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Abstract
The noradrenergic system of the brain is thought to facilitate neuronal processes that promote
behavioral activation, alertness, and attention. It is known that norepinephrine (NE) can be
significantly elevated in the prefrontal cortex under normal conditions such as arousal and
attention, and following administration of psychostimulants and various other drugs prescribed for
psychiatric disorders. However, how NE modulates neuronal activity and synapses in the local
prefrontal circuitry remains elusive. In this study, we characterized the actions of NE on individual
monosynaptic connections among layer V pyramidal neurons (P) and fast-spiking (FS)
GABAergic interneurons in the juvenile (postnatal days 20–23) rat prefrontal local circuitry. We
found that NE selectively depresses excitatory synaptic transmission in P-FS connections but has
no detectable effect on the excitatory synapses in P-P connections and the inhibitory synapses in
FS-P connections. NE apparently exerts distinctly different modulatory actions on identified
synapses that target GABAergic interneurons but has no effect on those in the pyramidal neurons
in this specific developmental period. These results indicate that, depending on the postsynaptic
targets, the effects of NE in prefrontal cortex are synapse-specific, at least in the juvenile animals.
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Introduction
The brain noradrenergic system is thought to facilitate neuronal processes that promote
alertness and attention (Morilak et al., 2005, Miner et al., 2006, Milstein et al., 2007,
Arnsten, 2009). One region in which norepinephrine (NE) may exert such effects is the
medial prefrontal cortex (PFC), which receives a substantial input from the noradrenergic
nucleus locus coeruleus and has been implicated in many cognitive functions including
arousal, attention, working memory, and other executive functions (Berridge and
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Waterhouse, 2003, Torres et al., 2003, Arnsten and Li, 2005, Elliott and Beveridge, 2005,
Berridge et al., 2006, Newman et al., 2008). Noradrenergic dysfunction in the PFC is linked
to numerous psychiatric disorders including attention-deficit/hyperactivity disorder,
depression, and schizophrenia (Arnsten, 2004, Friedman et al., 2004, Viggiano et al., 2004).
Furthermore, it is clear that many drugs prescribed for psychiatric conditions, including
psychostimulants, significantly elevate NE levels in the PFC (Torres et al., 2003, Elliott and
Beveridge, 2005, Berridge et al., 2006, Arnsten, 2009). Although the effects of NE, NE
agonists, and activation of the LC-NE pathway on neuronal and neural network response
properties have been examined in many previous studies, the impact of NE on signal
transmission at the level of individual synapses in the PFC has not been investigated in great
detail. A full accounting of the actions of NE on identified cell types and different synapses
in the PFC is critical for understanding noradrenergic regulation of prefrontal circuit
operations and prefrontal functions such as sustained attention and working memory under
normal circumstances and in psychiatric disorders which are associated with disrupted
balance of excitation and inhibition in PFC circuits and where executive functions are
severely compromised.

A large body of evidence has shown that activation of NE receptors alters both
glutamatergic (Law-Tho et al., 1993, Marek and Aghajanian, 1999, Waterhouse et al., 2000,
Delaney et al., 2007, Kobayashi, 2007, Ji et al., 2008a, Ji et al., 2008b, Dinh et al., 2009,
Kobayashi et al., 2009) and gamma-aminobutyric acid (GABA)ergic synaptic transmission
(Sessler et al., 1995, Bennett et al., 1998, Braga et al., 2004, Chen et al., 2006, Lei et al.,
2007, Koyanagi et al., 2010, Salgado et al., 2011) in the cortex and other brain regions. NE
also produces differential effects on neuronal excitability and synaptic plasticity in both
pyramidal neurons and GABAergic interneurons in a cell-type specific manner (Bergles et
al., 1996, Kawaguchi and Shindou, 1998, Devilbiss and Waterhouse, 2000, Carr et al., 2007,
Tully et al., 2007, Dembrow et al., 2010, Wojtowicz et al., 2010). In general, these results
demonstrate cell- and synapse-specific adrenergic modulation of synaptic transmission and
excitability involving central neurons, and these effects appear to be mediated by different
subtypes of adrenergic receptors, including alpha-1, alpha-2 or beta-receptors.

Despite these findings, there has been no systematic and detailed assessment of how NE
regulates synaptic communication between individual pyramidal neurons and interneurons
in the local prefrontal circuitry. By contrast dopaminergic regulation of synaptic
transmission in the PFC has been extensively studied. (Gao et al., 2001, Gao and Goldman-
Rakic, 2003, Gao et al., 2003, Seamans and Yang, 2004). In the present study we examined
the effects of NE on monosynaptically connected and individually identified pyramidal
neurons and GABAergic interneurons in the PFC using multiple whole-cell patch clamp
recordings. We found that NE selectively depresses excitatory synaptic transmission
between pyramidal neurons and GABAergic cells without affecting the excitatory
communication between pyramidal neurons or the inhibitory synapses between fast-spiking
(FS) interneurons and pyramidal cells. These results demonstrate a differential modulatory
effect of NE on individual synapses between pyramidal neurons and GABAergic FS
interneurons in the PFC circuitry.

Materials and Methods
Animal treatment

We used 68 Sprague-Dawley rats aged PD20 to PD23 (Charles River Laboratories,
Wilmington, MA). The rats were maintained on a 12-hour light/dark cycle and were fed ad
libitum. The animals were treated under National Institutes of Health animal use guidelines,
and the experimental protocol was approved by the Institutional Animal Care and Use
Committee at Drexel University College of Medicine.
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Slice preparation
The detailed procedure is described in our previous publications (Gao et al., 2001, Wang and
Gao, 2009, 2010). The rats were deeply anesthetized with Euthasol (0.2 ml/kg, i.p.), rapidly
perfused through the heart with ice-cold (< 4°C) sucrose solution bubbled with 95% O2 and
5% CO2 and then quickly decapitated with guillotine. The sucrose solution contained (mM)
NaCl 87, KCl 2.5, NaH2PO4 1.25, NaHCO3 25, CaCl2 0.5, MgSO4 7.0, sucrose 75, and
glucose 25. The brains were carefully removed and immersed in ice-cold sucrose solution.
The brain tissue containing prelimbic region of the medial PFC was cut into 300-μm slices
with a Leica Vibratome (VT 1000S; Leica). The PFC slices were harvested and incubated in
oxygenated sucrose solution at 35°C for 1 hour. The cortical slices were kept at room
temperature until being transferred into a submerged recording chamber that was controlled
at 35 to 36°C and was perfused with Ringer’s solution bubbled with 95% O2 and 5% CO2 at
a flow rate of 2 to 3 ml per minute. The Ringer’s solution contained (in mM) NaCl 128, KCl
2.5, NaH2PO4 1.25, CaCl2 2, MgSO4 1.0, NaHCO3 26, and dextrose 10.

