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NPUT-SELECTIVE POTENTIATION AND REBALANCING OF PRIMARY

ENSORY CORTEX AFFERENTS BY ENDOGENOUS ACETYLCHOLINE
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bstract—Acetylcholine (ACh) plays important roles in the
odulation of activity and plasticity of primary sensory cor-

ices, thus influencing sensory detection and integration. We
xamined this in urethane-anesthetized rats, comparing cho-

inergic modulation of short latency, large amplitude field
ostsynaptic potentials (fPSPs) in the visual cortex (V1)
voked by stimulation of the ipsilateral lateral geniculate
ucleus (LGN), reflecting direct thalamocortical inputs, with

onger latency, smaller amplitude fPSPs elicited by contralat-
ral LGN stimulation, reflecting indirect, polysynaptic inputs.
asal forebrain (BF) stimulation (100 Hz) produced a significant

�45%), gradually developing potentiation of the smaller,
ontralateral fPSPs, while ipsilateral fPSPs showed less en-
ancement (�15%), shifting the relative strength of domi-
ant/ipsi- and weaker/contralateral inputs to V1. Systemic or

ocal, cortical blockade of muscarinic receptors (scopol-
mine) reduced potentiation of contralateral fPSP without
ffecting ipsilateral enhancement, thus preventing the rela-
ive amplification of contralateral inputs following BF stimu-
ation. Systemic nicotinic receptor blockade (mecamylamine)
esulted in depression of ipsilateral, and reduced enhance-
ent of contralateral fPSPs after BF stimulation. N-methyl-D-

spartate receptor blockade (systemic MK-801) abolished ip-
ilateral fPSP enhancement without affecting contralateral
otentiation. Neither drug reduced the amplification of con-
ralateral relative to ipsilateral signals in V1. In a second
xperiment in the barrel cortex, BF stimulation enhanced
ultiunit activity elicited by whisker deflection in a musca-

inic-sensitive manner. Similar to the observations in V1, this
ffect was more pronounced for weaker multiunit activity
riven by a surround whisker than activity following principal
hisker deflection. These experiments demonstrate that ACh

elease following BF stimulation exerts surprisingly selective
ffects to amplify non-dominant inputs to sensory cortices.
e suggest that, by diminishing the imbalance between dif-

erent afferent signals, ACh release during states of behav-

Correspondence to: H. C. Dringenberg, Department of Psychology,
umphrey Hall, Queen’s University, Kingston, ON, Canada K7L 3N6.
el: �1-613-533-6215; fax: �1-613-533-2499.
-mail address: dringenb@queensu.ca (H. C. Dringenberg).
bbreviations: ACh, acetylcholine; aCSF, artificial cerebrospinal fluid;
NOVA, analysis of variance; BF, basal forebrain; ECoG, electrocor-

icogram; fPSP, field postsynaptic potential; LGN, lateral geniculate
h
ucleus; LTP, long-term potentiation; NMDA, N-methyl-D-aspartate;
1, primary somatosensory cortex; V1, primary visual cortex.

306-4522/09 $ - see front matter © 2009 IBRO. Published by Elsevier Ltd. All right
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oral activation acts to induce a long-lasting facilitation of the
etection and/or integration of signals in primary sensory
elds of the cortical mantle. © 2009 IBRO. Published by
lsevier Ltd. All rights reserved.

ey words: basal forebrain, muscarinic receptor, visual cor-
ex, lateral geniculate nucleus, barrel cortex, rat.

ortical and subcortical (e.g. thalamic) release of acetyl-
holine (ACh) has long been implicated in the modulation
f sensory processing, cognitive and attentional functions,
nd synaptic plasticity in primate and sub-primate species
McCormick, 1989; McGaughy et al., 2000; Rasmusson,
000; Sarter and Bruno, 2000; Semba, 2000; Edeline,
003; Gu, 2003; Thiel, 2007). A primary function of ACh

ies in the regulation of the cortical activation state, with
levated levels of ACh facilitating the appearance of high
requency (beta, gamma), low amplitude activity in the
lectrocorticogram (ECoG) (Buzsáki et al., 1988; Vander-
olf, 1988; Metherate et al., 1992; Détári et al., 1999;
uque et al., 2000). Increases in ACh and the associated
CoG activation during specific behavioral states (waking,

