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The brainstem nucleus locus coeruleus (LC) is the primary source of
norepinephrine (NE) to the mammalian neocortex. It is believed to
operate as a homogeneous syncytium of transmitter-specific cells
that regulate brain function and behavior via an extensive network
of axonal projections and global transmitter-mediated modulatory
influences on a diverse assembly of neural targets within the CNS.
The data presented here challenge this longstanding notion and
argue instead for segregated operation of the LC–NE system with
respect to the functions of the circuits within its efferent domain.
Anatomical, molecular, and electrophysiological approaches were
used in conjunction with a rat model to show that LC cells inner-
vating discrete cortical regions are biochemically and electrophys-
iologically distinct from one another so as to elicit greater release
of norepinephrine in prefrontal versus motor cortex. These find-
ings challenge the consensus view of LC as a relatively homogeneous
modulator of forebrain activity and have important implications
for understanding the impact of the system on the generation and
maintenance of adaptive and maladaptive behaviors.

The brainstem nucleus locus coeruleus (LC), the primary
source of the catecholamine neurotransmitter norepineph-

rine (NE) to the forebrain, cerebellum, and spinal cord, is con-
served across several taxa, including fish, birds, and mammals
(1). In mammals, it is the largest noradrenergic nucleus in the
brain and the main source of NE to the neocortex. This pro-
jection system modulates sensory processing, motor behavior,
arousal, and executive functions (2–10) and is implicated in
a number of neuropsychiatric disorders (4). The LC has long
been considered a homogeneous assembly of NE-containing
cells, each with highly divergent axons that innervate broad
regions of the CNS. There is only limited evidence of functional
or topographic order within the nucleus (11–16), leading to the
generally accepted notion that activation of the LC leads to si-
multaneous release and uniform physiologic action of NE
throughout the brain. However, using the rat as a model, we have
recently demonstrated the existence of three minimally over-
lapping populations of LC neurons that project to orbitofrontal
(OFC), medial prefrontal (mPFC), and anterior cingulate (ACC)
cortices (17, 18). This projection pattern suggests a more seg-
regated mode of operation for this projection system.
The goals of the present study were to determine whether this

trend of minimal axonal collateralization extended to LC neu-
rons innervating primary motor cortex (M1) and to identify the
molecular and electrophysiological characteristics that distin-
guish the target-specific cell populations within the rat LC. Be-
cause these prefrontal subregions regulate higher-order executive
operations (19, 20) whereas M1 regulates the generation of motor
behaviors downstream of prefrontal cortical processes, we hy-
pothesized that M1 and each prefrontal cortical subregion receives
input from functionally distinct populations of LC neurons. To test
this hypothesis, we paired injections of fluorescently labeled ret-
rograde tracers in M1 with injections in OFC, mPFC, or ACC.
After confirming the existence of distinct populations of LC
neurons with nonoverlapping projections to M1 and each pre-
frontal cortical subregion, several approaches were used to probe
for potential functional differences among populations. First,
we combined retrograde tract tracing with laser-capture

microdissection and RT-PCR to quantify differences in ex-
pression of various mRNAs among populations. We then per-
formed whole-cell patch-clamp recordings on retrogradely labeled
cells in vitro to measure passive and active membrane properties
within each population.
Through this combination of techniques, we have determined

that LC cells innervating specific subregions of the prefrontal
cortex (PFC) are phenotypically and electrophysiologically dis-
tinct from those terminating in M1. Specifically, OFC and mPFC
projection cells contain enriched mRNA transcripts coding for
several markers of excitability and transmitter release relative to
the M1 projection group. These same populations also differed
in their spontaneous firing rates and several action potential and
membrane properties, as well as size and frequency of glutamate-
mediated excitatory postsynaptic currents. Taken together, these
findings suggest that LC cells projecting to subregions of PFC are
more excitable than those projecting to cortical circuitries in-
volved in the execution of motor acts, which may be indicative of
a greater demand for NE by PFC. Deviations from this func-
tional organization may have consequences for the sequencing
of operations required to execute normal behaviors and may
manifest in the form of hyperactivity, attentional impairments,
and impulsivity that are related to various neuropsychiatric dis-
orders. Overall, these data argue for a more specific organization
of the LC with respect to the functions of its efferent targets and
consequently more subtle, asynchronous control of NE release
within and across its efferent domain.

