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Stratum griseum superficiale (SGS) of the superior colliculus
receives a dense cholinergic input from the parabigeminal nu-
cleus. In this study, we examined in vitro the modulatory influ-
ence of acetylcholine (ACh) on the responses of SGS neurons
that project to the visual thalamus in the rat. We used whole-cell
patch-clamp recording to measure the responses of these
projection neurons to electrical stimulation of their afferents in
the stratum opticum (SO) before and during local pressure
injections of ACh. These colliculothalamic projection neurons
(CTNs) were identified during the in vitro experiments by pre-
labeling them from the thalamus with the retrograde axonal
tracer wheat germ agglutinin-apo-HRP-gold. In a group of cells
that included the prelabeled neurons, EPSCs evoked by SO
stimulation were significantly reduced by the application of
ACh, whereas IPSC amplitudes were significantly enhanced.
Similar effects were observed when the nicotinic ACh receptor
agonist lobeline was used. Application of the selective GABAg

receptor antagonist 3-[[(3,4-dichlorophenyl)-methylJamino]pro
pyll(diethoxymethyl)phosphinic acid blocked ACh-induced re-
duction in the evoked response. In contrast, the ACh-induced
reduction was insensitive to application of the GABA, receptor
antagonist bicuculline. The ACh-induced reduction was also
diminished by bath application of muscimol at the low concen-
trations that selectively activate GABAs receptors. Because
GABA receptors may be specifically expressed by GABAer-
gic SGS interneurons (Schmidt et al.,, 2001), our results
support the hypothesis that ACh reduces CTN activity by
nicotinic receptor-mediated excitation of local GABAergic
interneurons. These interneurons in turn use GABA; recep-
tors to inhibit the CTNs.
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Projection neurons within the superficial gray layer, stratum gri-
seum superficiale (SGS), of the superior colliculus relay visual
signals that arrive from the retina and cortex to diverse structures,
including visuosensory regions of the thalamus, the deeper, pre-
motor layers of the superior colliculus, and the parabigeminal
nucleus of the lateral midbrain tegmentum (Benevento and Fal-
lon, 1975; Robson and Hall, 1976; Harting, 1977; Harting et al.,
1978; Sherk, 1979; Torrealba et al., 1981; Holstege and Collewijn,
1982; Reese, 1984; Taylor et al., 1986; Redgrave et al., 1987; Hall
and Lee, 1997; Kiinzle, 1997; Lee et al., 1997). Of the structures
that receive projections from SGS, the parabigeminal nucleus
(PBN) is of special interest because it also is the source of a dense
reciprocal projection of cholinergic axons that terminates within
SGS (Graybiel, 1978; Edwards et al., 1979; Watanabe and
Kawana, 1979; Roldan et al., 1983; Sefton and Martin, 1984;
Taylor et al., 1986; Baizer et al., 1991; Jiang et al., 1996). The
prominence of this projection suggests that it plays an important
role in the modulation of the visual signals that are relayed by the
SGS projection neurons to other brain structures.

Despite the prominence of this cholinergic pathway, few studies
have addressed the question of its contributions to collicular
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function. One important exception is the recent in vivo demon-
stration by Binns and Salt (2000) that iontophoretic application of
the ACh nicotinic receptor agonist lobeline reduces the ampli-
tude of visually evoked responses in the rat superficial gray layer.
This reduction in the evoked response could be blocked by
coapplication of GABAy, but not GABA ,, receptor antagonists.
Binns and Salt (2000) proposed that ACh selectively excites a
class of GABAergic interneurons, which in turn reduce the re-
sponsiveness of the projection neurons that transmit the visual
signals from SGS to other brain structures.

In the present study, we used in vitro whole-cell patch-clamp
techniques to directly test their hypothesis at the cellular level.
First, we measured the effects of ACh on the responsiveness of
SGS neurons that were identified as projection neurons by prela-
beling them with thalamic injections of the retrogradely trans-
ported marker wheat germ agglutinin (WGA)-apo-HRP-gold
(WAHG). Pharmacological experiments then were used to iden-
tify the receptors responsible for the observed effects. Finally, the
effects of ACh on projection neurons were compared with its
effects on a class of interneurons that were identified physiologi-
cally by their expression of GABA receptors (Schmidt et al.,
2001). Our results confirm the hypothesis that ACh has a power-
ful inhibitory influence on the projection neurons of the SGS.
The results also support the hypothesis that ACh exerts this
influence by exciting GABAergic interneurons, which in turn
inhibit the projection neurons. The primary source of these
cholinergic projections, the PBN, is retinotopically organized and
may serve to selectively filter the transmission of signals from
restricted regions of the visual field.
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MATERIALS AND METHODS