apid eye movement sleep) exert profound effects on cor-
ical sensory transmission. For example, in the primary vi-
ual cortex (V1), release or application of ACh, or the appear-
nce of ACh-related ECoG activation typically results in fa-
ilitation of neuronal responses in a number of species
rodents, cats, monkeys; Livingston and Hubel, 1981; Sato et
l., 1987; Lewandowski et al., 1993; Müller et al., 1993;
eeren et al., 1998; Zinke et al., 2006). Importantly, ACh
ppears to exert highly selective, input-specific effects in V1,
ith a profound suppression of intracortical connections, but

elatively little effect on thalamocortical inputs (Kimura et al.,
999), a pattern also seen in other sensory fields (e.g. pyri-

orm and primary somatosensory cortex [S1]; Hasselmo and
ower, 1992; Oldford and Castro-Alamancos, 2003). Thus,
ne of the functions of cortical ACh release and ECoG acti-
ation appears to lie in the amplification of thalamocortical
ensory signals relative to intrinsic cortical transmission, an
ffect directly opposite to the disconnection of the cortical
antle from thalamic inputs during states of cortical deacti-

ation (e.g. slow wave sleep; Steriade, 2000).
In addition to this state-dependent, online modulation

f sensory and intracortical transmission, ACh also im-
acts the induction and maintenance of long-lasting plas-
icity in neocortical networks. Application of exogenous
Ch, or release of endogenous ACh by basal forebrain

BF) stimulation can enhance the responsiveness of neu-
ons in S1 to peripheral stimulation for periods of several

ours (Metherate et al., 1987; Rasmusson and Dykes,

s reserved.

mailto:dringenb@queensu.ca
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988; Verdier and Dykes, 2001; review by Rasmusson,
000). Elegant work by Weinberger (2004, 2007 for re-
iews) has shown that the BF cholinergic system mediates
eceptive field plasticity of rat auditory cortex neurons dur-
ng associative learning experiences, and equivalent re-
ults have been obtained in humans (Thiel et al., 2002;
hiel, 2007). In V1, ACh release results in long-lasting

ncreases of visually evoked responses (Golmayo et al.,
003), similar to its effects in other sensory cortices (see
bove). Further, ACh plays a permissive role in the expres-
ion of ocular dominance plasticity during early postnatal
evelopment (Bear and Singer, 1986; Gu and Singer,
993; review by Gu, 2003), as well as receptive field
lasticity, expressed as shifts in orientation tuning of V1
eurons following pairing of sub-optimal orientation stimuli
ith iontophoretic ACh application (Greuel et al., 1988).
cular dominance and receptive field (orientation-tuning)
lasticity are both thought to be mediated, at least in part,
y long-term potentiation (LTP)–like mechanisms to in-
rease synaptic strength and, indeed, ACh release facili-
ates LTP at synapses in V1 in vitro (Bröcher et al., 1992;
ojic et al., 2001) and in vivo (Dringenberg et al., 2007).

Those previous data indicate that ACh modulates ac-
ivity in cortical sensory fields along multiple temporal
cales: a dynamic, online regulation of cortical excitability
nd receptivity to incoming sensory signals, and a slower,

ong-lasting enhancement of synaptic coupling by amplifi-
ation of LTP-like mechanisms. For the latter, there cur-
ently is little information regarding a possible synapse-
r pathway-selective role of ACh to influence synaptic
trength in cortical sensory areas. Kojic et al. (2001)
howed that, in slices of V1, LTP in layers II/III was en-
anced by muscarinic receptor stimulation, while no such
ffects were seen in the thalamo-recipient layer IV, sug-
estive of a differential sensitivity of separate classes of
ynapses to cholinergic modulation. Here, we compare the
ffect of endogenous ACh release to induce long-lasting

ncreases in synaptic strength in different afferent inputs to
1 in vivo. The role of different classes of cholinergic

eceptors (muscarinic, nicotinic) was assessed by pharma-
ological manipulations. Also, a potential involvement of
-methyl-D-aspartate (NMDA) receptors was examined,
iven the important role of these receptors in long-lasting
ynaptic potentiation (e.g. Bennett, 2000), as well as pre-
ious observations that NMDA receptors participate in
ome types of synaptic potentiation elicited by BF stimu-
ation (Verdier and Dykes, 2001). Finally, we carried out
dditional experiments in S1 (barrel cortex) to evaluate the
enerality of findings obtained in V1 to other cortical sen-
ory domains.

