the pattern was consistent
with a response to item recognition, with a
greater response for both Color Correct
and Color Incorrect trials than for Miss
trials. In 10- to 11-year-olds, this region

Adults

© N DN O

8 yrs

10-11 yrs

L Hippocampus
-13-36 2

Figure2.

**p < 0.01, *p < 0.05, @p < 0.10.

elevated activation was observed for Color Correct trials com-
pared with Color Incorrect trials ( p < 0.01) and Miss trials ( p >
0.001). Activation did not differ significantly for Color Incorrect
and Miss trials ( p = 0.10). Although the overall age-by-trial-type
interaction was not significant (Fs ,5,) = 1.81, p = 0.10), this was
likely due to the robust difference between Color Correct trials
and Miss trials (the contrast that yielded the functionally derived
ROI) potentially obscuring the more subtle difference between
Color Incorrect trials and either Color Correct or Miss trials.

To test for this possibility, and to examine the effects of inter-
est independent of the contrast defining the ROI, we examined

14 yrs

A, B, Average contrast values for each age group for ROlsin the left (L; A) and right (R; B) hippocampus, identified from
the contrast Color Correct > Miss from all participants, p << 0.001. €, Contrast values for ROI in the right hippocampus from Color
Correct > Color Incorrect from all participants, p << 0.001. Error bars indicate SEs. Significance levels are indicated as follows:

was engaged similarly at encoding regard-
less of subsequent memory status. In 14-
year-olds and adults, the pattern was
consistent with a response to subsequent
detail recollection, with stronger activa-
tion for Color Correct trials compared
with Color Incorrect trials, and no signif-
icant difference between Color Incorrect
and Miss trials.

As noted in Behavioral results, there
were age differences in the rates of memory for item color. This
finding raises the question of whether activation differences
would still be observed if participants were matched on perfor-
mance. We thus selected a subset of 14 participants in each of the
four age groups who exhibited similar levels of item recognition
and color recollection, and conducted all of the analyses reported
with the full sample with the reduced sample of matched
participants. Results concerning this region replicated those
obtained in the full sample (supplemental Results and supple-
mental Fig. 1 A, available at www.jneurosci.org as supplemen-
tal material).

Adults
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In the right hippocampal ROI (Fig.
2 B), results were highly similar to those in
the left hippocampal region. The overall
main effect of item type (Fs 15, = 12.53,
p < 0.01) likely obscured the interaction
between age and trial type (F4 5,y = 1.58
p = 0.16). Indeed, as in the left hippocam-
pus, a significant age-by-item trial inter-
action emerged when only Color
Incorrect and Miss trials were included
(F3.76) = 2.72, p < 0.05). As with the left
hippocampus, 8-year-olds exhibited
stronger activation, relative to Miss trials,
for both Color Correct and Color Incor-
rect trials ( p < 0.01 for both). The differ-
ence between Color Correct and Color
Incorrect trials was not significant (p =
0.91). In 10- to 11-year-olds, this region
exhibited stronger activation with Color B
Correct compared with Miss ( p < 0.05),
but the differences between Color Incor-
rect and Miss trials and Color Correct and
Color Incorrect trials were not significant,
(p > 0.10).

In contrast, 14-year-olds recruited this
region selectively for color recollection
(Color Correct > Color Incorrect trials
and Color Correct > Miss, p < 0.05),
whereas adults showed increased activa-
tion in the Color Correct trials compared
with the Miss trials (p < 0.01), but the
Color Incorrect trials did not differ signif-
icantly from either Color Correct or Miss
trials (p > 0.26). This pattern of results
was largely replicated with the sample of
participants matched on performance
(supplemental Results and supplemental Fig. 1B, available at
www.jneurosci.org as supplemental material). Thus, as in the left
hippocampus, in 8-year-olds, the pattern was consistent with a
response to item recognition, whereas 14-year-olds exhibited a
pattern consistent with detail recollection. In 10- to 11-year-olds
and adults, activation indicated memory-related effects, but the
patterns were less clear, with both exhibiting a gradual response.

