Neuroscience xx (2006) xxx
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ENHANCED BY NITRIC OXIDE

G. M. ALEXANDER,?' N. C. KURUKULASURIYA, b1
J. MU® AND D. W. GODWIN®P**

?The Neuroscience Program, Wake Forest University School of Med-
icine, Medical Center Boulevard, Winston-Salem, NC 27157, USA

PDepartment of Neurobiology and Anatomy, Wake Forest University
School of Medicine, Medical Center Boulevard, Winston-Salem, NC
27157, USA

Abstract—The brain somehow merges visual information
with the behavioral context in which it is being processed, a
task that is often attributed to the cerebral cortex. We have
identified a new role of the gaseous neurotransmitter, nitric
oxide (NO), in the early selective enhancement of cortico-
geniculate communication that may participate in this pro-
cess at the level of the thalamus. Visual information is dy-
namically gated through the thalamus by brainstem neurons
that release acetylcholine and NO. Using in vitro electrophys-
iology, we characterized NO effects on excitatory postsynap-
tic potentials and currents (EPSCs) elicited from retinal and
cortical pathways in the lateral geniculate nucleus of the
ferret. NO selectively and reversibly increased cortically-
evoked postsynaptic responses, and this effect was mim-
icked by cyclic guanosine 3’,5-monophosphate (cGMP).
Conversely, NO inhibited retinally-evoked responses inde-
pendently of cGMP. We demonstrated that these differential
effects were specific to postsynaptic N-methyl-p-aspartate
(NMDA) receptors by studying treatment effects on pharma-
cologically isolated EPSCs from each pathway. We propose
that when brainstem activity is increased during behavioral
arousal or rapid eye movement sleep, NO may increase the
relative sensitivity of relay neurons to corticogeniculate feed-
back. The net effect of these changes in synaptic processing
may be to selectively suppress peripheral information while
unifying data carried by reentrant corticogeniculate loops
with the behavioral context in which the visual information is
processed. © 2006 IBRO. Published by Elsevier Ltd. All rights
reserved.
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The dorsal lateral geniculate nucleus of the thalamus
(LGN) is a prime example of a neuronal circuit that can be
redirected according to the behavioral state of the brain.
This redirection is exemplified by the fate of visual infor-
mation during sleep and wakefulness. During sleep, the
LGN participates in rhythmic activity that suppresses the
flow of visual information through the primary visual path-
way (Livingstone and Hubel, 1981; McCormick and
Feeser, 1990). In the waking brain, the LGN acts as a
distribution node that delivers spatial and temporal infor-
mation to visual cortex, in part through the consolidation of
reentrant cortical feedback with the ongoing flow of visual
information from the retina to cortex (Sillito et al., 1994;
Castelo-Branco et al., 1998). These dual activity modes
are enabled by powerful brainstem influences that promote
a linear transmission of visual information during the wak-
ing hours (Singer, 1977; Marks and Roffwarg, 1989; Mc-
Cormick and Bal, 1997).

Visual information is borne upon retinogeniculate and
corticogeniculate terminals that innervate relay neurons.
These terminals release glutamate, which targets rapidly
acting ionotropic glutamate receptors (i.e. N-methyl-p-as-
partate (NMDA) and non-NMDA) as well as more slowly
acting metabotropic glutamate receptors (Scharfman et al.,
1990; Sillito et al., 1990; McCormick and von Krosigk, 1992;
Godwin et al., 1996b; Turner and Salt, 1998; von Krosigk et
al., 1999; Alexander and Godwin, 2005). The interaction be-
tween retinal and cortical inputs that occurs in relay cells, and
the transmission of the result of this interaction to V1 is
modulated in part by an ascending projection from the
parabrachial brainstem (PBR). PBR terminals contact tha-
lamic relay neurons on proximal dendrites in association
with retinogeniculate inputs (Raczkowski and Fitzpatrick,
1989; Erisir et al., 1997) and release both acetylcholine
and nitric oxide (NO; Williams et al., 1997). Activation of
the cholinergic component of the PBR projection shifts
relay cells from “burst” to “tonic” mode of firing (Singer,
1977; Marks and Roffwarg, 1989; McCormick and Bal,
1997). Neuronal nitric oxide synthase (nNOS), the calci-
um-dependent enzyme that generates NO, is contained
within the presynaptic terminal fields of the PBR (Bickford
et al., 1993; Carden et al., 2000; McCauley et al., 2003).
The nitrergic signal appears to be coincident in time with
the normal activity-dependent cholinergic signal, because
higher levels of NO are released during waking and rapid
eye movement (REM) sleep compared with slow wave
sleep (Williams et al., 1997).

Identifying a function of nitrergic signaling that is
unique from the cholinergic effects of the pathway has
been challenging. Several groups have examined the role
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of NO in the thalamus in modulating synaptic transmission
and intrinsic membrane properties. In a series of in vivo
studies, Cudeiro et al. (1994a,b, 1996) used local applica-
tion of NO donors to show that NO enhanced visual trans-
mission in the thalamus and increased the sensitivity of
thalamic relay neurons to iontophoretically-applied NMDA.
Using in vitro approaches, Papé and Mager (1992) showed
that NO suppressed burst firing by modulating the mixed
cation current, |,..