Electrophysiological recordings
Only the slices in which apical dendrites of pyramidal neurons could be traced toward
superficial layer 1 of the cortex under infrared differential interference contrast optics were
selected for pair or multiple recordings. Multiple somatic whole-cell recordings (2–4 cells
were recorded simultaneously) were performed with two Multiclamp 700B amplifiers
(Molecular Devices) in both current and voltage clamp modes. The resistances of the glass
pipettes were 4 to 7 MΩ and the electrodes were filled with intracellular solution containing
(mM): 114 K-gluconate, 6 KCl, 0.5 CaCl2, 0.2 EGTA, 4 ATP-Mg, 10 HEPES, pH7.25, and
0.3% biocytin (Molecular Probes). The monosynaptic connections between and among layer
V pyramidal neurons and GABAergic interneurons were identified by stimulating an
individual neuron with a 10 + 1 pulse train (10 pulses at 20 Hz or 50-ms interpulse intervals
and the 11th pulse at 500 ms after the 10th pulse) to evoke action potentials in the
presynaptic neurons in current clamp mode. The pulse intensity was adjusted from 0.1 to 0.3
nA and synaptic responses (excitatory postsynaptic currents [EPSCs] or inhibitory
postsynaptic currents [IPSCs]) in postsynaptic neurons were recorded. The stimulus pulses
were delivered every 7.5 seconds, and at least 40 sweeps were recorded to obtain an average
of the responses. The signals were amplified and filtered at 2 kHz, and the series resistances
of the recorded neurons were constantly monitored with a negative 5 mV pulse (200 ms
duration) and compensated during recordings. To avoid confounding drug effects, each brain
slice was only used for one experiment. The data were acquired through Clampex 9.2
software and digitized through a DigiData 1322A (Molecular Devices). All drugs, including
NE, the alpha-1 agonist phenylephrine, and alpha-1 antagonist prazosin, were purchased
from Tocris Bioscience USA (Minneapolis, MN).

Histological and Morphological Analyses
All slices with recorded connections were preserved for biocytin immunostaining as
previously reported in our laboratory (Gao et al., 2003, Gao, 2007, Wang and Gao, 2009).
Briefly, slices were fixed in 4% paraformaldehyde until immunocytochemical processing
occurred. The slices were placed in 3% H2O2 for 30 minutes to block the endogenous
horseradish peroxidase. After thorough rinsing, ABC (Vector Laboratories, CA) reactions
were conducted overnight, followed by the Ni-3,3-diaminobenzidine reaction. The slices
were directly mounted from 0.2 mM phosphate buffer and covered with water-soluble
mounting media. All labeled neurons were photographed and matched with their action
potential firing patterns.
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Data analysis
The pairs with significant rundown or input resistance changes (larger than 20%) were
excluded from the data set for further analysis. The mean peak amplitudes of EPSCs or
IPSCs were measured from the average of 40 sweeps in the baseline, the second 5 min in
NE, or phenylephrine, or prazosin + NE (following a 5-min pre-application of prazosin), and
the second 5 min in washout, respectively, with Clampfit 9.2 (Axon Instruments). Traces
containing spike failures in the presynaptic neurons were manually removed and then
averaged in several cases. The latency of the E/IPSC was determined from peak of action
potential of presynaptic neuron and onset of the corresponding E/IPSC in the postsynaptic
neurons. The rise time was measured as 20–80% of the rise phase of E/IPSC whereas decay
time was fitted as 63% of the recovery phase of E/IPSC (see Table 1 and Figure 1 for the
kinetics of individual EPSCs and IPSCs). A paired-pulse ratio (PPR) was obtained by
measuring the ratio of the first two successive responses (2nd PSC/1st PSC) of the10 PSCs;
the recovery ratio was calculated as the ratio of the 11th PSC/1st PSC. Synaptic failure was
defined as an event in which the amplitude of the PSC was below the limit of 1.6-fold noise.
The mean and standard deviation of the 1st PSC amplitudes were calculated, and the
coefficients of variation (CVs) in the control, NE-, or phenylephrine-, or prazosin+NE-
treated PSC amplitudes were computed as standard deviation/mean of the PSCs. The data
were analyzed by ANOVA, the Kolmogorov-Smirnov test (K-S test, for cumulative
probability), or Student’s t test and were presented as mean ± standard error. The histogram
of PSC events per 5pA bin was analyzed with Gaussian fit to compare the changes that
occurred with the different drugs.

Results
To distinguish the effects of NE on monosynaptically connected and individually identified
connections between pyramidal neurons and GABAergic interneurons, we used multiple
whole-cell patch clamp recordings in PFC slices to record 3–4 cells simultaneously to
increase the probability of obtaining monosynaptic connections among individual excitatory
(P-P and P-FS) and inhibitory (FS-P) synapses.

We used a pipette solution containing 7 mM [Cl]i and recorded IPSCs at −50 mV in the
voltage clamp mode. Because the expected reversal potential of IPSC is − 78.4 mV ([Cl−]out
= 134.5 mM and [Cl−]in = 7 mM; Nernst potential = − 78.4 mV; junction potential = + 9
mV), the IPSC appears as an outward current in this solution when membrane potential is
held at − 50 mV whereas EPSC appears as an inward current when recorded at −70 mV. The
IPSCs/EPSCs were confirmed, in some cases, at the end of the experiment by bath
application of picrotoxin (0.1 mM) or CNQX (20 μM), respectively (data not shown). The
advantages of using this relatively low chloride intracellular solution are clear. First, the
firing patterns of both pre- and postsynaptic neurons can be recorded in current clamp mode,
which is critical for identifying the types of recorded neurons, as exhibited in Figure 1. In
addition, the driving force for GABAA channels is suitable for detecting the IPSC. Unitary
synaptic responses in the postsynaptic cell were unambiguously identified as IPSC or EPSC
based on their pharmacological characteristics (see Table 1), their reversal potential
(reversal potential for EPSCs is ~ 0 mV), and the firing patterns of presynaptic neurons
which were recorded in current clamp mode with a 15-sweep step current, 50 pA increment
at each step (Fig. 1).

All recorded neurons were categorized by their electrophysiological properties, and some
were verified morphologically by biocytin labeling. In these latter cases, both neuronal
morphological characteristics, such as dendritic and axonal branch patterns, and the action
potential firing pattern were used to determine the cell types (Kawaguchi, 1995, Galarreta
and Hestrin, 1999, Gibson et al., 1999, Gao et al., 2003, Wang and Gao, 2009). Cells with

Wang et al. Page 4

Neuroscience. Author manuscript; available in PMC 2014 August 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



triangular soma and pial-oriented apical dendrites were deemed pyramidal cells whereas
cells with characteristics of narrow action potentials, deep afterhyperpolarization (AHP),
high firing rates (100–250 Hz) and no frequency adaptation were identified as FS
interneurons according to the criteria established by Kawaguchi (Kawaguchi, 1995) and
Gibson et al. (Gibson et al., 1999), as well as our recent studies (Gao et al., 2003, Wang and
Gao, 2009).