In addition to these two hippocampal ROIs identified from
Color Correct > Miss, two hippocampal regions were also iden-
tified from the more specific contrast for detail recollection (i.e.,
Color Correct > Color Incorrect) (Table 1). One region in the left
posterior hippocampus exhibited a significant age-by-item trial
interaction (Fq 15, = 3.51, p < 0.01) and exhibited selectivity for
recollection only in adults. As can be seen in Figure 2C, 8-year-
olds exhibited the same pattern observed in the other regions
(Color Correct > Miss, p < 0.001; Color Incorrect > Miss, p <
0.05; Color Correct and Color Incorrect were not statistically
different, p = 0.35). In 10- to 11-year-olds, weaker activation was
observed for Color Incorrect compared with Miss trials (p <
0.05), but none of the other contrast differences were statistically
significant ( p > 0.14). In 14-year-olds, none of the contrast dif-
ferences were significant ( p > 0.16). Finally, adults exhibited a
pattern clearly consistent with selective recruitment for detail
recollection (Color Correct > Color Incorrect, p < 0.01; Color
Correct > Miss, p = 0.05; with Color Incorrect and Miss trials not
statistically different, p = 0.75). These results were virtually iden-
tical when the analyses were conducted only on the subset of

A Y =-42

-30-41-9
Y =-40

Figure 3.

L Parahippocampal Gyrus
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B Color Incorrect

O Forgotten
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X AKX
5 4
24
.04 T
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R Parahippocampal Gyrus
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A, B, Average contrast values for each age group for ROIs in the left (L; ) and right (R; B) posterior parahippocampal
gyrus, identified from the contrast Color Correct > Miss from all participants, p << 0.001. Error bars indicate SEs. Significance levels
are indicated as follows: ***p < 0.001, **p << 01, *p << 0.05; $p = 0.05.

participants matched for performance (supplemental Results
and supplemental Fig. 1C, available at www.jneurosci.org as sup-
plemental material).

The additional cluster in the left hippocampal region iden-
tified from Color Correct > Color Incorrect (—24, —10, —20)
was completely contained in the larger cluster in the left hip-
pocampus identified from Color Correct > Miss and analyzed
earlier (Fig. 2A), and the results were highly similar. Thus,
these results are only featured in the supplemental Materials
(supplemental Fig. 3A, available at www.jneurosci.org as sup-
plemental material).

In summary, 8-year-olds recruited the hippocampus bilater-
ally for subsequent item recognition regardless of whether the
color was recalled correctly; 10- to 11-year-olds appeared to en-
gage the hippocampus bilaterally during encoding but their acti-
vation profile did not exhibit subsequent memory. Evidence of
selective recruitment of these regions for detail recollection was
observed bilaterally in 14-year-olds and in the left hippocampus
in adults.

Subsequent memory effects in the posterior

parahippocampal gyrus

Clusters of activation were found in bilateral posterior parahip-
pocampal gyrus (PHG) for the Color Correct > Miss contrast. In
the left posterior PHG (Fig. 3A), there was a significant interac-
tion between age and item type (F4 5, = 2.56, p < 0.05). In
8-year-olds, we found evidence of this region responding gener-
ally to item recognition (Color Correct > Miss, p < 0.001; Color
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Incorrect > Miss, p < 0.01; Color Correct and Color Incorrect
did not differ, p = 0.89). In 10- to 11-year-olds, no reliable effect
ofitem type was found ( p > 0.56). In 14-year-olds and adults, the
pattern of activation appeared consistent with selectivity for
memory for item color (14-year-olds: Color Correct > Color
Incorrect, p < 0.05; Color Correct > Miss, p < 0.05; Color in-
correct ~ Miss, p = 0.81; adults: Color Correct > Color Incor-
rect, p = 0.05; Color Correct > Miss, p < 0.01; Color incorrect ~
Miss, p = 0.95). This pattern of results was confirmed when the
groups were matched on performance (supplemental Results and
supplemental Fig. 3B, available at www.jneurosci.org as supple-
mental material).

In the right posterior PHG (Fig. 3B), there was a significant
interaction between item type and age (F(4 5,y = 2.16, p < 0.05).
Selectivity for color recollection was not found for any of the age
groups. In 8-year-olds, as in other regions, a pattern consistent
with item recognition was found (Color Correct > Miss and
Color Incorrect > Miss, p < 0.001; Color Correct ~ Color In-
correct, p = 0.57).In 10- to 11-year-olds, no reliable effect of item
type was found ( p > 0.34).

