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Reduced Neuronal Inhibition and Coordination of
Adolescent Prefrontal Cortex during Motivated Behavior

David A. Sturman and Bita Moghaddam
Department of Neuroscience, University of Pittsburgh, Pittsburgh, Pennsylvania 15260

Adolescence is a time of both cognitive maturation and vulnerability to several major psychiatric illnesses and drug dependence. There is
increasing awareness that behavioral or pharmacological intervention during this period may be critical for disease prevention in
susceptible individuals. Therefore, we must attain a deeper understanding of how the adolescent brain processes salient events relevant
to motivated behavior. To do this, we recorded single-unit and local field potential activity in the orbitofrontal cortex of rats as they
performed a simple reward-driven operant task. Adolescents encoded basic elements of the task differently than adults, indicating that
neuronal processing of salient events differs in the two age groups. Entrainment of local field potential oscillations, variance in spike
timing, and relative proportions of inhibitory and excitatory responses differed in an event-specific manner. Overall adolescent phasic
neural activity was less inhibited and more variable through much of the task. Cortical inhibition is essential for efficient communication
between neuronal groups, and reduced inhibitory control of cortical activity has been implicated in schizophrenia and other disorders.
Thus, these results suggest that reduced inhibitory responses of adolescent cortical neurons to salient events could be a critical mecha-

nism for some of the increased vulnerabilities of this period.

Introduction

Adolescence is a time of adjustment as one completes the physical
and psychosocial transitions to adulthood (Arnett, 1999). It is
also considered a period of vulnerability as it coincides with the
onset of symptoms for several major psychiatric problems, in-
cluding mood disorders, schizophrenia, and drug abuse (Volk-
mar, 1996; Pine, 2002; Johnston et al., 2008). In recent years,
studies in adolescent humans and animal models have described
age-related shifts in cellular and molecular brain architecture and
disparities in the pharmacological effects of various drugs (Spear
and Brake, 1983; Spear, 2000; Adriani et al., 2004; Brenhouse et
al., 2008; Paus, 2010). Age-related behavioral differences have
also been examined and are often focused on, although adoles-
cent behavior tends to be quite similar to that of adults in most
contexts with only modest changes in decision-making capacity
from mid-adolescence onward (Spear, 2000; Figner et al., 2009;
Cauffman et al., 2010). Nevertheless, adolescents may process
salient events differently from adults. For example, a recent study
observed greater adolescent than adult c-Fos protein expression
in dorsal striatum and nucleus accumbens after exposure to a
reward-associated odor cue (Friemel et al. 2010). Differences in
measures of adolescent prefrontal cortex (PFC) neural activity
and connectivity have also been described (Ernst et al., 2006;
Galvan et al., 2006; Liston et al., 2006; Uhlhaas et al., 2009a; Geier
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et al., 2010). However, little is known of the precise nature of
these age-related disparities at the neuronal level.

To directly compare the dynamic processing of cortical neu-
rons in adolescents with that of adults, we recorded single-unit
and local field potential (LFP) activity from the orbitofrontal
cortex (OFC) of rats as they performed a reward-motivated behav-
ior. The OFC was targeted because of its central role in processing
value expectation and previous evidence of its underdevelopment in
adolescents (Schultz et al., 2000; Galvan et al., 2006; Schoenbaum et
al.,, 2009). The behavioral task involved acting on a learned action—
outcome association (Sturman et al., 2010), which is a fundamental
building block of complex motivated behavior. The simplicity of this
task allowed for behavioral measures to be very similar between
groups. We could therefore test the hypothesis that, even with simi-
lar task performance, the adolescent OFC encodes salient task-
related information differently that adults. Characterizing such
fundamental neural activity differences—and doing so at the neuro-
nal level—is critical for identifying developmental processes that
may be associated with the increasing neuropsychiatric risks of ado-
lescence and for the future design of intervention strategies to pre-
vent and treat such problems.

Materials and Methods

Subjects. Adolescent [postnatal day 28 (P28) to P42; n = 8] and adult
(P70 and older; n = 4) male Sprague Dawley rats (Harlan) were used.
Juvenile (P21) and adult rats were received 1 week before surgery. Sub-
jects were housed in a climate-controlled vivarium under 12 h light/dark
conditions (lights on at 7:00 P.M.), with ad libitum access to chow and
water before training. All animal use procedures were approved by the
University of Pittsburgh Animal Care and Use Committee.