Results
LC Cells Exhibit Target-Specific Projections.Retrograde tract-tracing
experiments revealed largely segregated populations of cells
projecting to OFC vs. M1, mPFC vs. M1, and ACC vs. M1. For
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OFC and M1 paired injections, 57% of retrogradely labeled LC
cells projected to OFC, 37.8% projected to M1, and 5.2% pro-
jected to both regions. For mPFC and M1 paired injections,
60.8% of labeled cells projected to mPFC, 35.4% projected to
M1, and 3.9% projected to both. For ACC and M1 paired
injections, 48.2% of labeled cells projected to ACC, 45.5%
projected to M1, and 6.3% projected to both regions (Fig. 1).
When an animal underwent a single surgery with three different
tracers (red, green, and blue) injected into the same cortical
region, all retrogradely labeled cells in the LC were found to
contain all three tracers (Fig. S1). This result confirmed that the
incorporation of one tracer into an axon does not preclude uptake
of other tracers in the same axon and that the extensive single
labeling of neurons observed on our studies could not be attrib-
uted to competitive uptake and/or transport between tracers.

Distinct Projection-Specific Molecular Phenotypes. The expression of
5 of 20 assayed mRNAs differed between subsets of LC cells
projecting to subregions of PFC and M1: Kruskal-Wallis H tests
revealed that expression of AMPA receptor subunit GluR1 (H =
12.762, P = 0.005), NMDA receptor subunit NR1 (H = 12.332,
P = 0.006), tyrosine hydroxylase (H = 7.891, P = 0.048), VMAT2
(H = 12.751, P = 0.005), and voltage-gated sodium channel
subunit β3 (NaV β3; H = 10.680, P = 0.014) mRNAs were not
equally expressed between populations (Fig. 2). Mean relative
quantities ± SEM and corrected P values for all significant

pairwise comparisons are shown in Table S1. Representative
photomicrographs of LC before and after laser-capture micro-
dissection, as well as quantification of A260/280 ratios and
concentrations for both RNA and cDNA used in this study, are
shown in Fig. S2.

Physiologically Distinct Populations of LC Projection Cells. AMPA
sEPSCs. Representative photomicrographs of a brain slice con-
taining a patched retrogradely labeled LC cell are shown in Fig.
S3. Retrogradely labeled neurons were patched and held at −70
mV to record AMPA spontaneous excitatory postsynaptic cur-
rents (sEPSCs). Representative traces of AMPA sEPSCs and
summary graphs are shown in Fig. 3 A–C. Rise tau, decay tau,
and 10–90% amplitude rise time values were log transformed,
and 90–10% amplitude decay time values were inverse cube
transformed, to meet normality requirements for parametric
statistical analyses. A one-way ANOVA revealed a significant
effect of LC terminal field on AMPA sEPSC amplitude, with
neurons projecting to mPFC exhibiting significantly larger sEPSC
amplitudes (F = 3.327, P = 0.024). Mean ± SEM values for all
measured AMPA sEPSC parameters and corrected P values for all
significant pairwise comparisons are shown in Table S2.
AMPA mEPSCs. Retrogradely labeled neurons were patched and
held at −70mV in the presence of 0.5 μM TTX and 50 μM pic-
rotoxin (PTX) to measure AMPA miniature EPSCs (mEPSCs).
Representative traces of AMPA mEPSCs and summary graphs
are shown in Fig. 3 D–F. Decay tau values were log transformed
to meet normality requirements for parametric statistical analy-
ses. A one-way ANOVA revealed a significant effect of terminal
field on mEPSC frequency, with mPFC projection cells exhibit-
ing significantly more frequent mEPSCs (F = 3.600, P = 0.031).
Mean ± SEM values for all measured AMPA mEPSC parame-
ters and corrected P values for all significant pairwise compar-
isons are shown in Table S3.
NMDA sEPSCs. Retrogradely labeled neurons were patched and
held at +60mV to record NMDA sEPSCs. Representative traces
of NMDA sEPSCs and summary graphs are shown in Fig. 3 G–I.
Charge transfer, decay tau, and rise tau values were log trans-
formed to meet normality requirements for parametric statistical
analysis. One-way ANOVAs revealed significant effects of ter-
minal field on sEPSC amplitude (F = 4.510, P = 0.007), and
charge transfer (F = 3.713, P = 0.018). Mean ± SEM values for
all measured NMDA sEPSC parameters and corrected P values
for all significant pairwise comparisons are shown in Table S4.
To further show that the differences in NMDA sEPSC am-

