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Hypocretin (Orexin) Induces Calcium Transients
in Single Spines Postsynaptic to Identified
Thalamocortical Boutons in Prefrontal Slice

cortical terminals are susceptible to the generation of
terminal spikes (Gutnick and Prince, 1972; Pinault and
Pumain, 1989) that promote synchronized bursting of
thalamic neurons (McCormick and Contreras, 2001; Pi-
nault, 1995). Intralaminar thalamic neurons are unusual
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in that they exhibit such rhythmic bursting in the awake
animal (Steriade et al., 1993).Summary

Prefrontal cortex and, in particular, anterior cingulate
activity correlates with level of arousal (Hofle et al., 1997;In vivo, thalamocortical axons are susceptible to the
Paus et al., 1998; Yamasaki et al., 2002) and plays ageneration of terminal spikes which antidromically
critical role in attention. Although the older literature ispromote bursting in the thalamus. Although neuro-
conflicting with regard to the nature of cognitive deficitstransmitters could elicit such ectopic action potentials
in narcolepsy, a recent study which controlled for alert-at thalamocortical boutons, this hypothesis has never
ness has emphasized that specifically “executive” orbeen confirmed. Prefrontal cortex is the cortical area
prefrontal aspects of attention are affected (Rieger etmost implicated in arousal and is innervated by thala-
al., 2003). Another study showed abnormal frontal physi-mic neurons that are unusual since they burst rhythmi-
ology in narcoleptics during preattentive and attentivecally during waking. We show that a neurotransmitter
tasks (Naumann et al., 2001). Although prefrontal cortexcritical for alertness, hypocretin (orexin), directly ex-
is innervated by hypocretin-containing axons (Fadel andcites prefrontal thalamocortical synapses in acute
Deutch, 2002; Peyron et al., 1998) and appears to receiveslice. This TTX-sensitive activation of thalamic axons
projections from a unique population of hypocretin neu-was demonstrated electrophysiologically and by two-
rons with minimal collaterals (Fadel et al., 2002), thephoton sampling of calcium transients at single spines
cellular effects of hypocretin have not yet been exam-in apposition to thalamic boutons anterogradely la-
ined in prefrontal cortex. We use a triple-labeling tech-beled in vivo. Spines receiving these long-range pro-
nique together with two-photon imaging to show thatjections constituted a unique population in terms of
hypocretin induces calcium transients selectively in sin-the presynaptic excitatory action of hypocretin. By this
gle spines postsynaptic to identified thalamocorticalmechanism, the hypocretin projection to prefrontal
boutons. The finding that hypocretin can excite the finalcortex may play a larger role in prefrontal or “executive”
synapse in the ascending arousal pathway, togetheraspects of alertness and attention than previously an-
with the unusual properties of thalamic terminals, sug-ticipated.
gests that hypocretin within prefrontal cortex could have
profound effects in vivo on the thalamocortical interac-

Introduction tions that underlie arousal and attention.

Hypocretin (orexin) is essential for normal wakefulness Results
(Sutcliffe and de Lecea, 2002), and it is almost undetect-
able in most patients with narcolepsy (Peyron et al., Hypocretin Triggers Release of Glutamate onto
2000; Ripley et al., 2001; Thannickal et al., 2000). The Layer V Pyramidal Neurons in Prefrontal
narcoleptic phenotype is seen in mice lacking the pre- Cortical Slice
cursor preprohypocretin (Chemelli et al., 1999) and in Hypocretin receptor 2 stimulation has recently been
dogs lacking hypocretin receptor 2 (Lin et al., 1999). shown to excite nonspecific thalamic neurons (Bayer et
Levels of awareness and sleep involve interactions be- al., 2002) that are known to project to prefrontal cortex
tween thalamus and cortex (McCormick and Bal, 1997); (Berendse and Groenewegen, 1991). If, as postulated,
the “nonspecific” midline and intralaminar thalamic nu- this receptor is trafficked to thalamic axons, then thala-
clei appear to be particularly important in this regard mocortical boutons would also be directly depolarized.
(Groenewegen and Berendse, 1994; Jones, 2001; Steri- These terminals have previously been shown to be sus-
ade et al., 1993). Neurons from these nuclei project to ceptible to the generation of terminal or “ectopic” spikes
prefrontal cortex, especially anterior cingulate (Beren- (Gutnick and Prince, 1972; Pinault and Pumain, 1989). In
dse and Groenewegen, 1991; Marini et al., 1996), and prefrontal slice, hypocretin-2 peptide elicited a dramatic
promote cortical activation (Groenewegen and Beren- increase in spontaneous postsynaptic currents in layer
dse, 1994). Hypocretin has recently been shown to de- V pyramidal neurons without directly depolarizing the
polarize nonspecific thalamic neurons through the hypo- cells. As illustrated in Figures 1A and 1B, these postsyn-
cretin receptor 2 (Bayer et al., 2002). If these hypocretin aptic currents could be blocked with a glutamate recep-
receptors were also present in the axonal compartment tor antagonist (3 �M LY 293558, 3 min; n � 5 neurons
of thalamic cells, thalamocortical boutons would be di- at �70 mV) revealing them to be spontaneous excitatory
rectly depolarized by hypocretin released in prefrontal postsynaptic currents (sEPSCs). Consistent with a de-
cortex. This phenomenon is of interest since thalamo- polarizing mechanism, hypocretin-induced sEPSCs were

suppressed by TTX (n � 5 neurons; 1 �M TTX, 3 min), as
illustrated in Figure 1C. Note that in the presence of TTX,*Correspondence: evelyn.lambe@yale.edu
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Figure 1. Hypocretin-2 Triggers Glutamate Release onto Layer V Pyramidal Neurons in Anterior Cingulate Slice