Prelabeling. Because the effects of ACh within the SGS varied with cell
type, the interpretation of our results depended on classifying the re-
corded cells. To identify projection cells, colliculothalamic projection
neurons (CTNs) in the SGS were retrogradely prelabeled with WAHG
(E-Y Laboratories, San Mateo, CA). The WAHG was injected into the
region of the dorsal lateral geniculate (ALGN) and lateral posterior
thalamic (LP) nuclei several days before the patch-clamp experiments.
Both of these thalamic nuclei are known to receive projections from SGS
(Reese, 1984; Taylor et al., 1986; Mooney et al., 1988; Hutsler and
Chalupa, 1991). Putative interneurons were identified by their lack of
retrogradely transported WAHG, their morphology, and, for a particular
class of interneurons, their expression of GABA receptors. The latter
property was assessed by their responsiveness to low (0.5 mMm) concen-
trations of muscimol (Schmidt et al., 2001).

All surgical procedures were approved by the Duke University Insti-
tutional Animal Care and Use Committee. Wistar rats were deeply
anesthetized with a mixture of ketamine (60 mg/kg) and xylazine (10
mg/kg). The cortex overlaying the posterior thalamus was aspirated, and
a modified Hamilton syringe tip filled with WAHG was visually guided
into the caudal thalamus. Single or multiple injections of 0.1-0.2 ul of
WAHG were delivered into this region to prelabel by retrograde axonal
transport a population of the CTNs. Animals recovered from the surgery
under intensive care and then were returned to their cages until they
were used for the slice recordings.

Slice preparation. After a 3-10 d survival time, collicular slices were
obtained from 23- to 35-d-old animals as described previously (Lee and
Hall, 1995). Briefly, the animals were deeply anesthetized with an intra-
peritoneal injection of sodium pentobarbital (50 mg/kg) and perfused
transcardially with ice-cold oxygenated artificial CSF (ACSF) containing
(in mm): 123 NaCl, 2.5 KCI, 1 NaH,PO,, 1.3 MgSO,, 26.2 NaHCO;, 11
glucose, and 2.5 CaCl,, to which 2.0 kynurenic acid was added. Coronal
slices (300 um thick) were collected and stored in an interface chamber
containing ACSF and kynurenic acid for 1 hr at 37°C and then at room
temperature until recording.

Patch-clamp recordings. Whole-cell patch-clamp recordings were per-
formed under visual guidance as described previously (Lee et al., 1997).
Slices were transferred to a submersion-type recording chamber and
continuously superfused with oxygenated ACSF. In WAHGe-injected
animals, prelabeled cells were selected under visual control for record-
ing. Borosilicate micropipettes of 3-7 M{) impedance were filled with
internal solution containing 130 mMm K-gluconate, 2 mMm Na-gluconate, 20
mMm HEPES, 4 mm MgCL#6H,0, 4 mMm Na,ATP*2.5H,0, 0.4 mMm
NaGTP, and 1 mm EGTA, to which 0.5% biocytin (Molecular Probes,
Eugene, OR) was added. The measured membrane potentials were
corrected for the junction potential of —10 mV.

Electrical stimulation was delivered to stratum opticum (SO) with an
array of eight stainless steel wire electrodes (NB Labs, Denison, TX)
spaced ~200 um apart. Postsynaptic responses were evoked with current
pulses of 500 usec duration and 3-100 nA in amplitude. These stimulus
pulses were sufficient to evoke maximal subthreshold responses. ACh (1
mM), 1 mM lobeline, or 4 mM methacholine (acetyl-B-methylcholine
chloride; all from Sigma, St. Louis, MO) was injected through a micropi-
pette of 1-5 M) impedance by pressure pulses of 5-20 psi delivered by
a pneumatic picopump (PV820; World Precision Instruments, Sarasota,
FL). The micropipette was located at distances ranging from 50 to 100
um from the recorded cells. Single-cell responses were recorded before
and for 20 sec after the onset of a continuous application of these agents.
The significances of ACh-induced effects were tested by one-way
ANOVA.

All GABA receptor-related drugs were bath applied. Recordings were
started 10 min after application. This time interval proved sufficient to
achieve stable responses (Schmidt et al., 2001). The drugs applied were
muscimol, bicuculline methiodide (Sigma), and 3-[[(3,4-dichlorophenyl)-
methylJamino|propyl](diethoxymethyl)phosphinic acid (CGP 52432)
(Tocris Cookson, Ballwin, MO).