EXPERIMENTAL PROCEDURES

ubjects and surgical preparation

ll procedures were carried out in accordance with the ethical
uidelines of the Canadian Council on Animal Care and were
pproved by the Animal Care Committees of Queen’s University
nd Dalhousie University. All efforts were made to minimize the
umber of animals used and their suffering. Adult, male Long–

vans rats (300–500 g), housed in a colony room (reversed 12-h I
ight/dark cycle) with free access to food and water, were used.
xperiments were conducted under deep urethane anesthesia

1.5 g/kg, administered as three i.p. doses of 0.5 g/kg each every
0 min, supplemented as necessary). Rats were placed in a
tereotaxic instrument (David Kopf Instruments, Tujunga, CA,
SA) and body temperature was maintained between 36 and
7 °C by an electric heating pad (Sunbeam, Shelton, CT, USA)
nd cotton blankets wrapped around the animal. The skull was
xposed and 1 mm holes were drilled at the following coordinates
all in mm from bregma point, midline, and skull surface): BF, AP
1.0, L �2.7, V �7.5; left and right lateral geniculate nucleus

LGN), AP �4.0, L �3.9, V �4.5 to �5.0; V1, AP �7.5, L �3.5
i.e. ipsilateral to BF electrode), V �1.0. Final ventral placements
f LGN and V1 electrodes were adjusted to yield maximal ampli-
ude of field postsynaptic potentials (fPSPs) in V1 in response to
psilateral and contralateral LGN stimulation (see below). Small
crews placed in the skull above the cerebellum and right and left
rontal cortex served as reference, ground, and stimulation return
lectrodes, respectively.

For a supplementary experiment, rats were prepared as de-
cribed above, with the exception that S1 was exposed instead of
1. Further, tactile (whisker) stimulation was employed instead of
lectrical stimulation of the thalamus. A small piece of bone (about
�4 mm) overlying S1 was removed, the underlying dura carefully
eeled back, and warm oil was applied to the cortical surface to
revent tissue dehydration during the course of the experiment.
ubsequently, a microelectrode was lowered into the superficial
1 (�100–300 �m). Tactile stimuli (light pressure to the skin,
eflection of whiskers) were used and repeated penetrations were
erformed until a barrel had been located (i.e. cortical units re-
ponded strongly to whisker deflection). Subsequently, the depth
f the electrode was adjusted to optimize bursts of multiunit ac-
ivity to deflection of the principal whisker, as well as a secondary
surround) whisker, which was always located adjacent to the
rincipal whisker. The electrode remained at that location and all
ther whiskers on the snout contralateral to the S1 recording site
ere cut, leaving only the principal and one secondary whisker for

ormal data collection (see below).
The two different electrophysiological assays (field potentials

n V1, multiunit activity in S1) were chosen to match the spatial
electivity of the recording technique with the spatial extent of
ortical excitation elicited by LGN stimulation and whisker deflec-
ion. Electrical stimulation of the LGN produces widespread, syn-
hronized activation of a large extent of V1 (see Heynen and Bear,
001), making fPSP recordings an appropriate means to measure
ummed, synchronized currents across V1. In contrast, the much
ore localized excitation of S1 produced by whisker deflection

an be measured more accurately with high-resistance microelec-
rodes, allowing recordings restricted to neurons within a single
arrel in S1 that corresponds to the stimulated whisker.

lectrophysiology

timulation of the BF (0.2 ms negative pulses, 1 mA, 100 Hz,
pplied as 10 0.5 s bursts every 10 s) was provided by a monopo-

ar electrode (125 �m diameter Teflon insulated stainless steel
ire) connected to a stimulus isolation unit providing constant
urrent output (PowerLab 4/s system with ML 180 Stimulus Iso-
ator, ADInstruments, Colorado Springs, CO, USA). Stimulation of
he LGN (0.2 ms pulses every 15 s, current adjusted to 50%–60%
f that eliciting maximal fPSP amplitude in V1) was delivered by
wo concentric bipolar electrodes (Rhodes Medical Instruments
eries 100, David Kopf) placed in the left and right LGN. Alternat-
ng (every 7.5 s) left and right stimulation was controlled by the
ame hardware as outlined above. The fPSPs in V1 were differ-
ntially recorded (125 �m diameter Teflon-insulated stainless
teel wire) against the reference screw placed above the cerebel-
um. The signal was amplified (Grass P511 amplifiers, Grass

nstruments Division of Astro-Med, Inc., West Warwick, RI, USA,
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alf amplitude filters set at 0.3 Hz and 1 kHz), digitized (10 kHz,
D Instruments 4/s system), and stored for subsequent off-line
nalysis.