Surgery and electrophysiology methods. Rats underwent electrode array
implantation surgeries as described previously (Totah et al., 2009).
Briefly, microelectrode arrays (NB Labs), consisting of eight Teflon-
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insulated stainless-steel wires arranged ina 2 X A
4 pattern, were implanted in the OFC. Adults
were implanted bilaterally 2.8—3.8 mm ante-
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rior to bregma, 3.1-3.5 mm lateral to bregma, *
and 4.5 mm ventral to the dura surface. Ado-

lescents (P28—-P29) were implanted unilater-
ally (because of size limitations) 2.8-3.2 mm
anterior to bregma, 2.8-3.2 mm lateral to
bregma, and 4.0 mm ventral to the dura sur-
face. During recordings, a unity-gain junction
field-effect transistor head stage attached to a
light-weight cable (NB Labs) was connected to B
a commutator (NB Labs) that allowed rats to
move freely within the testing box. Recorded
single-unit activity was amplified at 1000X
gain and analog bandpass filtered at 300—8000
Hz; LPFs were bandpass filtered at 0.7-170 Hz.
Single-unit activity was digitized at 40 kHz, and
LFPs were digitized at 40 kHz and down-
sampled to 1 kHz by Recorder software
(Plexon). Single-unit activity was digitally
high-pass filtered at 300 Hz, and LFPs were
low-pass filtered at 125 Hz. Behavioral event
markers from the operant box were sent to Re-
corder to mark events of interest. Single units
were isolated in Offline Sorter (Plexon) using a
combination of manual and semiautomatic
sorting techniques as described previously (Ho-
mayoun and Moghaddam, 2008; Totah et al.,
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Figure 1.  Electrode placements, task paradigm, and behavioral performance. A, Adolescent and adult rats were trained on a simple
instrumental learning paradigm in which they associated a nose poke (instrumental response) into a light-cued hole with the subsequent

2009). delivery of afood-pellet reinforcer (Sturman etal., 2010). Trials began with the onset of the light cue. Once cued, animals could poke into the

Behavior. Adult and adolescent rats were
tested in an operant box apparatus (Coulbourn
Instruments) that contained a house light, a
pellet magazine that could deliver food pellets
(fortified dextrose, 45 mg; Bio-Serv) into a
food trough, and three nose-poke holes ar-
rayed horizontally on the wall opposite the
food trough. After 5-6 d of surgical recovery,
animals were mildly food restricted, under-
went habituation to the behavioral testing ap-
paratus, and began training on the behavioral task, which has been
characterized previously (Sturman et al., 2010). Briefly, rats learned to
poke into an illuminated center nose-poke hole for food-pellet reinforce-
ment. Trials began with the onset of a cue light inside the center nose-
poke hole. When the rat poked into that hole, the light immediately
turned off and a single pellet was delivered to the food trough, which was
then illuminated. Poking into the food trough to receive the pellet turned
off the food-trough light and triggered a 5 s intertrial interval (Fig. 1 A).
Each session was terminated after 100 trials or the passage of 30 min.
Previous work demonstrated that this task can be quickly learned by both
adolescents and adults, with expected maximal performance by the third
day of training (Sturman et al., 2010). Main task-performance measures
included the number of total trials completed during each session, the
latency from cue to instrumental poke, and the latency from instrumen-
tal poke to food-trough entry (pellet retrieval). Age X session repeated-
measures ANOVAs were performed on all outcome measures in SPSS
(a0 = 0.05). In all cases in which the assumption of sphericity was vio-
lated, the lower-bound corrections were used for a maximally conser-
vative degrees-of-freedom adjustment.

Histology. After completion of the experiment, rats were anesthetized
with chloral hydrate (400 mg/kg, i.p.), and a 200 uA current was passed
through recording electrodes for 5 s to mark electrode tip placements.
Animals were perfused with saline and 10% buffered formalin. Brains
were then removed and placed in 10% formalin. Brains were sectioned in
coronal slices, stained with cresyl violet, and mounted to microscope
slides. Electrode-tip placements were examined under a light micro-
scope. Only rats with correct placements within the OFC (Fig. 1 B) were
included in electrophysiological analyses.

lit hole, which turned off that light and led to the immediate delivery of a pellet into a food trough on the opposite side of the box. As soon
as they poked into the food trough to retrieve the pellet, a 5 s intertrial interval (ITl) was triggered, followed by the next trial. Sessions were
terminated after rats performed 100 trials or 30 min elapsed. Rats performed this task in six sessions on consecutive days. B, Electrode
placement for rats included in the study. Electrodes were placed in the left or right OFC, corresponding to the lateral orbital and agranular
insular cortices. Black dots represent the approximate location of lesions associated with electrode placements, overlaid on standard rat
atlas images (Paxinos and Watson, 1998). Numbers represent distance (in millimeters) anterior to bregma for adult animals. €, No signif-
icant behavioral differences were observed between adolescents (n = 8) and adults (n = 4) in the initial learning or performance of this
task, with comparable between-age-group total trials (top), latencies from trial-onset cue to the instrumental response (middle), and
latencies from instrumental response to food-pellet retrieval (bottom).

