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The thalamic intergeniculate leaflet (IGL) is involved in mediating effects of both photic and nonphotic stimuli on mammalian circadian
rhythms. IGL neurons containing neuropeptide Y (NPY) have been implicated in mediating nonphotic effects, but little is known about
those involved in photic entrainment. We used juxtacellular recording/labeling in rats to characterize both photic responses and neuro-
chemical phenotypes of neurons in the lateral geniculate area, focusing on the IGL and ventral lateral geniculate (VLG). Single neurons
were recorded to characterize photic responsiveness and were labeled with Neurobiotin (Nb); tissue was stained for Nb, NPY, and in some
cases for orexin A. Three classes of neurons were identified in the IGL/VLG. Type I neurons lacked NPY and showed sustained activations
during retinal illumination and moderate firing rates in darkness. Type II neurons contained large amounts of NPY throughout the soma
and showed varied responses to illumination: suppression, complex responses, or no response. Type III neurons had patches of NPY both
on the external soma surface and within the soma, apparently representing internalization of NPY. Type III neurons resembled type I cells
in their sustained activation by illumination but were virtually silent during the intervening dark period. These neurons appear to receive
NPY input, presumably from other IGL cells, which may suppress their activity during darkness. These results demonstrate the presence
of several classes of neurons in the IGL defined by their functional and anatomical features and reinforce the role of the IGL/VLG complex
in integrating photic and nonphotic inputs to the circadian system.
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Introduction
Mammalian circadian rhythms, generated by a pacemaker in the
hypothalamic suprachiasmatic nucleus (SCN) (Rusak and
Zucker, 1979; Meijer and Rietveld, 1989), are entrained to light-
ing cycles by retinal projections reaching the SCN and the thalamic
intergeniculate leaflet (IGL) (Moore, 1996). Both the SCN and IGL
receive binocular retinal projections (Pickard, 1985). The IGL
projects to the SCN via the geniculohypothalamic tract (GHT), and
IGL cells immunoreactive for neuropeptide Y (NPY) are the source
of high levels of NPY in terminals in the SCN (Card and Moore,
1989; Shinohara et al., 1993; Morin and Blanchard, 2001).

Some IGL and SCN neurons respond to diffuse retinal illumi-
nation with sustained, intensity-dependent changes in firing
rates (Harrington and Rusak, 1989, 1991; Meijer et al., 1989;
Morin, 1994), and some photically activated IGL neurons have
been shown to project to the SCN (Zhang and Rusak, 1989).
Destruction of the IGL alters several effects of light on rhythms,
supporting its involvement in mediating photic effects on the

circadian system of Syrian hamsters and rats (Harrington and
Rusak, 1986; Pickard et al., 1987, 1988; Johnson et al., 1988; Edel-
stein and Amir, 1999).

Circadian rhythm entrainment can also be influenced by
“nonphotic” factors, including increased activity and/or arousal
caused by a variety of stimuli (Mrosovsky, 1996; Harrington,
1997). These effects can be quite potent and can counteract some
effects of light on circadian rhythms (Biello and Mrosovsky, 1995;
Schaap and Meijer, 2001). Several lines of evidence demonstrate
that the IGL and its NPY projection to the SCN are involved in
mediating at least some nonphotic effects on rhythms (Janik and
Mrosovsky, 1992; Huhman and Albers, 1994; Edelstein and Amir,
1995; Janik et al., 1995; Biello and Mrosovsky, 1996; Marchant et al.,
1997; Weber and Rea, 1997; Lall and Biello, 2003).

The IGL is, therefore, involved in both photic and nonphotic
effects on the circadian system, implying heterogeneity in its cell
population and connectivity. Only some IGL neurons contain
NPY, colocalized with the inhibitory neurotransmitter GABA
(Moore and Speh, 1993; Moore and Card, 1994). Studies of IGL
function are consistent with an inhibitory input reaching the
SCN from the IGL (Tang et al., 2002), mediated by GABA
(Gribkoff et al., 2003), and perhaps modulated by NPY (Obrietan
and van den Pol, 1996; Gribkoff et al., 1998). Other IGL neurons
contain another peptide, enkephalin (Morin and Blanchard,
2001), and may not be GABAergic.

The IGL appears to convey and perhaps balance inputs from a
variety of environmental cues that affect circadian rhythms. This
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function involves at least two different, but perhaps anatomically
intertwined, structures represented in the IGL and in its projec-
tions to the SCN. To address the functional complexity of the
IGL, we used juxtacellular labeling (Pinault, 1996). This method
involves extracellular recording of the activity of a neuron fol-
lowed by labeling the recorded cell selectively with Neurobiotin
(Nb) to allow subsequent anatomical analyses. Using this ap-
proach, we characterized the photic responses and immunocyto-
chemical features of neurons in the rat lateral geniculate area
including the IGL.