NE significantly suppressed excitatory synaptic transmission in P-FS connections
We first tested the effects of bath-applied NE on the monosynaptic excitatory connections
between layer V pyramidal neurons and FS interneurons (P-FS) with a 10+1 pulse train
applied in the presynaptic neurons. As shown in the Figure 1C, the EPSC recordings in the
P-FS connection were usually stable and reliable for more than 20 min without rundown
under control conditions. We then tested the effects of bath-applied NE at 10 μM on both
excitatory and inhibitory connections. The concentration of NE was based on concentrations
used in similar studies that reported a significant effect of NE on both excitatory and
inhibitory synaptic transmission in cortical and amygdala neurons with an EC50 = ~ 4–5 μM
and near plateau effects at 10 μM (Kawaguchi and Shindou, 1998, Delaney et al., 2007, Lei
et al., 2007). We first tested the effects of bath-applied NE on the monosynaptic excitatory
connections between layer V pyramidal neurons and FS interneurons (P-FS, n = 7). As
shown in the Figure 2A, the unitary EPSCs were induced by applying a 10+1 pulse train in
the presynaptic neuron. The unitary EPSCs were recorded for 5 min to establish the
baseline, and then 10 μM NE was bath-applied for 10 min to prevent potential instability of
the recordings, followed by a 15-min washout period with normal Ringer’s solution. We
found that the peak amplitude of the first EPSC was significantly decreased by bath-applied
NE and this effect lasted during the wash period (Fig. 2A–D), consistent with a previous
study reported for IPSCs (Lei et al., 2007). Cumulative probability analysis showed a clear
shift to the left of the curve with administration of NE and a significant difference between
baseline values and those after administration of NE (P < 0.001 K-S test, Fig. 2C). The peak
amplitude of the first EPSC decreased significantly by average of 63.8 ± 8.08% in P-FS
pairs after NE administration (from 36.9 ± 15.6 pA at baseline to 15.4 ± 9.22 pA with NE,
and to 10.4 ± 4.76 pA in wash; n = 7, baseline vs. NE, P = 0.028; baseline vs. wash, P =
0.058; NE vs. wash, P = 0.335; F = 5.72, P = 0.018; Fig. 2D). Correspondingly, the CV of
the first EPSCs increased significantly (baseline vs. NE, P = 0.011; baseline vs. wash, P =
0.029; NE vs. wash, P = 0.345; F = 7.588, P = 0.007; Fig. 2E). The peak value of the
Gaussian distribution of the first EPSC amplitude shifted from 17.5 pA at baseline to 12.5
pA in NE and 10.0 pA in wash, and the fitted area decreased from 186 to 97 and 69,
respectively as well. The failure number increased significantly from 4.86 ± 1.70 at baseline
to 19.85 ± 4.17 and 21.6 ± 4.80 in NE and wash, respectively (baseline vs. NE, P = 0.003;
baseline vs. wash, P = 0.009; NE vs. wash, P = 0.542 respectively; F = 14.07, P = 0.0007;
Fig. 2F–H). The PPR of the first two EPSCs showed significant increase following NE
administration compared with baseline (0.47 ± 0.07 in baseline vs. 0.73 ± 0.07 in NE and
0.69 ± 0.14 in wash, F = 7.125, P = 0.020), whereas the recovery ratio between the 1st and
11th EPSC showed no significant changes following NE administration compared with
baseline (0.83 ± 0.23 in baseline vs.1.09 ± 0.39 in NE and 1.25 ± 0.33 in wash, P > 0.05).
These results suggest that NE suppresses excitatory synaptic transmission in the P-FS
connection. All of these changes, including significantly decreased EPSC amplitude and
increased synaptic failure, CV, and PPR, indicated that the NE effect is likely involved in a
decreased release probability in the presynaptic axon terminals that targets FS interneurons.

NE had no effect on inhibitory synaptic transmission in FS-P microcircuits
Next we examined the effects of NE on monosynaptic inhibitory synapses between FS
interneurons and pyramidal neurons. Luckily, we obtained a reciprocal connection between
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P and FS that allow us to examine NE effects on P-FS and FS-P simultaneously and
respectively. In this case, three cells were recorded but connection was only found between
P1 and FS without connection with P3 (Fig. 3). The morphological characteristics of this
reciprocal pair (as well as those of another unconnected pyramidal neuron) were recovered
with biocytin labeling, and the firing patterns of the pyramidal cell and FS interneuron were
displayed in Figure 3A inset. In this reciprocal P-FS connection, we first recorded the
EPSCs in the P-FS connection with the membrane potential of FS held at −70 mV; NE was
bath-applied for 5-min after baseline recording in this reciprocal pair in order to offset any
instability of the recording and allow both types of synapses to be studied in a limited time
window. Ten minutes after NE washout, the membrane potential of the pyramidal neuron
was held at −50 mV to record IPSCs in the FS-P connection and NE was re-applied for
another 10-min. Interestingly, as shown in Figure 3, we found that NE selectively modulated
the excitatory synapses in the P-FS but had no effects on the inhibitory synapses in the FS-P
connection in a reciprocal connection between a pyramidal neuron and a FS interneuron
(Fig. 3). As exhibited in the Figure 3, the amplitude of first unitary EPSCs in the P-FS
connection was dramatically and significantly decreased by administration of NE (Fig. 3B,
C), whereas the amplitude of the first unitary IPSCs in FS-P connection was unaltered (Fig.
3D, E). These data suggest that the effects of NE on monosynaptic synapses between layer
V pyramidal neurons and FS interneurons are likely synapse-specific. However, it is also
possible that the lack of NE effect on FS-P connection was derived from receptor
desensitization induced by the first NE application because the suppressive NE effect on the
P-FS connections persists without clear recovery (Lei et al., 2007). To test this possibility
and to verify the synapse-specificity, we examined additional FS-P connections. We
confirmed that the amplitude of the first IPSCs was unaltered by bath application of NE for
10 min in all of the connections exhibited in this figure (Fig. 4A) and, as noted in the scatter
plot (Fig. 4B), a stable, even distribution of IPSC amplitudes was observed during baseline,
NE, and washout conditions. Cumulative analysis showed that the curve generated with NE
administration overlapped with those in the baseline and washout periods without significant
difference (P > 0.05, K-S test; Fig. 4C). There was no significant difference between
baseline and NE administration and between NE and wash periods (30.5 ± 15.5 pA at
baseline vs. 27.3 ± 14.1 pA with NE, and 25.0 ± 13.6 in wash; n = 7, F = 2.44, P = 0.129;
Fig. 4D) in the first IPSC amplitudes. It should be noted that 2 of the 7 pairs appeared to
exhibit large IPSC amplitudes and these two pairs had few or no synaptic failures. Similarly,
the CV of the first IPSCs showed no significant changes between baseline, NE application
and wash conditions (baseline vs. NE, P = 0.238; baseline vs. wash, P=0.375; NE vs. wash,
P = 0.216, respectively; two-way ANOVA F = 1.45, P = 0.273; Fig. 4E). The Gaussian
distribution of the peak value of events per 5pA bin at baseline and with NE exhibited a
slight shift to the right and the same amount of synaptic failure, without statistical
significance (F = 0.852, P = 0.451; Fig. 4F–H). The PPR (0.79 ± 0.05 at baseline vs. 0.86 ±
0.13 with NE, and 0.73 ± 0.13 for wash; n = 7, F = 0.571, P = 0.579) and the recovery ratio
of the 11th IPSCs (0.72 ± 0.03 at baseline vs. 0.76 ± 0.10 with NE, and 0.85 ± 0.08 of wash;
n = 7, F = 1.205, P = 0.333) also exhibited no significant changes during NE administration
compared with those at baseline. These data substantially reinforce the notion that the
effects of NE on P-FS connections are synapse-specific and selective.