(A) Sweeps in voltage clamp from one neuron show a marked increase in spontaneous postsynaptic currents (sPSCs) induced by hypocretin-
2 peptide. At �70 mV holding potential, application of the AMPA/KA glutamate receptor antagonist LY293558 (3 �M, 3 min) virtually eliminates
the increase in sPSCs with hypocretin-2, indicating their identity as excitatory sPSCs (sEPSCs). To right, illustrative cumulative fraction curves
for interevent interval and amplitude are shown for sEPSCs in this cell induced by 100 nM hypocretin-2 under baseline conditions (*p � 0.001;
Kolmogorov-Smirnov test) and the lack of sEPSCs induced in the presence of LY293558.
(B) Mean � SEM for increase in frequency and amplitude of sEPSCs by 100 nM hypocretin-2 and the loss of this increase in the presence of
LY293558 (n � 6 neurons; **p � 0.001; *p � 0.01).
(C) The glutamate release triggered by hypocretin-2 is sensitive to the fast sodium channel blocker TTX (1 �M, 3 min; n � 5 neurons; **p �

0.001; *p � 0.01).
(D) Sweeps in voltage clamp from one neuron show basal EPSCs and those induced by bath application of hypocretin-2 in different concentra-
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hypocretin did not increase miniature EPSC amplitude, to the selective increase in the intensity of Oregon Green
BAPTA-1. To maximize the chance of detecting postsyn-arguing against a postsynaptic action of hypocretin.

Dose response was assessed in a subgroup of neu- aptic calcium transients, neurons were voltage clamped
at �60 mV in 0.25–0.5 mM Mg2� ACSF to enhance detec-rons (n � 5; all concentrations tested in each neuron)

using a broad range of hypocretin-2 concentrations (1 tion of NMDA-mediated synaptic transients. Spontane-
ous EPSCs were measured continuously during scan-nM to 300 nM). An example is shown in Figure 1D and

a dose response curve in Figure 1E. The high sensitivity ning. Regions of dendrite with several spines in focus
were selected for imaging. To minimize risk of photo-(EC50 � 16 nM) is congruent with that previously shown

for the sensitivity of the somatodendritic hypocretin re- bleaching and phototoxicity, scans were taken at inter-
vals of 2 or 3 s during baseline, bath application ofceptor 2 to the hypocretin-2 peptide in the thalamus

(Bayer et al., 2002). Since the hypocretin-1 (orexin A) hypocretin, and washout. To assess calcium influx
through voltage-gated calcium channels during spiking,peptide also has high affinity for the hypocretin receptor

2 in addition to the hypocretin receptor 1 (Sakurai et al., a depolarization-induced burst of spikes was triggered
late in the washout period or, occasionally, in a separate1998), we measured dose response for this peptide in

a subgroup of neurons (n � 4 neurons; all concentrations scan of this region. A burst was used because the re-
gions sampled included dendrites in layer I, whichtested in each neuron) and found sensitivity (EC50 � 40

nM) congruent with that shown for the sensitivity of the showed minimal change to a single spike as expected
from previous work (Helmchen et al., 1999).somatodendritic hypocretin receptor 2 to the hypocre-

tin-1 peptide in the thalamus (Bayer et al., 2002). Only a small subset of spines showed significant
changes during application and washout of hypocretin,In contrast with neurons recorded in medial prefrontal

cortex, layer V pyramidal neurons in parietal cortex in while a burst of action potentials increased the G/R ratio
in all spines. Spines showing a change with hypocretinthe same slice––a region innervated sparsely by the

midline and intralaminar thalamic nuclei (Berendse and at least four standard deviations from baseline (Z �
4) were classed as “responders.” Above this Z score, aGroenewegen, 1991)––showed only a minimal increase

in sEPSCs in response to bath application of hypocretin- dramatic change is observable to the naked eye; see,
for example, the spine in the inset of Figure 2B. All2 peptide or the hypocretin-1 peptide (100 nM, n � 6
responding spines showed repeated, large calcium tran-neurons), as illustrated in Figure 1F.
sients during the time period that hypocretin-inducedFor all further experiments, we used only the hypocre-
sEPSCs were detected electrophysiologically (voltagetin-2 peptide because of its selectivity in activating hy-
sweeps shown beneath two-photon images in Figurepocretin receptor 2. Hence, “hypocretin” or “hcrt” refers
2B). Due to the periodic nature of our sampling parame-to hypocretin-2 peptide in all subsequent discussion of
ters, these calcium transients give only a minimum limitresults and figures.
for the number of postsynaptic events at each spine.