Materials and Methods
Animals and surgery. Adult, male Sprague Dawley rats (Rattus norvegicus)
from Charles River (St. Constant, Québec, Canada) weighing 250 –350 g
were housed in pairs under a daily 12 h light/dark cycle for at least 14 d
before being used in an experiment. All experimental procedures were
approved by the Dalhousie University Committee on Laboratory Ani-
mals and conformed to the guidelines of the Canadian Council on Ani-
mal Care. Rats were anesthetized with intraperitoneal injections of a 20%
solution of urethane (ethyl carbonate; Sigma, St. Louis, MO) at a dose of
2 g/kg body weight. They were also injected subcutaneously with 0.1– 0.2
ml of a 0.2% solution of Robinul (3-hydroxy-1,1-dimethylpyrrolidinium
bromide-cyclopentylmandelate; A. H. Robins, Mississauga, Ontario, Can-
ada), a peripheral antimuscarinic agent, to reduce congestion in the respira-
tory tract during anesthesia. Reflexes were checked to ensure stable anesthe-
sia, and additional doses of urethane were given as required.

Animals were mounted in a stereotaxic apparatus with the skull level
between bregma and lambda. Rectal temperature was monitored contin-
uously and maintained at 37°C using a thermostatically controlled heat-
ing pad. The upper and lower eyelids of both eyes were retracted with fine
sutures, and the pupils were dilated with topical application of 1% atro-
pine sulfate. The eyes were then coated with mineral oil to prevent dehy-
dration. Light from a tungsten– halogen lamp was infrared-filtered and
led via fiber optics to both eyes. Timing of photic stimulation was pro-
grammed through a Macintosh (Apple Computers, Cupertino, CA)
computer controlling an electronic shutter. The scalp was incised, over-
lying fascia retracted from the skull, and a small burr hole drilled over the
IGL. Rats were maintained in a darkened room except during pro-
grammed light exposures or briefly while repositioning recording elec-
trodes. Recordings were initiated during the early dark phase of the light/
dark cycle and typically were continued for �8 h.

Neural recording and labeling. Single-unit neural activity was recorded
using glass micropipettes, which were pulled to a fine tip using a PE2
electrode puller (Narishige, Tokyo, Japan) and filled with 2.5% Nb (Vec-
tor Laboratories, Burlingame, CA) in 0.5 M sodium acetate; electrode
resistance was 15–25 M�. An electronic micro-
drive (FHC, Brunswick, ME) was used to ad-
vance the electrode to the region of the IGL
(stereotaxic coordinates: 4.4 – 4.8 mm anterior
to bregma, 3.9 – 4.1 mm lateral to midline, and
5.0 –5.2 mm ventral to dura) (Paxinos and
Watson, 1998). The electrode was positioned
�1 mm above the IGL and then advanced in 5
�m steps until a unit with a well discriminated
waveform and stable spontaneous firing was
isolated. Extracellular signals were acquired us-
ing an intracellular amplifier (IR-183; Neurodata
Instruments, New York, NY), discriminated us-
ing a time-amplitude window discriminator, and
displayed on a storage oscilloscope. Signals were
filtered (100 Hz to 2 kHz), fed through an analog-
to-digital converter (Instrutech, Port Washing-
ton, NY), and were displayed and stored to disk
on a Macintosh computer using A/Dvance (writ-
ten by Robert Douglas, University of British Co-
lumbia, Vancouver, British Columbia, Canada).
Firing-rate histograms were generated and dis-
played on-line using the same program.

Once stable single-unit activity was recorded in darkness for at least 10
min, responsiveness of the cell to retinal illumination was assessed. Data
were acquired at a minimum during three successive sweeps of alternat-
ing 1 min periods of darkness and binocular retinal illumination (1000
lux); longer durations of illumination were used occasionally to further
assess responsiveness. Neurons were classified as photically responsive or
unresponsive, as described below. After photic responsiveness was as-
sessed, neurons were labeled using the juxtacellular labeling method de-
scribed by Pinault (1996). Briefly, anodal current pulses (200 ms, 50%
duty cycle) were delivered with gradually increasing intensity (0.5–5 nA)
while continuing to record the firing activity of the neuron. After a period
of stimulation ranging from a few seconds up to several minutes, the
noise level of the recording increased slightly, and the neuronal activity
became entrained to the pulse frequency of the applied current. The
intensity of the current was then adjusted to maintain entrainment and a
stable waveform without apparent damage to the cell. These current
pulses both entrained the firing of the target neuron and iontophoreti-
cally ejected the Nb in the micropipette. Stimulation was terminated after
15–20 min, and the activity of the cell was then monitored to assess
recovery of spontaneous firing activity.

Based on extensive experience with this method, the features essential
to achieving excellent labeling of the target neuron with Nb included the
following: clear discrimination of single neuronal firing with the elec-
trode very close to the membrane (as assessed by spike amplitude); suc-
cessful entrainment of neuronal firing with the positive current pulses;
and successful recovery of spontaneous firing after termination of stim-
ulation. At the end of the experiment, rats were given an overdose of
urethane and were perfused transcardially with 0.9% saline (100 ml)
followed by 300 ml of PBS containing 4% paraformaldehyde (para-PBS),
pH 7.4. The brains were removed and postfixed in chilled 4% para-PBS
overnight, followed by cryoprotection in 30% sucrose–phosphate buffer
solution for 2– 4 d at 4°C. Coronal sections (30 �m) through the record-
ing area were cut using a cryostat, and the same sections were prepared
for staining of Nb, NPY, and, in a few brains, orexin A, using conven-
tional double- and triple-labeling immunofluorescence techniques.