plitude and charge transfer were not due to differences in AMPA-
mediated currents and that the EPSCs recorded at −70 mV were
indeed derived from AMPA receptor activation, four cells from
each group were recorded before and after infusion of 20 μM
6,7-dinitroquinoxaline-2,3-dione (DNQX) into the recording
chamber. DNQX reversibly blocked both AMPA-mediated
sEPSCs and mEPSCs (Fig. S3A). Two one-way ANOVAs per-
formed on NMDA-mediated sEPSC amplitude (F = 4.584, P =
0.023) and charge transfer (F = 6.024, P = 0.010) revealed
a main effect of terminal field on both measures. Sequential
Bonferroni comparisons showed that both NMDA-mediated
sEPSC amplitude (P = 0.015) and charge transfer (P = 0.006)
are significantly larger in OFC projection cells than those pro-
jecting to M1. Furthermore, the ratios of pre- and postinfusion
amplitudes were very highly correlated such that cells with very
large preinfusion amplitudes had a much greater decrease in
sEPSC amplitude postinfusion than those with small preinfusion
amplitudes (Fig. S4).
Action potential and membrane properties. All recorded LC neurons
fired spontaneously, but those projecting to OFC and mPFC
discharged at a greater average rate than those projecting to M1.
Individual action potentials from mPFC and M1 projection
neurons and representative traces of baseline firing for each type

Fig. 1. LC cells innervating M1 are distinct from those innervating OFC,
mPFC, and ACC. (A–C) Representative photomicrographs of pairs of injection
sites (Left) and LC through merged fluorescence filters to detect retrograde
tracers (second from Left) and DBH immunofluorescence (third from Left)
following injections into OFC and M1 (A), mPFC and M1 (B), and ACC and M1
(C). Arrowheads and Roman numerals indicate the locations of cells shown in
high power images in the Right panels. Columns show individual neuron(s)
through fluorescein (OFC, mPFC, or ACC), rhodamine (M1), and merged fluo-
rescence filters, thus identifying single labeled cells with different terminal
fields. (A′–C′) Histograms show mean cell counts per animal ± SEM projecting
to each possible combination of terminal fields (n = 5 rats per experiment).
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of cortical projection neuron are shown in Fig. 4. The after-
hyperpolarization half-duration (AHPt1/2), spontaneous firing
frequency, action potential rise time, input resistance, and time-
constant values were log transformed to satisfy normality assump-
tions required for parametric statistical analyses. One-way
ANOVAs performed on AHP amplitude (F = 10.205, P < 0.001),
action potential threshold (F = 4.180, P = 0.009), activation gap
(F = 4.081, P = 0.010), and log-transformed AHPt1/2 (F = 4.043,
P = 0.011), frequency (F = 9.798, P < 0.001), input resistance
(F = 9.770, P < 0.001) and time constant values (F = 5.435, P =
0.002) revealed significant main effects of terminal fields on
these parameters. Mean ± SEM values for all measured current-
clamp parameters, as well as corrected P values for all significant
pairwise comparisons, are shown in Table S5. The results of
nonparametric tests performed on raw untransformed datasets
for all current-clamp and voltage-clamp experiments are pre-
sented in SI Materials and Methods.
A two-way ANOVA (projection group × current injected) was

used to determine the effects of LC terminal field and current
injection on the number of action potentials propagated in a 1-s
period (Fig. 5). The main effects of terminal field (F = 7.206, P <
0.001) and current (F = 1110.209, P < 0.001), as well as the
terminal field × current interaction effect (F = 5.601, P < 0.001),
were all found to be significant. Planned Bonferroni comparisons
of the main effect of terminal field showed that cells projecting
to mPFC generated more spikes in response to a depolarizing
step current than those projecting to M1. Furthermore, post hoc
Bonferroni comparisons of the interaction effect showed that
mPFC projection cells fired more spikes than M1 projection cells
in response to all depolarizing currents.