Responding spines (n � 7, from six regions of den-
Hypocretin Triggers Repeated Postsynaptic drite) were all found on branches of the apical dendrite,
Calcium Transients in a Subset of Spines including branches in the apical tuft (past the main bifur-
Two-photon imaging was used to identify synapses at cation), as described in Table 1. The graph in Figure 2C
which hypocretin induced glutamate release. Previously, compares peak Z scores during spikes and hypocretin
it has been shown that subthreshold electrically evoked for spines from the six regions in which a responder
synaptic glutamate release leads to NMDA channel- was detected (responders, n � 7; nonresponders, n �
dependent postsynaptic calcium transients in dendritic 22). While responding spines showed large peaks in G/R
spines (Kovalchuk et al., 2000; Mainen et al., 1999; Oert- ratio during hypocretin-induced sEPSCs, after these
ner et al., 2002; Yuste and Denk, 1995). However, de- peaks were excluded from the analysis, the average
tecting hypocretin-induced postsynaptic calcium tran- G/R ratio did not change significantly for either group
sients is more complicated because the location and (nonresponders: basal, 0.37 � 0.02; hypocretin, 0.38 �
timing of these events are not synchronized to a stimulus 0.04; responders: basal, 0.37 � 0.03; hypocretin, 0.38 �
nor localized to spines near a stimulating electrode. 0.04). The lack of change in the average G/R ratio in
Therefore, we adopted a sampling procedure. responders suggests that calcium levels, while they may

We filled layer V pyramidal neurons (n � 5 neurons, have transiently increased, did not remain elevated.
each in a different slice) with a combination of Oregon Large calcium transients at responding spines were
green BAPTA-1 (100–200 �M) and Alexa 594 (10–20 �M) observed again upon a repeat application of hypocretin
through the patch pipette. As illustrated in Figure 2A, (n � 5). Consistent with the electrophysiology, TTX (1
under baseline conditions, this combination of dyes �M) eliminated calcium transients at responding spines
gave an orange appearance to the neuron in the merged as well as almost all hypocretin-induced sEPSCs (n �
image. When spiking opened voltage-gated calcium 2; data not shown). By contrast, ACSF containing higher

magnesium to block NMDA channels (2 mM Mg2�, 5 min)channels, the neuron turned yellow in appearance due

tions between 3 and 300 nM (10–25 min washout before subsequent application).
(E) Dose response curves from 20 1 s sweeps from the peak response period show increase in sEPSC frequency as a function of either
hypocretin-2 (n � 5 neurons) or hypocretin-1 concentration (n � 4 neurons). All concentrations were tested in each neuron.
(F) The glutamate release triggered by either hypocretin-2 or hypocretin-1 (100 nM, 1 min) was much greater in medial prefrontal cortex (n �

4 neurons) than in parietal cortex (n � 6 neurons). “Hypocretin” or “Hcrt” refers to hypocretin-2 peptide in all subsequent experiments.
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matter of the cingulum en route to prefrontal cortex inTable 1. Dendritic Distribution of Spines that Respond to Hypo-
cretin a horizontal slice. For further experiments, the usual

acute coronal slices of prefrontal cortex were employed.Regions Responding Nonresponding
Labeled axons, boutons, and terminals were foundType of Dendrite Sampled Spines Spines
throughout cingulate cortex with a higher density of

Basal 4 0 16
axons and boutons in layer V, as well as in superficialApical: main trunk 3 0 18
layers, including layer I, as expected from past anatomi-Apical: oblique 5 3 26
cal labeling studies (Berendse and Groenewegen, 1991;Apical: tuft 8 4 39

Total 20 7 99 Marini et al., 1996).

Calcium Transients Appear Selectively in Spines
Receiving Thalamic Input

reversibly attenuated calcium transients in response to After filling layer V pyramidal neurons with Oregon green
hypocretin without blocking hypocretin-induced sEPSCs and Alexa 594 (n � 4 neurons in 4 slices), we found
(n � 3; data not shown). scattered appositions in the x-y plane between labeled

In the same neurons in which at least one region with boutons and dendritic spines. As shown in Figure 4, the
a responding spine was detected, no responding spines combination of Oregon green and Alexa 594 rendered
were detected in an additional 14 regions of apical (n � the pyramidal neurons orange in appearance and hence
10) and basal dendrites (n � 4) scanned. These 14 re- readily distinguishable in a merged image from the
gions contained 77 spines in focus that responded to purely green PHAL488-labeled boutons (e.g., apposi-
spiking but not to hypocretin. In all regions scanned, tions shown in inset figures; Figures 4A and 4B). Just
7/106 spines responded to hypocretin. All responding as only a fraction of spines responded to hypocretin in
spines were on branches of the apical dendrites. While our previous experiments, apparent appositions be-
the above results showed that a small subset of spines tween labeled boutons and spines were infrequent. Al-
exhibit calcium transients in response to hypocretin, it though a systematic survey was not attempted, the oc-
was not possible to determine by this approach whether currence of appositions appeared greatest on branches
these spines were differentiated from nonresponding of the apical dendrite, particularly beyond the main
spines by the presence of thalamocortical input. branch point, similar to the distribution found previously

for responding spines. As the occurrence of appositions
does not prove functional synaptic junctions, we studiedLabeling Thalamocortical Projections