Postsynaptic responses were amplified by a standard patch-clamp am-
plifier (PC501A; Warner Instruments, Hamden, CT), digitized at 20 kHz
(Digidata 1200; Axon Instruments, Foster City, CA), and displayed,
stored, and analyzed using pClamp6 software (Axon Instruments). After
recording, slices were fixed in 4% phosphate-buffered formaldehyde and
were processed to visualize the recorded neurons that were labeled by
diffusion into the cells of the biocytin in the internal solution (Hall and
Lee, 1993; Lee and Hall, 1995). To reveal the biocytin, the sections were
incubated in 10% methanol and 0.03% H,O, in PBS, followed by 1%
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Figure 1. Photomicrograph of a neuron showing dark WAHG spheres
(arrows) that were retrogradely transported from injection sites in the
thalamus together with the more evenly distributed biocytin, which dif-
fused into the cell from the patch-clamp pipette. This photo was taken
after 5 min of the DAB reaction without heavy metal intensification.

Triton X-100 in PBS, and then they were freeze—thawed in 20% DMSO.
Next, the sections were incubated in avidin with 0.1% Triton X-100,
followed by incubation in biotinylated HRP. Finally, the sections were
incubated and then reacted with 3,3-diaminobenzidine. Some sections
were processed without intensification to allow simultaneous visualiza-
tion of both biocytin and WAHG. Alternatively, the sections were
reacted with 3,3-diaminobenzidine intensified with cobalt and nickel to
allow a detailed morphological characterization of the cells.

RESULTS

Identification of neurons

Whole-cell patch-clamp recordings were performed from a total
of 56 neurons in SGS under voltage-clamp conditions. In 20
neurons, we could clearly visualize intracellular deposits of
WAHG, which was used to retrogradely label CTNs from either
the ipsilateral dLGN or LP nucleus. Whereas the WAGH allowed
us to identify and select for recording projection cells during the
in vitro experiments, filling the cells with biocytin from the patch-
clamp pipette allowed us to characterize the dendritic morphol-
ogy of the recorded neurons after the experiments (Fig. 1). We
fully recovered the dendritic morphology of eight of the retro-
gradely labeled cells, and all of these were identified as narrow-
field vertical cells (Fig. 24-D). We identified putative interneu-
rons based on their dendritic morphology, their lack of retrograde
label, and their expression of GABA( receptors, as indicated by
the reduction of EPSC amplitudes induced by low concentrations
of muscimol (Schmidt et al., 2001).

Influence of ACh on SGS neurons

Whereas electrical stimulation in SO may activate multiple inputs
to the superficial layer with diverse effects, the integrated re-
sponse typically evoked in CTNs at standard holding potential
(—65 mV) is an EPSC. The EPSC was occasionally followed by a
recognizable IPSC. However, because the EPSCs and IPSCs
often overlapped in time, a distinctive IPSC was not always
visible.

To study the influence of acetylcholine on evoked postsynaptic
responses, we compared PSCs before and 20 sec after the onset of
the pressure injection of ACh close to the recorded neuron (Fig.
3). Application of ACh reduced EPSC amplitudes in 87% of the
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Figure 2. Drawings of four retrogradely labeled colliculothalamic neurons that were filled with biocytin. The double-labeled cells can be identified as

narrow-field vertical neurons that were located in upper SGS.

Figure 3. Drawing and recording of a CTN. A4, The recorded CTN has
the morphology of a narrow-field vertical cell. B, This record shows
postsynaptic currents before (control) and at the end of a 20 sec applica-
tion of ACh. The application of ACh reduced the amplitude of EPSCs
evoked by stimulation of the optic layer (SO). The holding potential for
this experiment was —65 mV. The arrow indicates the SO stimulus onset.

tested SGS neurons (33 of 38). In particular, all identified colli-
culothalamic neurons showed significant decreases in EPSC am-
plitudes, which ranged from 11.2 to 79.1% (mean of 44.2 =+
23.2%; p < 0.01) of the control level.

To characterize the ionic mechanism underlying the ACh-
induced reductions in EPSC amplitude, we examined the effect of
ACh application on neurons clamped at different holding poten-
tials. Figure 4 shows a representative example of such an exper-
iment. At the standard holding potential of —65 mV, ACh appli-
cation reduced the EPSC amplitude of this cell by 27% (Fig. 44).
When the holding potential of the cell was lowered to —100 mV,
which was below the reversal potential of CI~ (=71 mV) and
close to the reversal potential for potassium (—99 mV) in our
recording conditions, the evoked EPSC showed only a small
change after ACh application (—7%) (Fig. 4B). However, when
the cell was clamped at —110 mV, which was below the reversal
potential for potassium, the evoked EPSC after ACh application
was increased by 15% (Fig. 4C). This reversal of the ACh effect
below the calculated reversal potential for potassium indicated
that a potassium current might be responsible for the ACh-
induced reduction in EPSCs amplitude at the standard holding
potential (—65 mV).