Electrophysiological data analysis. Discriminated unit discharges were
acquired and stored in 5 s bins, displayed on-line as firing-rate histo-
grams, and stored to disk for further analysis off-line. Photically respon-
sive neurons were identified and recorded during sustained light expo-
sures (typically 1 min) as described previously (Zhao and Rusak, 2005).
Neurons were defined as photically responsive if their firing rates were
consistently increased or decreased by �30% by sustained retinal illumi-
nation. Cells that did not meet this criterion were classified as nonphotic.
Cells with different photic response characteristics were often recorded
very close to each other. Means of three sweeps of alternating 1 min dark
and 1 min light periods were calculated, and average firing rates during

Table 1. Responses to retinal illumination of a sample of neurons in the lateral geniculate region

Photically responsive Photically unresponsive

Activated Suppressed Complex response Total

82 (72%)a 28 (25%) 3 (3%) 113 (86%) 19 (14%)
aNumber and percentage of cells recorded that met criterion for each type of photic response. Because specific response types were selectively recorded, these
values do not represent the proportions of cell types in this region.

Table 2. Proportions of Neurobiotin-labeled neurons recorded in the lateral geniculate nuclei showing different
responses to retinal illumination

Photically responsive Photically unresponsive Total

Activated Suppressed Complex response

Location
IGL 25 (73)a 4 (12) 2 (6) 3 (9) 34 (32)
VLG 31 (74) 6 (14) 1 (2) 4 (10) 42 (40)
DLG 14 (47) 12 (40) 4 (13) 30 (28)

Total 70 (66) 22 (21) 3 (3) 11 (10) 106 (100)
aNumber and percentage of cells recorded that met criterion for each type of photic response. Because specific response type were selectively recorded, these
values do not represent the proportions of cell types in this region.
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the dark interval were compared with the following interval of retinal
illumination using Student’s t tests; differences were considered statisti-
cally reliable when p � 0.01.

Immunohistochemistry. Nb-labeled neurons were identified using epi-
fluorescence microscopy for cyanine 2 (Cy2)-conjugated streptavidin
(1:500; Jackson ImmunoResearch, West Grove, PA). For localization of
NPY or orexin A, coronal sections were blocked with 2.0% normal don-
key serum (NDS) and 5.0% Triton-X in PBS (PBS-X), pH 7.4, for 2 h at
room temperature and then incubated overnight in rabbit anti-NPY an-
tiserum (1:500; IHC 7172; Chemicon, Temecula, CA) or goat anti-orexin
A antiserum (1:2000; SC-8070; Santa Cruz Biotechnology, Santa Cruz,
CA) in 2% NDS/PBS-X, pH 7.4, at 4°C. Sections were then washed with
PBS and incubated in Cy3-conjugated donkey anti-rabbit antiserum or
Cy5-conjugated donkey anti-goat antiserum (all at 1:400; Jackson Immu-
noResearch) to reveal NPY or orexin A immunostaining. Sections were
mounted on gelatin-coated glass slides, coverslipped with krystalon, and
then evaluated using an epifluorescence microscope (Axioskop 2 plus; Zeiss,
Oberkochen, Germany). Images (512 � 512 pixels) were acquired with a
charge-coupled device (CCD) camera and stored on a computer for subse-
quent analysis; photomicrographic figures were compiled using Adobe Pho-
toshop (Adobe Systems, San Jose, CA). Cells were localized anatomically
with reference to the rat brain atlas of Paxinos and Watson (1998).

Some of the sections were also analyzed using a confocal laser scanning
microscope (LSM 510 META; Zeiss). Both microscopes had similar fil-
ters for differential visualization of the fluorophores, Cy2 (absorption,
492 nm; emission, 510 nm), Cy3 (absorption, 550 nm; emission, 570
nm), and Cy5 (absorption, 650 nm; emission, 670 nm). Sections with
Nb-labeled cells were scanned as a series of optical sections with a center-
to-center spacing of 1 �m. The images were further processed using LSM
510 image browser software (Zeiss) and Adobe Photoshop.

Colocalization image analysis. Using an epifluorescence microscope,
neurons labeled juxtacellularly with Nb were first located by the presence
of the green fluorophore (Cy2) linked to Nb. The filter was switched to
determine whether the neuron was also labeled with the red Cy3 fluoro-
phore linked to the second antigen, NPY. Images at lower magnification
(10 and 20� objectives) were recorded by using a CCD camera and
Axiovision software. The images were then merged using Adobe Photo-
shop to assess whether a Nb-labeled neuron was also labeled for NPY.
Such double-labeled regions appeared yellow. Some neurons were also

Figure 1. Distribution of juxtacellularly recorded neurons in the DLG nucleus, VLG nucleus, and IGL. Each symbol represents the location of a single Neurobiotin-filled neuron and its response to
retinal illumination: activation (Œ), suppression (E), complex response (*), and lack of photic response (�). Brain sections are redrawn from the atlas of Paxinos and Watson (1998).

