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Brief Communications

Longitudinal Evidence for Functional Specialization of the
Neural Circuit Supporting Working Memory in the Human
Brain
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Although children perform more poorly than adults on many cognitive measures, they are better able to learn things such as language and
music. These differences could result from the delayed specialization of neural circuits and asynchronies in the maturation of neural
substrates required for learning. Working memory—the ability to hold information in mind that is no longer present in the environ-
ment— comprises a set of cognitive processes required for many, if not all, forms of learning. A critical neural substrate for working
memory (the prefrontal cortex) continues to mature through early adulthood. What are the functional consequences of this late matu-
ration for working memory? Using a longitudinal design, we show that although individuals recruit prefrontal cortex as expected during
both early and late adolescence during a working memory task, this recruitment is correlated with behavior only in late adolescence. The
hippocampus is also recruited, but only during early, and not late, adolescence. Moreover, the hippocampus and prefrontal cortex are
coactive in early adolescence regardless of task demands or performance, in contrast to the pattern seen in late adolescents and adults,
when these regions are coactive only under high task demands. Together, these data demonstrate that neural circuitry underlying
working memory changes during adolescent development. The diminishing contribution of the hippocampus in working memory

function with age is an important observation that informs questions about how children and adults learn differently.

Introduction
Working memory (WM) comprises a set of cognitive processes
required for many, if not all, forms of learning (Bayliss et al.,
2005; Cowan, 2005). This ability has been shown to be important
for myriad cognitive abilities (Conway et al., 2003; Unsworth et
al., 2009) and scholastic achievement (Bayliss et al., 2005). The
neural substrates supporting WM undergo changes well into
adulthood (Sowell et al., 2004; Gogtay et al., 2006; Lenroot and
Giedd, 2006), within both regions that are necessary for WM
in adults—the prefrontal cortex (PFC) (Goldman-Rakic, 1987;
Curtis and D’Esposito, 2003)—and regions that are recruited
only during specific contexts—the hippocampus (Ranganath
and Blumenfeld, 2005). Using longitudinal functional magnetic
resonance imaging (fMRI) in adolescents, we ask whether these
anatomical changes observed in normal development are accom-
panied by changes in the functional WM circuit.

Adolescence is an important period of time to explore these
changes for several reasons. First, adolescence is a critical period
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for PFC development (Lenroot and Giedd, 2006). Second, neu-
rodevelopmental investigations generally report greater recruit-
ment of brain regions involved in WM in adults than in children
(Casey et al., 1995; Thomas et al., 1999; Klingberg et al., 2002;
Tsujimoto et al., 2004; Crone et al., 2006; Scherf et al., 2006;
Olesen et al., 2007; O’Hare et al., 2008; Thomason et al., 2009).
Comparisons between adolescents and adults, however, are more
varied, with some studies reporting few differences (Crone et al.,
2006; O’Hare et al., 2008) and others reporting more diffuse
brain activity during adolescence (Scherfet al., 2006; Olesen et al.,
2007). We aim to resolve these discrepancies by examining
changes in the same adolescents across two time periods. Third,
there is growing evidence that adolescence is a time of substantial
reorganization on a network level (Fair et al., 2007). Thus, mul-
tivariate analyses of fMRI can illuminate whether the functional
circuit supporting WM function also undergoes reorganization,
something not addressed in previous developmental investiga-
tions. Finally, few behavioral differences are observed between
adolescents and adults on simple WM tasks (Luciana and Nelson,
1998; Gathercole, 1999; Cowan et al., 2003; Luna et al., 2004;
Davidson et al., 2006) despite the PFC’s relative immaturity at
this age, suggesting the involvement of additional regions during
the engagement of WM processes. Illuminating any such differ-
ences could help explain why a behavioral difference is not ob-
served. The hippocampus is a likely candidate. In adults, the
hippocampus is recruited during WM tasks only when stimuli are
novel or relations between stimuli must be formed (Mitchell et
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Figure1. Experimentaltask and behavioral data. a, Participants encoded either 2 or 6 letters

(cue) and retained them across a 13.2 s delay interval. When a probe was presented, they then
determined whether or not a single letter was part of the memory set (2s). b, ¢, Accuracy and
RTs across scan times (b) and memory loads (c). Error bars represent SEM.

al., 2000; Ranganath and D’Esposito, 2001; Piekema et al., 2006).
Likewise, patients and animals with hippocampal damage are
impaired on WM tasks involving complex and novel objects (e.g.,
Buffalo et al., 1998; Eacott et al., 1994; Hannula et al., 2006).