NE exhibited no significant effects on monosynaptic connections between layer V
pyramidal neurons

In our previous study, we reported a selective dopamine modulation of P-P excitatory
synapses but not of P-FS connections in the ferret mPFC (Gao and Goldman-Rakic, 2003).
Thus, we tested the effects of bath-applied NE on the monosynaptic excitatory connections
between layer V pyramidal neurons. We applied the same experimental protocol that was
used with P-FS and FS-P. As shown in Figure 5A, we found that there was no significant
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change in EPSC amplitude in these P-P connections (n = 12, Fig. 5A–D). A sample pair is
shown in Figure 5A; and the changes in the 1st EPSC amplitude in this pair are shown in a
scatter plot in Figure 5B. Administration of NE had no clear effect on the dynamics of the
2nd to 10th EPSCs and on the amplitudes of the unitary EPSCs. Cumulative analysis showed
no difference between values obtained at the baseline and those obtained after
administration of NE (P > 0.05, K-S test, Fig. 5C). The peak amplitudes of the 1st EPSC
were not significantly changed by administration of NE and during the washout (n = 12, P =
0.811 and P = 0.663, respectively when compared to baseline; F = 0.806, P = 0.458 with
two-way ANOVA; Fig. 5D). Consistently, the CV of the 1st EPSC was also unaltered with
NE application and during wash period compared with baseline (F = 1.585, P=0.226; Fig.
5E). Further analysis indicated similar distribution patterns in the number of events (5pA/bin
with Gaussian fit) and the synaptic failure with NE administration as well as in washing
compared with values obtained at baseline (F = 0.696, P = 0.508; Fig. 5F–H). There were
also no effects on the PPR for the first two EPSCs (PPR = 0.55 ± 0.08 at baseline, 0.76 ±
0.14 with NE, 0.63 ± 0.09 with wash; baseline vs. NE, F = 1.314, P = 0.288), and on the
recovery ratio (11th EPSC/1st EPSC, F = 0.870, P = 0.432). In addition, NE had no effects
on the short-term plasticity when all 10 EPSCs at baseline and during NE were compared
with ANOVA analysis (F = 0.487, P = 0.963). Overall, these results indicated that NE has
no significant modulatory effect on the monosynaptic recurrent excitatory transmission
between layer V pyramidal neurons. These results further indicated that the actions of NE on
excitatory synapses are target-cell specific, and as such, the axonal terminals derived from a
single pyramidal neuron could be modulated differently by NE depending upon the identity
of the cellular synaptic target.

Alpha-1 agonist phenylephrine mimicked the depressive effects of NE on the P-FS
connection but had no effect on P-P synapses

We next examined the receptor specificity associated with the regulation of synaptic
transmission between pyramidal neurons and GABAergic interneurons. Because the profiles
of the receptors on the axonal terminals and dendrites in pyramidal neurons and GABAergic
interneurons are different (Aoki et al., 1994, Aoki et al., 1998, Nakadate et al., 2006), we
first tested the effects of the selective alpha-1 agonist phenylephrine on the excitatory
synapses in P-P and P-FS connection, respectively.

We found that the alpha-1 adrenergic agonist phenylephrine (25 μM) had different effects
on excitatory synapses targeting pyramidal neurons and FS interneurons. As shown in
Figure 6, phenylephrine effectively inhibited the EPSCs in the P-FS connections, similar to
the outcome observed with NE. Phenylephrine significantly decreased the EPSCs in the P-
FS connections (Fig. 6A, B), with a shifted curve in cumulative analysis (P < 0.05; Fig. 6C),
a significantly decreased first EPSC amplitude (19.9 ± 4.85 pA at baseline, 10.3 ± 3.58 pA
in phenylephrine, 9.36 ± 4.12 pA in wash; n = 7, F = 7.846, P = 0.007; Fig. 6D). The CV of
the first EPSCs were significantly increased (0.56 ± 0.07 in baseline, 0.91 ± 0.17 in
phenylephrine and 0.95 ± 0.14 in wash, F = 7.482, P = 0.008; Fig. 6E). We also noted
significantly increased synaptic failure (F = 5.087, P = 0.025; Fig. 6F–H). With Gaussian fit,
both the peak value of EPSC in phenylephrine and fitted area of the EPSC amplitude bin
exhibited clear decreases compared with those of the baseline (Fig. 6F–H). In addition,
phenylephrine also significantly increased the PPR (F = 6.043, P = 0.030) although the
recovery ratio was unchanged (F = 0.0036, P = 0.996).

The suppressant effects of phenylephrine on the P-FS synapses were also evident in a triple
P-FS connection in which axon terminals from two layer V pyramidal neurons innervated
the same FS interneuron. Phenylephrine had similar depressive effects on the two P-FS
connections. As shown in Figure 7A, the morphologies of the three recorded neurons were
successfully recovered; the firing patterns of these cells are displayed in the inset. To record
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the EPSCs in this converging connection, the membrane potential of the FS interneuron was
held at −70 mV. We first recorded the EPSCs in the P1-FS connection in the presence of
phenylephrine. After washout, we recorded the EPSCs again in the P2-FS connection before
and after application of phenylephrine. Both unitary EPSCs in P1-FS (Fig. 7B and C) and
P2-FS pairs (Fig. 7D and E) were inhibited by 25 μM phenylephrine. These data provide
additional evidence that the inhibitory effect of NE on unitary EPSCs in P-FS connections is
mediated through activation of the alpha-1 receptor.