Figure 2. Average firing rates (per 5 s) during baseline (Dark) and during 60 s light exposure
(Light) of neurons in the IGL, DLG, and VLG nucleus. Neurons in A, C, and E met criteria for
activation in response to light. Those in B, D, and F were either suppressed (solid lines) or did not
meet criterion for a photic response (dashed lines). Note that some DLG neurons shown as
activated by light (relative to baseline) also showed transient increases at both lights-on and
lights-off (see Fig. 3C).
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assessed for immunoreactivity for orexin A.
Images were overlaid to identify any regions of
triple labeling (Nb, NPY, and orexin A).

Confocal laser scanning microscopy was
used for further analysis and to generate images
at high magnification (63 and 100� objectives)
that were analyzed using LSM 510 image
browser software. Optical sections were taken
at every 1 �m depth along the z-axis of the XY
sections. These images were stacked, and the
software was used to generate XZ and YZ pro-
files, so that labeled tissue could be visualized
from three orthogonal directions simulta-
neously (see Figs. 5, 8). A surface-rendering
program was also used to create a three-
dimensional (3D) image from the stack of confo-
cal optical sections using the program Amira
(v3.1.1; Mercury Computer Systems, Berlin, Ger-
many; courtesy of Dr. I. A. Meinertzhagen, Dal-
housie University, Halifax, Nova Scotia, Canada).

Nb-labeled cells were grouped into three cat-
egories, based on degree of double-labeling.
Cells that showed no overlap of NPY immuno-
reactivity with Nb labeling in the soma were
classified as NPY negative. Those with high lev-
els of NPY immunoreactivity in the central part
of their somata were classified as NPY-
containing cells. A third class of cells showed
small to medium patches of NPY immunoreac-
tivity on the outside of the soma membrane,
along with similar patches inside the soma, ad-
jacent to the cell membrane. Yellow patches in-
dicating colocalization of NPY and Nb were of-
ten limited to a single 1 �m optical section in
the z-axis or in some cases extended over two or
three such sections.

Results
Photic responses
Photic responses of a total of 132 neurons
in the lateral geniculate region were eval-
uated in detail (Table 1). Binocular illumi-
nation altered firing rates of 113 of 132
cells significantly, of which 82 of 113
(72%) were activated, 28 of 113 (25%)
were suppressed, and 3 of 113 (3%) showed
complex responses. Most of these cells were
recorded in the IGL, dorsal lateral geniculate
(DLG), or ventral lateral geniculate (VLG)
nucleus. The proportion of photically re-
sponsive cells is not representative of the population of cells in this
region overall, because photically responsive cells were specifically
sought for investigation.

Electrophysiological and anatomical analyses of
Nb-labeled neurons
A total of 106 of the 132 neurons recorded were identified as
labeled with Nb (green fluorescence) in the IGL, DLG, and VLG
nuclei during histological analyses (Table 2, Fig. 1); Nb labeling
could not be identified for the 26 remaining cells. Labeled neu-
rons varied in size and shape. Regardless of their photic respon-
siveness, the majority of labeled neurons recorded in the IGL
(n � 28) and in the VLG (n � 25), and a few in the DLG (n � 7)
had small somata (8 –12 �m) with few dendritic fibers. A minor-
ity of cells in the IGL (n � 6) and many recorded in the VLG (n �

17) and especially the DLG (n � 23) had large somata (15–20
�m) with extensive dendritic arborizations.

The majority of Nb-labeled neurons (70 of 106) were activated by
retinal illumination, 22 were suppressed, 11 were not photically re-
sponsive (Fig. 2), and three showed complex responses that could
not be readily categorized (see below). Photically activated IGL neu-
rons (Fig. 3A) and some VLG neurons (Fig. 3B) showed a sharp
increase at light onset and then a sustained elevation in firing rates at
a somewhat lower level during the period of light exposure. In con-
trast to these cells, DLG neurons that were activated by light exposure
showed more transient responses with maximal firing-rate increases in
response to the onset and end of light stimulation (Fig. 3C).