Because this result implies an increased inhibitory input to
CTNs during ACh application, we expected ACh-induced in-
creases of IPSC amplitudes when recording from CTNs clamped
at more positive holding potentials. A representative example is
shown in Figure 5. At normal holding potential (—65 mV), ACh
application induced a 20% reduction of the EPSC amplitude
without a detectable effect on the IPSC amplitude (Fig. 54). At a
more positive holding potential (—40 mV), ACh application, in
addition to reducing the EPSC amplitude (—49%), strongly in-
creased the IPSC amplitude (+60%) (Fig. 5B). Similar IPSC
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Figure 4. Effect of the holding potential

on ACh-induced PSC changes. Each set

of traces shows PSCs before (control), at A
the end of a 20 sec application of ACh
(ACh), and 2 min after ACh application
(recovery). A, When the holding potential
equaled —65 mV, ACh reduced evoked
EPSC amplitude. B, At a holding potential
of —100 mV, which was close to the rever-
sal potential for potassium, ACh did not
change EPSC amplitude. C, At 110 mV,
which was below the reversal potential for
potassium, the application of ACh in-
creased EPSC amplitude. Arrows indicate
SO stimulus onset.

A -65mV B

-65 mV

-40mV

10ms

Figure 5. The inhibitory effect of ACh on IPSC amplitude. Each set of
traces shows PSCs before (control), at the end of a 20 sec application of
ACh (ACh), and 2 min after ACh application (recovery). A, At a holding
potential of —65 mV, ACh reduced the EPSC amplitude. B, At a more
positive holding potential of —40 mV, ACh application not only reduced
the EPSC amplitude but also increased the IPSC amplitude. Arrows
indicate SO stimulus onset.

amplitude increases (mean of 37.3 * 21.5%; p < 0.01) induced by
ACh application were observed in 80% (four of five) of cells
tested.

Pharmacology of ACh effects

Visually evoked responses of SGS neurons recorded in vivo are
dramatically reduced by iontophoretic application of nicotinic
receptor agonists but are only slightly reduced in the presence of
muscarinic ACh receptor agonists (Binns and Salt, 2000). There-
fore, we tested whether our in vitro ACh-induced reductions could
be mimicked by application of either the nicotinic ACh receptor
agonist lobeline or the muscarinic ACh receptor agonist
methacholine.

The effect of the nicotinic receptor agonist lobeline on postsyn-
aptic responses was tested in six SGS neurons (Fig. 64). In
all cases, lobeline application resulted in a decrease of EPSC
amplitudes similar to that observed after ACh applications (mean
of 26%).

The effect of the muscarinic receptor agonist methacholine on
the EPSCs was tested in seven SGS neurons (Fig. 6B). Two
narrow-field vertical cells, a horizontal cell, and an unidentified
cell showed reduced EPSC amplitudes up to 31% (mean of 14%).

Influence of GABAergic inhibition
In vivo, the ACh-induced reductions of visual responses can be
blocked by coapplication of antagonists to GABA receptors but
not by coapplication of antagonists to GABA, receptors (Binns
and Salt, 2000). We therefore examined ACh-induced effects
during pharmacological blockage of both GABA, and GABAg
receptors.

To study the consequence of blocking synaptic transmission
through GABAj receptors, we compared ACh-induced effects
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Figure 6. The contributions of nicotinic and muscarinic receptors to the
ACh-induced reductions in EPSC amplitude. Each set of fraces shows
PSCs before (control), at the end of a 20 sec application of ACh (4ACh),
and 2 min after ACh application (recovery). Applications of both the
nicotinic ACh receptor agonist lobeline (A4) and the muscarinic ACh
receptor agonist methacholine (B) reduced the amplitude of the evoked
EPSCs. Arrows indicate SO stimulus onset. AChR, ACh receptor.
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Figure 7. The contribution of GABAg receptors to the ACh-induced
reductions in EPSC amplitude. Each set of fraces shows PSCs before
(control), at the end of a 20 sec application of ACh (ACh), and 2 min after
ACh application (recovery). A, In normal ACSF, ACh reduced the am-
plitude of the evoked EPSC in this WAHG-labeled narrow-field cell. B, In
the presence of the GABAg receptor antagonist CGP 52432, the ACh-
induced reduction was blocked. Arrows indicate SO stimulus onset.

