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Abstract
Adolescence is marked by profound psychological and neuroendocrine changes. Cognitive functions
that depend on the prefrontal cortex and dopamine (DA), such as decision making, are acquired or
refined during adolescence; yet, little is known about how neural circuits mature in the transition to
adulthood. Here, we conducted electrophysiological recordings in rat brain slices, unveiling an
enhancement of the excitability of interneurons, which are important for cortical network activity,
by D1 and D2 DA receptors. The D2 effect was observed in slices from adult (postnatal day [PD] >
50) but not preadolescent (PD < 36) animals suggesting a possible neural substrate for the maturation
of DA-dependent prefrontal cortical functions during or after adolescence and identifying a critical
neural population that could be involved in the periadolescent onset of neuropsychiatric disorders,
such as schizophrenia.
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Introduction
There has been a surge of interest in the neurobiological changes that may occur during late
adolescence, after the pubertal hormonal changes (Spear 2000). Acquisition of adult behaviors
may be paralleled by progressive changes in cortical areas, in particular in the prefrontal cortex
(PFC) (Casey and others 2000). For example, imaging studies have shown changes in the
human cortical mantle during adolescence (Giedd and others 1999). It has also been determined
that the dopamine (DA) innervation of the PFC peaks during adolescence in rats and monkeys
(Kalsbeek and others 1988; Rosenberg and Lewis 1994; Tarazi and Baldessarini 2000), and
neurochemical changes elicited by psychostimulants are distinct at that stage (Andersen and
others 2001). Furthermore, interactions between DA and N-methyl-D-aspartate (NMDA)
receptors acquire mature electrophysiological characteristics in young adult rats (Tseng and
O’Donnell 2005). Thus, not only the cortex is having morphological adjustments at this critical
age but also the physiological properties change in the PFC, perhaps allowing the emergence
of cortical network information processing mechanisms that can support more complex
behavioral outcomes. Indeed, many behaviors in which the PFC is a key player (i.e., response
selection, decision making, working memory) (Funahashi and Inoue 2000; Matsumoto and
others 2003) do change with the transition to adulthood. As an example, error-related
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negativity, a PFC event-related potential assumed to reflect self-monitoring activity, completes
its maturation late into adolescence (Segalowitz and Davies 2004). As PFC circuits responsible
for those functions (e.g., the DA innervation of PFC pyramidal neurons and γ-aminobutyric
acid (GABA) interneurons) are being unveiled (Seamans and Yang 2004), it is tempting to
hypothesize that they mature during adolescence. Specifically, interactions between
interneurons and pyramidal neurons, along with their control by DA, are likely to acquire
different characteristics in the postadolescent brain. We decided to explore those interactions
in brain slices obtained from pre- and postadolescent rats. Age groups are defined as
preadolescent (postnatal day [PD] < 36), adolescent (PD36–50), or young adults (PD > 50), as
the groups that best fit the various aspects of late maturation described in the excellent review
by Linda Spear (2000).

Materials and Methods
All experimental procedures were performed according to the United States Public Health
Service “Guide for Care and Use of Laboratory Animals” and approved by the Albany Medical
College Institutional Animal Care and Use Committee. As previously described (Tseng and
O’Donnell 2004, 2005), rats were anesthetized with chloral hydrate (400 mg/kg
intraperitoneally) before being decapitated, and the brains were rapidly removed into ice-cold
artificial cerebrospinal fluid (aCSF, pH 7.45, osmolarity 295 ± 5 mOsm) containing (in mM)
125 NaCl, 25 NaHCO3, 10 glucose, 3.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2, and 3 MgCl2. Coronal
brain slices (300-μm thick) including the medial PFC were cut in ice-cold aCSF using a
Vibratome, transferred and incubated in warm (around 35°C) aCSF continuously oxygenated
with 95%:5% O2:CO2 for at least 60 min before recording. In the recording aCSF, CaCl2 was
increased to 2 mM, and MgCl2 was decreased to 1 mM. All recordings were conducted at 33–
35°C in oxygenated aCSF delivered at 2 mL/min. Patch pipettes (7–10 MΩ) were filled with
a 0.125% Neurobiotin solution containing (in mM) 115 K gluconate, 10 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid, 2 MgCl2, 20 KCl, 2 MgATP, 2 Na2-ATP, and 0.3 GTP (pH
7.3, 280 ± 5 mOsm).