Principal-Component Analysis Reveals a Clear Differential Distribution
Between M1 and PFC Projection Cells. To explore whether the overall
sample variance from electrophysiological measurements could be
concentrated within a few composite constructs, a principal com-
ponent (PC) analysis was performed. Data from each measured
parameter were normalized and converted to Z-scores. Four
outliers with jZj > 3 were removed from the sample, and the
analysis was performed on the correlation matrix. Resultant
components with Eigenvalues > 1 were considered in subsequent
data rotation and analysis. Both Varimax and oblique rotations
were attempted. We found that oblique rotation methods did not
substantially change the relative contributions of the variables to

the various PCs; therefore, the results from Varimax rotations are
reported. The four rotated PCs accounted for 69% of the total
variance within the dataset. Regression scores for each rotated PC
were computed for all cells, a scatter plot of PC1 vs. PC2 was
generated, and Davies–Bouldin indices were used to assess cluster
quality (Fig. 6). The relative weights of each current-clamp pa-
rameter to each PC are shown in Table S6. Comparison of rotated
PC1 vs. PC2 values for each population of LC-cortical projection
cells revealed a clear differential distribution between M1 vs. PFC
projection neurons.

Discussion
The results of the current study suggest that several functional
properties of LC neurons vary according to their terminal field
projection. This nucleus has long been viewed as a homogeneous
regulator of forebrain activity (4, 12, 21). However, the present
findings suggest that LC exhibits greater functional organization
than previously thought, and that NE may have a unique role in
PFC function. Interestingly, a recent study by Robertson et al.
(22) showed that, out of the entire cortical mantle, the insular
subregion of PFC is the only region innervated by non–LC-
derived NE-containing fibers, suggesting that NE efflux occurs in
this area independent of the rest of the cortex. These findings
therefore agree with our working hypothesis that NE maintains a
unique role in PFC function. Interestingly, others have reported
a wide range of spontaneous firing rates and resting membrane
potentials for LC cells (23, 24), findings that may be explained in
terms of their terminal field projections. The observation that

Fig. 2. LC cells projecting to OFC and mPFC contain enriched mRNA tran-
scripts coding for markers of excitability and release. Mean ± SEM of relative
quantities of mRNAs that were shown to differ significantly from M1 pro-
jection cells according to terminal field by a Kruskal–Wallis H test (*P < 0.05).
DBH is shown in the far right as a representation of protein whose mRNA
expression was highly consistent between populations.

Fig. 3. EPSC size and frequency vary according to LC neuronal terminal
field. Representative traces of AMPA-mediated sEPSCs, mEPSCs, and NMDA-
mediated sEPSCs are shown in A, D, and G. Mean frequencies and ampli-
tudes of these events are shown in B, E, and H, and C, F, and I, respectively.
Cells projecting to mPFC were characterized by significantly larger AMPA-
mediated sEPSCs and more frequent mEPSCs than those projecting to M1,
and cells projecting to OFC were characterized by significantly larger NMDA-
mediated sEPSCs than M1 projection cells. Values were generated by using
an automated search protocol in ClampFit software to identify all sEPSC
events recorded from each cell and calculate a single mean sEPSC size for
each cell. Any event smaller than twice the SD of the baseline of the re-
cording was discarded. These data were then used to generate mean ± SEM
amplitude values on a cell by cell basis. *Significantly different from M1
projection cells (P < 0.05).
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LC cells innervating OFC and mPFC contain greater levels of
mRNAs related to synaptic excitability and excitatory synaptic
transmission, display higher spontaneous firing frequencies, and
are more responsive to glutamate than those projecting to M1
may be reflective of a greater demand for NE by cortical cir-
cuitries related to cognition. This finding is in general agreement
with observations that executive functions are impaired by
manipulations that limit noradrenergic transmission in prefrontal
cortex (9, 10, 25) and that symptoms of various psychiatric diseases
are partially alleviated with drugs that promote NE actions within
the synapse (9, 26–30). Methylphenidate is of particular interest
in this context, as Berridge and coworkers have shown previously
that doses of methylphenidate, which are effective in treating
symptoms of attention deficit hyperactivity disorder (ADHD)
without increasing locomotion, preferentially increase NE efflux
and responsiveness of individual neurons in the PFC, but not
within other cortical regions (31, 32).
The results of the RT-PCR experiments indicated that relative