Although the apical dendritic location of the responding the actions of hypocretin at spines with apparent apposi-
tions, using calcium imaging techniques as describedspines would be congruent with excitation of direct thal-

amic input, these findings do not identify which gluta- above.
Of seven regions imaged containing apparent apposi-matergic projections are excited by hypocretin. Further

experiments were pursued to test our hypothesis that tions in the x-y plane between an orange spine head
and a green PHAL488-labeled bouton, there were eightthe increase in glutamatergic sEPSCs seen in layer V

neurons resulted from direct stimulation by hypocretin spines that appeared to abut seven PHAL488-labeled
boutons (see Figure 4B for an example of two spinesof thalamic boutons terminating on these cells.

Projections from the midline and intralaminar thalamic appearing to touch the same bouton). Hypocretin in-
duced significant calcium transients at the level pre-nuclei to the anterior cingulate were labeled by electro-

poration with the anterograde tracer Phaseolus vulgaris viously defined as a “response” in seven out of eight of
these spines. By contrast, only 2 out of the 26 controlconjugated with Alexa 488 (PHAL488) in vivo 2–4 days

before recording. Figure 3A shows a two-photon image spines (in focus but not in apposition to a labeled bou-
ton) responded to hypocretin, showing that spines thatof thalamic neurons filled with PHAL488 in a coronal

slice through the anterior thalamus. Figure 3B shows have appositions represent a significantly different pop-
ulation (Chi-square test: �2 � 20; df � 1; p � 0.0001). Itfilled thalamocortical axons coursing through the white

Figure 2. Hypocretin Induces Glutamate Release Selectively onto a Subset of Spines on Apical Dendrites of Layer V Pyramidal Neurons

(A) Red, green, and ratio measurements from two spines on a short segment of apical dendrite: measurements from spines with red and
blue arrows are shown by red diamonds and blue squares, respectively. Frames were acquired before (image 1), during (image 2), and after
(not shown) the burst of spikes shown to the right. Note red intensity did not change during spikes, whereas spike-triggered calcium entry
results in large increases in both green intensity and the green to red (G/R) ratio (seen in merged image as a shift from orange to yellow).
Scale bar, 5 �m.
(B) Merged image shows another region of apical dendrite with multiple spines in focus. G/R ratio measurements for two example spines are
shown in red and blue, respectively. Images of this portion of dendrite were acquired every 2 or 3 s during baseline (e.g., image 1), during
hypocretin-induced sEPSCs (e.g., image 2), washout (not shown), and during a brief period of spiking triggered by depolarization (image 3).
Inset shows region from yellow rectangle at higher magnification. Large, hypocretin-induced calcium transients (denoted by “*”) were seen
in the spine marked with the red arrow. Scale bars: regular, 5 �m; inset, 1 �m. Voltage-clamp sweeps illustrate electrophysiological activity,
recorded at the soma, during the period in which the above frame was acquired.
(C) Graph showing that a group of spines (n � 7, red bars) showed peak G/R ratios during hypocretin which were similar or larger to those
induced by spikes. By contrast, nearby spines in the same frames (n � 22, blue bars) behaved like the typical spine with little or no change
from baseline during hypocretin application and large increase in G/R ratio seen only when spiking was induced (*p � 0.001, comparing mean
Z peak during hypocretin in responders versus nonresponders).
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Figure 3. Thalamic Neurons and Axons Filled
with the Anterograde Tracer Phaseolus vul-
garis Conjugated to Alexa 488 Shown in
Slices Taken 3 Days after In Vivo Bulk Electro-
poration

(A) Medial thalamic neurons labeled with
PHAL488 in coronal slice taken at the level
of the anterior thalamus. Scale bar, 10 �m.
(B) Thalamic axons coursing through white
matter en route to frontal cortex, seen in hori-
zontal slice at level of anterior cingulate.
Scale bar, 8 �m.

was not unexpected to see a response in the occasional and waited 2 weeks for degeneration of thalamocortical
boutons. Baseline levels of sEPSCs did not differ signifi-spine without an apparent apposition, since our electro-

poration protocol only labeled a portion of the neurons cantly from those seen in normal animals, nor did they
differ between the lesioned and the control hemispheres.in the more anterior and dorsal nuclei of the thalamus.