Deep-layer nonpyramidal neurons were identified under visual guidance with infrared (IR)-
differential interference contrast videomicroscopy (Olympus BX-51-WI) with a × 40 water-
immersion objective. The image was detected with an IR-sensitive charge coupled device
camera (Dage-MTI) and displayed on a monitor. Whole-cell current clamp recordings were
conducted with a computer-controlled amplifier (Multiclamp 700A, Axon Instruments, Foster
City, CA) and acquired using Axoscope 8.1 (Axon) at a sampling rate of 10 kHz. The liquid
junction potential was not corrected, and electrode potentials were adjusted to zero before
recording. Input resistance (measured with hyperpolarizing current pulses), membrane
potential, and cell excitability (measured as the number of evoked spikes and latency of the
first spike evoked with a depolarizing current injection) were compared before and after drug
treatment. DA D1 and D2 agonists (SKF38393 and quinpirole) and antagonists (SCH23390
and eticlopride) were mixed into oxygenated aCSF and applied into the recording solution at
known concentrations. Both control and drug-containing aCSF were continuously oxygenated
throughout the experiments. Following 15 min of baseline recording, a solution containing the
drugs was perfused for 5–7 min, followed by washout. All data are expressed as mean ±
standard deviation (SD). Drug effects were compared using student’s t-test or repeated
measures analysis of variance (ANOVA), and the differences between experimental conditions
were considered significant when P < 0.05.

The morphology of recorded neurons was analyzed by neurobiotin staining. After the recording
session, slices with injected neurons were fixed overnight in 4% paraformaldehyde and then
stored in phosphate-buffered saline (PBS). Slices were incubated in 1% Triton X-100 in PBS
for 1–2 h, followed by 2 h in Vectastain Elite ABC reagent (Vector Laboratories, Burlingame,
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CA). Following rinses, slices were reacted with 3.3′-diaminobenzidine (DAB) and urea-
hydrogen peroxide (Sigma FAST DAB set). Slices were rinsed, mounted in gelatine-coated
slides, dried, cleared in xylene, coverslipped in permount, and examined on a microscope.

Results
Whole-cell patch clamp recordings of PFC GABAergic inter-neurons were conducted in brain
slices obtained from pre-pubertal (PD < 35) and postadolescent (PD > 50) rats, examining the
effect of the D2 DA agonist quinpirole and the D1 agonist SKF38393 on cell excitability. All
neurons included in the present study (n = 59) were located in layers V and VI of the medial
PFC (prelimbic and infralimbic regions), and could be categorized into fast-spiking (FS, n =
29) or non-FS (NFS, n = 30) interneurons, based on their firing pattern, afterhyperpolarization
(AHP), and spike-frequency adaptation characteristics (Cauli and others 1997; Gibson and
others 1999) (Fig. 1). Both types of interneurons exhibited similar resting membrane potential
(FS: −61.5 ± 3.4 mV; NFS: −61.8 ± 2.6 mV; mean ± SD) and input resistance (FS: 255.9 ±
83.9 MΩ; NFS: 270.0 ± 74.3 MΩ), and no differences were observed in these parameters among
cells recorded from prepubertal (n = 27) and post-pubertal (n = 32) animals. FS interneurons
exhibited more pronounced AHP (18.9 ± 3.3 mV) and significantly longer AHP half width
(5.2 ± 1.6 ms) than NFS cells (AHP amplitude: 8.4 ± 1.8 mV; AHP half width: 2.5 ± 0.5 ms,
P < 0.00001, student’s t-test; Fig. 1c). Similarly, action potentials were significantly smaller
and faster in FS (68.5 ± 7.1 mV; 0.53 ± 0.08 ms at half amplitude) than in NFS (amplitude:
74.7 ± 8.4 mV; duration: 0.89 ± 0.14 ms, P < 0.005, student’s t-test). Some, but not all, FS
neurons (5/14, 37.5%) recorded from prepubertal animals showed a stuttering firing response
to current pulse injection (typically observed with lower suprathreshold current pulses),
whereas none of the 15 FS interneurons from the postpubertal PFC exhibited this firing pattern.
These proportions are significantly different (P = 0.0169, Fisher exact test).

All cells included in the present study were filled with neurobiotin and displayed nonpyramidal
morphology, and both FS and NFS exhibited a range of dendritic arborization. Most neurons
had small bi- or multipolar somata, with dendritic trees extending in different directions (Fig.
2).