Sections containing the 106 neurons labeled successfully with Nb
were examined with fluorescence microscopy to determine the
relationship of each neuron to the red, NPY-immunofluorescent
cells characteristic of the IGL and to the scattered NPY-immunoflu-

Figure 3. Examples of three juxtacellularly recorded neurons in the lateral geniculate region labeled immunocytochemically with
Neurobiotin. The left column shows the Nb-labeled cell (revealed as green fluorescence by Cy2-conjugated streptavidin), and the middle
column indicates its location (Œ) on a schematic drawing of the region. The right column shows the baseline firing rate of the cell in
darkness and its response to 60 s of binocular retinal illumination (indicated by the line deflection above the recording). A, An IGL neuron
labeled with Nb. The red fluorescence (Cy3) reflects NPY immunoreactivity in the intergeniculate leaflet. The cell showed a rapid increase in
firing at light onset, sustained high firing during illumination, and a gradual reduction to baseline in darkness. B, A VLG neuron labeled as
in A; the cell is outside the NPY-immunoreactive area. It also shows sustained high firing during photic stimulation and a rapid decline to
baseline in darkness. C, A DLG neuron labeled as in A, lying well outside the NPY-immunoreactive area. It showed prominent activations at
both lights-on and lights-off, with increased firing during illumination. Scale bars, 20 �m for each immunocytochemical image. Brain
sections are redrawn from the atlas of Paxinos and Watson (1998).
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orescent cells in the VLG. The 30 cells re-
corded in the DLG included all response
types, and, as would be predicted by the gen-
eral lack of NPY in the DLG, none were NPY
positive. Of the 76 Nb-labeled neurons re-
corded in the IGL or VLG, 56 were activated,
10 were suppressed, seven were unrespon-
sive (Fig. 2A,B,E,F), and three (two in IGL
and one in VLG) showed complex re-
sponses. One of these, at least, appeared to
be primarily suppressed by the onset of illu-
mination, but the response was variable and
followed by apparent rebound activation
(see Fig. 7C).

Of the 76 IGL/VLG neurons, 57
showed no NPY immunofluorescence;
these included activated (44), suppressed
(eight), and unresponsive (five) neurons.
Among these cells, 13 (all activated) lay
within, or immediately adjacent to, the
dense band of NPY-immunofluorescent
cells marking the IGL. These NPY-negative
IGL neurons and 19 IGL/VLG neurons that
showed some degree of NPY immunofluo-
rescence were studied further using confocal
laser scanning microscopy. Representative
confocal images illustrating the location of
three Nb-immunofluorescent neurons
(green) within the IGL show two that do
not contain NPY (Fig. 4A,B) but are adja-
cent to NPY-immunofluorescent neurons
(red) and one that does contain NPY (yel-
low, indicating Nb and NPY colocaliza-
tion) (Fig. 4C).

Based on their NPY immunofluores-
cence, the 32 neurons studied with confo-
cal microscopy were divided into three
groups. Type I Nb-labeled neurons in the
IGL region lacked NPY labeling (n � 13)
(Fig. 5A). They were activated sharply by
light onset and showed sustained firing
during light exposure and a rapid decline
of firing rate after return to darkness.
These cells also had a low-to-moderate fir-
ing rate during darkness (Fig. 6A).

Type II neurons, comprising seven of
the 32 Nb-labeled neurons in the IGL/
VLG region, had somata containing sub-
stantial NPY immunofluorescence that
was visible in all three planes of optical
section. These neurons were suppressed
by light (two neurons), unresponsive (two
neurons), or showed complex responses
dominated by initial suppression and with
evidence of activation at lights-off (three
neurons). None of the seven NPY-positive
neurons were activated by onset of retinal
illumination, as the 13 NPY-negative neu-
rons were. One NPY-immunofluo-
rescent, Nb-labeled neuron that showed a
complex response to retinal illumination
is illustrated in Figures 7 and 8. A 3D re-
construction created using Amira software

Figure 5. Confocal images of two Nb-labeled, photically activated neurons. A1, B1, The labeled neurons (green fluorescence;
arrows) lie within the NPY-immunoreactive region marking the IGL (red fluorescence). A2, At higher magnification, NPY-
immunoreactive somata are clearly visible adjacent to the Nb-labeled cell, which lacks any NPY immunoreactivity; Nb/NPY overlap
would appear as yellow in these images. The panels above and to the left of A2 show the Nb-labeled soma as visualized in the two planes
orthogonal to the main image. The blue line intersecting the soma in each panel indicates the level within the optical image stack from
which the central image was taken. The red (vertical) and green (horizontal) lines show the levels in the central image at which orthogonal
imagesweretaken.TheinsetonthebottomrightatveryhighmagnificationconfirmstheabsenceofNPYimmunoreactivity inthis neuron.
B2, B3, The two larger images of the neuron in B1 were taken at different depths (3 and 5 �m) from the top of the optical image
stack. The panels above and to the left are as described above for A. These images and the very high-magnification images inset on
the bottom right show patches of NPY on the external surface of the soma (red) and overlapping the soma (yellow). Scanning
vertically through the entire optical image stack (19 1-�m optical sections) confirms that these scattered NPY patches are found
both on the external surface and within the soma and extend over no more than two or three optical sections. Scale bars: A1, 10
�m; B1, 20 �m; A2, B2, B3, 5 �m.