The graph in Figure 4C compares Z score means for As expected, hypocretin elicited a large increase in hypo-
cretin-induced sEPSCs on the control, contralateral sidespines in apposition (n � 8) and control spines from

the same scans (n � 26). While virtually all spines with (n � 6). By contrast, hypocretin-induced glutamate re-
lease onto layer V neurons was virtually eliminated inappositions showed significant G/R elevations during

hypocretin, neither the mean G/R ratio (excluding peaks) the cortex ipsilateral to the lesion, as illustrated in Figure
6B (n � 6).for apposed spines nor their nonapposed controls in-

creased significantly during hypocretin (nonapposed:
basal, 0.39 � 0.03; hypocretin, 0.40 � 0.04; apposed: Discussion
basal, 0.42 � 0.04; hypocretin, 0.44 � 0.04).

As an additional control group, we imaged six spines We have provided converging evidence that hypocretin
that were nearby (�3 �m) but not directly apposed to excites thalamocortical boutons innervating spines on
boutons or even a continuous axon, such as the one the apical dendrites of layer V neurons in anterior cingu-
shown in the first part of Figure 5. None of these six late cortex. Almost without exception, spine heads re-
spines showed a response to hypocretin. Even if the ceiving an apparent thalamocortical apposition re-
bouton was very close (1 �m in Figure 5B) but not touch- sponded to hypocretin with large, transient calcium
ing in any Z section through the region, hypocretin- increases congruent with multiple spiking events in their
induced calcium transients were not observed. These glutamatergic presynaptic afferents. These responses
data suggest that nonsynaptic volume transmission of represent a lower limit on the magnitude and frequency
glutamate is not sufficient to account for hypocretin- of the events at these spines, due to the intermittent
induced calcium transients. sampling technique employed. Since spines were im-

aged less than 3% of the time, each observed calcium
transient could represent at least 30 nonimaged eventsHypocretin-Induced Glutamate Release Is Blocked

by Activation of �-Opioid Receptors and Reduced at that spine. This imaging data was verified by electro-
physiological and lesion data confirming the involve-Unilaterally by Prior Ipsilateral Thalamic Lesion

If, as hypothesized, hypocretin induces glutamate re- ment of thalamocortical axons. Experiments in TTX
showed no direct postsynaptic effect on layer V neuronslease through depolarization of thalamocortical bou-

tons, it should be opposed physiologically by activation of prefrontal cortex, which is consistent with the lack of
hypocretin receptor 2 mRNA reported in these neuronsof the Gi/o-coupled �-opioid receptors known to be pres-

ent on those boutons (Marek et al., 2001). Figure 6A (Marcus et al., 2001; Trivedi et al., 1998).
This represents the first demonstration of postsynap-shows that selective �-opioid receptor agonist DAMGO

(1 �M; applied during and after hypocretin) almost com- tic calcium transients resulting from neurotransmitter-
elicited, TTX-sensitive depolarization of a population ofpletely suppressed hypocretin-induced sEPSCs (n � 5),

as did the nonselective opioid agonist met-enkephalin axon terminals. Such observations are congruent with
earlier studies suggesting that thalamocortical projec-(100 �M; applied during and after; n � 4; data not

shown). DAMGO also suppressed calcium transients tions are prone to the generation of terminal spikes (Gut-
nick and Prince, 1972; Pinault and Pumain, 1989). Anti-previously elicited by hypocretin at responding spines;

this suppression was reversible (n � 2; data not shown). dromic transmission of such spikes is thought to trigger
bursting and strengthen synchronization of thalamicTo confirm the involvement of thalamic boutons, we

made unilateral radiofrequency lesions in the thalamus neurons (Pinault, 1995), especially those that project
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densely into an overlapping cortical area. Single neuron cell bodies, although the latter has not been tested. The
ability of enkephalin to suppress hypocretin-inducedtracing studies of the prefrontal axonal projections from

midline and intralaminar thalamic neurons show that sEPSCs further suggests the possibility that enkephalin-
containing interneurons (McGinty et al., 1984) may bethese neurons abundantly fulfill this criteria (Deschenes

et al., 1996). These neurons exhibit unusual rapid rhyth- able to circumvent hypocretin stimulation of thalamo-
cortical boutons in the cortex. Anterior cingulate ismic bursting in the awake animal (Steriade et al., 1993).

The finding that hypocretin can excite the final synapse known to be a supraspinal target for both endogenous
and exogenous opioids (Giacchino and Henriksen, 1998;in the ascending arousal pathway, together with the

unusual properties of thalamic terminals, suggests a Tanaka and North, 1994; Zubieta et al., 2001).
mechanism for coordinating aspects of attention and
arousal at a cortical level. Consistent with the idea of Implications for Cortical Arousal and Attention
separate prefrontal modulation by hypocretin, recent Hypocretin levels have been shown to correlate with
work shows that prefrontal cortex receives projections states of attention and arousal (Sutcliffe and de Lecea,
from a distinct population of hypocretin neurons with 2002), with high levels observed during alertness and
minimal collaterals (Fadel et al., 2002). periods of physical activity (Kiyashchenko et al., 2002;

Wu et al., 2002; Yoshida et al., 2001). Using a novel
approach that combined the labeling of presynaptic tha-

Midline and Intralaminar Projections Appear
lamocortical boutons with calcium imaging in postsyn-

to Target Spines on Branches of Apical
aptic spines of layer V cortical pyramidal neurons, we