Table 1. Comparison of adolescent and adult unit activity in selected windows

time-locked to task events

Task event (Window) Activated units Inhibited units
Adult: 14/184 (7.6%) Adult: 23/184 (12.5%)
Cue(0to1s) Adol: 11/265 (6.4%) Adol: 7/265 (2.6%)
Adult: 21/184 (11.4%) Adult: 34/184 (18.5%)
Poke (—0.5t005) Adol: 19/265 (7.2%) Adol: 21/265 (7.9%)

Adult: 25/184 (13.6%)
Adol: 32/265 (12.1%)
Adult: 28/184 (15.2%)
Adol: 51/265 (19.3%)
Adult: 35/184 (19.0%)
Adol: 80/265 (30.2%)
Adult: 34/184(18.5%)

Poke (0t00.55)
Poke (Tto 1.55)

FTentry (—0.5t005)

FTentry (0t00.55) Adol: 79/265 (29.8%)
Adult: 31/184 (16.9%)
FTentry (0.5t0 15) Adol: 38/265 (14.3%)

Adult: 46/184 (25.0%)
Adol: 56/265 (21.1%)
Adult: 46/184 (25.0%)
Adol: 28/265 (10.6%)
Adult: 53/184 (28.8%)
Adol: 42/265 (15.9%)
Adult: 59/184 (32.1%)
Adol: 51/265 (19.3%)
Adult: 43/184(23.4%)
Adol: 46/265 (17.4%)

Windows of interest are time-locked to the cue, instrumental poke (Poke), or entry into the food trough (FT). The
proportion of adolescent (Adol) and adult units that met criteria for significant activation or inhibition (see Materials
and Methods) are indicated of the total number of units along with the categorized percentages in parentheses. In
each case, significant ( p << 0.05) x tests (that include number of activated, inhibited, and nonsignificant) units
were followed up by direct age-related comparisons with Z tests of two proportions. Significant age-related propor-
tional difference are indicated with bold type.

Electrophysiology analysis. Electrophysiological data were analyzed
with custom-written scripts, executed in Matlab (MathWorks), along
with the Chronux toolbox (http://chronux.org/) for LFP analyses and
firing-rate variability functions graciously made available by Churchland
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amined, allowed for a frequency resolution of
~2 Hz, which generally allowed for multiple
frequency bins in each band of interest. A mul-
10 titaper approach was used because it improves
spectrogram estimates when dealing with non-
infinite time series data (Mitra and Pesaran,
1999), although using one, three, and nine
tapers led to very similar spectrograms. Each
frequency bin (row) in the power spectrum was
Z-score normalized to the average spectral
power during the baseline period (a 2 s window
beginning 3 s before the cue). Normalized
power spectra were averaged for adolescents
and adults.

Perievent time firing-rate histograms were
produced for each unit in windows around task
events. The cross-trial average firing rate of
each unit was Z-score normalized to that of its
baseline period. Units were categorized as
“activated” or “inhibited” within windows of
interest based on whether their average nor-
malized activity contained three consecutive 50
ms bins with Z = 2 or Z = —2, respectively.
These criteria were validated using a nonpara-
metric bootstrap analysis on the baseline pe-
riod of each unit. For each unit, the baseline
window was randomly sampled with replace-
ment 10,000 times. The proportion of 2 s
windows whose resampled activity reached
significance criteria is a measure of the ex-
pected false-positive rate for that unit during
any 2 s window. This led to an overall expected
false-positive rate of a = 0.0034 for all adoles-
cent units and o = 0.0038 for all adult units.
These low « values indicate that unit false cat-
egorization would be rare enough as to not un-
duly impact statistical comparisons of category
proportions between adolescents and adults.
To compare the time course of unit responses,
the categorization analysis was performed with
amoving window around task events (moving-
window size of 500 ms in 250 ms steps). For

Z-Score

-10

High Gamma
(76-100 Hz)

Normalized Power (Z)

] 0 1A 0 1A 0 1A 0
Time (sec) Time (sec) Time (sec) Time (sec)

Figure 2.

discrete frequency bands as labeled.