before and during bath application of the selective GABAg
receptor antagonist CGP 52432 (10 uMm). A representative exam-
ple of such an experiment is shown in Figure 7. In normal ACSF,
when no CGP 52432 was present, ACh application reduced EPSC
evoked in this cell by 32% (Fig. 74). In the presence of CGP
52432, the same ACh application did not decrease the EPSC
amplitude; instead a small increase (+4%) was observed (Fig.
7B). A comparable complete blockage of the ACh-induced EPSC
amplitude decreases was observed in 77% of the cells tested (10
of 13). In the remaining cells, ACh still induced EPSC amplitude
decreases during coapplication of CGP 52432, but these decreases
were significantly reduced compared with those in normal ACSF.
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Figure 8. The contribution of GABA, receptors to the ACh-induced
reductions in EPSC amplitude. Each set of traces shows PSCs before
(control), at the end of a 20 sec application of ACh (ACh), and 2 min after
ACh application (recovery). A, In normal ACSF (control), ACh reduced
the evoked EPSC in this identified colliculothalamic projection neuron. B,
This reduction was not blocked by the presence of the GABA , receptor
antagonist bicuculline, although bicuculline greatly prolonged the EPSCs,
indicating that it blocked inhibitory inputs that curtail the evoked re-
sponse of the cell. Arrows indicate SO stimulus onset.

In another set of experiments, we tested whether a blockage of
GABAergic transmission mediated by GABA , receptors would
also affect ACh-induced EPSC amplitude reductions. In these
experiments, we compared the ACh-induced effects before and
during bath application of the GABA , receptor antagonist bicu-
culline (20 pm). Figure 8 illustrates the results from such an
experiment. For this cell, ACh application reduced EPSC ampli-
tude by 24% in the control situation, that is, when no bicuculline
was present in the bath solution (Fig. 84). In the presence of
bicuculline (Fig. 8 B), the EPSC duration in both ACh and control
was strongly increased compared with the control situation. This
indicates that a blockage of GABA  receptor-mediated synaptic
transmission removed a significant inhibitory input to this neu-
ron, which normally curtails the duration of evoked postsynaptic
excitation. However, application of ACh in the presence of bicu-
culline still reduced the EPSC amplitude by 29%.

The influence of bicuculline on ACh-induced effects was tested
in nine SGS neurons in which ACh application alone significantly
decreased EPSC amplitudes. In 89% of these neurons (eight of
nine), coapplication of bicuculline did not block or decrease the
ACh-induced reductions in the EPSC. When the effects of both
CGP 52432 and bicuculline on the ACh-induced reduction of
EPSC amplitude were tested in six neurons, in 83% (five of six),
the ACh effects were completely blocked by CGP 52432 but
remained unchanged in the presence of bicuculline.

In a final set of experiments, we tested whether a selective
inactivation of GABAergic interneurons in SGS would diminish
the ACh-induced reductions of EPCS amplitudes. Because local
GABAergic interneurons, but not projection neurons, express
GABA( receptors in SGS (Schmidt et al., 2001), GABA. recep-
tor activation can be used to selectively inactivate GABAergic
interneurons. As has been demonstrated in previous studies, bath
application of muscimol at a low concentration in the range of 0.5
M activates GABA - receptors without affecting GABA , recep-
tors (Schmidt et al., 2001). The effect of selectively inactivating
interneurons using this method on the responses of a CTN
neuron is shown in Figure 9. ACh application near this neuron,
which exhibited the morphology of a narrow-field vertical cell,
reduced its EPSC amplitude by 28% (Fig. 94). In contrast, in the
presence of 0.5 uM muscimol, which itself did not affect the EPSC
amplitude, the reduction of the EPSC amplitude induced by ACh
application was only 3% (Fig. 9B). This suppression of the ACh-
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Figure 9. The contribution of GABA( receptors to the ACh-induced
reductions in EPSC amplitude. Each set of tfraces shows PSCs before
(control), at the end of a 20 sec application of ACh (ACh), and 2 min after
ACh application (recovery). A, In normal ACSF, ACh reduced the am-
plitude of the evoked EPSC in this identified colliculothalamic narrow-
field cell. B, In the presence of muscimol at a concentration of 0.5 um
(which selectively activates GABA( receptors), the ACh-induced EPSC
reduction was greatly diminished. Arrows indicate SO stimulus onset.

summary of ACh effects on CTNs
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Figure 10. The effect of ACh on CTNs. This chart shows the mean
EPSC amplitude reductions (black horizontal bars), as well as the reduc-
tions for individual cells (filled circles) induced by application of ACh,
lobeline, and methacholine. The effects on the ACh-induced reductions
produced by the GABA , receptor antagonist bicuculline, by the GABAg
receptor antagonist CGP 52432, and by muscimol at a concentration that
selectively activates GABA( receptors are also summarized.

induced reduction in the EPSC may be attributable to a selective
inactivation of GABAergic interneurons presynaptic to the re-
corded neuron. Overall, bath-applied muscimol, at a concentra-
tion of 0.5 wm, significantly reduced or completely abolished
ACh-induced EPSC amplitude decreases in 71% of the cells
tested (10 of 14).