Dendrites of Layer V Pyramidal Neurons
have provided evidence for selective activation of thala-

All responding spines were on branches of the apical
mocortical boutons in prefrontal cortex by hypocretin.

dendrites, including many past the bifurcation and some
This is the first use of two-photon imaging in dendritic

in layer I. This localization is consistent with anatomical
spines to examine calcium transients elicited by neuro-

work showing that midline and intralaminar thalamic
transmitter acting upon excitatory presynaptic recep-

neurons afferents to cingulate cortex are dense in a
tors. In addition to triggering glutamate-mediated post-

superficial band and in another band in layer V (Berendse
synaptic excitation, the ability of hypocretin released in

and Groenewegen, 1991). By documenting functional
prefrontal cortex to trigger antidromic spikes in these

appositions, we build upon past ultrastructural studies
multiple-branched thalamocortical projections would

of thalamic inputs to layer V pyramidal neurons in pre-
tend to coordinate the bursting of midline and intralami-

frontal cortex (Marini et al., 1996). It has been suggested
nar thalamic neurons in vivo. We have demonstrated

that superficial inputs to layer V pyramidal neurons may
that hypocretin in prefrontal cortex can activate a mech-

be particularly influential in vivo since they are able to
anism in vitro which has the potential to affect alertness

induce dendritic calcium action potentials which lead
and attention in vivo. These results raise questions

to bursts of sodium action potentials at the soma, partic-
about the regulation of hypocretin release within pre-

ularly in “intrinsically bursting” layer V neurons of neo-
frontal cortex in healthy subjects. The answers may clar-

cortex (Helmchen et al., 1999).
ify why patients with narcolepsy show specific impair-

The neurons which receive these thalamocortical syn-
ment in the executive attention network (Rieger et al.,

apses excited by hypocretin are the major output neu-
2003) and abnormal frontal physiology during preatten-

rons of prefrontal cortex; they project to almost every
tive and attentive tasks (Naumann et al., 2001).

subcortical pathway that has been shown to be excited
by hypocretin (Sutcliffe and de Lecea, 2002), including Experimental Procedures
serotonergic, dopaminergic, cholinergic, and hypothala-
mic neurons (Groenewegen and Uylings, 2000). In this Whole-Cell Recordings in Pyramidal Neurons

Coronal prefrontal slices (400–500 �m thick) were prepared fromregard, the ability of hypocretin to excite thalamocortical
Sprague-Dawley rats 20–50 days old, in accordance with protocolssynapses at key sites on layer V projection neurons may
approved by the Yale University Animal Care and Use committee.have broad physiological significance in that it com-
Slices were cut in chilled, oxygenated ACSF in which 252 mM su-

pletes a feedback circuit. crose was substituted for NaCl, then placed in a modified chamber
(Warner Instruments, Hamden, CT) under a modified slice hold-
down device (Warner Instruments). Regular ACSF (126 mM NaCl, 3

Effects of Hypocretin Are Strongly Opposed mM KCl, 1.25 mM NaH2PO4, 10 mM D-glucose, 25 mM NaHCO3, 2
by �-Opioid Stimulation mM CaCl2, and 2 mM MgSO4 [pH 7.35]) was bubbled with 95%

oxygen-5% carbon dioxide, warmed, and flowed over slice at 30	CThe ability of hypocretin to induce glutamate release
(4 ml/minute). Whole-cell patch electrodes (4–6 M
) contained 115from thalamocortical boutons can be suppressed by
mM potassium gluconate, 20 mM KCl, 2 mM Mg-ATP, 1 mM Na2-activation of �-opioid receptors. Physiological antago-
ATP, 10 mM Na2-phosphocreatine, 0.3 mM Tris-GTP, and 10 mMnism between �-opioids and hypocretin in the thalamo-
HEPES (pH 7.33). For calcium imaging, patch solution included 100–

cortical pathway has not previously been suspected. 200 �M Oregon green BAPTA-1 and 10–20 �M Alexa 594 hydrazide
Previous work has localized �-opioid receptors to thala- (Molecular Probes, Eugene, OR). Neurons were patched under visual

control with IR-DIC, and access resistance was maintainedmocortical boutons (Marek et al., 2001) and showed that
at �12 M
.�-opioid agonists do not block cortico-cortical excit-

Synaptic currents and direct postsynaptic effects were recordedatory transmission (Tanaka and North, 1994). The oppo-
using continuous single electrode voltage-clamp mode with an Ax-site effects of hypocretin (Sutcliffe and de Lecea, 2002)
oclamp 2A (Axon Instruments, Union City, CA). Spontaneously oc-

and opiates (Giacchino and Henriksen, 1998) on arousal curring excitatory postsynaptic currents (sEPSCs) were low-pass
and alertness may be based on their opposing actions filtered at 3 kHz, amplified 100� through Cyberamp and digitized

at 15 kHz, and acquired using pClamp/Digidata 1200 (Axon Instru-at thalamic boutons as well as their actions at thalamic
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Figure 4. Spines in Apposition to Identified Thalamocortical Boutons Showed Calcium Transients in Response to Hypocretin