As in the left posterior PHG, in 14-year-olds and adults, the
pattern of activation was consistent with selectivity for memory
for item color (14 year-olds: Color Correct > Color Incorrect,
p < 0.05; Color Correct > Miss, p < 0.05; Color incorrect =~
Miss, p = 0.86; adults: Color Correct > Color Incorrect, p < 0.05;
Color Correct > Miss, p < 0.001; Color incorrect ~ Miss, p =
0.83). The pattern of results was similar when analysis was re-
stricted to participants matched on performance (supplemental

14 yrs

A, B, Average contrast values for each age group for ROIs in the right (R) DLPFC (A) and left (L) VLPFC (B) from the
contrast Color Correct > Miss from all participants, p << 0.001. Error bars indicate SEs. Significance levels are indicated as follows:

(Color Correct > Color Incorrect and
Color Correct > Miss, p < 0.001; Color
incorrect ~ Miss, p = 0.83). On the right,
the main effect of item type (F4 5, =
12.78, p < 0.001) was consistent with a
gradual response in this region (Color
Correct > Color Incorrect, p < 0.001;
Color Incorrect > Miss, p < 0.05; Color
Correct > Miss, p < 0.001).

Overall, 8-year-olds recruited the pos-
terior PHG bilaterally for item recognition and 10- to 11-year-
olds engaged the posterior PHG indiscriminately. In 14-year-olds
and adults, activation consistent with color recollection was ob-
served in the posterior PHG bilaterally. These age differences did
not extend to more anterior regions of the parahippocampal
cortex.

Adults

Subsequent memory effects in the PFC

Although the main focus of this study was to examine the devel-
opment of the MTL, we also examined PFC recruitment during
encoding. Clusters of activation in PFC from all contrasts are
reported in supplemental Table 1, available at www.jneurosci.org
as supplemental material.

ROI analyses were conducted on the regions identified in
ventrolateral (VL) PFC and dorsolateral (DL) PFC, given prior
evidence of the involvement of these regions in controlled
processes supporting memory encoding (Badre and Wagner,
2007; Blumenfeld and Ranganath, 2007). One region in right
DLPFC and one region in left VLPFC exhibited patterns re-
vealing age-related differences (Fig. 4). In the right DLPFC, a
significant age differences was observed (F(; ;¢ > 3.52, p <
0.05), such that 8-year-olds exhibited significantly lower acti-
vation than the other groups ( p <0.05), which did not differ
among each other, even though subsequent memory effects
were present even in this younger group (Fig. 4A). When
analyses were conducted with participants matched for per-
formance, this significant effect of age was retained (F; 5,, >
2.81, p < 0.05).
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In the left VLPFC, an age-by-item-type interaction ap-
proached statistical significance (F 5, > 1.92, p = 0.08) and
was significant when the interaction was examined with trend
analysis (F 3 ;¢ > 3.45, p < 0.05). As shown in Figure 4 B, 8-year-
olds recruited this region only for items subsequently remem-
bered along with the color (Color Correct > Color Incorrect, p <
0.01; Color Correct > Miss, p < 0.05; Color Incorrect ~ Miss,
p = 0.89).In contrast, in each of the other age groups, both Color
Correct and Color Incorrect trials recruited this region signifi-
cantly more strongly than Miss trials ( p < 0.05). All these differ-
ences were retained, albeit with attenuated reliability, when the
analyses were conducted with the subset of the sample matched
for performance (F3 5,, > 2.53, p = 0.06). This pattern was con-
firmed when ROI analyses were conducted with the smaller clus-
ter in the same region (BA 47: —32, 30, —14) identified from
Color Correct > Color incorrect (F; 75, > 2.94, p < 0.05) (sup-
plemental Table 1, available at www.jneurosci.org as supplemen-
tal material).

In all of the other PFC regions identified from Color Correct >
Miss (i.e., left VLPFC; BA 45: —48, 24, 20) and Color Incorrect >
Miss (left VLPFC; BA 47: —46, 30, —12), only main effects of trial
types were found (F; ;54 > 9.65, p < 0.001), such that Color Cor-
rect trials recruited these regions more strongly than Miss trials
acrossages ( p <0.001). Thus, whereas the age-related changes in the
activation profile of DLPFC with this incidental encoding task were
quantitative, 8-year-olds appeared to successfully recruit the VLPFC
only for items subsequently recollected, despite no overall age-
difference in activation levels, whereas in the other age groups
activation was observed even when color recollection was not
successfully achieved in the later test.