A summary of the results on CTNs is shown in Figure 10. ACh
application reduced EPSC amplitudes by 39.3%, lobeline reduced
the amplitudes by 25.8%, and methacholine reduced them by
14.4%. Coapplication of CGP 52432 completely blocked the
ACh-induced effects (mean EPSC amplitude reduction of 1.2%),
and low concentrations of muscimol strongly reduced ACh-
induced the effects (10.4%). In contrast, coapplication of bicucul-
line did not change the ACh-induced effects (40.2%).

Interneurons

Our classification of cells as putative GABAergic interneurons
was based on their dendritic morphology, on the absence of any
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Figure 11. The effect of ACh on putative interneurons. Each pair of
traces shows PSCs before (control) and at the end of a 20 sec application
of ACh (ACh). A, In contrast to all recorded CTNs, the application of
ACh enhanced the evoked EPSCs in this cell when the holding potential
was —65 mV. B, ACh-induced EPSC amplitude increases remained rel-
atively unaltered in this cell at a holding potential close to the potassium
reversal potential (—100 mV). Arrows indicate SO stimulus onset.

retrograde label after the thalamic injections, and on the strong
inhibitory effect on their evoked responses observed in the pres-
ence of 0.5 uM muscimol in the bath (Schmidt et al., 2001). Our
sample of interneurons included one horizontal cell, four piri-
form cells, and four stellate cells. Whereas the horizontal cell and
three of the piriform cells showed decreased EPSC amplitudes
during ACh application similar to those observed for projection
cells, ACh had the opposite effect on the remaining interneurons.
Results from such a neuron are shown in Figure 11. In this cell,
ACh increased the EPSC amplitude by 15% when the cell was
clamped at the standard holding potential of —65 mV (Fig. 114).
Lowering the holding potential to —100 mV, which was nearly at
the reversal potential for potassium, did not change the enhancing
effect of ACh on the EPSC amplitude (Fig. 11B). These results
were in clear contrast to those obtained in all of the identified
projection neurons, in which ACh-induced reductions of the
EPSC amplitudes disappeared at this holding potential (Fig. 4).
Three morphologically identified interneurons, one horizontal
and two piriform-stellate cells, were tested for the effect of the
muscarinic receptor agonist methacholine on EPSC amplitudes.
Although EPSC amplitudes increased with methacholine appli-
cation in both piriform-stellate cells, they remained relatively
unchanged for the horizontal cell (Fig. 124). Similar to the
results observed with ACh, lowering the holding potential to
—110 mV, which was below the reversal potential for potassium,
did not change the amplification effect of methacholine on the
EPSCs generated by the piriform-stellate cells (Fig. 12B,C).

DISCUSSION

We investigated in vitro the influence of ACh on postsynaptic
responses in rat SGS neurons. In colliculothalamic projection
neurons, local pressure injections of ACh, the nicotinic ACh
receptor agonist lobeline, or the muscarinic ACh receptor agonist
methacholine reduced the amplitudes of EPSCs that were evoked
by electrical stimulation of the subjacent layer, SO. We propose
that this ACh-induced reduction is mediated through local
GABAergic interneurons for the following reasons. First, the
ACh-induced EPSC decreases could be blocked by bath applica-
tion of the GABAg receptor antagonist CGP 52432. Second, bath
application of muscimol at a low concentration that has been
demonstrated to activate GABA(, but not GABA,, receptors
(Schmidt et al., 2001) diminished the ACh-induced EPSC de-
creases. Because activation of GABA(. receptors is expected to
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selectively inactivate GABAergic interneurons in SGS (Schmidt
et al., 2001), this result suggests that the ACh-induced reductions
are mediated by these interneurons. Third, at least a subpopula-
tion of putative GABAergic interneurons, as identified by both
anatomical and physiological properties, showed increased EPSC
amplitudes in the presence of ACh. Together, these results sup-
port the hypothesis that ACh selectively excites a population of
GABAergic interneurons, which, in turn, exerts a GABAg-
mediated inhibitory influence on projection neurons in SGS. The
circuitry that we propose is responsible for these effects is dia-
gramed in Figure 13.

Prelabeling with WGA-apo-HRP-gold

Fluorescent tracers have been used routinely to retrogradely label
cells in living slices (Katz et al., 1984; Edwards et al., 1989).
However, fluorescent tracers have disadvantages. First, epifluo-
rescence illumination in the living slice may induce phototoxicity
or free radical-induced membrane damage and thus increase the
difficulty of obtaining stable recordings (Mendez and Penner,
1998). Although the phototoxic effects can be minimized by
rapidly switching from fluorescence to bright-field optics, this
procedure is cumbersome and time consuming. Second, fluores-
cence labels often bleach or fade, especially after histological
processing. As an alternative to fluorescent tracers, we used
WAHG as a retrograde tracer to prelabel the cells (Menetrey,
1985; Basbaum and Menetrey, 1987; Winer et al., 1996). WAGH
is visible in living slices and thus can be used to guide the
recording pipette toward the labeled cells. WAGH also has the
advantages that the gold label is easily visible under standard
bright-field illumination, provides a permanent label that is still
visible after the histological processing for biocytin, and, most
important, is inert and so causes no damage to the recorded cell.
Finally, WAGH spreads only short distances from the injection
site and therefore can be precisely deposited in particular struc-
tures. For all of these reasons, we regard this tracing method as a
versatile tool for in vitro studies in which it is important to classify
neurons by their efferent connections.