The present investigation therefore addresses the following
specific questions: (1) Does the WM network change during ad-
olescence? (2) Moreover, is the hippocampus involved in the
WM network during early, but not later, adolescence?

Materials and Methods

Participants and procedure. We used fMRI and followed 10 female ado-
lescents longitudinally [mean age 15.1 years (SD: 1.55) for scan 1 (S1)
and 18.3 years (SD: 1.45) for scan 2 (S2); all were right-handed, native
English speakers]. We included only females since gender differences in
developmental trajectories have been reported, especially during adoles-
cence and for subcortical structures (Lenroot and Giedd, 2010). Partici-
pants were excluded if they reported any of the following: a history of
brain trauma, birth mother drug or alcohol use during pregnancy, taking
psychoactive medication, frequent use of drugs or alcohol, having metal
on or near the body, or any other health condition relevant for scanning.

During both scans, we administered a delayed match-to-sample task
(Sternberg, 1969; Rypma and D’Esposito, 2000) in which participants
encoded either 2 (lowload) or 6 (high load) visually presented uppercase
letters for 2 s (cue), held the letters in mind for a 13.2 s (delay) period and
then responded as to whether a lowercase letter presented at test (probe)
matched one of the encoded letters (Fig. 1a). There were a total of 80
trials (50% high load; 50% low load, 50% where the probe letter matched
a letter in the encoding set; randomized across trials).

fMRI data acquisition and analysis. Functional MRI data were ac-
quired using a 4.0 T Varian INOVA MR scanner. Functional data were
obtained using a two-shot echo-planar imaging (EPI) sequence sen-
sitive to BOLD contrast (effective TR = 2200 ms, TE = 28 ms, FOV =
22.4 cm?, matrix size = 64 X 64). Image processing and univariate
and multivariate analysis were completed using SPM2 (Friston et al.,
1991). Functional MRI data processing included a linear-time inter-
polation algorithm to double the effective sampling rate. Temporal
sync interpolation was used to correct for between-slice timing dif-
ferences in image acquisition. Data were spatial smoothed using 10
mm FWHM Gaussian kernel. Motion correction was accomplished
using a six-parameter rigid-body transformation algorithm (Friston
etal., 1995a). A high-resolution 3D T1-weighted structural scan (MP-
FLASH sequence) and an in-plane high-resolution T2-weighted
structural scan (GEMS sequence) were acquired for anatomical local-
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ization and normalization purposes. A total of 1230 whole-brain vol-
umes were collected for each subject. The first 10 scans were dropped
from the beginning of every run to account for gradient instabilities,
resulting in 1130 usable whole-brain volumes per participant. For
each participant, total time in the scanner was ~1 h, 30 min for each
scan.

For every participant, any run that included 5.5 mm or more move-
ment in any of the six parameters used for movement correction (x, y, z,
roll, pitch, and yaw) was excluded from the analysis. This exclusion cri-
terion allowed us to retain a large number of trials while restricting
movement within an activated slice. Mean movement parameters after
the exclusion criteria were applied were very small and did not differ
across scan sessions [S1 mean (M) = 0.117 mm (SD = 0.09), M = 0.003°
(SD = 0.005); S2 M = 0.133 mm (SD = 0.162), M = 0.002° (SD =
0.002)]. To additionally account for subject movement, movement cor-
rection parameters were included as covariates in each individual’s
general linear model analysis. As a result, several adolescents had <1130
acquisitions. The smallest number of acquisitions allowed was 452, for
one participant. This participant performed 40 task trials out of a possible
80, and this was during their first scanning session.