The ferret is a model system that expresses nNOS in
presynaptic brainstem terminals in the LGN (McCauley et
al., 2003; Leamey et al., 2001) and it shares this property
with cats and monkeys (Bickford et al., 1993, 2000). In this
study, we recorded from LGN relay neurons and charac-
terized NO effects on glutamatergic excitatory postsynap-
tic potentials and currents (EPSP/Cs) in adult ferrets. Both
NO donors and L-arginine, the natural precursor to NO
formation by NOS, selectively suppressed EPSPs and
EPSCs generated through the retinogeniculate pathway,
but enhanced those of corticogeniculate origin. By phar-
macologically isolating NMDA and non-NMDA EPSCs, we
determined that the NO effects at either synapse were spe-
cific to the NMDA-mediated EPSC. The cyclic guanosine
3',5’-monophosphate (cGMP) analog, 8-bromo-cGMP, rep-
licated the effect of L-arginine and the NO donors on cortico-
geniculate NMDA EPSC enhancement, but did not affect
retinogeniculate EPSCs, suggesting different mechanisms
of NO influence in the two pathways. Our results reconcile
a number of prior studies, and reveal corticogeniculate
feedback as an important target of nitrergic neurotransmis-
sion in the thalamus.

EXPERIMENTAL PROCEDURES
Slice preparation

We used previously reported methods for slice recordings from
adult ferrets (Alexander and Godwin, 2005; Mu et al., 2003). Male
ferrets older than postnatal day 42 were anesthetized with halo-
thane and decapitated in procedures approved by the Wake For-
est University Animal Care and Use Committee and in agreement
with National Institutes of Health and United States Department of
Agriculture guidelines, which included measures to minimize the
number of animals used and their suffering. The brain was rapidly
removed and immersed in oxygenated (95% 0O,:5% CO,), ice cold
sucrose substituted artificial cerebrospinal fluid (ACSF) containing
(in mM): 220 sucrose, 12 MgSO,, 10 glucose, 2 KCI, 1.5
NaH,PO,, 26 NaHCO,, 0.2 CaCl, (pH 7.4, osmolarity 290-300
mOsm). A block of tissue containing the LGN was sectioned
sagittally on a vibratome (model OTS 5000, Electron Microscopy
Sciences, Fort Washington, PA, USA) at 400 um, and slices were
maintained in oxygenated, warm (34 °C) ACSF containing (in
mM): 124 NaCl, 5 KCI, 2 MgSO,, 2 CaCl,, 23 NaHCO;, 3
NaH,PO,, 10 glucose (pH 7.4, osmolarity 290—-300 mOsm), for at
least 1.5 h before being transferred to an interface recording
chamber for sharp electrode recordings or a submerged recording
chamber for patch recordings (Harvard Apparatus, Holliston, MA,
USA). Disadvantages inherent to slice methods include the inabil-
ity to measure responses to natural visual stimuli, to directly
stimulate the PBR pathway to the thalamus, and to know the time
of peak drug concentration at the depth in the slice from which we
are recording. A disadvantage of attempting to electrically stimu-
late PBR fibers in slices is that, due to colocalization of acetylcho-
line and nNOS in PBR terminals, such stimulation would elicit both

nitrergic and cholinergic responses in addition to other brainstem
influences that innervate the thalamus, making the results of such
experiments difficult to interpret. However, because the dense
network of NNOS-bearing terminals remains in slices, NO forma-
tion can be pharmacologically elicited by treatment with exoge-
nous L-arginine. We were interested in the modulatory influence of
NO alone on glutamatergic signaling, thus we chose to electrically
stimulate glutamatergic pathways while producing NO pharmaco-
logically. The major compensatory advantage of the slice prepa-
ration is the ability to identify, isolate and selectively stimulate the
retinal and cortical inputs to relay neurons, in a situation where
effects of NO on microvascular tone through effects on the vas-
cular endothelium are eliminated. Additionally, slice preparations
offer the advantage of total bath substitution and therefore drug
concentrations are known. While in vivo preparations allow the
advantage of identifying the functional effects in the intact system
(see Cudeiro et al., 1994a, 1996), our aim in this study was a
detailed analysis of isolated synaptic inputs to study the mecha-
nism of NO action.

Recordings

Both sharp electrode current clamp and patch electrode voltage
clamp recordings were made in this study. We initially used sharp
recordings to prevent possible dialyzation of second messengers
through patch recordings. Later experiments required the use of
voltage clamp recordings to assess the effects of NO on each
component of EPSCs as well as to remove the possible contam-
ination of synaptic responses with other voltage-activated cur-
rents. During all recordings, thalamic slices were continuously
perfused with warm (34 °C) oxygenated ACSF at a flow rate of
1.5—-2 ml/min. Drugs were infused into the ACSF via a calibrated
syringe pump which was adjusted based on flow rate to present
known drug concentrations to the slice. Drugs applied through the
syringe pump required 2—4 min to reach the recording chamber.
Recordings were made from either lamina A or A1 of the LGN.
Sharp electrodes (70—130 MQ) were pulled from borosilicate
glass (Sutter Instruments, Novato, CA, USA) with a P-87 horizon-
tal puller (Sutter Instruments) and filled with 4 M potassium ace-
tate containing the quaternary lidocaine derivative, QX-314
(50 mM) to block action potentials (von Krosigk et al., 1999), and
to allow us to study EPSPs even at relatively depolarized mem-
brane potentials in the range necessary to elicit NMDA currents.
Patch pipettes (5—10 M(}) were pulled from the same glass with a
PC-10 vertical puller (Narishige International USA, Inc., East
Meadow, NY, USA), and were filled with an internal solution
containing (in mM): 100 gluconic acid, 100 CsOH, 10 NaCl, 10
Hepes, 20 TEA-CI, 1 EGTA, 4 ATP (pH 7.3 with 2 N CsOH,
osmolarity 270—290 mOsm). For experiments on the isolated
NMDA EPSC, internal pipette solution also contained QX-314
(5 mM) to block voltage sensitive sodium channels. A liquid junc-
tion potential of +7 mV was corrected for post hoc. A bipolar
stimulating electrode, powered by a stimulus isolator (World Pre-
cision Instruments, Sarasota, FL, USA), was positioned in the
optic radiations for corticogeniculate stimulation, and in the optic
tract for retinogeniculate stimulation. Cellular activity was acquired
with an AxoClamp 2B amplifier (Axon Instruments, Union City, CA,
USA), digitized with a Digidata 1322 (Axon Instruments), and
analyzed using pCLAMP 9.0 software (Axon Instruments). To
acquire cells for patch recordings, pipettes were advanced
“blind” through tissue in bridge mode until encountering a cell,
a >1 GQ seal was formed, the membrane ruptured to allow
whole cell access, and the amplifier was then switched to
¢SEVC mode (Blanton et al., 1989). For all recordings, clamp
gain was greater than 300 nA/mV. Mean membrane resistance
was 145.8+13.3 MQ.