(A) G/R ratio measurements for two spines on a branch of apical dendrite: the red arrow points to spine in apparent apposition to a labeled
bouton (white arrow) and the blue arrow to a nearby spine in focus. In the merged image, the orange dendrites and spines can be readily
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ments). Analysis of sEPSCs from each 10 s block of (1 s) sweeps Layer V pyramidal neurons were filled through the patch pipette
with the high-affinity (Kd 170 nM) Oregon Green BAPTA-1, in orderwas performed using MiniAnalysis software (Synaptosoft Inc., Deca-

tur, GA). This program detects and measures spontaneous synaptic to maximize the possibility of detecting sporadic calcium transients
with our sampling parameters (described below). The calcium indi-events according to amplitude, rise time, decay time, and area under

the curve. As a result of the high frequency of sEPSCs, the ability cator was combined with a red fluorophore, Alexa 594 hydrazide,
to facilitate visualization of spines and allow ratio measurements ofto measure overlapping or closely occurring peaks accurately is

important for our analysis. The software uses an algorithm to detect total green to total red intensity (G/R), which compensate for small
movements (Oertner et al., 2002). Pipettes were tip filled with regularmultiple and complex peaks and automatically adjusts the baseline

of closely occurring peaks using exponential extrapolation of decay. patch solution to avoid ejecting dye from the pipette into the extra-
cellular space of the slice; cells with detectable background fluores-Amplitude and area thresholds were set to 8 pA and 25–50 fC,

respectively. Given our noise level of �5 pA, this combination of cence after dye loading were not used. Subtraction of photodetector
dark current was the only background correction performed.thresholds maximized correct identification of sEPSCs and mini-

mized false positives. Changes in frequency and amplitude of spon- Since the pharmacological manipulations of interest did not allow
control over the timing of synaptic events at any spine, regions oftaneous excitatory postsynaptic currents (sEPSC) within individual

neurons were assessed by Kolmogorov-Smirnov tests of distribu- dendrite were sampled every 2 to 3 s during baseline (45 s), bath
application of hypocretin (1 min), and washout (2–3 min), as welltion on binned data from 20 (1 s) sweeps in voltage clamp during

hypocretin compared to baseline. Group statistical significance was as during depolarization-induced spikes. Imaging frames were 512
pixels by 200 lines (4–6� zoom, 750 lps). This sampling protocol wasassessed using paired Student’s t tests. Unless stated otherwise,

averages are expressed as mean � standard error of the mean chosen to reduce the chance of photobleaching and phototoxicity to
spines. In order to enhance detection of calcium transients, which(SEM).

For preliminary electrophysiology, neurons were held near resting are largely mediated by NMDA receptors (Kovalchuk et al., 2000;
Mainen et al., 1999; Oertner et al., 2002; Yuste and Denk, 1995), wepotential at �70 mV. For calcium imaging, bath solution was

changed to 0.5 mM MgSO4 and 3 mM CaCl2, and neurons were held voltage clamped the layer V pyramidal neurons at �60 mV in 0.25–0.5
mM Mg2�, 3mM Ca2� ACSF. Spontaneous EPSCs were measuredat �60 mV to increase calcium entry through NMDA receptors.

Hypocretin-2 peptide, in ACSF, was applied for 1 min at a time in continuously during scanning. Since the sampling protocol meant
that we were unlikely to catch transients at their peak, the indicatorthe fast-flowing bath, followed by a washout period of 10–45 min.

Hypocretin-2 peptide was a gift from Dr. Anthony Van den Pol (Yale and concentration used were selected to achieve a balance between
amplitude and duration of transient. For experiments on slices fromUniversity) and LY293558 was a gift from Eli Lilly (Indianapolis, IN).

Orexin B (hypocretin-1 peptide) was from Phoenix Pharmaceuticals animals with labeled thalamocortical projections, we included only
(Belmont, CA). Unless otherwise specified, all drugs were from apparent appositions between bouton and spine in the x-y plane to
Sigma-Aldrich (St. Louis, MO). maximize resolution and reduce possibility of movement-related ar-

tifacts.
Images were analyzed with c-Imaging software (Compix Imaging,Bulk Electroporation to Label Thalamic Projections

Cranberry Township, PA). For each region of dendrite, the series ofTwo to five days prior to cutting slices and recording, a subgroup
images was analyzed by drawing regions of interest (ROIs) on spineof animals received surgery to bulk electroporate (Haas et al., 2001,
heads in focus and measuring total red and total green intensities2002; Saito and Nakatsuji, 2001) neurons of the anterior and dorsal
for each ROI from each frame in the series. Scan series were notleft thalamus with the anterograde tracer Phaseolus vulgaris conju-
included in the final analysis if movement or photobleaching (ob-gated with Alexa 488 (PHAL488, 10 �g/�L, Molecular Probes). Sur-
served as a progressive decline in the red total intensity measure-gery was performed using the method described previously (Lambe
ment) had occurred. Green to red (G/R) ratio measurements fromand Aghajanian, 2001; Lambe et al., 2003). In brief, after anesthesia
baseline period were averaged to calculate Z scores for each imagewith sterile choral hydrate (400 mg/kg), a Hamilton syringe, with a
taken during and following hypocretin application, as well as duringneedle insulated except for the tip, was lowered through a burr hole