et al. (2010) (http://www.stanford.edu/~shenoy/GroupCodePacks.
htm). In general, neural activity was time-locked to specific task events:
trial-onset cue, instrumental nose-poke response, and food-trough en-
try. Raw LFP traces were time-locked to these task events, and trials with
clipping artifacts were excluded before averaging. Example single-trial
adolescent and adult raw LFP voltage traces during the period around
reinforcement are presented (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material). Each subject’s trial-averaged
power spectrum in the several seconds around each task event was cal-
culated by fast Fourier transform. This was done using 13 leading tapers,

Adolescent and adult OFC LFPs during sessions 3—6. A, LFP power spectra for adolescents and adults in windows
around key task events were normalized to the baseline period (3 to 15 before cue onset) for each frequency. The time course of
normalized LFP power was primarily similar between adolescents and adults. At cue onset, both groups exhibited slight reductions
in gamma (>30 Hz) power. This was also observed around the instrumental response. Adults and adolescents both exhibited
slightly increased beta (13—30 Hz) power at this time. Immediately after reinforcement, adolescents and adults had increases in
theta (4—7 Hz), alpha (8 —12 Hz), beta, and gamma power, with adults showing greater increases in the alpha and beta bands.
Adolescents had greater increases in high gamma power (above ~75 Hz). B, Time course of adolescent and adult normalized LFP
power around reinforcement. Line graphs correspond to baseline-normalized adolescent and adult LFP power averaged across

time windows of particular interest for age-
related statistical comparisons (e.g., in the 1 s
after the cue), x? analyses were performed,
which included the number of adult and ado-
lescent activated, inhibited, and nonsignificant
units. Significant y > tests were followed by post
hoc comparisons of proportions for each cate-
gory (e.g., inhibited units between adolescents
and adults) using a Z-test for two proportions
(Table 1). Previous work with this behavioral
paradigm has demonstrated that both adoles-
cents and adults perform the instrumental
response at a stable maximum by session 3
(Sturman et al., 2010). Therefore, except when
otherwise noted, electrophysiological analyses
are presented for sessions 3—6, at which point the action—outcome asso-
ciation is well learned by both groups. Here and elsewhere, the null
hypothesis was rejected when p < 0.05.

Analyses of firing-rate variability were calculated as Fano factors (spike
count variance/mean) using an 80 ms moving window in 50 ms steps. For
each unit, spike count variance and mean spike count were computed at
each time point. The slope of the regression relating variance and mean
for all units was determined at each window step, providing a Fano factor
time course around task events. To examine whether observed changes in

E] 0 1
Time (sec)
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Fano factor over time (and age-related Fano Cue Instrumental Food Trough
factor differences) were attributable to changes Baseline Onset Poke Entry
in mean firing rate rather than variance, we Period

performed a mean-matching technique de-
vised by Churchland et al. (2010). In the first
analysis, we performed mean matching sepa-
rately for adolescent and adult units. This tech-
nique held the mean firing-rate distribution
constant at each time point, by randomly and
repeatedly discarding units. Fano factor esti-
mates for each time point were based on the
average of 10 iterations of this process. This
procedure has been validated as an effective ap-
proach to avoiding artifacts attributable to
firing-rate changes (Churchland et al., 2010). 1

Fano Factor

Ayt
1.05 s Adolescent

In addition to this, a separate mean-matching
analysis was performed, in which the greatest
common mean firing-rate histogram was used
both across time within an age group (as
above) and also between age groups. The ob-
servation of similar raw and mean-matched
Fano factors would confirm that the time
courses and age-related differences in Fano fac-
tor reflected spike-timing variability and were
not merely artifacts of differences in mean
firing-rate. Adolescent and adult Fano factors
were statistically compared using rank-sum
tests in Matlab.

Figure 3.

mental material).

Results

Behavior

During the behavioral task, adolescents poked into a light-cued
hole to receive a food-pellet reinforcer (Fig. 1A). No significant
differences were observed between adolescents and adults in the
total number of trials (F, ;, = 1.3, p = 0.28), latency from trial
onset cue to the instrumental response (F, ;, = 0.34, p = 0.57),
or the latency from the instrumental response to food-pellet re-
trieval (F(,,, = 1.2, p = 0.31). The task was consistently and
maximally performed by adult and adolescent animals by the
third training session (Fig. 1C).