Single pulses were delivered to the fiber pathways for 100 us
to record single EPSP/Cs. For paired pulse experiments, dual
pulses at 10 Hz frequency were delivered. We chose 10 Hz
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because in prior studies we determined this frequency to be near
the peak for PPD and PPF effects while still allowing separate
decay and measurement of EPSCs (Alexander and Godwin,
2005, 2006; Alexander et al., 2006). Before running a pharmaco-
logical experiment, we tested for PPF (corticogeniculate stimula-
tion) or PPD (retinogeniculate stimulation) for further confirmation
of the pathway being stimulated. Before all experiments, synaptic
responses were observed for a range of stimulus intensities, and
the intensity that produced approximately half maximal response
was used in order to allow the EPSP/C to either increase or
decrease in amplitude. During the course of experiments, single
stimuli were delivered every 20 s while paired stimuli were deliv-
ered every 30 s. Baseline responses were measured for 7-10 min
to allow the cell time to stabilize, followed by drug delivery for 7—10
min, and subsequent observation for drug effects. During all volt-
age clamp experiments, a —10 mV step was delivered 300 ms
following the synaptic stimulus in order to monitor any changes in
resistance that might occur during the course of an experiment.
For isolated NMDA experiments, cells were held at —30 mV and
stepped to +40 mV before delivering a synaptic stimulus. This
+70 mV step was used to assess changes in resistance. For
isolated non-NMDA experiments, cells were held at —75 mV, and
for composite EPSC experiments, cells were held at —55 mV. For
current clamp recordings, cells were held near —60 mV. Only
recordings from putative relay cells are included in our results. We
recognized relay cells using electrophysiological criteria, most
notably the presence of a prominent low threshold calcium cur-
rent. This current is normally activated below about —75 mV in
relay cells, but because interneurons also possess a strong A-type
K™ current the low threshold calcium current is usually masked in
interneurons (McCormick and Papé, 1988).

Analysis

To assess the effect of NO on the magnitude of retinogeniculate
and corticogeniculate synaptic responses, we measured either the
area under the curve in pre- and post-drug conditions for compos-
ite EPSP/Cs, or the amplitude for isolated EPSCs. Area under the
curve was measured on baseline subtracted traces between the
beginning of the response and where the curve re-crossed base-
line. Amplitude measures were taken from baseline subtracted
traces. The average of seven values was taken during control
conditions, following drug administration and following drug wash-
out. Paired t-tests were used for comparison of two conditions,
and one-way analysis of variance was used for greater than two
conditions, followed by a Dunnett’'s post hoc analysis when nec-
essary. In all bar graphs and throughout text, mean=*standard
error of the mean has been reported.

Pharmacology

For all experiments, GABA, inhibitory postsynaptic potentials and
currents (IPSP/Cs) were blocked with either bicuculline (30 uM) or
picrotoxin (100 uM). For sharp electrode recordings, the GABAg
antagonist 2-OH saclofen (200 uM) was included in the ACSF,
and for patch recordings, GABAg inhibitory postsynaptic currents
were blocked through the cesium based internal solution. Also
included in the ACSF were 6,7-dinitroquinoxaline-2,3(1H,4H)-di-
one (DNQX; 30 uM) for NMDA isolation experiments or DL-2-
amino-5-phosphonovaleric acid (APV; 50 uM) for non-NMDA iso-
lation experiments. All drugs were purchased from Sigma-RBlI (St.
Louis, MO, USA). NO agents included L-arginine (1 mM; Sigma),
L.-NAME (1 mM; Sigma), S-nitroso-N-acetyl-D,L-penicillamine
(SNAP; 2 mM; Alexis Corporation, San Diego, CA, USA), sodium
nitroprusside (SNP; 1.5 mM; Alexis), 1-hydroxy-2-oxo-3.3-bis(3-
aminoethyl)-1-triazene (NOC-18; Alexis; 2 mM), 1,2,3,4-oxatria-
zolium, 5-amino-3-(3-chloro-2-methylphenyl)-chloride (GEA 5024;
200 wM; Alexis), superoxide dismutase (SOD; 2000 units/ml;
Alexis), and 8-bromo-cGMP (1 mM; Sigma). All drugs were made

fresh daily. For SOD experiments, sections were held in SOD
containing ACSF for >1 h in the holding chamber and continu-
ously perfused during recordings.