levels of most mRNAs sampled do not vary between cells pro-
jecting to subregions of PFC and M1. For example, expression of
dopamine-β-hydroxylase mRNA was remarkably similar between
populations, suggesting an equal capacity for NE synthesis from
its precursor dopamine by all groups sampled. However, a small
number of mRNAs were differentially expressed between cells
projecting to M1 and the various PFC terminal fields. In-
terestingly, all of these mRNAs relate to synaptic excitability and
excitatory synaptic transmission. Specifically, cells innervating
both OFC and mPFC contain elevated levels of mRNAs coding for
subunits of both AMPA and NMDA receptors (GluR1 and NR1,
respectively), as well as VMAT2. Because both AMPA and NMDA
receptor subunit mRNAs were enriched in OFC and mPFC pro-
jection cells, it suggests that both are more sensitive to synaptically
released glutamate. Indeed, we found that OFC and mPFC
projection neurons exhibit a significant or a clear trend toward
larger AMPA- and NMDA-EPSC amplitudes. However, it is also
possible that OFC and mPFC projection neurons maintain more

synapses with glutamatergic afferents. Functionally and/or neu-
rochemically distinct afferent regulation of these populations
would be an important determinant for configuring LC output
according to different behavioral contingencies. Such an orga-
nization may be revealed by using optogenetic techniques to
explore responses of LC neurons to specified input pathways.
These experiments could reveal an even more sophisticated or-
ganization of the nucleus than we have shown here and open the
door to the possibility that LC in fact contains discrete pop-
ulations of cells that are unique in both their afferent regulation
and efferent domains, as has been shown recently for the do-
pamine system (33, 34).
Interestingly, Navβ3 mRNA was the only mRNA that was

enriched in mPFC projection cells, indicating greater absolute
numbers or density of voltage-gated sodium channels on LC cells
that project to mPFC versus other regions. As action-potential
generation requires a high density of voltage-gated sodium
channels at the axon initial segment (35), this finding could ex-
plain why cells projecting to mPFC are capable of maintaining
sustained periods of high-frequency firing and are more re-
sponsive to current injection (Fig. 5). This explanation is con-
sistent with the finding that VMAT2 is enriched in the same
population: i.e., a high rate of firing would also require a greater
capacity for packaging NE into vesicles for synaptic release. The
same finding held true for the OFC projection group, which was
also characterized by an elevated level of spontaneous discharge.
Furthermore, more VMAT2 may be required to maintain synap-
tically driven NE release. Therefore, LC may produce a greater
efflux of NE in OFC and mPFC than M1 during convergent
glutamate-mediated activation of the nucleus. Importantly, it has

Fig. 4. LC cells projecting to mPFC are more spontaneously active and have
a smaller AHP than those projecting to M1. (A) Representative traces of in-
dividual action potentials from an mPFC and M1 projection cell showing the
magnitude of afterhyperpolarization as measured from action potential
threshold to its most hyperpolarized state (dashed lines and arrows). Mean ±
SEM afterhyperpolarization amplitudes are shown in B. (C) Representative
traces of spontaneous action potentials from all populations of LC projection
cells (OFC, n = 18; mPFC, n = 19; ACC, n = 18; M1, n = 17). Mean ± SEM of
spontaneous discharge values are shown in D. *Significantly different from
M1 projection cells (P < 0.05).