Local field potentials

Electrophysiological recording of LFPs, a measure thought to
reflect the activity of regional afferents, revealed somewhat simi-
lar patterns for adolescents and adults through much of the task,
with notable differences in spectral power immediately after
food-trough entry to receive reinforcement (Fig. 2A). At that
time, adults exhibited greater alpha (8—12 Hz) and beta (13-30
Hz) power. Theta (4—7 Hz) and low gamma (31-75 Hz) power
were similar between groups, whereas adolescents had greater
high gamma (76—100 Hz) power than adults (Fig. 2 B).

Fano factor analysis

Age-related differences were observed in firing-rate variability
associated with specific task events. The Fano factor, which is the
slope of the relationship between spike-count variance and spike-
count mean (Churchland et al. 2010), was computed to examine
the variability of spike timing across trials (Fig. 3). Adolescents (8
rats, 265 units) had significantly larger Fano factors than adults (4
rats, 184 units) during sessions 3—6 (comparisons performed
with rank-sum tests) during the 2 s baseline period (Z = 6.90, p <
0.01) in a 1 s window immediately after the trial-onset cue (Z =
5.48,p < 0.01) ina 1 s window centered around the instrumental
response (Z = 3.12, p <0.01) and in the one second leading up to
reinforcement retrieval (Z = 3.77, p < 0.01) (Fig. 3). Because

-3 -2

-1 0 1 -1 0 1 -1 0 1
Time (sec)

Fano factor analysis comparing adolescent and adult firing-rate variability. The Fano factor is the slope of the
trial-by-trial spike-count variance and spike-count mean for all units. Using a sliding window, this variability estimate was com-
puted at time points around task events of interest. Fitted polynomial lines are plotted over raw Fano factor values. For both groups,
theinstrumental response and the period preceding entry into the food trough were accompanied by reductions in the Fano factor.
Adolescents tended to have higher Fano factors than adults. Specifically, adolescents had greater Fano factors during the baseline
period, in the 1 after the trial-onset cue, ina 1s window around the instrumental poke, and in the 15 leading up to reinforcement
retrieval. These results were not attributable to time- or age-dependent firing-rate differences, because this pattern survived a
mean-matching procedure that controls for changes in firing rate (supplemental Fig. 3, available at www.jneurosci.org as supple-

Fano factor calculations depend on window size and step, we
varied these parameters in the period around the instrumental
poke to demonstrate that, although the magnitude and smooth-
ness of the calculations are affected, the general time course and
age-related differences remain (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material). We performed a
mean-matching technique (Churchland et al., 2010) to hold the
mean firing rate approximately constant over time so that tem-
poral firing-rate changes would not obscure our interpretation of
the Fano factor as a measure of variability (supplemental Fig. 3A,
available at www.jneurosci.org as supplemental material). We
similarly equalized firing-rate distributions between age groups
(supplemental Fig. 3b, available at www.jneurosci.org as supple-
mental material). Raw Fano factors were very similar to those
computed with either mean-matching method, confirming that
the observed Fano factor time course reflects the variability in
spike timing regardless of mean firing-rate dynamics. One excep-
tion to this was after reinforcement retrieval, at which time adults
exhibited greater raw Fano factors (Fig. 3). This difference was
attributable, at least in part, to changes in mean firing rate, be-
cause there was no statistically significant difference in the mean-
matched Fano factors during that period (supplemental Fig. 3,
available at www.jneurosci.org as supplemental material). These
findings indicate that salient events lead to a reduction in the
variability of spike timing for both adolescents and adults and
that, interestingly, adolescent OFC neural spike timing is gener-
ally more variable than that of adults throughout much of the
task. Stimulus-driven Fano factor reductions are thought to be a
general property of cortical architecture (Churchland et al. 2010).
Thus, higher Fano factors may suggest an intrinsic tendency for
spike timing to be less tightly controlled in the OFC of adoles-
cents compared with adults.

Unit activity

Analysis of single-unit neural activity during the task revealed
substantial event-specific differences between adolescents and
adults. During session 1, before learning the action—outcome
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Figure 4.  Average baseline-normalized firing rate + 1 SEM (shading) for all adult and
adolescent units, time-locked to task events during each of six sessions. The median taskwide
firing rate for all adolescent units was 4.66 Hz, and all adult units was 5.18 Hz. Although slight,
their corresponding firing-rate distributions were significantly different (rank-sum test, 7 =
2.18,p = 0.03). This figure demonstrates that, in session 1 (adult, n = 47; adolescent, n = 60;
first row), when the action— outcome association was not yet learned (Fig. 1¢), there was little
task-related activity to the cue (left), instrumental pokes (middle), or rewarded food-trough
entries (right) in either group. By session 2 (adult, n = 59; adolescent, n = 60; second row), as
animals learned at different rates and performed the task to varying extents, average OFC neural
activity began to change around task events in both groups. From session 3 onward (session 3:
adult, n = 49; adolescent, n = 64; session 4: adult, n = 46; adolescent, n = 67; session 5:
adult, n = 41; adolescent, n = 72; session 6: adult, n = 48; adolescent, n = 62; third to sixth
rows), average normalized neural activity settled into somewhat stable patterns in both age
groups.