PFC GABA neurons receive DA innervation (Sesack and others 1995) and express both D1
and D2 receptors (Vincent and others 1993; Gaspar and others 1995). We explored whether
DA modulation of this important neural population changed after adolescence. Bath application
of an effective dose of the D2 agonist quinpirole (1 μM) (Tseng and O’Donnell 2004) increased
excitability in all FS and NFS interneurons recorded in adult animals (Fig. 3). Because no
apparent differences were observed between FS and NFS responses to quinpirole, as indicated
by similar percentage of increases (NFS: 35.1 ± 10.6% vs. FS: 34.8 ± 15.5%, P = 0.97, student’s
t-test), the data were pooled. Excitability was assessed by counting the number of action
potentials and latency to the first spike evoked by a constant-amplitude intracellular current
injection. Current amplitude was adjusted to initially evoke 5–10 spikes. Following 5–7 min
of quinpirole (1 μM), the number of evoked spikes increased significantly from 8.6 ± 2.5 to
11 ± 2.9 (P < 0.0001, paired student’s t-test), an effect that concurred with an increase in input
resistance from 274.7 ± 40.2 to 321.8 ± 45.8 MΩ (P < 0.0001) and a small depolarization from
−62.5 ± 1.3 to −60.6 ± 1.9 mV (P < 0.007). No significant changes in the average amplitude
of spontaneous depolarizing postsynaptic potentials (dPSP) were observed after quinpirole
(from 2.14 ± 0.95 to 2.16 ± 0.86 mV, P = 0.98, paired t-test), suggesting that the excitatory
effect may not result from an increased responsiveness to synaptic inputs. These effects were
not observed in presence of the D2 antagonist eticlopride (20 μM, n = 5; Fig. 3), confirming
that the excitatory action of quinpirole in the adult PFC is mediated by D2 receptors. Additional
experiments were conducted in PFC slices obtained from prepubertal (PD30–36) animals. In
contrast to what was observed in the adult PFC, bath application of 1 μM quinpirole failed to
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change significantly the number of evoked spikes in immature PFC interneurons (n = 12, Fig.
4). Even raising quinpirole concentration to 5 μM (n = 5, data not shown) failed to increase
interneuron excitability in slices from prepubertal animals. Thus, activation of D2 receptors
increases PFC interneuron excitability, but only after puberty.

We also investigated whether D1 modulation of PFC inter-neurons changes during
adolescence. The effects of the D1 agonist SKF38393 on PFC interneuron excitability was
tested in slices obtained from pre- and postpubertal animals. As previously shown (Gorelova
and others 2002), bath application of an effective dose of SKF38393 (8 μM) selectively
increased the excitability of FS interneurons (n = 6) without affecting the responses of NFS
(n = 7) recorded in the PFC of prepubertal (PD < 36) animals (Fig. 5A). The number of evoked
spikes in FS cells increased from 9.5 ± 1.4 to 12.4 ± 1.9 after 5 min of SKF38393 (8 μM)
administration (P < 0.0001, paired student’s t-test), an effect that was not observed in presence
of the D1 antagonist SCH23390 (10 μM; data not shown, n = 3). On the other hand, a
postpubertal D1-mediated enhancement of excitability was observed in both FS and NFS
interneurons (Fig. 5B). Bath application of 8 μM SKF38393 increased the number of evoked
spikes in FS interneurons from 8.4 ± 2.5 to 11.6 ± 3.4 (n = 4; P < 0.02, paired student’s t-test).
In NFS, the D1 agonist increased action potential firing from 9.1 ± 3.1 to 12.0 ± 4.0 (n = 6; P
< 0.002, paired student’s t-test). In contrast to what was observed with quinpirole, this
excitatory action concurred with significant increases of spontaneous dPSP average amplitude
from 2.14 ± 0.41 (baseline) to 2.68 ± 0.66 mV (P = 0.0008, paired t-test), suggesting that the
D1 effect on cell excitability may reflect an increased responsiveness to synaptic inputs. These
changes were not observed in presence of the D1 antagonist SCH23390 (10 μM; data not shown,
n = 6, 3 FS and 3 NFS), indicating that the excitatory action of SKF38393 on both FS and NFS
PFC interneurons was mediated by D1 receptors. Thus, whereas FS interneurons are positively
modulated by D1 receptors at early ages, NFS interneurons acquire the excitatory response to
D1 receptors only after puberty (Fig. 5C).

Discussion
Bath application of the D2 agonist quinpirole or the D1 agonist SKF38393 causes an increase
in cell excitability in PFC interneurons recorded using the whole-cell technique. As cell
excitability was determined by assessing the response to intracellular current injection, this is
likely to reflect post-synaptic effects of the agonist and not a modulation of other inputs. FS
interneurons were excited by the D1 agonist at both prepubertal and postadolescent ages. The
D2 effect on all interneurons and the D1 modulation of NFS interneurons, on the other hand,
were observed in slices obtained from adult but not preadolescent rats, indicating that the
dopaminergic modulation of interneurons matures late during development.