Fig. 5. LC cells projecting to mPFC are more excitable than those projecting to
M1. (A) Patched cells were injected with a −0.1-nA current step to measure input
resistance, followed by a series of progressively increasing current steps (−3.0 to
+4.0 nA, 0.5-nA interval). Representative traces of discharge in response to a 1-s
injection of 4.0 nA are shown in B. Action potentials were truncated 5 mV above
firing threshold. (C) Input resistance was significantly greater in cells projecting
to OFC and ACC than M1. (Inset) The responses to the current injection from
representative traces shown in B superimposed on one another. Note that the
larger deflections in voltage are from ACC and OFC projection cells whereas
the smaller two are fromM1 andmPFC projection cells (P < 0.05). A plot of the
mean ± SEM of the number of action potentials fired in response to all levels
of current injected into each of the populations of LC neurons is shown in D.
*Significantly different from M1 projection cells (P < 0.05).
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been previously demonstrated that neocortical NE concentration
increases in a linear fashion as the firing rate of its neurons in-
creases (36). This would suggest that interpopulation differences
in basal and electrically evoked discharge rates shown in the
present study could correspond to functionally relevant differ-
ences in NE concentration among cortical-terminal fields of LC.
Specifically, Berridge and coworkers demonstrated that, although
LC cells discharge across a narrow range in situ, a 300% increase
in LC discharge equated roughly to a 300% increase in terminal-
field NE concentration (36). Because cells projecting to mPFC
discharge approximately three times faster than those projecting
to M1, we predict that this difference would likely result in a
threefold difference in NE concentration between mPFC and
M1, thereby promoting unique cellular actions between these two
terminal fields as dictated by the inverted-U relationship be-
tween LC–NE system output and subsequent modulation of
terminal-field operations (for review, see refs. 4 and 37).
It is also interesting that the PC analysis identified individual

parameters measured in current clamp that differentially con-
tribute to composite variables. Furthermore, each of these PCs
seems to be dominated by parameters that are biologically re-
lated. PC1, for example, was heavily weighted by AP threshold,
AHP magnitude, AHPt1/2, and spontaneous firing frequency, all
of which collectively contribute to a cell’s discharge behavior.
PC2, on the other hand, was weighted by input resistance and
time constant, both of which are descriptors of passive mem-
brane properties. Importantly, plotting regression scores for PC1
versus PC2 for all recorded neurons reveals that cells projecting
to mPFC and M1 segregate in the PC1 dimension (Fig. 6), sug-
gesting that mPFC projection cells tend to have characteristics
that favor higher basal discharge rates. Overall, this analysis is
useful in explaining how these different parameters of membrane
function collectively affect the output of a cell or group of cells.
The most important outcomes of the present study are the

demonstration that populations of LC-prefrontal and motor
projection neurons can be distinguished on the basis of their
anatomical projections, molecular phenotypes, and electrophys-
iological properties and the implication that such selectivity
translates to the potential for differential noradrenergic modu-
lation of cortical operations and behavioral outcomes. The
results of our study challenge the longstanding view of LC as
a highly divergent and homogeneous nucleus with broad and
uniform actions throughout the cerebral cortex (11–16). Many

studies have provided evidence of a facilitating effect of NE or
LC activation on the signal-processing capabilities of various
networks in the mammalian brain, but the extent to which such
actions are uniform and simultaneous across forebrain terminal
fields has not been resolved. Heterogeneity among LC-pre-
frontal projection neurons opens the door for differential actions
of LC output on specified prefrontal subregions as has been
suggested by selective lesion and pharmacologic studies (9, 10,
30, 38, 39). Recent work using similar experimental strategies has
revealed similar novel functional and organizational principles of
dopamine projections to prefrontal versus limbic terminal fields
(33), thus providing considerable new insights regarding the
impact of dopaminergic inputs to those circuitries in health and
disease. Importantly, these newly revealed organizational prop-
erties and implied functional attributes may be a common fea-
ture of both catecholamine systems in the mammalian brain.
The findings presented here are in general agreement with

more recent theories of compartmentalized LC function as
proposed by Aston-Jones and Cohen (37) and Arnsten (38, 40).
We conclude that LC comprises minimally divergent cortical
projection neurons whose molecular phenotypes and physiolog-
ical profiles are matched to the operation of their particular
terminal fields. Such an arrangement may have considerable
behavioral significance insofar as LC seems to be aligned to elicit
greater NE release and more robust noradrenergic modulatory
actions in decision-making circuits relative to movement-gener-
ating circuits. At basal levels of LC output, this dynamic would
facilitate the execution of PFC-guided planned behaviors and
sustained attention. Furthermore, because noradrenergic mod-
ulation follows an inverted-U dose–response function (5, 7, 8),
we would expect increasing LC output to achieve optimal NE
modulator effects in motor cortex while noradrenergic facilitat-
ing actions in prefrontal cortex are waning, thereby shifting the
organism from focused attention and decision making to labile at-
tention and enactment of movement directives. This asynchronous
mode of operation would facilitate transitions between exploitation
of successful behavioral strategies and exploration of alternatives to
meet new behavioral contingencies, as suggested by the theoretical
constructs proposed by Aston-Jones and Cohen (37).
These data also match well with the theoretical construct of LC