associations, unit activity changed little to task events in either
group. Once the task was well learned (training sessions 3—6),
however, task events elicited consistent patterns of neural activity
(Fig. 4). The baseline-normalized firing rates of each unit time-
locked to task events are shown in Figure 5A, illustrating the
range and extent of phasic neural activity. In adults (4 rats, 184
units), but not adolescents (8 rats, 265 units), average activity was
reduced at the cue and preceding the instrumental response (Fig.
5B). After the response, the normalized population activity of
both groups similarly dropped, with adolescents rebounding
more than adults. Around the time of reinforcement, population
activity increased, with adults peaking earlier and at a lower level
than adolescents. Maximal adolescent activity was reached at the
time of food-trough entry, at which point average adult activity
was far lower. Although too few in number to draw a strong
conclusion, adolescent (n = 8 units) and adult (n = 5 units)
putative fast-spiking (FS) interneurons exhibited a similar gen-
eral pattern of activity around events of interest as the general
population of units during sessions 3—6 (supplemental Fig. 4,
available at www.jneurosci.org as supplemental material). Com-
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parisons of the proportion of excitatory and inhibitory phasic
activity to task events (Fig. 5C) generally revealed reduced inhib-
itory responses and similar or enhanced excitatory responses in
adolescents. In the 1 s after the cue, adults had a significantly
larger proportion of inhibited units than adolescents with com-
parable proportions of activated units (Table 1). After the instru-
mental response, when adolescents and adults had similar
reductions in population activity, similar proportions of acti-
vated and inhibited units were observed. A moving-window cat-
egorization analysis, used to visualize the time course of neural
recruitment, demonstrated that, around the instrumental re-
sponse, adult inhibited units became inhibited earlier and were
sustained longer than in adolescents (Fig. 5C). This is confirmed
by examining proportions of inhibited units in time windows
0.5 s before and 1-1.5 s after the instrumental response (Table 1).
Although adult activated units also appear to be recruited before
those of adolescents, these differences were not statistically sig-
nificant. The proportions of units categorized as activated and
inhibited differed substantially around reinforcement, with
adults having greater proportions of inhibited units and adoles-
cents having greater proportions of activated units. By 0.5-1 s
after reinforcement, there were no age-related differences in unit
categorization. These findings demonstrate that, although simi-
lar proportions of adolescent and adult units can become acti-
vated or inhibited at different times (e.g., instrumental poke),
through much of the task adolescents had smaller proportions of
inhibited units.

Discussion

At both population and single-unit levels, the adolescent OFC
processed reward-motivated behavior differently from that of
adults, with the most prominent distinction being less pro-
nounced adolescent reductions in neural activity during reward
and other salient events. Adolescents also exhibited greater cross-
trial spike-timing variability throughout much of the task. Dur-
ing reinforcement, in addition to less reductions in activity, there
was a larger proportion of adolescent units that increased their
activity, as well as differences in alpha, beta, and gamma LFP
power compared with adults. It is important that these age-
related neural processing differences were observed although task
performance was similar, which indicates that such differences
do not simply reflect a behavioral confound (Schlaggar et al.,
2002; Yurgelun-Todd, 2007). Even if adding additional subjects
were to reveal behavioral differences during early training, both
adolescents and adults performed the task at a maximal level
from the third session onward. Our electrophysiology analyses
focused on these later sessions, when the action—outcome asso-
ciation was well learned by both groups. We chose a behavioral
task that, although simple enough to be learned in the short time-
frame of rat adolescence, could be considered a basic building
block of more complex motivated behavior. Thus, these findings
indicate that, even as adolescents perform the same motivated
behavior as adults, their neural encoding of salient events and
apparent processing efficiency (as it relates to spike-timing vari-
ability) fundamentally differ.