to the following coordinates in relation to Bregma: 0.75 mm lateral, depolarization-induced spikes. The peak Z score measurement was
2.5 mm posterior, 5.5 mm deep. The anterograde tracer was injected used to compare for each spine peak G/R increase during hypocretin
0.5 �l per time at intervals of 5 min to a total of 2 �l, and the syringe with that observed during spikes.
was lifted 0.25 �m before the next injection. Electroporation was
achieved with the following current parameters applied over the
entire time of injection (25 min): 500 ms train consisting of 12 stimuli Unilateral Thalamic Lesions
of 35 �A alternating with 500 ms of no current pulses. Two weeks prior to cutting slices and recording, a subgroup of

animals received radiofrequency lesions to the anterior-dorsal left
thalamus. Surgery was performed as described above. An insulatedTwo-Photon Calcium Imaging and Analysis
#1 insect pin was lowered through a burr hole to the same coordi-We used a two-photon laser scanning system consisting of a Ti:sap-
nates as above. A radiofrequency current (20 mA, 1000 kHz) wasphire laser (Mai Tai, Spectra Physics, Mountain View, CA) tuned to
passed for 1 min. The pin was removed and the incision sutured.wavelength 810 nm and a direct detection Bio-Rad Radiance 2100
All animals recovered quickly and were in good health during the 2MP (Bio-Rad Microscience, Hemel Hempstead, UK) on an Olympus
week, postlesion period allowed for degeneration of thalamocorticalBX50WI microscope (Olympus, Melville, NY) with an �60, 0.9 NA
boutons. For recording, slices were positioned to allow access towater-immersion objective (Olympus). Green and red emitted fluo-
the medial prefrontal cortex on both hemispheres. Neurons fromrescence were separated with a dichroic DC560LP (Olympus) and
prefrontal cortex contralateral to the lesion were used as controls.filtered with HG515/30 and HQ620/100 filters (Olympus), respec-

tively. The thalamus was also sectioned to verify the position of the lesion.

distinguished from the green-labeled boutons. Images of this region were taken every 2 s. Example frames are included from baseline (image
1) and during application of hypocretin (image 2); inset shows magnification of area from yellow rectangle. Note large calcium transient (*)
during hypocretin application in spine apposed to thalamic bouton but no change in nearby spines without apposition. Scale bars: regular,
5 �m; inset, 2 �m. Sweeps in voltage clamp show electrophysiological activity, measured at the soma, surrounding the time of above
frame acquisition.
(B) An additional example shows two spines in apparent apposition to a single labeled bouton. Only the spine to the left (with the red arrow)
showed large calcium transients during application of hypocretin. Scale bars: regular, 4 �m; inset, 2 �m.
(C) Graph shows mean � SEM peak change in G/R ratio from baseline during spikes and hypocretin for spines apposed to thalamocortical
boutons (n � 8, red bars) versus nearby spines in focus but not in apparent apposition to a green bouton (n � 26, blue bars). *p � 0.001,
comparing mean hypocretin peak in spines in apparent apposition to a thalamic bouton versus other spines in focus in the same field.
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Figure 6. The Selective �-Opioid Agonist DAMGO Opposes Hypo-
cretin-Induced Glutamate Release, and Prior Unilateral Thalamic
Lesion Reduces Hypocretin-Induced sEPSCs Ipsilaterally

(A) DAMGO (1 �M, 2 min) almost completely suppressed hypocretin-
induced sEPSCs, presumably through a physiological antagonism
(n � 5 neurons; hypocretin, 100 nM for 1 min; **p � 0.001; *p � 0.01).
(B) Unilateral radiofrequency lesion to the thalamus resulted in an
ipsilateral loss of hypocretin-induced sEPSCs in prefrontal cortex

Figure 5. Control Spines which Were Close to but Not “Touching” (n � 6). Significant hypocretin-induced increases in sEPSC fre-
Identified Thalamocortical Boutons Did Not Show Large Calcium quency and amplitude were still observed in prefrontal cortex of the
Transients in Response to Hypocretin control hemisphere (n � 6 neurons; hypocretin, 100 nM for 1 min;
(A) A control example shows a thalamocortical axon passing nearby **p � 0.01; *p � 0.05). Basal sEPSC frequency and amplitude in both
but not in apposition to a spine. This spine showed little or no hemispheres of lesioned animals were within the range observed in
change in G/R ratios during hypocretin-induced sEPSCs; however, nonlesioned animals.
as shown below, G/R increased dramatically with depolarization-
induced spikes. Scale bar, 2 �m.
(B) Even a bouton which was very close (1 �m, but not touching in

Received: June 3, 2003any Z section) was not associated with calcium transients in the
Revised: August 20, 2003nearby spine. Scale bar, 2 �m.
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