Discussion

The goal of the present study was to test the hypothesis that the
contribution of MTL regions to memory formation changes
during childhood in association with the ability to remember
specific details about past events. Consistent with this hypoth-
esis, we found evidence of functional changes within the MTL
pertaining to memory for item color. In 8-year-olds, activa-
tion in these regions predicted subsequent item recognition
regardless of whether memory for color was correctly re-
trieved; in 10- to 11- year-olds, activation in these regions did
not always differ based on subsequent memory performance;
finally, in 14-year-olds and adults, encoding activation in re-
gions of bilateral hippocampus and bilateral posterior PHG
predicted subsequent color recollection, but not item recog-
nition. These differences were largely replicated in a subset of
the sample matched for performance. Although analyses with
this sample necessarily introduce selection biases (e.g., the
best performing 8-year-olds and the worse performing adults
were included), their results suggest that the observed patterns
could not be accounted for by differences in behavioral
performance.

The ability to recollect events in association with contextual
features has been associated with selective recruitment of
the hippocampus and posterior PHG (Davachi et al., 2003;
Ranganath et al., 2004; Diana et al., 2007). In the present
study, we found age differences in the selectivity with which
activation of bilateral hippocampus and posterior PGH pre-
dicts subsequent color recollection. In 8-year-olds, these regions
are recruited not only for subsequent recollection, but also for
subsequent item recognition. In 10- to 11-year-olds, an activa-
tion pattern similar to 8-year-olds was observed in the right hip-
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pocampus, but activation failed to exhibit a reliable pattern in the
other MTL regions.

There are several plausible accounts for the developmental
changes that were observed in the medial temporal lobes. First,
these age differences may reflect structural changes in MTL.
Longitudinal MRI research (Gogtay et al., 2006) showed that,
despite the relative stability of hippocampal overall size be-
tween ages 4 and 25 years, the volume of the anterior hip-
pocampus decreases over development, whereas that of the
posterior hippocampus increases. Although the significance of
these structural changes is not yet understood, there are rea-
sons to suspect that synaptic production, pruning, and myeli-
nation play important roles (Utsunomiya et al., 1999; Nelson
et al., 2003).

Second, these age differences in MTL activation may be due to
increases in connectivity with PFC regions. There is evidence that the
PFC-MTL network is strengthened during adolescence (Menon et
al,, 2005). Further, previous behavioral research has shown that a
developmental improvement in recollection is driven by age-related
increases in controlled operations (Ghetti and Angelini, 2008),
which are known to involve PFC regions (Badre and Wagner,
2007; Blumenfeld and Ranganath, 2007). In the current study,
8-year-olds differed in DLPFC and VLPFC activation com-
pared with the other groups. Future research should examine
whether these changes play a role in the late emergence of
selective MTL activation for recollection.

Changes in the PEC-MTL network may help explain the cur-
rent finding that 8-year-olds exhibit more reliable activation pat-
terns in MTL than 10- to 1l-year-olds, despite this group
showing subsequent memory effects in PFC and, more specifi-
cally, an activation profile comparable to that of 14-year-olds and
adults in right DLPFC and left VLPFC. Preadolescence is a period
of rapid change during which long-range projections begin to
dominate over local ones (Fair et al., 2009); during this period,
there may be temporary instability in brain networks, which
might result in clearer regional patterns of activation in child
groups and adults than in adolescence (Paz-Alonso et al., 2008).

Our study design and methods enhanced the probability of
observing age-related differences in MTL function between mid-
dle childhood and adulthood, which have not been observed pre-
viously. Our sample included a large number of preadolescents,
thereby allowing for a closer examination of development during
childhood. Further, the task was specifically designed to promote
recollective processes (i.e., processing of the association between
items and their color; specific test of memory for item color dur-
ing retrieval). These task characteristics may have hindered the
probability of finding robust activation associated with item
memory in the absence of memory for specific detail, thereby
preventing us from exploring developmental differences in the
neural substrates of this capacity.