Adolescent neurons tended to have less reduced activity than
adults during important behavioral events such as the trial-onset
cue, before the instrumental response, and before and during
reward. Such age-related differences could be attributable to less
OFC neuronal inhibition at these times. Neuronal inhibition
plays a critical role in synchronizing oscillatory activity (Fries et
al., 2007; Cardin et al., 2009; Sohal et al., 2009), controlling pre-
cise spike timing, and improving the efficiency of neuronal com-
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munication (Buzséki and Chrobak, 1995).
Such oscillations, as measured with EEG
and LFP, are rhythmic fluctuations in
neuronal excitability, thought to reflect
the interactions of intrinsic cellular and
circuit properties (Buzséki and Draguhn,
2004), which fine-tune the timing of spike
output (Fries, 2005). Synchrony of oscilla-
tions may provide a conduit for the com-
munication of neuronal groups (Fries,
2005) and may be central to perceptual
binding and other processes (Uhlhaas et al.,
2009b). Measures of neuronal synchrony in
specific frequency bands correlate with cog-
nitive performance in numerous contexts
(Basar et al., 2000) and are reduced in sev-
eral pathological states, such as schizophre-
nia (Uhlhaas and Singer, 2010). Uhlhaas et
al. (2009a) found differences in task-related
EEG oscillations between human adoles-
cents and adults. Consistent with these find-
ings, we observed smaller increases in alpha
and beta power in the OFC of adolescents
during reinforcement. These frequency
bands are thought to be important for neu-
ral communication over longer distances
(Pfurtscheller et al., 2000; Brovelli et al.,
2004; Klimesch et al., 2007), which could be
less efficient in adolescents. This interpreta-
tion is consistent with studies showing that
functional connectivity changes from being
more local to more distributed through de-
velopment (Fair et al., 2009; Somerville and
Casey, 2010).

We also observed age-related differ-
ences in firing-rate variability across trials,
assessed using a Fano factor analysis. Re-
cent work has demonstrated that, in many
cortical regions, neuron spiking activity is
stabilized by stimuli or instrumental be-
havior, as reflected in reduced Fano fac-
tors (Churchland et al., 2010). Indeed, we
observed that, in the OFC, instrumental
behavior, reward approach/anticipation,
and reinforcement (in adults) led to re-
ductions in our measure of firing-rate
variability. The largest reductions in vari-
ability occurred as rats performed the in-
strumental response and in the period
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Figure 5.  Phasic OFC population and single-unit activity during sessions 3— 6. A, Heat plots represent the baseline-normalized
firing rate for each adolescent (n = 265; top plots) and adult (n = 184; bottom plots) unit. Each row is the activity of an individual
unit in 50 ms time bins aligned to corresponding events of interest and sorted from lowest to highest average normalized firing
rate. Arrows indicate the timing of task events. B, Average normalized firing rate (across all units) -+ 1 SEM (shading) for adults
(blue) and adolescents (orange) during task events. The general population activity is lower for adults than adolescents leading up
to, during, and after cue onset. This continues until animals perform the instrumental response (middle). At that time, average unit
activity is strikingly similar for adolescents and adults. After the instrumental response, as rats approach the food trough, adoles-
cent average unit activity rises to a greater extent than adults and peaks at the time of food-trough entry (right). In contrast,
average adult unit activity peaks before entry into the food trough. €, Time course of unit activation and inhibition. The percentage
of units that are categorized as activated (top) or inhibited (bottom) are identified over time using a moving-window analysis
(window size, 500 ms in 250 ms steps) and locked to task events. Adolescents had a similar percentage of activated units to the cue
but significantly fewer inhibited units than adults (left) (see Table 1). During the instrumental poke (middle), adolescents and
adults had similar profiles of activated and inhibited units, although adult units responded with inhibition earlier and in a more
sustained manner. Around the time of reinforcement (right), adolescents ultimately had higher percentages of activated units,
whereas adults consistently had higher percentages of inhibited units.

able to “intra-individual instability” of brain regions producing

before reinforcement. Greater firing-rate variability would be ex-
pected if the timing of phasic neural activity was less tightly con-
trolled, as may be the case in the OFC of adolescents. Adolescents
had greater Fano factors than adults through much of the task,
with the exception of the 1 s period immediately after food-
trough entry. These results indicate that adolescents tend to have
greater firing-rate variability, which may suggest reduced effi-
ciency in neural coding. That is, greater Fano factors indicates
that adolescent OFC neurons encode the same salient events with
more variability, from trial to trial, which could in turn mean
lower signal-to-noise ratios in the corresponding rate code com-
pared with that of adults. This is consistent with the finding that
the event-related potentials of children and adolescents have
lower signal-to-noise ratios than adults, which could be attribut-

these signals (Segalowitz et al., 2010). Just as neural inhibition is
critical for entraining oscillations, inhibitory networks provide
precision timing for the spiking of principal cells (Buzsaki and
Chrobak, 1995). Thus, a connection may exist between the ten-
dency for adolescent units to exhibit less phasic inhibition to
salient events and the greater firing-rate variability of adolescent
units. We must express caution, however, that such a connection
is not likely direct, because the timing of the greatest Fano factor
disparities was not also the timing of largest differences in phasic
inhibition.