While local drug administration using dropwise application or
local perfusion may provide greater temporal resolution of onset
and offset of drug effects, in our study we were interested in
determining a more precise concentration than is possible with
local application. We therefore used full bath substitution to ad-
minister drugs through perfusion of drug into the ACSF flow line
via a syringe pump, which was adjusted based on the exact flow
rate. The ACSF containing drug was delivered for 7-10 min. At a
flow rate of 2 ml/min, drug was delivered for 10 min, and at a flow
rate of 1.5 ml/min, drug was delivered for 7 min. Allowing time for
non-drug ACSF to be fully replaced by ACSF containing drug (~3
min), the time at which the known bath-substituted concentration
plateau was first achieved was 7—11 min at a flow rate of 1.5 ml/
min and 5-13 min at a flow rate of 2 ml/min. Once the peak
concentration has been reached in the recording chamber, there
is an additional time delay before sampling in which the drug
infuses into the slice. For a thick (400 uM) slice, ~5 min may be
required for infusion (Nicholson and Hounsgaard, 1983), thus
peak concentration may be shifted in the slice by up to 5 min. In
order to adopt a consistent sampling time for all experiments,
retinogeniculate effects were sampled at 10 min following initiation
of drug-containing ACSF. This time point is consistent with onset
of glutamate receptor agonist effects in our preparation (Alex-
ander and Godwin, 2005). In preliminary studies at the cortico-
geniculate synapse, NO- and cGMP-mediated effects were de-
layed beyond the point of peak drug concentration. As described
in the Discussion, this may be due to involvement of second
messenger cascades at this synapse. Because of this observed
later onset of effect we measured synaptic effects at 15 min
following initiation of drug delivery for all corticogeniculate exper-
iments.

RESULTS

Data were collected from 96 LGN relay neurons for this
study. Retinogeniculate synaptic responses were studied
in 46 of these neurons, and corticogeniculate responses
were studied in 50 neurons.

NO differentially modulates retinogeniculate and
corticogeniculate EPSPs

Using a variety of pharmacological agents, we found that
NO differentially modulates retinogeniculate and cortico-
geniculate synapses. Application of the NO donor SNAP
(2 mM) significantly decreased the area of the retino-
geniculate EPSP to 62.1+8.0% of control (n=10, P<0.01;
Fig. 1A-B). Following washout of SNAP, the EPSP area
recovered to 104.7+13.3% of control (P>0.05). We re-
peated this experiment with the NO donor SNP (1.5 mM)
which also reduced the area of the retinogeniculate EPSP
(50.2%+5.4% of control, n=6; P<0.01).

In contrast to the observations at the retinogeniculate
synapse, SNAP (2 mM) significantly increased the area of
the corticogeniculate EPSP to 164.7+22.4% of control
(n=9, P<0.01; Fig. 1C-D). Following washout of SNAP,
the EPSP area recovered to 102.4+10.3% of control
(P>0.05). In preliminary studies, we also ran this experi-
ment using the NO donor NOC-18 (2 mM) and found an
enhancement of the corticogeniculate EPSP to 178.8+
35.9% of control (n=3).
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Fig. 1. Different effects of the NO donor SNAP on LGN glutamatergic synaptic transmission. SNAP inhibits the late component of the retinogeniculate
EPSP and enhances the late component of the corticogeniculate EPSP. (A, B) Stimulation of the optic tract elicits a bimodal retinogeniculate EPSP.
The area of the EPSP was calculated for control, treatment and recovery conditions. SNAP (2 mM) significantly reduced this measure compared with
control conditions. (C, D) Stimulation of the optic radiations elicited a bimodal corticogeniculate EPSC. In contrast to the EPSPs elicited from the optic
tract, the area measures of EPSPs elicited from optic radiation stimulation were significantly increased by SNAP (2 mM). Scale bars=3 mV, 10 ms

in A and C (* P<0.01).

NO effects are not due to peroxynitrites

In some circumstances NO may combine with superoxide
to form peroxynitrite, which may have deleterious cellular
effects (Katsuki et al., 2001). The nitration of tyrosine
residues is another mechanism of protein modification by
NO that requires superoxide (Radi, 2004). To control for
the possibility that part of our observations may have been
due to these mechanisms, we applied SNAP in the pres-
ence of SOD (2000 units/ml) which quenches excess su-
peroxide and prevents the conversion of NO to peroxyni-
trite. SOD was included in the slice holding chamber, and
continuously perfused in the ACSF during SNAP treat-
ment. As shown in Fig. 2, in the presence of SOD, the
effect of SNAP persisted in both the retinal and cortical
pathways (n=7). The retinogeniculate EPSP area was re-
duced by SNAP to 56.8+8.5% of control in the presence of
SOD (n=3; P>0.05; not significantly different from SNAP
alone) while at corticogeniculate synapses SNAP increased
the EPSP area to 167.8+1.1% of control in the presence of
SOD (n=4; P>0.05; not significantly different from SNAP
alone).

L-Arginine mimics SNAP effects on the
retinogeniculate and corticogeniculate EPSP

NO is normally generated in the brain by the conversion of
L-arginine to L-citrulline and NO by the action of NOS.
Many studies have shown that application of L-arginine is
capable of promoting this reaction in brain slices (e.g.
O’Dell et al., 1991; Li et al., 2002; Huang et al., 2003), and
responses to L-arginine therefore provide an opportunity to
assess the effects of NO that are endogenous to the slice.
Intracellular concentrations of L-arginine are reported to be

between 0.1 and 4 mM (Moss et al., 2004). In our study,
L-arginine (1 mM) significantly reduced the retinogenicu-
late EPSP area to 46.85.8% of control (n=6, P<<0.01),
an effect that recovered (Fig. 3A). To determine whether
the L-arginine effects were specific to the NOS pathway,
slices were preincubated in NOS inhibitors and challenged
with L-arginine (n=6; Fig. 3B). When preincubating in either
the NOS inhibitor, .L-NAME (1 mM included in ACSF; n=2), or

Retinogeniculate Corticogeniculate

SOD

60mV -62mV

SOD + SNAP

\\ . ."//.