In contrast, as expected, bath application of phenylephrine had no effect on the P-P
connections. The peak amplitude of the first EPSCs were similar without significant changes
during alpha-1 agonist administration (Fig. 8A, B). Cumulative analysis exhibited identical
curves at baseline and with phenylephrine (Fig. 8C). Student paired t-test analysis displayed
no significant changes in the amplitude and CV of the first EPSCs (n = 8, amplitude: F =
0.414, P = 0.669; CV: F = 0.310, P = 0.738; Fig. 8D and E), as well as in the PPR (F =
0.327, P = 0.727) or in the recovery ratio (F = 1.079, P = 0.367). Measures of Gaussian fit
(fitted area 106, 97, and 94 for baseline, phenylephrine and wash), peak value of EPSC
events for baseline, phenylephrine and wash was 6.16, 6.43, and 5.96, respectively. The
synaptic failure rates in baseline, phenylephrine, and wash were 18.6 ± 4.24, 20.0 ± 5.23 and
18.9 ± 5.38, respectively, without significance (F = 0.164, P = 0.851; Fig. 8F–H).

Alpha-1 antagonist prazosin prevented the depressive effects of NE on the P-FS
connections

To further confirm the depressive effects of NE and of alpha-1 agonist phenylephrine on the
P-FS connections, we applied the alpha-1 antagonist prazosin (1 μM) prior to the NE (10
μM) application. As shown in Figure 9, prazosin itself slightly decreased the EPSC
amplitude, but the decrease was not significant (13.3 ± 2.79 pA in baseline vs. 10.1 ± 3.33
pA in prazosin, n = 7, P = 0.140; Fig. 9A–D). NE application induced slightly more decrease
in EPSC amplitude but the change was not significant as well (10.1 ± 3.33 pA in prazosin
vs. 8.41 ± 3.46 pA, P = 0.295). Overall evaluation with two-way ANOVA analysis also did
not exhibit significance (F = 0.883, P = 0.439), indicating that prazosin prevented the
depressive effects of NE on the P-FS connections (Fig. 9A–D). Indeed, cumulative analysis
showed no significant curve shift between prazosin and prazosin + NE although the baseline
curve was slightly right shifted (P > 0.05 for all; Fig. 9C). The CV of the first EPSC in
prazosin and prazosin + NE also exhibited no significant changes compared with that of
baseline (P = 0.769 and P = 0.085, respectively; Fig. 9E) although the CV in wash was
significantly increased compared with prazosin (P = 0.04). Similarly, both prazosin and
prazosin + NE did not change the PPR (P = 0.303 and P = 0.152, respectively) and the
recovery ratio (P = 0.774 and P = 0.289, respectively) compared to the baseline. We also
noted that the synaptic failures during prazosin and prazosin + NE administration were
slightly increased but overall these changes were not significant (P = 0.570 and P=0.132
respectively when compared with baseline, and P = 0.147 between prazosin and prazosin +
NE; two-way ANOVA F = 2.239, P = 0.149; Fig. 9F, G, H and I). Gaussian fit showed that
the peak values of EPSC in prazosin and prazosin + NE shifted from 20 pA in baseline to 15
and 10 pA, respectively, but returned to 15 pA during washout.. These results further
suggest that the depressive effects of NE on the P-FS synapses are mediated by alpha-1
receptors.

Discussion
We have characterized the actions of NE on individual monosynaptic connections between
layer V pyramidal neurons and FS interneurons in the juvenile (PD20-23) rat PFC local
circuitry. We found that NE selectively depresses excitatory synaptic transmission in P-FS
connections but has no apparent effect on the excitatory synapses in the P-P connection and
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on the inhibitory synapses in the FS-P connections in this age group. These results indicate
that the effects of NE are synapse-specific and that the actions of axon collaterals from
single pyramidal neurons can be selectively regulated by NE at the level of individual
synapses depending upon the identity of the postsynaptic neurons. In particular, NE exerts
depressant actions on identified excitatory synapses that target GABAergic FS interneurons
but has no significant effect on synapses onto pyramidal neurons at the concentration and
age tested.

These results are novel and interesting with respect to NE’s actions in the PFC but are
generally consistent with the results of previous studies that focused on the actions of
dopamine (Urban et al., 2002, Gao and Goldman-Rakic, 2003) and acetylcholine (Xiang et
al., 1998, Porter et al., 1999) in the cortex. Taken together, this work suggests that the
effects of ascending modulatory systems on monosynaptic connections between pyramidal
neurons and GABAergic interneurons are target cell- and synapse-specific (Toth and
McBain, 2000, Bacci et al., 2005). In fact, target-specific expression of pre- and
postsynaptic mechanisms of synaptic transmission has been shown in a variety of central
neurons by a number of laboratories, as summarized in a previous review (Toth and
McBain, 2000). Collectively, these data have demonstrated that synaptic transmission
between single axons diverging onto distinct target neurons can behave independently,
differentially influencing activity in the target neuron, as we reported in a previous study
(Gao and Goldman-Rakic, 2003). This target specificity adds another level of complexity to
un-ravel the roles played by individual neurons within a local neural circuits. Whether
presynaptic adrenoceptors are different in the presynaptic axon terminals of pyramidal
neurons that target different types of cells remains unknown. However, the effects of NE on
the individual excitatory and inhibitory synapses in the prefrontal local circuitry are different
from those of dopamine, as least at the concentration of 10 μM. For example, NE exhibited
no significant effect on P-P connections whereas dopamine at the same dose range exerts a
depressive effect on P-P connections via a presynaptic mechanism (Gao et al., 2001). In
contrast, NE significantly suppressed excitatory synaptic transmission between P-FS cells
whereas dopamine has no effect on these connections (Gao and Goldman-Rakic, 2003). In
addition, NE exhibited no significant effects on GABAergic synapses between FS-P
whereas dopamine differentially modulated perisomatic (FS-P) and peridendritic (non-FS-P)
synapses in a cell-specific manner (Gao et al., 2003).

The second major finding from the present study is that the NE-mediated suppressant effect
on excitatory transmission between pyramidal neurons and FS interneurons is mimicked by
activation of alpha-1 receptors. Although alpha-1 receptors regulate both EPSCs (Law-Tho
et al., 1993, Marek and Aghajanian, 1999, Chen et al., 2006, Kobayashi, 2007, Dinh et al.,
2009, Kobayashi et al., 2009) and IPSCs (Bergles et al., 1996, Kawaguchi and Shindou,
1998, Han et al., 2002, Braga et al., 2004, Herold et al., 2005, Chen et al., 2006, Hirono and
Obata, 2006, Lei et al., 2007, Salgado et al., 2011) in cortical pyramidal neurons, there have
been no reports of alpha-1 receptor regulation of EPSCs on identified GABAergic
interneurons.