Vast neurodevelopmental changes occur during adolescence.
There is a reduction in gray matter and augmentation of white
matter during this period (Benes et al., 1994; Paus et al., 1999,
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2001; Sowell et al., 2001, 2002, 2003; Gogtay et al., 2004). Recep-
tors for several neuromodulators such as dopamine are expressed
at higher levels in adolescents than in adults in PFC and basal
ganglia (Gelbard et al., 1989; Lidow and Rakic, 1992; Teicher et
al., 1995; Tarazi et al., 1999; Tarazi and Baldessarini, 2000). In
anesthetized rats, the spontaneous neural activity of dopamine
neurons is greater in adolescents than juveniles or adults (Mc-
Cutcheon and Marinelli, 2009). In cortical slices, activating ef-
fects of a dopamine D, receptor agonist are only present by late
adolescence or early adulthood, at which time a sudden shift is
observed (Tseng and O’Donnell, 2007). The expression of
NMDA receptors on FS neurons also changes dramatically in the
PFC of adolescents. The majority of adolescent FS interneurons
exhibit no synaptic NMDA receptor-mediated currents. Those
cells that do have them exhibit a far-reduced NMDA/AMPA ratio
(Wang and Gao, 2009). These studies demonstrate fundamental
differences in the architecture and physiology of adolescent brain
regions and transmitters associated with both normal motivated
behavior and mental illnesses. The present study, which to our
knowledge is the first to use extracellular electrophysiological
recording in awake, behaving adolescent animals, advances the
functional relevance of these cellular and molecular findings by
demonstrating that task-related neural activity is fundamentally
different in adolescents during the processing of salient events.

Human fMRI studies have found that adolescents process re-
ward and reward-anticipation differently than adults at a larger-
scale regional level (Ernst et al., 2005; Galvan et al., 2006; Geier et
al., 2010; Van Leijenhorst et al., 2010). Current explanations for
some adolescent behavioral vulnerabilities include the notion
that the PFC is “underdeveloped” in terms of its activity and/or
its functional connectivity with and modulation of subcortical
structures (Ernst et al., 2006; Casey et al., 2008; Steinberg, 2008).
The present study finds that developmental differences are ob-
servable even during very basic reward-motivated behavior and
are fundamentally manifested at the single-unit level by a reduced
propensity for reduced neural activity in adolescent OFC to most,
but not all, salient events. Although future work is needed to
establish such a connection, differences at the single-unit level in
the proportions of inhibitory responses may be the source of
some of the adolescent differences observed in oscillatory power
and spike-timing variability. Because of the importance of inhi-
bition in entraining oscillations, controlling the precise timing of
spikes, and thus facilitating efficient communication of neuronal
groups (Buzsaki and Chrobak, 1995; Fries et al., 2007), reduced
adolescent PFC inhibition is consistent with the observation of
large-scale differences in cortical processing seen in this study
and others. However, the tendency for adolescents to have less
reductions in unit activity around salient events may result from
lower reductions in the activity of excitatory afferents as well as
reduced inhibition.

Altered cortical inhibitory activity may influence behavioral
inhibition (Chudasama et al., 2003; Narayanan and Laubach, 2006)
and has been associated with some pathological states (Chamberlain
et al., 2005; Lewis et al., 2005; Behrens and Sejnowski, 2009; Lewis,
2009). For example, individuals with schizophrenia have reduced
GAD67 mRNA expression, an enzyme involved in the synthesis of
the inhibitory neurotransmitter GABA (Akbarian et al., 1995).
Schizophrenia patients also have reduced GABA membrane trans-
porter (GAT-1)-immunoreactive axon cartridges in the PEC (Woo
etal., 1998). This is of particular relevance to research in adolescents,
because GAT-1-immunoreactive cartridges (which are also immu-
noreactive to parvalbumin) peak just before adolescence and then
undergo a dramatic reduction through late adolescence (Cruz et al.,
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2003), the typical onset time for schizophrenia. Future work delin-
eating the precise source of age-related phasic activity differences
during normal development may be directly relevant to the patho-
physiology and symptomatic time course of psychiatric illnesses that
arise during adolescence.
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