Anatomical studies have shown that DA innervation of the medial PFC increases progressively
until P50–60 (Verney and others 1982; Kalsbeek and others 1988; Benes and others 2000) and
D2/D4 DA receptor expression reaches a stable adult level at P35 (Tarazi and others 1998;
Tarazi and Baldessarini 2000). Similar developmental differences for electrophysiological
D2 responses can also be found by closely examining the existing literature. Most previous
electrophysiological studies have been conducted in slices from prepubertal rats (i.e., PD20–
28) and showed little or no effect of D2 receptors on PFC interneuron excitability (Seamans
and others 2001; Gorelova and others 2002), whereas a recent recording using a similar
technique in slices from adult animals unveiled an excitatory effect of quinpirole in the PFC
(Tseng and O’Donnell 2004). Further-more, in vivo microdialysis revealed a D2-mediated
increase in extracellular GABA in the PFC of adult rats (Grobin and Deutch 1998), suggesting
interneuron activation by D2 receptors. These data strongly support our finding that the
excitatory effect of D2 receptors emerges after puberty. Further studies will be required to
determine whether this excitatory effect reflects a direct D2 postsynaptic action on FS and NFS
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interneurons (Tseng and O’Donnell 2004) or activation of D2 autoreceptors and release of the
cotransmitter neurotensin, as recently suggested (Petrie and others 2005).

The D1 modulation of PFC interneurons is also excitatory, as revealed by the increase in the
number of action potentials evoked by intracellular current injection by 35% following
application of a D1 agonist. This effect is consistent with previous studies in slices from
prepubertal animals (Gorelova and others 2002). Furthermore, whereas FS interneurons
exhibited the positive D1 modulation at both prepubertal and postadolescent age groups, NFS
interneurons only showed an increase in excitability by the D1 agonist in slices from adult rats,
suggesting that maturation of DA control of interneurons occurs at different times for different
cell types.

A periadolescent maturation of cortical interneurons has important implications for the
refinement of several brain functions. Interneurons have been repeatedly proposed to be
essential for proper tuning of dynamical activation of cortical networks (Kawaguchi 2001; Zhu
and others 2004), including the coordination of oscillatory activity (Fellous and others 2001;
Shu and others 2003). Cortical networks include a variety of interneuron types (Cauli and others
1997; Kawaguchi and Kondo 2002; Lewis and others 2005; Kawaguchi and others 2006). In
this study, we have focused on those presenting the well-described profile of FS interneurons,
which correspond to parvalbumin-positive basket and chandelier cells (Kawaguchi and Kondo
2002). However, as the D2 modulation was also observed in other nonpyramidal cells that did
not exhibit a FS profile (NFS), it is possible that many different interneuron types acquire this
modulation around puberty. Although synaptic contacts between DA terminals and
parvalbumin-positive cells have been observed (Sesack and others 1995), others have also
found D2/D4 receptors in calbindin-positive interneurons (Le Moine and Gaspar 1998;
Wedzony and others 2000). A more thorough study of well-defined interneuron types (using
neurochemical markers) is necessary to identify changes in specific interneuron populations.

A similar impact of quinpirole on both cell populations, despite the preferential DA innervation
of parvalbumin-positive neurons, does not necessarily reflect a common cellular/sub-cellular
mechanism. Although speculative, it is possible that the effects of quinpirole on FS and NFS
are mediated by different D2 receptor subtypes (D2 vs. D4). Our findings and those of others
reveal that in prepubertal animals, only D1 (not D2) receptors exert an excitatory effect on
interneurons (Gorelova and others 2002), but during adolescence, the net effect of DA is to
drive PFC interneurons by both D1- and D2-dependent mechanisms. This would cause a
powerful inhibition of PFC pyramidal neurons in the presence of phasic DA, as it was observed
in vivo with burst ventral tegmental area (VTA) stimulation (Lewis and O’Donnell 2000). This
is consistent with recent data showing that FS interneuron excitation matches the temporal
course of pyramidal cell inhibition in response to chemical VTA stimulation in vivo, as revealed
with FS pyramidal paired recordings (Tseng and others 2006). Although PFC D1 receptors
have been clearly linked to working memory functions (Sawaguchi and Goldman-Rakic
1991; Wang and others 2004), the functional role of D2 receptors is not as clear. By providing
a strong positive modulation of interneurons, they may be contributing to reducing noiselike
activity and thereby enhancing the saliency of the activity of strongly activated pyramidal
neurons. In this regard, the proposal that D2-modulated activity in the cortex is a corollary
discharge providing feedback to the PFC (Wang and others 2004) is an interesting possibility.