1 5
Superimposed o \

Fig. 2. EPSP modulation by the NO donor SNAP is not due to forma-
tion of peroxynitrite. Preadministration of SOD did not block EPSP
modulation by SNAP of either the retinogeniculate or corticogeniculate
synapses. EPSPs in the left column are of retinal origin, and those on
the right are cortical. The top row shows control EPSPs in the pres-
ence of SOD. The middle row shows EPSPs following administration
SNAP in the presence of SOD, and the bottom row shows the SOD
control and SOD+SNAP traces superimposed to illustrate the persis-
tence of the effect of SNAP when administered with SOD. Both scale
bars=5 mV, 20 ms.
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Fig. 3. The effects of SNAP on both the retinogeniculate and cortico-
geniculate EPSPs are mimicked by the NO precursor, L-arginine, and
are blocked when inhibiting the NOS enzyme. Throughout the figure,
EPSPs in the left column are of retinal origin, and those on the rights
are cortical. (A) The retinogeniculate EPSP was attenuated in the
presence of L-arginine (1 mM), while the corticogeniculate EPSP was
enhanced. Control traces are shown in black and L-arginine traces are
shown in gray. (B) The effect of L-arginine on both the retinogeniculate
and corticogeniculate EPSPs is blocked by preincubation in the NOS
inhibitor L-NAME. Top row shows EPSPs recorded during incubation in
L-NAME. L-Arginine treatment is shown in the middle row. The bottom
row shows the two traces above superimposed to illustrate the lack of
effect of L-arginine. Scale bar=3 mV, 25 ms in A for retinogeniculate
and 3 mV, 10 ms for corticogeniculate; B=5 mV, 20 ms for retino-
geniculate and 3 mV, 20 ms for corticogeniculate.

the specific NNOS inhibitor, N-propyl-L-arginine (2 mM; n=4),
L-arginine did not significantly reduce the EPSP amplitude
(P>0.05). These experiments illustrate that the effect we
observed with the donors could be reproduced by the nat-
ural precursor for NO, and that the L-arginine effect re-
quired activation of the endogenous nNOS enzyme within
the thalamic slice.

In contrast to the reduction we observed in the retino-
geniculate pathway, the L-arginine effect was to enhance
the corticogeniculate EPSP. L-Arginine (1 mM) enhanced
the composite corticogeniculate EPSP area to 171.1+
27.7% of control (n=8, P<0.01), which recovered to an
area not significantly different from control (Fig. 3A). To
determine specificity of this effect to NOS formation of NO,
slices were preincubated in the NOS inhibitor, .L-NAME,
and then challenged with L-arginine (Fig. 3B). The magni-
tude of the increase in area by L-arginine alone was sig-
nificantly greater than that produced by L-arginine in the
presence of L-NAME (n=3, P<0.05). These corticogenicu-
late data are consistent with our findings in the retino-
geniculate pathway that the effects of NO could be pro-
duced by the natural precursor L-arginine and blocked by a
NOS inhibitor.

NO selectively inhibits the NMDA component of the
retinogeniculate EPSC

In order to determine the mechanism of NO modulation of
retinal and cortical EPSPs and to minimize contaminating
voltage dependent currents, we recorded LGN cells under
voltage clamp conditions and pharmacologically isolated
the NMDA and non-NMDA components of the retino-
geniculate and corticogeniculate EPSCs. We have re-
cently reported that the origin of retinogeniculate and corti-
cogeniculate pathways in the ferret LGN can be determined
on the basis of responses to paired pulse stimuli (Alexander
and Godwin, 2005; see also Granseth et al., 2002). Retino-
geniculate EPSCs show a pronounced paired-pulse depres-
sion, while corticogeniculate EPSCs exhibit paired-pulse fa-
cilitation, and we used this property to physiologically validate
the pathway of origin of EPSCs (Alexander and Godwin,
2005, 2006; Alexander et al., 2006).

NMDA-mediated retinogeniculate EPSCs were char-
acterized by their unique pharmacology and voltage-de-
pendency (Fig. 4A-C). In the presence of DNQX, at
+60 mV a large outward current was elicited that was
blocked by the NMDA receptor antagonist, APV (50 uM).
NMDA-mediated currents exhibited characteristic voltage
sensitivity: at membrane potentials negative to —40 mV a
minimal response was elicited, while the peak inward cur-
rent was observed at approximately —10 mV. This current
reversed at +13.7 mV, and at membrane potentials posi-
tive to +13.7 mV a linearly increasing outward current was
elicited. We studied the outward NMDA EPSC at +40 mV,
with DNQX (30 M) included in the ACSF to block non-
NMDA EPSCs. Non-NMDA EPSCs were studied at
=75 mV with APV (50 uM) in the ACSF to block NMDA
responses.

To study pharmacologically isolated EPSCs we used
the NO donor, GEA 5024, which is more potent and stable
at physiological temperature as compared with SNAP
(Moilanen et al., 1993; Karup et al., 1994; Kankaanranta et
al.,, 1996; Ma et al., 1999). GEA 5024 (200 uM) signifi-
cantly decreased the amplitude of the isolated NMDA cur-
rent to 55.4+4.0% of control (n=5, P<0.01). Following
washout of GEA 5024, the EPSC amplitude recovered to
87.6x7.9% of control (P>0.05). In contrast, the amplitude of
the isolated non-NMDA EPSC was not significantly changed
by GEA 5024 (200 uM) (EPSC amplitude=96.4+3.6% of
control; n=4, P>0.05). Additionally, GEA 5024 had no ef-
fect on the paired pulse depression ratio (PPDR) during
experiments in which non-NMDA EPSCs were isolated
(PPDR=106.1+3.8% of control; n=4, P>0.05), reveal-
ing a postsynaptic site of action (Fig. 4D-F). GEA 5024
had no effect on membrane resistance while studying
either EPSC component in isolation (P>0.05).