The existing data on NE modulation of synaptic transmission from various brain regions are
inconsistent or contradictory (Lei et al., 2007). For example, several studies emphasize the
importance of alpha-2 receptors in cognitive functions (Li et al., 1999, Wang et al., 2007, Ji
et al., 2008b), whereas others have found that alpha-1 or beta receptors mediate
enhancement of glutamate or GABA transmission (Law-Tho et al., 1993, Bergles et al.,
1996, Kawaguchi and Shindou, 1998, Marek and Aghajanian, 1999, Devilbiss and
Waterhouse, 2000, Braga et al., 2004, Kobayashi, 2007, Lei et al., 2007, Kobayashi et al.,
2009, Salgado et al., 2011). In fact, NE has a variety of effects at alpha- as well as beta-
receptors in central neurons. Previous studies indicate that NE at 10–20 μM range
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consistently decreases AMPA-induced current (Dinh et al., 2009), AMPA-EPSC (Law-Tho
et al., 1993, Kobayashi, 2007, Kobayashi et al., 2009), or NMDA-EPSC (Liu et al., 2006)
via either postsynaptic activation of alpha-1 receptor in the PFC or presynaptic alpha-2
receptor in amygdala (Delaney et al., 2007), or even postsynaptic alpha-2 receptor in PFC (Ji
et al., 2008b). Whatever the receptor-specificity and pre- or postsynaptic action, the
consistent finding of a depressive effect of NE on excitatory synaptic transmission is
contradictory to the insignificant effect of NE in P-P monosynaptic connections as observed
in the current study. The reason for this discrepancy is not clear but it may attributable to
different technical approaches. It is possible that we recorded from and stimulated synaptic
connections from a specific subset of layer V pyramidal neurons using multiple whole-cell
patch clamp whereas the extracellular mode of stimulation used in other studies may activate
multiple excitatory afferents to layer V cells. Our results are in agreement with the idea that
NE effects on cortical synapses depend on the cellular location of the synapse (Salgado et
al., 2011), cell type (Kawaguchi and Shindou, 1998, Devilbiss and Waterhouse, 2000,
Dembrow et al., 2010), or the specificity of the receptors (Devilbiss and Waterhouse, 2000).
Indeed, alpha-1 receptors have been localized in cell soma and dendrites in the rat primary
visual cortex (Nakadate et al., 2006) but have been identified as primarily presynaptic
elements in the striatum and midbrain (Rommelfanger et al., 2009). The distribution of
alpha-1 receptors on prefrontal neurons is not clear; but as our results suggested, it is likely
that activation of alpha-1 receptors exhibits distinct effects on regulation of presynaptic
glutamate release in the excitatory synapses targeting FS interneurons compared to those
synapsing on pyramidal neurons, at least in the short age range (PD20-23) tested in this
study.

Another possible explanation for these disparate findings is that the effects of NE are dose-
dependent. NE at a concentration of 10 μM is sufficient to achieve plateau effects on
excitatory synapses in the amygdala (Delaney et al., 2007) and near plateau effects in
inhibitory synapses in the entorhinal cortex (EC50 = 4–5 μM) (Lei et al., 2007). However,
there is general agreement that NE can modulate neuronal responses to synaptic inputs in an
inverted “U” concentration-dependent manner (Berridge and Waterhouse, 2003, Aston-
Jones and Cohen, 2005). Additional studies also suggest that moderate levels of NE improve
PFC function, possibly via alpha-2a-adrenoceptors, whereas high levels of NE engage low
affinity alpha-1 receptors (Arnsten et al., 1988, Tanila et al., 1996, Jakala et al., 1999, Li et
al., 1999, Arnsten, 2000, Franowicz et al., 2002, Lapiz and Morilak, 2006, Wang et al.,
2007). A recent study also reported that elevating noradrenergic activity at alpha-1 receptors
in mPFC facilitates cognitive performance of rats in both sustained (Berridge et al., 2012)
and flexible attention tasks, an observation which provides general support for the role of
NE in behavioral state changes such as arousal and a plausible explanation for the beneficial
cognitive effects of psychotherapeutic drugs that target noradrenergic neurotransmission
(Lapiz and Morilak, 2006). It is possible and likely that NE at either lower or higher
concentrations, or under condition of selective activation of specific receptor subtypes, also
regulates P-P or FS-P synaptic connections. Indeed, at higher concentration of 100 μM NE
appears to enhance EPSC by activation of the alpha 1 receptor in PFC neurons (Marek and
Aghajanian, 1999). Similarly, activation of beta receptors consistently enhances EPSC in
layer V pyramidal neurons of PFC by postsynaptic mechanisms via cAMP/PKA signaling
(Kobayashi, 2007, Ji et al., 2008a) or presynaptic mechanism in PFC (Ji et al., 2008a,
Kobayashi et al., 2009) or pyramidal neurons in CA1 (Gereau and Conn, 1994). Moreover,
activation of alpha-2 receptors improves working memory function (Wang et al., 2007),
possibly by increasing neuronal excitability via inhibition of cAMP-dependent HCN
channels in the PFC (Carr et al., 2007). However, further study is needed to bridge the gap
between behavioral outcomes, neuronal response properties, and actions at the level of
individual synapse.
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Our data also indicate that the effects of NE on the excitatory synapses at FS interneurons
are long-lasting without recovery even after 15–20 min wash. This is in agreement with a
previous study that, despite the transient (< 1 min) nature of the depolarizing effects on FS
cells (Kawaguchi and Shindou, 1998), NE robustly decreased excitatory drive in
GABAergic interneurons. These actions would be expected to reduce inhibition and increase
excitability in the PFC circuitry, and consequently, such actions at the cellular level might
improve attention and working memory function as previously reported (Lapiz and Morilak,
2006, Berridge et al., 2012). Our study thus provides a putative mechanism for fine-tuning
of the flow of information in PFC. However, it should be noted that the selective effects of
NE on P-FS implication at the concentration tested in this study should be interpreted
cautiously because the recordings were performed in layer V cells of PFC only. Whether this
unique finding can be applied to layer II/III cortical neurons, an area engaged in further
higher cortico-cortical information processing, is unknown but could be different based on
the results of a previous study (Lei et al., 2007). In fact, a previous study has shown that NE,
in the same dose range as that used here, induces long-term depression (LTD) of
glutamatergic synaptic transmission in layer I–II to layer V PFC pyramidal neurons (Marzo
et al., 2010). Several others studies also showed that NE decreases the amplitude of AMPA-
mediated glutamatergic responses (Dodt et al., 1991, Law-Tho et al., 1993, Pralong and
Magistretti, 1994, Hasselmo et al., 1997, Dinh et al., 2009). At first glance, our result seems
to be in contrast to the depressive effect of NE on layer I–II to layer V PFC pyramidal
neurons (Marzo et al., 2010) and on excitatory cortical synaptic transmission between
pyramidal neurons in general. In fact, our finding is in agreement with Marzo et al’s report
(Marzo et al., 2010), in which NE at the concentration that induced LTD in layer I–II to
layer V pyramidal neuron synapses did not induce clear LTD in layer VI to layer V
pyramidal neuron synapses. Therefore, it is likely that distribution of adrenergic receptors in
the cerebral cortex may exhibit laminar or afferent specificity. Indeed, as Marzo et al
explained (Marzo et al., 2010), the deep layer afferents contain a large number of projection
fibers from other brain regions, for example, the hippocampus (Jay and Witter, 1991) and
the mediodorsal nucleus of thalamus (Giguere and Goldman-Rakic, 1988). The lack of clear
NE effects in the layer V synapses indicates a possible difference of the sensitivity to NE
between the upper-layer cortico-cortical inputs and the deep-layer subcortical projecting
inputs. This difference might be attributable to a relatively less pronounced distribution of
alpha2-adrenoceptors in deep layers (Aoki et al., 1998). Apparently, additional studies are
needed to account for cellular mechanisms underlying this disparity between sub-
populations of PFC synapses.