Effects of ACh on evoked postsynaptic currents

The effects of ACh on EPSC amplitudes depended on cell type.
That is, whereas ACh increased EPSC amplitudes in a population
of putative GABAergic interneurons, in all identified projection
neurons, it decreased EPSC amplitudes. Similar effects have been
reported recently in an in vivo study that examined the influence
of cholinergic transmission on visual responses of rat SGS neu-
rons (Binns and Salt, 2000). In the in vivo experiments, ionto-
phoretical application of the nicotinic receptor agonist lobeline
and the muscarinic agonist methacholine decreased visual re-
sponses. Because this reduction in visual responsiveness could be
blocked by coapplication of GABAj, but not GABA ,, receptor
antagonists, it was proposed that ACh activates local GABAergic
interneurons in SGS and that the increased activity of these
GABAergic interneurons decreases the activity of SGS projection
neurons (Binns and Salt, 2000). By prelabeling cells with WAHG
that was conveyed by retrograde axonal transport from the thal-
amus, we were able to directly demonstrate that the application of
ACHh, or its agonists, reduces the responsiveness of colliculotha-
lamic cells to input from the optic layer. Furthermore, our ability
to block the ACh-induced reductions by either application of the
GABAGg receptor antagonist CGP 52432 or selectively inhibiting
GABAergic interneurons with low concentrations of muscimol
confirmed that the response reductions in the projection neurons
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Figure 12. The contribution of musca-
rinic ACh receptors to the responses of
putative interneurons. Each pair of
traces shows PSCs before (control) and
at the end of a 20 sec application of
ACh (ACh). A, In contrast to its action
on projection neurons, the muscarinic
ACh receptor agonist methacholine
did not change EPSC amplitude in
methacholine an identified horizontal cell. B, In an-

other putative interneuron, morpholog-
___|2%A ically identified as a piriform cell,
10ms methacholine increased EPSC ampli-
tude not only when the normal holding

piriform cell
-110 mV

control

potential was —65 mV but also when the potential was clamped below the potassium reversal potential (=110 mV) (C). Arrows indicate SO

stimulus onset.
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Figure 13. Circuit model to explain the observed effects of ACh on the
colliculothalamic neurons in SGS. According to the model, ACh both
presynaptically (nicotinic receptors) and postsynaptically (muscarinic re-
ceptor) excites a class of GABAergic interneurons. These interneurons, in
turn, use GABAg receptors to inhibit the CTNs. In the figure, the gold
circles in the CTN soma represent WAHG that was retrogradely trans-
ported to the cell from an injection site in the thalamus. GABA R,
GABA, receptor; GABAgR, GABAg receptor; GABA-R, GABA( re-
ceptor; nAChR, nicotinic ACh receptor; mAChR, muscarinic ACh recep-
tor; GluR, glutamate receptor.

are mediated indirectly by GABAergic interneurons in SGS.
Finally, by recording from interneurons, we were able to confirm
that, in contrast to all of the projection cells, a population of
interneurons shows enhanced, rather than reduced, EPSCs in the
presence of ACh.

Although the results support the hypothesis that the ACh-
induced EPSC decreases observed in SGS projection neurons are
mediated by GABAergic interneurons, several observations indi-
cate that only a subset of GABAergic SGS interneurons is in-
volved. First, the strong disinhibitory influence of bicuculline
indicates that a significant amount of the GABAergic inhibition
on projection neurons is mediated by GABA, receptors (Fig.
8B). Second, evidence suggests that inhibitory mechanisms me-
diated through GABA, and GABAg receptors have different
functional roles, including surround inhibition and response ha-
bituation, respectively (Binns and Salt, 1997). Finally, in our
sample of cells, a number of putative GABAergic interneurons
did not show EPSC increases when ACh or methacholine was
applied. In particular, the one morphologically identified horizon-
tal cell exhibited reduced rather than increased EPSCs in the
presence of ACh. Whereas horizontal cells are thought to medi-
ate their inhibitory influence on SGS projection neurons through

GABA, receptors, the stellate and/or piriform cells may be
presynaptic to GABAj receptors (Mize, 1992; Binns, 1999) and
mediate the ACh-induced decrease in the responsiveness of the
SGS projection neurons.