L-Arginine replicates the NO inhibition of the
retinogeniculate EPSC

L-Arginine (1 mM) significantly reduced the area of the
combined NMDA and non-NMDA retinogeniculate EPSC
to 62.3+9.9% of control (n=6, P<<0.05) which recovered
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Fig. 4. The NO donor GEA 5024 selectively inhibits the NMDA component of the retinogeniculate EPSC. (A—D) The NMDA component of the EPSC
was isolated with DNQX, and the outward current was challenged with the NO donor. (A) At a command potential of +60 mV, the outward current is
blocked by the NMDA receptor antagonist, APV. (B, C) A range of command potentials from —80 to +80 mV illustrates the characteristic voltage
dependency of the NMDA current which reversed at +13.3 mV. (D) At a holding potential of +40 mV and in the presence of DNQX, optic tract
stimulation elicited an outward NMDA current that was reduced in amplitude by the NO donor GEA 5024 (200 uM). In this and subsequent voltage
clamp figures, the inset trace on the graph illustrates a paired pulse depression of EPSCs that is characteristically elicited upon retinogeniculate
stimulation (Granseth et al., 2002). Traces labeled with lowercase letters are the averages of five consecutive traces taken from the corresponding
regions of the plotted time course: (a) during control, (b) following GEA 5024 administration, and (c) washout. The same convention is followed in
subsequent voltage clamp figures. (E) At a holding potential of —75 mV and in the presence of APV, optic tract stimulation elicited an inward,
non-NMDA current. GEA 5024 (200 uM) had no effect on the amplitude of the non-NMDA current. (F) Population data showing the relative effect of
GEA 5024 on retinogeniculate EPSCs. GEA 5024 significantly reduced the amplitude of the NMDA EPSC to 55.4% of control amplitude but had no
effect on the non-NMDA EPSC (* P<<0.01). Scale bar=150 pA, 50 ms in A; B=20 pA, 20 ms; D=20 pA, 50 ms; E=100 pA, 10 ms.

following washout. No significant change in membrane
resistance was associated with this effect (Fig. 5).

NO selectively enhances the NMDA component
of the corticogeniculate EPSC

Fig. 6 shows the effect of GEA 5024 on pharmacologically
isolated corticogeniculate EPSCs. GEA 5024 (200 uM)
significantly increased the amplitude of the NMDA current to
195.7+22.3% of control (n=6, P<0.05). Following washout
of GEA 5024, the EPSC amplitude recovered to 94.5+7.1%
of control (P>0.05). In contrast, the amplitude of the isolated

non-NMDA EPSC was not significantly changed by GEA
5024 (200 puM) (EPSC amplitude=98.2+5.8% of control;
n=6, P>0.05). Additionally, GEA 5024 had no effect on the
paired pulse facilitation ratio (PPFR) during experiments in
which non-NMDA EPSCs were isolated (PPFR=103.8=*
4.2% of control; n=6; P>0.05). Paired-pulse ratios have
been show to be a reliable index of presynaptic release
dynamics, thus the absence of effect on the PPR confirms
the postsynaptic site of action. GEA 5024 had no effect
on membrane resistance during these experiments
(P>0.05).
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EPSC. Averages of five traces are shown during control (a), L-arginine
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L-Arginine treatment enhances the corticogeniculate
EPSC

Fig. 7 shows the effect of the NO precursor L-arginine at
the corticogeniculate synapse. L-Arginine (1 mM) signifi-
cantly enhanced the composite corticogeniculate EPSC
area (162.611.8% of control; n=8, P<0.01), which re-
covered following washout. No significant change in mem-
brane resistance was associated with this effect.

We observed a difference in the time to onset and
duration of drug effects at the retinogeniculate and corti-
cogeniculate synapses for both NO donors and L-arginine
(for example, see Fig. 4D and Fig. 6A). In order to quantify
this latency effect we determined the time of the first sig-
nificant drug effect by calculating the mean and standard
deviation of the control data points, then we defined the
first significant drug effect as the time at which the data
points crossed to a value coinciding with the mean-+two
times the standard deviation. Significant drug effects were
observed in the retinogeniculate pathway at 8.5+0.7 min

after initiation of drug delivery, whereas in the cortico-
geniculate pathway, significant drug effects were observed
at 13.5x1.9 min after drug delivery (P<0.01 retinal versus
cortical). Additionally, drug effects at the retinogeniculate
synapse lasted for 6.1+1.6 min after the onset of drug
effect, whereas at the corticogeniculate synapse drug ef-
fects persisted for 14.4=3.7 min (P<<0.01) after onset.
This latency difference could not be accounted for by
differences in the flow rate of the perfusion system or other
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averages of seven traces are shown during control (a), GEA 5024
(200 uM) exposure (b), and washout (c). (C) GEA 5024 significantly
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Fig. 7. The NO precursor L-arginine increased the area of the com-
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aspects of the drug delivery method, which is the same for
all experiments. Also, since our delivery methods promote
total bath substitution, differences in timing of the effects
are unlikely to be due to final concentration differences
between the two pathways. Retinal terminals synapse on
proximal dendrites and cortical terminals on distal den-
drites, but because these relationships occur homog-
enously throughout the slice there is no evidence suggest-
ing that two dendritic regions would receive different drug
concentrations. These differences in onset and duration
times are more consistent with differential mechanisms of
drug action at each synapse, particularly since the direc-
tion of the treatment effect differs between the pathways.