Another point that should be also considered is the existence of a variety of GABAergic
neurons in the neocortex (Kawaguchi, 1995, Galarreta and Hestrin, 1999, Gibson et al.,
1999, Gao et al., 2003, Wang and Gao, 2009). In this study, we only tested the effects of NE
on FS interneurons. NE actions on other GABAergic cell types, such as low-threshold
spiking and regular spiking interneurons, might be different as their receptor distributions
are distinct from FS interneurons (Wang and Gao, 2009). Furthermore, medial PFC is one of
a few cortical area receiving both dopaminergic and noradrenergic inputs compared to other
neocortical areas. Thus, the observed findings may be due to strong dual inputs compared to
other cortical areas such as visual, auditory and somatosensory cortex which receive rather
limited or no direct dopaminergic influence. This could partially explain the different or
contradictory results obtained from various brain regions as described above. Finally, our
recordings were conducted in prefrontal neurons of normal young animals; whether NE
exhibits similar or different effects on adult neurons or on cells recorded from brains that
model psychiatric disorders such as the spontaneously hypertensive rat model of attention
deficit hyperactivity disorder (Sagvolden et al., 2005a, Sagvolden et al., 2005b) is another
intriguing question that needs further exploration. Therefore, the overall actions of NE in
vivo may be very different from what we have discussed here.
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Nevertheless, our data have provided novel evidence that synaptic connections between
individual neurons in the local prefrontal circuitry are differentially regulated by
noradrenergic neurotransmission and these effects are complementary to the actions of
dopamine, at least in juvenile animals. It is known that NE systems are required for normal
baseline operations of the PFC. For example, selective impairment of NE transmission in the
PFC disrupts working memory (Arnsten et al., 1999, Friedman et al., 1999, Arnsten, 2004).
Other studies indicate that complementary levels of catecholamine receptor stimulation are
needed to optimize PFC cognitive function (Arnsten and Li, 2005, Pascucci et al., 2007). In
the PFC of behaving monkeys, Sawaguchi et al showed that NE strongly decreased the
overall background neural activity, particularly in the pre-cue period of a working memory
task, thus increasing the signal-to-noise ratio of the delay response (Sawaguchi et al., 1990).
In addition, this study reported differential effects of NE and dopamine on prefrontal neural
activity related to the delay response task. The differential nature of dopamine and NE
effects on different synapses in vitro, as we reported here, is in support of this in vivo
finding. The results of the present study thus underscore the heterogeneous and, perhaps,
complementary nature of catecholamine transmitter/modulator actions in PFC functions.
Dopamine and NE are capable of jointly affecting individual synapses in local PFC circuits
and, consequently, influencing network activity and behavioral outcomes mediated by the
PFC (Arnsten et al., 2010). A major challenge for future investigation is to account for all of
the cellular synaptic actions of NE and dopamine in the context of dynamic neural circuit
operations with the goal of developing a comprehensive understanding of the cellular basis
of PFC function in adaptive and maladaptive behaviors.
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AHP afterhyperpolarization

AMPA alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

CVs coefficients of variation

EPSC excitatory postsynaptic current

FS fast-spiking

GABA gamma-aminobutyric acid

IPSC inhibitory postsynaptic current

K-S Kolmogorov-Smirnov

NE norepinephrine

P pyramidal neuron

PFC prefrontal cortex

PPR paired-pulse ratio
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Highlights