However, these task characteristics may help explain why our
results contrast those reported in the only other published event-
related fMRI study on the development of encoding processes
(Ofen et al., 2007), namely age-invariant levels of activation in
MTL regions. Ofen et al. (2007) instructed participants to remember
scenes; at retrieval, participants were asked to identify old from new
items and then indicate whether the items recognized as old were
subjectively experienced as Remembered or Familiar. The instruc-
tions and the materials used may have promoted global item encod-
ing whereas encoding of specific qualitative details was not
encouraged. Further, the use of scenes may have overridden subtle
developmental differences in MTL recruitment, because scenes
strongly engage this region (Stern et al., 1996; Brewer et al., 1998;
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Epstein and Kanwisher, 1998), consistent with the critical role
of MTL in spatial representation (Mizumori et al., 2007; Bird
and Burgess, 2008).

The differences in MTL findings between Ofen et al. (2007)
and the present study raise several intriguing questions about the
conditions under which differences in MTL recruitment may be
observed during childhood and adolescence. Particularly inter-
esting is the possibility that developmental changes in MTL re-
cruitment depend on the extent to which binding between items
and context features is promoted during encoding and on the
extent to which retrieval operations are constrained (e.g., partic-
ipants are required to remember specific details about an event
versus anything about the event).

The age differences in PFC recruitment in our study were not
as strong as those previously reported (Ofen et al., 2007). In our
study, we used an incidental semantic encoding task to maximize
similarity of encoding across ages, thereby reducing reliance on
intentional strategies in older children and adults. By contrast,
encoding was intentional in the study by Ofen and colleagues
(2007). Whereas the use of scenes likely minimized simple label-
ing strategies in Ofen et al. (2007), use of other PFC-dependent
strategies, known to improve with age (Bjorklund et al., 2009),
was not prevented. Future research should examine whether the
contribution of PFC to memory encoding can be potentiated
with specific instructions and whether the resulting differences in
PFC recruitment have implications for MTL contribution.

Although the present study focuses on MTL activation at en-
coding, we cannot discount the possibility that our neuroimaging
results are in part accounted for by age differences at retrieval
(Bjorklund et al., 2009). If younger participants implement re-
trieval processes differently than older participants, the final clas-
sification of trials (i.e., Color Correct, Color Incorrect, and Miss)
and associated activation levels would be more likely to show
developmental differences even assuming no true change in
encoding-related activation. If this were the case, however, we
should expect less systematic differences in subsequent memory
effects. Instead, our results indicate a progression from activation
predicting item recognition to activation predicting color recol-
lection. Nevertheless, given that regions in MTL are recruited
duringretrieval (Cansino et al., 2002), the study of age differences
in retrieval-related activation is a logical next step for future re-
search (Paz-Alonso et al., 2008).

Future investigations should also take a longitudinal approach
to examine the emergence of specialized recruitment of distinct
MTL regions for memory. An examination of the relations be-
tween age and brain activation in cross-sectional samples, as in
the present study, is informative for identifying critical transi-
tions in development. However, it is only through the examina-
tion of within-individual trajectories that developmental change
can be established with respect to the contribution of specific
regions as well as networks of regions to memory formation.

Nonetheless, our findings have important implications for
both theory and application. Dual-process theories contend that
distinct MTL regions subserve recollection-based and fami-
liarity-based recognition (Eichenbaum et al., 2007), whereas
other theoretical frameworks emphasize that MTL regions func-
tion as a unitary system, despite some division of labor (Squire et
al., 2007). Our results suggest that this functional distinction
emerges during childhood. MTL regions may function as a uni-
tary system earlier in childhood, and become increasingly differ-
entiated in later years (de Haan et al., 2006). From an applied
perspective, this study may be informative in identifying periods
ofincreased risk of memory dysfunction. For example, it has been
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shown recently that some children with type-1 diabetes exhibit
recollection deficits (Ghetti et al., 2010). These deficits, associated
with complications putatively affecting hippocampal integrity,
were more robust when these complications had occurred before
age 7 years. If important transitions occur after age 8 years, subtle
insults occurring earlier could have a more detrimental effect on
recollection. Overall, the present study joins a slowly growing
body of research that provides insights on the connection be-
tween development of brain function and changing memory
performance.
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