NO modulation of the corticogeniculate EPSC
is mimicked by cGMP

The striking differences we have observed in the effects of
NO on the two glutamatergic inputs to the LGN suggest
a difference in the targeting mechanism of NO at each
type of synapse. Previous in vitro studies have impli-

cated cGMP in the mechanism of NO modulation of
thalamic function (Papé and Mager, 1992; Shaw et al.,
1999). We therefore used the soluble cGMP analog,
8-bromo-cGMP to examine the potential involvement of
cGMP in NO modulation of retinogeniculate and cortico-
geniculate synaptic responses (Fig. 8). Application of
8-bromo-cGMP (1 mM) did not replicate the reduction by
NO donors or L-arginine on the retinogeniculate EPSC.
There was no significant change in the area of the com-
posite retinogeniculate EPSC (102.4+10.4% of control;
n=4 P>0.05). In contrast, 8-bromo-cGMP (1 mM) repli-
cated the enhancement of the corticogeniculate EPSC
produced by NO donors and L-arginine. The area of the
composite EPSC was significantly increased to 166.4+9.3%
of control in the presence of 8-bromo-cGMP (n=4, P<0.01).
The amplitude of the isolated NMDA EPSC in the cortico-
geniculate pathway was also enhanced by 1 mM 8-bromo-
cGMP (162.9+16.1% of control; n=3; P<0.01). Mem-
brane resistance was not significantly changed in the pres-
ence of 8-bromo-cGMP during experiments on either
pathway (P>0.05).

DISCUSSION

The results of this study suggest a new role for the as-
cending cholinergic/nitrergic pathway from the PBR. In
addition to the well-described mechanism of cholinergic
depolarization of thalamic relay neurons that promotes
tonic response mode (Singer, 1977; Marks and Roffwarg,
1989; McCormick, 1989) our data suggest that nitrergic
signaling mediates a differential modulation of glutama-
tergic synaptic responses in thalamic relay neurons. We
have found that NO inhibited retinally-evoked NMDA-
mediated synaptic responses and enhanced cortically-
evoked responses.

Depending on the preparation, the site of action of NO
at glutamatergic synapses in has been found to be either
pre- or postsynaptic. Others have found a presynaptic
reduction in glutamate release by NO to be responsible for
inhibition of synaptic responses (Brenowitz and Trussell,
2001). In contrast, our results are most consistent with a
postsynaptic route of action of NO on the NMDA receptor.
Our current clamp recordings at both the retinogeniculate
and corticogeniculate synapses revealed that only the late,
APV-sensitive component of the composite EPSP was
modulated by NO donors and L-arginine, which would not
be reflective of presynaptic release effects that would likely
affect both components. Furthermore, we isolated each
component of the EPSC in voltage clamp recordings to
determine whether each was similarly affected by NO.
Pharmacological isolation of the NMDA and non-NMDA
EPSCs revealed that only the NMDA EPSC in either path-
way was affected by NO, consistent with a postsynaptic
mechanism. We also assessed PPRs at each synapse,
which served the dual purpose of identifying the pathway
of origin of the EPSCs (Alexander and Godwin, 2005) and
determining whether NO generation affected presynaptic
release dynamics (Alexander and Godwin, 2005; Granseth
et al., 2002; Zucker and Regehr, 2002). We did not ob-
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serve an effect of L-arginine or NO donors on PPRs, which
is consistent with a postsynaptic locus of NO effects.

Our results are consistent with NO promoting a differ-
ence in the impact of glutamatergic synapses on LGN relay
cells through different mechanisms. While the NMDA
EPSC enhancement by NO in the corticogeniculate path-
way was found to be mimicked by 8-bromo-cGMP, sug-
gesting NO utilization of the cGMP pathway, the absence
of effect (either reduction or enhancement) by the cGMP
analog in the retinogeniculate pathway under the same
recording conditions suggests an alternative mechanism.
The functional consequences of NO interactions with the
NMDA receptor are varied in the literature, but there is a
suggestion that the effect of NO at a particular synapse
depends upon the mode of interaction of NO and its target
molecule. Several mechanisms of NO modulation are
found in the literature, including tyrosine nitration, s-ny-
trosylation, and cGMP activation (Choi and Lipton, 2000;
Wei et al., 2002; Gow et al., 2004). The finding that the NO
reduction of the retinogeniculate NMDA EPSP persisted in
the presence of SOD argues against tyrosine nitration,

which is usually dependent upon formation of peroxynitrite
(Radi, 2004).

NO can also interact with cysteine residues of the
NMDA receptor leading to s-nytrosylation that occurs in-
dependently of cGMP formation (Lei et al., 1992; Choi and
Lipton, 2000). NO has been shown to inhibit the NMDA
receptor through this mechanism (Lei et al., 1992; Lipton et
al., 1998). In contrast, NO has been shown to enhance
NMDA currents in neurons by cGMP dependent signaling
(Wei et al., 2002; Huang et al., 2003). Our results suggest
the possibility of two different NMDA targeting strategies in
the LGN. The selective sensitivity of the corticogeniculate
synapse to cGMP could be due to a difference in the
heteromeric NMDA subunit composition at retinogenicu-
late and corticogeniculate synapses that influence sensi-
tivity to phosphorylation (Hall and Soderling, 1997), or to a
difference in the local availability of other components of
the second messenger response, such as protein kinase
G. The observed differences in the time course of the
retinogeniculate and corticogeniculate effects to NO gen-
erators may also reflect the involvement of such second
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messenger intermediaries in the enhancement of cortico-
geniculate NMDA currents.