Before statistical analyses, data were normalized to Montreal Neuro-
logical Institute (MNI) space, As described previously (Sheridan et al.,
2007), a statistical parametric map was calculated for each participant
based on linear combinations of the regressors modeling each task period
(Friston et al., 1995b). Regressors were convolved with the canonical
hemodynamic response function provided by SPM2 and defined for each
stage (cue, delay, and probe) of each task condition. Only trials with
correct responses were incorporated in the analysis. Individual results
were then combined into a group analysis; paired t tests were used for
across-scan comparisons.

To compute functional connectivity, a unique parameter estimate (3
value) for the events in each trial was computed for each participant and
then sorted by task period (i.e., cue, delay, and probe), yielding a 3 series.
The extent to which two regions interact is quantified by the extent to
which their respective 3 series are correlated (Rissman et al., 2004). Re-
gions of interest (ROIs) for both brain—behavior and connectivity anal-
yses were constructed from these group data by choosing the 10 most
active, contiguous voxels within the PFC (all participants at both scan
times, p << 0.001) or hippocampus (all participants at S1, p < 0.001). Our
definition of the lateral PFC included the middle and inferior frontal gyri,
ventral to the superior frontal sulcus and anterior to the precentral sul-
cus. Contrast values were extracted using MarsBar (Brett et al., 2002).

All correlation analyses were conducted using Matlab 6.5 (http://www.
mathworks.com). To allow statistical conclusions to be made based on
the correlation magnitudes, we applied an arc-hyperbolic tangent trans-
form (Fisher, 1921) to the correlation coefficients of all brain voxels.
Since the correlation coefficient is inherently restricted to range from —1
to +1, this transformation serves to make its null hypothesis sampling
distribution approach that of the normal distribution. The transformed
correlation coefficients were then divided by their known SD to yield z
scores. Group level random-effects t tests were then conducted to iden-
tify voxels for which the mean of subjects’ transformed correlation coef-
ficients was reliably greater than zero.

Results

Accuracy did not differ across the two scans (fo, = 0.562, p =
0.588). Consistent with many developmental studies using reac-
tion time (RT) (e.g., Sheppard and Vernon, 2008), participants
were faster to respond when they were older (i.e., at S2, to) =
3.658, p = 0.005). During both scans, participants were more
accurate (fo) = 2.63, p = 0.027) and faster to respond () =
—4.678, p = 0.001) at low load (2 vs 6 letters).

Neural recruitment was assessed for all task periods (e.g., cue,
delay, and probe). Consistent with many other investigations of
WM, lateral PFC activity was observed during all stages of the task
at both scan times (S1 and S2) (supplemental Tables 1, 2, avail-
able at www.jneurosci.org as supplemental material). Addition-
ally and in accordance with our hypothesis, participants recruited
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hippocampus during S1, but not S2, for all
three task periods (cue, delay, and probe)
(supplemental Tables 1, 2, available at
www.jneurosci.org as supplemental ma-
terial). Accordingly, hippocampal activity
was greater during S1 than S2 during all
three task periods for each load condition
and collapsed across loads (see Fig. 2 and
supplemental Table 3, available at www.
jneurosci.org as supplemental material).

These results suggest that while adoles-
cents recruit PFC as expected during a
WM task, younger adolescents addition-
ally recruit the hippocampus. This is the
first demonstration of hippocampal activ-
ity for any age group during a WM task
that does not include complex/novel or
location-bound objects. Given that nei-
ther adults (Rypma and D Esposito, 2000)
nor these same individuals 3 years later
recruit the hippocampus for this task,
these data show that neural recruitment
during WM function is qualitatively dif-
ferent earlier in adolescence. Why do in-
dividuals recruit the hippocampus when they are younger but not
when they are older? This could be a consequence of several, not
entirely separate, factors, such as differences in task difficulty
during each of the scan times and differences in developmental
trajectories of the hippocampus and PFC. These possibilities are
explored in turn.

We explored task difficulty in two ways: first, by examining
neural recruitment for high versus low memory loads, and sec-
ond, by comparing recruitment across scan times on a subset of
trials that were matched for RT. Regions that are recruited to a
greater extent with increasing load should reflect increased task
difficulty. As expected, there was greater recruitment of frontal
regions during all task periods for high as compared to low loads
during S1 (supplemental Table 4, available at www.jneurosci.org
as supplemental material) and during the delay and probe peri-
ods for S2 (supplemental Table 5, available at www.jneurosci.org
as supplemental material). However, load-related recruitment
was not observed in the hippocampus at S1 or S2, suggesting that
frontal, but not hippocampal, regions are sensitive to relative task
difficulty.