output and function put forward by Arnsten (38, 40), who has
proposed that high levels of LC output during stress shift the brain
into a more primitive survival mode with minimal regulation of
posterior cortical and subcortical structures by PFC. Based upon
the data presented here, LC projections to PFC would always
maintain a more active state than those projecting to M1, and the
resultant release of NE in PFC would regulate executive oper-
ations in this circuitry via high-affinity α2 receptors. Increasing LC
discharge over the normal physiologic range would lead to the
engagement of lower-affinity NE receptors, which Arnsten (38)
has proposed impairs PFC function while simultaneously im-
proving more posterior and primitive cortical function by limiting
prefrontal inhibition of sensory processes and motor impulses that
are necessary for escape behaviors and survival.
The findings reported here extend our understanding of the

operation of the LC–NE system in normal brain function and
behavior but also have far-reaching implications for cognitive
function with respect to sex, age, and neuropsychiatric disorders.
For example, we have preliminary data suggesting that LC–PFC
projection neurons in normal animals versus those identified in
the spontaneously hypertensive rat (SHR) exhibit different
electrophysiological properties. The SHR shows other evidence
of noradrenergic system dysfunction (41, 42) and displays in-
attentive behaviors and hyperactivity (43, 44), traits that are as-
sociated with ADHD and other neuropsychiatric conditions. In
this context, molecular and physiological profiling of LC neurons
with specified projection targets in normal animals provides
a backdrop against which the properties of cells from animals

Fig. 6. Cells projecting to PFC and M1 segregate from one another in
principal-component space. Principal-component analysis was used to con-
struct composite variables from several current-clamp parameters measured
independently. Regression scores were calculated in IBM SPSS Statistics ver-
sion 20. Scores for PC1 versus PC2 are plotted for all cells in all groups. Note
that cells projecting to OFC and ACC differ from M1 projection cells primarily
in PC2 (membrane properties) whereas cells projecting to mPFC differ mostly
from cells projecting to M1 in PC1 (action potential properties). Individual
weights of each of the current-clamp measures to each principal component
are shown in Table S6. The quality of cluster separation was evaluated using
the Davies–Bouldin index (45). Computations were performed in the R lan-
guage (46) using the clusterSim package according to Walesiak and Dudek
(47), with cluster dispersion assessed as the SD of distances from points to
the cluster centroid, and separation between clusters assessed as the Eu-
clidean distance. Davies–Bouldin index values for comparisons between M1
and OFC, mPFC, and ACC were 1.47, 1.13, and 1.40, respectively.
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across the aging spectrum or animals with acquired or inherited
behavioral abnormalities can be evaluated. Most certainly the
LC–NE system is not responsible for all dimensions of executive
function nor is it the sole underlying cause of all neuropsychiatric
conditions. Nevertheless, the results of the current studies pro-
vide a framework for better understanding acquired or geneti-
cally transmitted abnormalities of the LC–NE system that result
in maladaptive behaviors, including those expressed in ADHD,
autism, schizophrenia, and post-traumatic stress disorder.

Materials and Methods
Detailed procedures can be found in SI Materials andMethods. Briefly, young
adult male Sprague–Dawley rats underwent a surgical procedure to inject

retrograde tracers into OFC, mPFC, ACC, or M1. In anatomical experiments,
each animal received an injection of one tracer into OFC, mPFC, or ACC, and
a second injection of a different tracer into M1. In RT-PCR and electro-
physiological experiments, animals received only a single injection into one
of these areas. For RT-PCR experiments, the brain was sectioned, retro-
gradely labeled LC cells were isolated using laser-capture microdissection,
and total RNA was extracted for two-step quantitative RT-PCR using primers
and probes shown in Table S7. For whole-cell patch-clamp recordings, ret-
rogradely labeled LC cells were identified through rhodamine fluorescence
and were patched under visually guided control. Electrophysiological
parameters were recorded in both current-clamp and voltage-clamp modes.
All data were analyzed using IBM SPSS Statistics version 20 as described
in Results.
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