The pathway-specific differences we have observed in
NO modulation of glutamatergic signaling in the LGN joins
other recently described differences between retinogenicu-
late and corticogeniculate pathways. Corticogeniculate
synapses use a postsynaptic metabotropic glutamate re-
ceptor (mGIuR1), while retinogeniculate synapses do not
(Godwin et al., 1996a; Vidnyanszky et al., 1996; Turner and
Salt, 1998). More recently, we have functionally localized
mMGIuR2 to presynaptic corticothalamic terminals, but not reti-
nogeniculate terminals (Alexander and Godwin, 2005, 2006).
The differential effect of NO at the two synapses is unlikely
to involve mGIluRs. MGIuR1 activation affects cation con-
ductances (McCormick and von Krosigk, 1992; Golshani et
al.,, 1998) and agonists applied to LGN cells have not
revealed direct effects on NMDA responses (Godwin et al.,
1996b; Salt, 2002; Salt and Binns, 2000). MGIuR2 effects
are presynaptic in nature, and a mechanism involving
NO stimulation of these receptors is unlikely because
mGIuR2s reduce glutamate release from presynaptic ter-
minals (Alexander and Godwin, 2005, 2006), which would
not be consistent with the type of postsynaptic NMDA-
specific enhancement we have observed in the present
study.

The results presented here serve to reconcile prior
literature on NO effects in the thalamus (Cudeiro et al.,
1994a,b, 1996; Do et al., 1994; Shaw et al., 1999). Cudeiro
et al. (1996) interrupted NO generation in vivo by local
iontophoretic application of inert NOS substrates which led
to reduced spiking of relay cells and reduced responses to
iontophoretically-applied NMDA, while NO donors en-
hanced responses to iontophoretically-applied NMDA as
well as spontaneous activity. Consistent with our study,
little effect was found on non-NMDA receptor-mediated
transmission. While the conclusion from these studies was
that NO generation has an enabling role for retinogenicu-
late spike transfer (Cudeiro et al., 1994a, 1996), others
have found no specific potentiation of retinogeniculate syn-
aptic responses using 8-bromo-cGMP (Shaw et al., 1999),
even though sensory transmission was found to be en-
hanced. Our data resolve these seemingly disparate findings
by revealing the corticogeniculate pathway as a target of
enhanced synaptic responsiveness in the presence of NO.

Rethinking the relationship between the brainstem
and the thalamus

We report here a striking difference in how NO affects
postsynaptic thalamic relay neuron responses to retinal
and cortical inputs. Our results suggest a reconsideration of
thalamic function to include the idea that the relative influence
of retinal and cortical inputs on LGN cells may be dynamically
determined by NO and modulated with behavioral state
changes by the PBR. This idea extends the classical view of
the functional role of the PBR, in which the depolarization by
cholinergic inputs to the thalamus elicits increased tonic sig-
nal transmission through the thalamus (Eysel et al., 1986;
McCormick and Prince, 1987; Francesconi et al., 1988; Mc-
Cormick and Papé, 1988; McCormick, 1989; McCormick and

Bal, 1997) in a way that does not preferentially favor one
pathway over another. Our results suggest a specific function
for nitrergic signaling that is unique from cholinergic influ-
ences in the same pathway. In addition to changes in
overall relay cell excitability with behavioral state changes,
LGN relay cells may change their responsiveness to retinal
and cortical inputs in the presence of nitrergic activation
during periods of wakefulness and REM sleep.

The consequences of this alteration in the balance of
synaptic transmission during NO release are unknown, but
the known features of corticogeniculate feedback suggest
the possibility of significant non-linear effects on visual
signal processing. The LGN is the first site in the visual
system to receive peripheral inputs from retinal ganglion
cells as well as cortical feedback, an arrangement that
comprises an important node at which the cortex may
regulate its own input. Murphy and Sillito (1996) found that
a single layer VI cell may innervate an ensemble of LGN
cells, which is supported by physiological studies show-
ing that cortex may control the degree of synchronous
firing between LGN units within ensembles exhibiting
similar response properties (Sillito et al., 1994). One
possible in vivo function of enhanced responses to cor-
ticogeniculate inputs seen during the generation of NO
is increased persistence and temporal summation of
corticogeniculate EPSPs, which may serve to enhance
the synchronization of groups of LGN cells that binds
common visual features.

The NO-mediated persistence of corticogeniculate in-
puts may broaden the timing window during which cortico-
geniculate EPSPs integrate with retinogeniculate EPSPs
that have been simultaneously sharpened by NO. The
advantage of sharpening the retinal EPSPs is to promote
the encoding of rapidly changing retinal signals by dimin-
ishing nonlinear distortions due to NMDA summation (Fu-
tai et al.,, 2001). This suggests that enhancing cortical
feedback may promote a form of coincidence detection in
which temporally precise retinal signals are matched with
persistent feedback cortical signals. Those retinal signals
that match the cortical receptive field position reported by
positive layer VI feedback, within a certain timing window,
would be amplified (Koch, 1987).

CONCLUSION

We have demonstrated a surprising new role for NO in
thalamic physiology that is consistent with previous find-
ings, but is unique with respect to the dual mechanisms of
nitrergic signaling we have found to be embodied in the
same nucleus. While the ascending influences from the
brainstem and the descending influences from cortex are
often treated separately in theory and experiments, the NO
effects we have observed may provide an early opportunity
for processed information from the cortex to be communi-
cated back to the thalamus via extensive feedback con-
nections, where brainstem nitrergic influences may confer
the salience of this feedback in tandem with behavioral
state changes of the reticular activating system.
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