Thus, it seems that the hippocampus is not recruited simply
due the task being more difficult for younger adolescents. How-
ever, RTs were slower at S1 than S2. Thus, we compared the
subset of trials in which RT was equated across the two time
periods to determine whether the pattern of hippocampal activ-
ity we observed changed. In this analysis, we compared the fast-
est 75% of trials during S1 (mean RT: 1398.5 ms; range: 2273—805
ms) and the slowest 75% of trials during S2 (mean RT: 1392.3 ms;
range: 3674—723 ms). This analysis again revealed that hippocam-
pal activity was greater during S1 than S2, as observed separately
during the encoding and delay periods (supplemental Table 6,
available at www.jneurosci.org as supplemental material). Thus,
our primary result persists despite comparing trials at S1 with
faster RTs, which could be considered easier, with trials at S2 with
slower RTs.

The greater involvement of the hippocampus during perfor-
mance of WM task at S1 could be due to the immaturity of the
PFC that leads to compensatory recruitment of the hippocam-
pus. Alternatively, it could simply reflect normal developmental

Figure 2.
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Functional MRI data. Hippocampal recruitment during scan 1as compared to scan 2 is shown during all task periods.

differences in the trajectory of cortical maturation (hippocampal
earlier, PFClater). To provide evidence that PFC’s functional role
in WM function is delayed in time, we explored the relationship
between behavior and PFC function across scanning sessions.
Across all participants, we therefore correlated left PFC activity
during each task period with RT. We found that early in adoles-
cence (S1), there was no significant association between PFC ac-
tivity and RT for any of the task periods (encoding: r = 0.222,
R*=0.049, p = 0.538; delay: r = —0.269, R> = 0.073, p = 0.452;
probe: r = —0.523, R> = 0.274, p = 0.121 collapsed across load).
In contrast, at S2 the correlation was robust during encoding (r =
—0.705, R> = 0.497, p = 0.023) (Fig. 3a), and in the predicted
direction (though not significant) during other task periods.
Moreover, there was a significant relationship between the
change in the degree to which the PFC (S2-S1) was recruited and
change in reaction time (S1-S2) across scan times for encoding
and delay periods (cue: r = —0.804, R* = 0.646, p = 0.005; delay:
r = —0.653, R* = 0.462, p = 0.041), showing that adolescents
who recruited the PFC more during the second than during the
first scan were the ones whose RT's improved the most across scan
times (Fig. 3b). Thus, data show a tight link between PFC func-
tion and behavior at S2 but not S1, suggesting that the functional
role of the PFC is developmentally delayed.

To investigate the role of the hippocampus in the WM net-
work directly, we measured functional connectivity between the
hippocampus and PFC at both scan times. We chose to focus this
analysis on the encoding period because S1 hippocampal recruit-
ment is most robust during encoding; and this is also the task
phase during which reliable brain—behavior associations were
observed at S2. First, we examined functional connectivity (Rissman
et al., 2004) between the right hippocampus and the rest of the
brain at S1. To directly compare connectivity at S1 and S2, we also
measured functional connectivity of the left PFC region used
above and the rest of the brain. At S1, activity in the right hip-
pocampus was functionally correlated with bilateral regions in
the lateral PFC (left: + = 4.40, p < 0.0001; right: ¢ = 8.39, p <
0.0001) and the contralateral hippocampus (left: t = 4.12, p <
0.0001) (Fig. 4; supplemental Table 9, available at www.jneurosci.
org as supplemental material). Also at S1, activity in the left PFC
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left hippocampus during scan 1.

was correlated with bilateral hippocampus (left: t = 4.67, p <
0.0001; right: ¢ = 4.13, p < 0.0001) (Fig. 4; supplemental Table 7,
available at www.jneurosci.org as supplemental material). De-
spite the strong association between hippocampal and PFC activ-
ity during S1, no such association was observed in the same
individuals, performing the same task 3 years later. At S2, no
significant correlations between PFC and hippocampus were ob-
served (Fig. 4). Rather, the left PFC is correlated primarily with
the contralateral right PFC (supplemental Table 8, available at
www.jneurosci.org as supplemental material). Thus, the hip-