Figure 4. Top row, Confocal images showing juxtacellularly recorded, Nb-labeled neurons (green immunofluorescence, indicated by
large arrows and shown as magnified images below each panel) and NPY (red immunofluorescence) marking the IGL. The scale bar in C
applies to all panels in the top row. Individual NPY-immunoreactive neurons are indicated by small arrows. The neurons shown in A and B
were not immunoreactive for NPY. The neuron in C was immunoreactive for NPY as indicated by the double-labeling of Nb and NPY
(yellow). Scale bars, 5 �m for all panels.
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illustrates the pattern of immunofluorescence for NPY within this
neuron (Fig. 8). These images illustrate the characteristics these cells
had in common: substantial NPY content in the core of the soma
and a lack of substantial NPY immunoreactivity directly on the soma
surface.

Type III neurons comprised the 12 remaining Nb-labeled
neurons in the IGL/VLG region. They differed from the other
types in that they showed distinctive patches of NPY immunore-
activity on their soma surfaces in standard confocal images (Fig.
5B). Reconstructed 3D images of these neurons revealed that
there were also small patches of NPY immunofluorescence associ-
ated with the inside walls of their somata. In many cases, these
patches appeared to be continuous with patches on the external
surface of the somata (Fig. 9). Unlike the type II cells described above
as NPY positive, these neurons did not contain a large region of
dense NPY immunofluorescence in the core of their somata.

We interpreted the external patches as representing clusters of
NPY-containing terminals reaching these neurons and the inter-
nal patches as representing internalization of NPY peptide/recep-
tor complexes, as observed with other peptides (Faure et al., 1995;
Csaba et al., 2001; Morinville et al., 2004). To help evaluate this
interpretation, we examined immunoreactivity for another pep-
tide, orexin A, within the IGL (Fig. 10A). Orexin A reaches
the IGL from cells in the lateral hypothalamus (Peyron et al., 1998)
but is not produced within IGL neurons. Orexin A-immuno-
fluorescent patches were detected on the surface and within the
soma of an IGL neuron (Fig. 10B2); these appeared to be morpho-
logically similar to the NPY patches seen in type III neurons. This
same neuron was identified as NPY-containing (type II), based on
the characteristic dense NPY immunofluorescence throughout its
soma (Fig. 10B1). As did some other NPY-containing neurons, this

cell showed a complex response to retinal illumination characterized
by suppression of firing at light onset.

All type III neurons (eight in IGL and four in VLG) showed
sharp activations in response to the onset of retinal illumination,
sustained activation during illumination, and a gradual decline to
baseline firing in darkness. A striking difference between these
cells showing NPY patches and the type I neurons with similar
activations in response to light that lacked such patches (see
above) was the virtual silence of type III neurons during darkness
(Fig. 6B,C). These neurons, interpreted as receiving NPY projec-
tions, had a mean firing rate in darkness of 0.1 � 0.04 spikes per
5 s, whereas type I neurons that lacked NPY patches on their
somata had mean firing rates in darkness of 11.9 � 2.2 spikes per
5 s ( p � 0.01 by t test). In contrast to these observations, type I
and III neurons showed very similar firing rates during retinal
illumination (type I, 44.6 � 5.5 spikes per 5 s; type III, 46.0 � 4.6
spikes per 5 s; NS) (Fig. 6C).

Discussion
The use of the juxtacellular recording/labeling method revealed
three classes of neurons in the IGL and adjacent VLG, distin-
guished by their NPY content and their electrophysiological re-
sponses to illumination conditions. Based on previous anatomi-
cal studies (Mantyh and Kemp, 1983; Takatsuji and Tohyama,
1989; Moore and Card, 1994), we anticipated the presence of
neurons that did and did not contain NPY, but we also identified
a third class of cells that contained small amounts of NPY within
the soma, associated with patches of NPY on the soma surface.
The patchy distribution of NPY both within and outside the
soma, and the similarity of this pattern to that observed for orexin
A, which is found in the IGL only in afferent fibers, suggest that
these cells receive NPY afferents and internalize NPY peptide/
receptor complexes. Similar patterns of peptide/receptor inter-
nalization have been reported previously for neurotensin and for
somatostatin receptors in neurons (Faure et al., 1995; Csaba et al.,
2001; Morinville et al., 2004) and for NPY and its Y1 receptor in
mammalian cell lines (Gicquiaux et al., 2002; Pheng et al., 2003).

These three types of cells responded differently to retinal illu-
mination. Type I neurons lacking NPY showed sharp increases in
firing at light onset, sustained activations during continued illu-
mination, and moderate firing rates in darkness. Some IGL cells
with similar responses to illumination have been shown to
project to the SCN (Zhang and Rusak, 1989). It is likely that
light-activated IGL/VLG neurons that lack NPY are involved in
mediating effects of light on phase shifting and on the free-
running period of circadian rhythms generated by the SCN (Har-
rington and Rusak, 1986, 1988; Pickard et al., 1987).