Nicotinic versus muscarinic ACh receptors

Both nicotinic and muscarinic ACh receptor agonists reduce
visual activity of rat SGS neurons in vivo (Binns and Salt, 2000),
and both receptor types are expressed at high levels in SGS
(Clarke et al., 1985; Zubieta and Frey, 1993; Perry and Kellar,
1995; Whiteaker et al., 2000). These results are consistent with
our observation that both lobeline and methacholine can mimic
ACh-induced EPSC decreases in narrow-field vertical cells. The
methacholine-induced EPSC increases in the two tested piriform
cells suggest that GABAergic interneurons may be selectively
excited through muscarinic ACh receptors. This activation would
in turn decrease responses in projection neurons that are postsyn-
aptic to these interneurons.

Evidence suggests that the nicotinic ACh receptors are located
presynaptically on retinal terminals (Prusky and Cynader, 1988).
From our results, as well as from the results obtained in vivo
(Binns and Salt, 2000), it seems reasonable to further propose
that nicotinic receptors are specifically expressed in retinal ter-
minals that provide input to the GABAergic interneurons that are
connected to projection neurons through GABAj receptors.
From the effects obtained with methacholine, it may be proposed
that inhibitory muscarinic ACh receptors are expressed by pro-
jection neurons and GABAergic horizontal cells, whereas excita-
tory muscarinic ACh receptors are specifically expressed by
GABAergic interneurons with piriform—stellate morphology.
However, although both functional types of muscarinic ACh
receptors are present in SGS (Aubert et al., 1992; Zubieta et al.,
1993; Levey et al., 1994), nothing definite is known about their
cellular localization.

Functional role of the cholinergic input to SGS

Both in vivo (Binns and Salt, 2000) and in vitro (present study)
experiments have demonstrated that ACh exerts a powerful in-
fluence on the excitability of SGS neurons. These physiological
results are consistent with those from immunocytochemical stud-
ies that demonstrate a dense cholinergic neuropil in this layer
(Hall et al., 1989; Henderson, 1989; Tan and Harvey, 1989;
McHaffie et al., 1991; Jeon et al., 1993). Most of the axons that
form this neuropil arise from the parabigeminal nucleus in the
lateral midbrain tegmentum (Mufson et al., 1986; Hall et al., 1989;
Tan and Harvey, 1989; McHaffie et al., 1991). This small, but
densely packed, group of cholinergic cells receives projections
from the ipsilateral SGS and in turn projects bilaterally to SGS in
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mammals (Edwards et al., 1979; Roldan et al., 1983; Mufson et al.,
1986; Taylor et al., 1986; Hall et al., 1989; Baizer et al., 1991; Jiang
et al., 1996). Similar pathways are present in nonmammalian
vertebrates ranging from fish to birds, and, in the pigeon, excita-
tion of the apparent parabigeminal nucleus homolog, nucleus
isthmi parvocellularis, increases the inhibition of tectal cells
(King and Schmidt, 1991a,b; Wang et al., 2000).

One clue to the function of this cholinergic pathway is the
finding that the observed ACh-induced reductions in excitability
of SGS projection cells are mediated by GABAj receptors. Com-
pared with GABA , receptors, GABAy receptors typically give
rise to longer-lasting outward currents that are slower to reach
their peak and are accompanied by small conductance changes
(Bormann, 1988). These properties, together with the indirect
route from SGS to the parabigeminal nucleus back to SGS,
suggest that this cholinergic pathway does not contribute to the
ongoing temporal and spatial modulation of visual inputs to SGS.
One alternative is that the ACh-mediated GABAj currents dein-
activate low-threshold channels by hyperpolarizing the SGS pro-
jection cells (Crunelli and Leresche, 1991). After depolarization
by subsequent visual inputs to SGS, the projection cells may
generate Ca spikes with superimposed bursts of Na spikes
(Scharfman et al., 1990). Such bursts have been observed in SGS
(Lo and Mize, 2000) and may serve to amplify the responses of
SGS projection cells to salient stimuli that appear in the visual
field subsequent to an orienting movement. This amplified signal
may then be transmitted by the projection cells to other struc-
tures, including the visual cortex via the thalamus and the pre-
motor cells of the deeper layers, which in turn may command a
subsequent saccade to a salient stimulus. A similar role for the
bursts generated by low-threshold Ca spikes has been proposed
for sensory relay cells in the thalamus, and cholinergic pathways
from the brainstem also modulate this mechanism (McCormick
and Pape, 1988; Guido et al., 1995; Sherman, 1996; Reinagel et
al., 1999). However, additional experiments will be necessary to
establish that an analogous mechanism functions in SGS to am-
plify novel visual signals that appear after a shift in the direction
of gaze.
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