1. The actions of NE on monosynaptic connections in the PFC circuitry were
characterized.

2. NE selectively depresses excitatory synaptic transmission in P-FS connections.

3. NE has no detectable effect on P-P and FS-P connections.

4. NE apparently exerts distinctly different modulatory actions on identified
synapses.

5. Depending on the postsynaptic targets, the effects of NE in PFC are synapse-
specific.
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Figure 1.
Identification of prefrontal cortical neurons. A, Sample firing patterns of a layer V
pyramidal neuron (P) and a fast-spiking (FS) interneuron. The P cell was easily identified by
its regular firing pattern with adaptive firing, wider action potentials, and smaller fAHP; the
FS cell was identified by its high-frequency firing of action potentials without adaptation,
short half-width, and large fAHP. B, The 1st unitary EPSC in a train of 10 pulses in P–P and
P–FS and IPSC in FS–P connections. The uEPSC and uIPSC in these pairs exhibit distinct
different kinetics as shown in the Table 1. C, Scatter plot shows a sample recording of
EPSCs in a P-FS synaptic connection (EPSC amplitude, upper panel, and synaptic failure
rate per min, lower panel). The EPSCs recordings were typically stable and reliable for more
than 20 min without rundown. This fact ensures the reliability of the depressive NE effects
observed in the Figure 2.
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Figure 2.
NE significantly inhibits P-FS synapses. A, Representative traces showing the effects of NE
on AMPA EPSCs in a P-FS pair. Note: The upper panels in control, NE and wash conditions
represent action potentials induced by intracellular injected currents applied in the
presynaptic neuron, whereas the lower panels were the corresponding postsynaptic currents
(recorded in the postsynaptic neurons) in response to the individual action potentials in the
presynaptic neurons. The same conventions apply in Figures 3A, 5A, and 6A. B, Scatter plot
showing the depressive effect of NE on the P-FS pair in A. C, Cumulative probability plot
of the first AMPA EPSCs exhibited a shift of the NE curve (n = 7). D, NE significantly
decreased the first EPSC amplitude (P =0.028) and the effect was not recovered even after
10 min wash (P < 0.05). Note that three overlapping pairs were slighted shifted horizontally
for graph clarification. E, CVs of the first EPSCs were also significantly increased in NE
and wash (P = 0.011 and 0.028, respectively). F, G, and H, The amplitude histograms of
binned first unitary EPSCs in P-FS connections from control. NE treatment and wash with
Ringer’s solution with Gaussian fit, as well as significantly increased synaptic failures in
both NE and wash (P < 0.05 for both).
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Figure 3.
NE selectively modulates excitatory, but not inhibitory, synaptic transmission in a reciprocal
P-FS connection. A, The morphological characteristics of a reciprocal pair as well as another
unconnected pyramidal neuron were recovered with biocytin labeling. The firing patterns of
the pyramidal cell and FS interneuron are displayed in the inset. In this reciprocal P-FS
connection, we first recorded the EPSCs in the P-FS connection with the membrane
potential of FS held at −70 mV. NE was bath-applied after 5-min baseline recording. Ten
minutes after washing the NE, the membrane potential of pyramidal neuron was held at −50
mV and the IPSCs in the FS-P connection were recorded during re-application of NE. B and
C, NE bath-application dramatically reduced the EPSC amplitudes in the P-FS connection.
D and E, In contrast, NE had no clear effects on the IPSCs in the FS-P synapses.
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Figure 4.
NE has no significant effect on IPSC amplitude in FS-P synapses. A, Representative traces
showing the Effect of NE on IPSCs in a layer V FS-P pair in response to a 20-Hz train
applied at the presynaptic neuron. B, Scatter plot showing the effect of NE on the 1st EPSC
amplitude of the FS-P pair in A. C, Cumulative probability plot showing the completely
overlapped curves for the first IPSCs at baseline, during NE application, and after the
washout (n = 7). D, NE exhibited no effect on the amplitude of the first IPSC (P = 0.184). It
should be noted that 2 of the 7 pairs appeared to exhibit large IPSC amplitudes in the FS-P
connections. E, CVs of the first IPSCs were also unaltered by NE application (P= 0.238). F,
G, and H, Binned first IPSC amplitude in FS-P from baseline, NE and wash with Ringer’s
solution, fitted with Gaussian function. The synaptic failures were unaltered as well (P >
0.05 for both). These data confirm the findings described in Figures 3 and 4, suggesting a
differential regulation of excitatory and inhibitory transmission.
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Figure 5.
NE has no significant effects on EPSC amplitude in P-P synapses. A, Representative traces
showing the effect of NE on AMPA-mediated EPSCs in a layer V P-P pair in response to a
20-Hz 10+1 train applied at the presynaptic neuron. B, Scatter plot of the data showing that
NE does not affect the first EPSC amplitude of the P-P pair in A. C, Cumulative probability
plot for the first AMPA EPSCs indicating no clear effect on the curves (n = 12). D, NE has
no effect on the average amplitude of the first EPSC (F = 0.806, P = 0.458). E, CVs of the
first EPSCs were unaltered in P-P pairs (F = 1.585, P = 0.226). F, G and H, The amplitude
histograms of binned first unitary EPSCs in P-P pairs from control, NE treatment and wash
with Ringer’s solution with Gaussian fit and synaptic failures (black bars), which were not
altered (F = 0.696, P = 0.508).
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Figure 6.
The alpha-1 agonist phenylephrine significantly inhibits P-FS synapses. A and B,
Phenylephrine significantly inhibited P-FS synapses, as shown in the sample connection (A)
and the scatter plot (B). C, Cumulative probability of the first AMPA EPSC amplitudes
exhibited a shifted curve (n= 7). D, Phenylephrine had significant depressive effects on the
first EPSC amplitude (P = 0.03) and no recovery in wash (P = 0.031). E, The CVs of the
first EPSCs were significantly increased by phenylephrine (P = 0.021) and in wash (P =
0.018). F, G and H, The amplitude histograms of the binned first EPSCs in the P-FS pairs at
baseline, phenylephrine, and wash, fitted with Gaussian function. The failure rates were also
significantly increased by phenylephrine (P = 0.049) and remained to be increased in wash
(P = 0.012).
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Figure 7.
Phenylephrine inhibits excitatory transmissions in a triple connection in which two
pyramidal neurons innervated the same FS interneurons. A, Photomicrograph of the
biocytin-labeled pyramidal neurons and FS interneuron. The firing patterns of these three
neurons are shown in the inset of A. In this converging connection, the membrane potential
of the FS interneuron was held at −70 mV, and the EPSCs in the P1-FS connection were
first recorded in the presence of phenylephrine. After washout, the EPSCs in the P2-FS
connection were subsequently recorded and phenylephrine was reapplied. B and C, The
sample traces and scatter plot showing the AMPA EPSCs in the P1-FS connection, which
was clearly inhibited by the alpha-1 agonist phenylephrine (25 μM). D and E, The sample
traces and scatter plot of the AMPA EPSCs in the P2-FS connection that were similarly
inhibited by phenylephrine. These data further verified the results shown in Figure 6.
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Figure 8.
The alpha-1 agonist phenylephrine exhibits no significant effect in P-P synapses. A and B,
Phenylephrine (25 μM) exhibited no significant effect on a P-P pair. C, Cumulative
probability of the first AMPA EPSC amplitudes showed overlapped curves (n = 8). D,
Effects of phenylephrine on the first EPSC amplitude were unaltered (P = 0.883). E, The
CVs of the first EPSC amplitudes were not significant (P = 0.928). F, G, and H, Binned first
EPSC amplitudes in P-P pairs in baseline, phenylephrine, and wash, fitted with Gaussian
function. The failure rates were slightly increased but not significant in phenylephrine (P =
0.431) and continuously unaltered in wash (P > 0.05).
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Figure 9.
The alpha 1 antagonist prazosin prevented the depressive effects of NE on P-FS synapses. A
and B, Representative samples show the effects of prazosin and prazosin + NE on EPSC
amplitude and synaptic failure. Prazosin (1 μM) itself slightly decreased the amplitude of
EPSC and NE also exhibited slightly depressive effect on the EPSC amplitude when co-
applied with prazosin. There was a trend of decreasing EPSC amplitudes in prazosin + NE
and in wash but the number of synaptic failures did not show clear change. C, Cumulative
probabilities of the first EPSC amplitudes in prazosin, prazosin + NE, and wash exhibited
small shifts to the left but not significant compared to baseline (P > 0.05 for all). D, Prazosin
and prazosin + NE slightly decreased the first EPSC amplitudes but not significant
compared to baseline (n = 7, P > 0.05 for both). E, The CVs of the first EPSC amplitudes of
prazosin and prazosin + NE were also slightly increased but not significant compared to
baseline EPSC (P = 0.769 and P = 0.085, respectively). F, G, H and I, The first EPSC
amplitudes in the P-FS pairs in baseline, prazosin, prazosin + NE, and wash period were
binned and fitted with Gaussian function. The synaptic failures in prazosin and prazosin +
NE were slightly increased during the drug application but overall not significant (P = 0.570
and P=0.132, respectively, compared with baseline and P = 0.147 between prazosin and
prazosin + NE; two-way ANOVA F = 2.239, P = 0.149). Gaussian fit showed that the peak
values of EPSC in prazosin and prazosin + NE shifted from 20 pA in baseline to 15 and 10
pA, respectively and returned to 15 pA in wash.
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