In contrast, type II neurons that contain large amounts of
NPY throughout the soma were not similarly activated by illumi-
nation. These cells also likely contribute to the GHT projection to
the SCN (and pretectum), because NPY-containing cells form
part of these projections (Harrington et al., 1985, 1987; Card and
Moore, 1989; Morin and Blanchard, 2001). Type II cells showed
heterogeneous responses to illumination, including sustained
suppression, transient suppression with rebound activation (ei-
ther during or after light exposure), or a lack of photic respon-
siveness. The complex and sometimes variable responses to illu-
mination suggest that these neurons may receive both direct
retinal projections and indirect input from other regions, such as
the contralateral IGL or local interneurons (Card and Moore,
1989; Zhang and Rusak, 1989; Vrang et al., 2003). Because NPY-
immunoreactive cells respond to nonphotic stimuli with in-
creased c-Fos expression (Janik and Mrosovsky, 1992), and be-

Figure 6. A, Firing-rate histogram of responses to retinal illumination by the NPY-negative,
Nb-labeled IGL neuron illustrated in Figure 5A. The cell showed a moderate firing rate in dark-
ness, a sharp increase in firing at illumination onset (upward deflections of the line above the
histogram), and sustained high firing during each 60 s light exposure. B, Firing-rate histogram
of response to retinal illumination by the Nb-labeled IGL cell illustrated in Figure 5B, with
patches of NPY immunoreactivity within and on the surface of the soma. This neuron was
virtually silent in darkness, showed a sharp increase in firing at illumination onset, sustained
firing during 60 s illumination (upward deflection), and showed a gradual decline to baseline at
lights-off. C, A histogram showing the mean baseline firing rates in the dark and during 60 s
light exposures for light-activated IGL/VLG neurons with NPY patches in and on the soma (left;
n � 12) and with no NPY immunoreactivity (right; n � 13). There was a statistically significant
increase in firing rate from dark to light in both groups and a statistically significant difference in
baseline firing rate in the dark between the groups. Average firing rates during light exposure
were virtually identical for these two groups (** p � 0.01). Error bars represent SEM.
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cause NPY release in the SCN appears to be essential for phase
shifts induced by arousal and similar nonphotic stimuli (March-
ant et al., 1997; Maywood et al., 1997), type II cells are likely
candidates for mediating these nonphotic effects (Harrington,
1997). The lack of sustained activations in response to illumina-
tion in NPY-containing type II cells and the lack of NPY in pho-
tically activated type I cells are consistent with the reported mu-
tual antagonism of the effects of light and of nonphotic stimuli on
circadian phase (Biello and Mrosovsky, 1995; Biello et al., 1997).

It is unclear what the net responses of type II cells showing
initial suppressions and rebound activations would be to longer
light exposures, such as those used in studies of light-evoked gene
expression in the IGL (Park et al., 1993; Edelstein and Amir,
1996). Increased c-Fos expression in the IGL after light exposure
differs from that in most SCN cells (Rusak et al., 1990; Abe and
Rusak, 1994) in that it does not depend on circadian phase (Park
et al., 1993; Edelstein et al., 2000) and is not attenuated by previ-
ous blockade of glutamatergic transmission (Edelstein and Amir,
1998). c-Fos expression in IGL cells may be modulated by direct
retinal input, via interneurons, and in vivo by the behavioral con-
sequences of light exposure.

Type III cells resembled type I cells in showing robust, sus-
tained activations in response to retinal illumination but differed
in being virtually silent during intervening dark periods. This
profound suppression during darkness correlated with the pres-

ence of NPY patches both within the soma and on its external
surface. Our interpretation of these observations is that these cells
receive NPY-containing projections, possibly from other IGL
neurons. Type II neurons that contain NPY may be suppressed by
light and activated by darkness (see above); their increased firing
and release of NPY during darkness may suppress firing in NPY-
recipient type III IGL neurons to which they project, thereby
accounting for the virtual silence of type III neurons in darkness.
Electrical stimulation of the contralateral IGL in hamsters sup-
presses photic responses of IGL cells (Zhang and Rusak, 1989),
but anatomical evidence in rats and hamsters (Card and Moore,
1989; Morin and Blanchard, 1995) suggests that NPY is not a
major part of the projection from the contralateral IGL. The ar-
borizations of type II neurons within the IGL (Figs. 4C, 7) provide
a likely substrate for ipsilateral NPY input to other IGL neurons.

Internalization of NPY-receptor complexes into neurons in
the brain has not been described previously. There are, however,
several reports of ligand-stimulated internalization of both NPY
and its Y1 receptors in mammalian cell lines (Gicquiaux et al.,
2002; Pheng et al., 2003) and for similar internalization of other
peptides into neurons in vivo (Faure et al., 1995; Csaba et al.,
2001; Morinville et al., 2004). Our interpretation of the staining
pattern in type III neurons is also supported by several other lines
of evidence. Many internal NPY patches were apparently contin-
uous with similar patches on the external soma surface (Fig. 9).