Hippocampal—PFC connectivity. a, Hippocampal seed used in the connectivity analyses obtained during the
encoding period in scan 1. This seed was functionally correlated with bilateral lateral PFC, and contralateral hippocampus
(not depicted) during scan 1. b, Left PFCseed used in the connectivity analyses obtained during the encoding period across
both scan times. This seed was functionally correlated with bilateral lateral PFC during both scan 1and scan 2 but only the

t=5.02, p < 0.0001). However, at S2, the
left PFC and left hippocampus were cor-
related only during high load (¢ = 4.85,
p < 0.0001).

To further explore the factor of task
difficulty, we investigated whether RT
would show a similar result. We split ob-
servations based on median reaction time
(for both S1 and S2) and probed PFC—
hippocampus connectivity for each load.
The most difficult trials are those for
which adolescents were slow to respond
during a high mnemonic load. As in the
previous analysis, functional correlations
between the left hippocampus and left
PFC were significant regardless of load or
RT at S1 (fast/low: t = 2.77, p < 0.005;
fast/high: t = 3.43, p < 0.001; slow/low:
t = 3.17, p < 0.001; slow/high: t = 2.72,
p < 0.005). At S2, however, functional
correlations were significant only during
slow trials (low: £ = 2.90, p < 0.005; high:
t = 4.42, p < 0.00005), an effect that was
most salient during high load.

Discussion
In summary, this is the first longitudinal
fMRI study demonstrating that functional
network specificity changes across adoles-
cence. Data show that the WM circuit be-
comes increasingly specialized with age.
Earlier in adolescence, participants re-
cruited both the lateral PFC and hippocam-
pus during a WM task, but did not recruit the hippocampus 3 years
later during performance of the same task. Moreover, whereas PFC
and hippocampal activity are correlated regardless of WM load
and behavior during early adolescence, these associations are ob-
served only during high mnemonic loads 3 years later, a time
during which the PFC is also predictive of behavior.

Our data aids in the understanding of the mismatch in the
literature on the development of WM during adolescence. Behav-
iorally, basic WM maintenance processes show minimal changes
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during this time period (Luciana and Nelson, 1998; Gathercole,
1999; Cowan et al., 2003; Luna et al., 2004; Davidson et al., 2006),
but a large body of evidence shows that the primary neural sub-
strate for WM—the PFC—undergoes great structural and func-
tional change during this same time (Sowell et al., 2004; Lenroot
and Giedd, 2006; Thomason et al., 2009). By examining func-
tional recruitment and network connectivity, we have shown
that younger adolescents recruit an additional region, the hip-
pocampus, during WM function. This recruitment could but-
tress WM function such that no behavioral differences are
observed. Additional studies will be necessary to determine
whether earlier hippocampal recruitment is compensatory or
due to normal developmental differences in the trajectory of
cortical maturation.

Interestingly, previous researchers have suggested that pro-
tracted PFC development might actually be a benefit, rather than
a hindrance, to children; advanced PFC abilities are hypothesized
to interfere with probability, convention, and imitative learning,
forms of learning where children have been shown to outperform
adults (Ramscar and Gitcho, 2007; Thompson-Schill et al., 2009).
Here, we extend these previous theoretical formulations by dem-
onstrating that the hippocampus is engaged in younger individ-
uals during the performance of a WM task that does not engage
the hippocampus in older individuals (see also Chatham et al.,
2009). Because younger individuals appear to recruit the hip-
pocampus in circumstances that adults do not, they might also
bind, consolidate, store, and retrieve information in more situa-
tions than adults. Thus, we suggest that this hippocampal in-
volvement in the broader WM network—and not just delayed
PFC maturation—might actually be a crucial part of children’s
learning differences. Qualitative differences in the networks
younger individuals employ to achieve basic aspects of cognition
such as WM therefore hold the promise of helping us understand
age-related learning differences we observe in nature.
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