A specific population of GABAergic interneurons, the FS electrophysiological profile, has a
potentially important role in the pathophysiology of schizophrenia (Lewis and others 2005), a
disorder with a clear prefrontal compromise and symptoms that emerge during late adolescence
or early adulthood. Defective GABA transmission in the PFC and other cortical areas,
stemming from developmental alterations but not expressed until after late adolescence, is
among the prevailing ideas regarding schizophrenia pathophysiology (Benes and Berretta
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2001; Lewis and others 2005). Thus, our finding that the DA control of PFC interneurons
matures during adolescence may explain why developmental alterations result in a delayed
onset of symptoms and may open avenues to revisit therapeutic and even preventive approaches
for this devastating disorder.
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Figure 1.
Interneurons could be classified as FS and NFS. Representative traces illustrating the firing
pattern of FS (a) and NFS (b) interneurons recorded in the PFC of developmentally mature
animals (PD > 50). Depolarizing current steps induced repetitive action potential firing in both
types of interneurons (left panel). FS interneurons exhibit a pronounced fast AHP (arrowhead),
whereas AHP in NFS interneurons was less pronounced. The most distinctive difference was
the lack of spike-frequency adaptation in FS interneurons, revealed as a constant instantaneous
firing rate throughout the current pulse (right panel). NFS interneurons instead exhibited
increasingly long interspike intervals. (c) FS and NFS interneurons exhibited different basic
electrophysiological characteristics as indicated by AHP amplitude, AHP half width, action
potential duration (measured at half width), and amplitude.
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Figure 2.
Neurobiotin staining of recorded GABAergic interneurons. Examples of layer V NFS and FS
interneurons obtained in the medial PFC from postpubertal rats. Scale bar: 50 μm
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Figure 3.
The D2 agonist quinpirole increases interneuron excitability in adult animals. (A) Scatter plot
showing the effect of 1 μM quinpirole on FS (open circles) and NFS (triangles) interneuron
excitability. The data shown are the number of evoked spikes to intracellular current pulse
injection and were obtained in the PFC of adult (PD > 50) animals. Quinpirole increased the
number of evoked spikes in all PFC interneurons (***P < 0.0001, paired student’s t-test). (B)
Bar graph summarizing the effect of quinpirole and its blockade by 20 μM of the D2 antagonist
eticlopride (indicated as percent change to baseline; ***P < 0.0001, repeated measures
ANOVA). (C) Two representative traces of FS and NFS interneurons illustrating the number
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of evoked spikes before (baseline) and its increase after 5 min of bath application of quinpirole
(1 μM) in both interneuron types.
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Figure 4.
The excitatory effect of the D2 agonist is observed only in slices from adult animals. (A) Scatter
plot showing the effect of quinpirole on PFC interneurons excitability from prepubertal to adult
ages, expressed as the ratio between evoked firing after and before quinpirole administration.
Open circles are individual neurons recorded from each group, and the data were grouped into
age ranges. The excitatory effect of quinpirole (1 μM) was observed only in developmentally
mature rats. (B) Bar graph (mean ± SD) summarizing the effect of quinpirole on prepubertal
PFC interneurons (PD < 36) and those observed in the PFC of adult (PD > 50) animals
(***P < 0.0001, repeated measures ANOVA).

Tseng and O’Donnell Page 12

Cereb Cortex. Author manuscript; available in PMC 2008 January 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
The D1 agonist SKF38393 increases interneuron excitability in the adult PFC. (A) Scatter plot
showing the effect of 8 μM SKF38393 on FS (black triangles) and NFS (open circles)
interneuron excitability, assessed with the number of spikes evoked by intracellular current
pulse injection, in slices from prepubertal (PD < 36) animals. Bath application of 8 μM
SKF38393 increased the number of evoked spikes in all FS (n = 6) interneurons, whereas not
apparent changes were observed in NFS (n = 7). (B) Scatter plot illustrating changes in FS-
and NFS-evoked spikes induced by the D1 agonist in slices from young adult animals (PD >
50). Both FS (n = 4) and NFS (n = 6) interneurons exhibited similar increases in neuronal
excitability. (C) Bar graph (mean ± SD) summarizing the effect of SKF38393 on pre- and
postpubertal PFC FS and NFS interneuron excitability, expressed as percent change from
baseline. PFC NFS interneurons acquire a D1 modulation only after adolescence (***P <
0.0001, student’s t-test).
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