Figure 7. Anatomical and neurophysiological characteristics of a photically responsive neuron in the IGL. The arrow in each panel points to the same neuronal soma. A, A low-power image of the
region of the IGL showing the location of the neuron (double-labeled) at the ventromedial edge of the IGL. The bottom panel shows a schematic of the area indicating the position of the neuron (Œ).
B1, Green fluorescence labeling indicating the presence of Nb in the cell soma after juxtacellular labeling. B2, Red fluorescence labeling showing NPY immunoreactivity in the IGL and in the soma
of this neuron. B3, An overlapped image of A and B showing that this Nb-labeled neuron is immunoreactive for NPY. Yellow indicates overlap of Nb and NPY. C, Firing-rate histogram illustrating
responses of this neuron to binocular retinal illumination (60 s), indicated by the upward deflection of the line above the histogram and by a vertical dashed line. The complex responses include an
initial suppression of firing at lights-on in all three repetitions. In the first and third examples, this is followed by a rebound activation during illumination and increased firing at lights-off. The second
example shows only strong suppression to illumination. Scale bars: A, 50 �m; (in B3) B1–B3, 20 �m. The brain section is redrawn from the atlas of Paxinos and Watson (1998).
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Cells without internal NPY patches also lacked NPY patches on
the external soma surface, and these cells showed moderate neu-
ral activity in darkness, suggesting a lack of NPY-mediated sup-
pression. In addition, there was a similar pattern of staining in
some IGL neurons for orexin A, which originates from projec-
tions to IGL neurons (Peyron et al., 1998).

It is unclear whether the degree of apparent NPY internaliza-
tion in type III neurons relates to the patterns of light exposure
animals experienced during the study. Repeated exposure to al-
ternating light and dark periods may have promoted activation of
NPY-ergic neurons and the release, binding, and subsequent in-

ternalization of NPY into target neurons. But it is also possible
that this process occurs independently of changes in photic stim-
ulation or could be affected by anesthesia.

All neurons with NPY patches were activated by light, whereas
those with NPY-filled somata were not, supporting the interpre-
tation that these represent different classes of neurons. The avail-
able data, however, cannot provide definitive evidence on this
issue. In principle, an NPY-receptive cell might contain sufficient
internalized NPY to fill most of the soma. Future studies should
combine juxtacellular labeling with immunocytochemical and in
situ hybridization methods to confirm the functional character-
istics of IGL cells that contain mRNAs for NPY or for its receptors
(cf. Stornetta et al., 1999).

These data support the idea of two functionally separate but an-
atomically interwoven IGL systems that are involved in photic and
nonphotic entrainment processes (cf., Card and Moore, 1989; Abe
and Rusak, 1992). IGL neurons that respond to retinal illumination
with activation do not produce NPY and are likely candidates for
mediating the effects of IGL ablation on photic responsiveness of the
circadian system (Harrington and Rusak, 1986; Pickard et al., 1987,
1988; Edelstein and Amir, 1999). These photically activated neurons,
however, appear to be comprised of two populations: those that do
and do not receive NPY projections. The functional significance of
these two classes of IGL neurons is unknown. Also unknown are the
cell types that contribute to the widespread IGL connections with
other brain regions and contribute to possible noncircadian func-
tions of this nucleus (Mikkelsen, 1990; Moga and Moore, 1997;
Vrang et al., 2003; Morin and Blanchard, 2005).

Neurons that contain large amounts of NPY (putatively NPY-
producing) did not respond to increased illumination with acti-
vation. These cells are likely responsible for the role of the IGL in
mediating the phase-shifting effects of various nonphotic cues
that are mediated by NPY (Harrington, 1997). The heteroge-
neous responses of these NPY-containing cells included suppres-
sion by light (activation by dark), which is consistent with the
reported antagonism between the effects of NPY and of light on
the circadian system (Biello and Mrosovsky, 1995; Biello et al.,
1997). Photically unresponsive cells that contain NPY may re-
spond to other inputs related to nonphotic phase shifting, such as
serotonergic input from the raphe nuclei (Meyer-Bernstein and
Morin, 1996; Marchant et al., 1997).

In summary, these studies have characterized the immunocy-
tochemical characteristics of IGL/VLG neurons that respond dif-
ferently to retinal illumination. The results indicate that there are
several anatomical and functional classes of neurons in this re-
gion that may be involved in mediating different kinds of inputs
to the circadian system. These findings reinforce the role of the
IGL/VLG complex in integrating photic and nonphotic inputs to
modulate circadian rhythm entrainment.
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Figure 10. A, High-magnification confocal laser scanning fluorescence image of the soma of a VLG neuron that is considered
NPY-containing. This neuron showed complex responses to retinal illumination. This merged image shows triple labeling for Nb
(green), NPY (red), and orexin A (blue). Colocalization of Nb and NPY appears yellow, and colocalization of both with orexin A
appears white. Scale bar, 20 �m. B, Surface-rendered 3D reconstructions of the soma of this neuron from a stack of 11 optical
sections at 1 �m intervals. B1 shows the Nb-labeled soma and the extensive NPY content within the soma. B2 shows the
Nb-labeled soma and the small amounts of orexin A within the soma.
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