For experiments involving local, cortical drug application, the
1 recording electrode was attached to a microdialysis probe

Mab2.14.4; 2 mm active polyether sulfone membrane, 35 kDa
utoff; SPE Limited, North York, ON, Canada), with the electrode
ip located about 1 mm above the probe tip. This electrode–
ialysis probe assembly was lowered into V1 so that the recording
lectrode penetrated the superficial layers (layers I/II), while the
robe reached the cortical depth. The dialysis probe was con-
ected to a 2.5 ml Hamilton airtight microsyringe driven by a
icrodialysis pump (CMA/102, CMA Microdialysis, Solna, Swe-
en) and perfused continuously with artificial cerebrospinal fluid
aCSF, 1.0 �l/min). The aCSF consisted of, in mM: 124.0 NaCl,
.4 KCl, 1.2 MgSO4, 1.0 NaH2PO4, 2.5 CaCl2, 26.0 NaHCO3, and
0.0 glucose.

Multiunit activity in S1 was recorded using tungsten micro-
lectrodes (0.005 in., 2–5 M� impedance, A-M Systems Inc.,
arlsborg, WA, USA) advanced by means of a microdrive. Signals
ere amplified, band pass filtered (200 Hz to 1 kHz), passed

hrough a Humbug noise eliminator (Quest Scientific, Vancouver,
C, Canada), monitored on an oscilloscope and audio speaker,
nd stored for subsequent analysis.

In addition, during the majority of experiments, cortical ECoG
ctivity was recorded before and after BF stimulation, either
hrough the same V1 electrode used for fPSP recordings, or by
eans of an additional low impedance electrode placed in S1
djacent to the microelectrode.

ata collection

or experiments in V1, 120 initial baseline fPSPs (every 15 s)
ere recorded for both ipsi- and contralateral LGN stimulation

alternating between the two LGNs, see above). Subsequently, BF
timulation was applied (parameters as above), after which fPSP
ecordings continued for another 2 h. For experiments assessing
he effects of systemic antagonist treatments, the following drugs
ere administered (i.p.) 30 min prior to the onset of baseline

ecordings: scopolamine hydrochloride (5 mg/kg); mecamylamine
ydrochloride (10 mg/kg); (�)-MK-801 hydrogen maleate (0.5
g/kg). For experiments involving cortical drug application via

everse microdialysis, scopolamine hydrochloride (2 mM) was
dded to the perfusion medium (aCSF) and continuously applied

hroughout the experiment, starting 30 min prior to the onset of
aseline fPSP recordings. Pilot experiments showed that a sco-
olamine concentration of 1 mM exerted only partial effects, while

mM was not more effective than the 2 mM concentration.
onsequently, 2 mM was chosen for the formal data collection.
everse dialysis allows drug molecules to reach neural tissue by
eans of concentration driven diffusion across the dialysis probe
embrane, with drug concentrations outside the membrane esti-
ated to reach approximately 10% of the concentration contained

n the perfusion medium (e.g. Oldford and Castro-Alamancos,
003). All drugs and chemicals were obtained from Sigma/RBI,
akville, ON, Canada).

For experiments in S1, multiunit activity was recorded in re-
ponse to deflection (manually using a 1 g von Frey hair) of the
rincipal and secondary whisker (20 deflection each, randomized
rder). Subsequently, BF stimulation was applied (as above) and
hisker deflections were repeated at 5, 30, and 60 min after BF
timulation.

At the end of all experiments, rats were perfused through the
eart with 0.9% saline, followed by 10% formalin. Brains were
emoved from the skull and fixed in formalin for at least 24 h, and
tandard histological techniques were used to examine the place-
ents of electrodes and microdialysis probes. Data from experi-

ents with inaccurate placements were discarded. t
ata analysis

ata are expressed as mean�SEM. All electrophysiological re-
ordings were analyzed by means of automatic signal processing
unctions in the software packages Scope (v. 4.0.2) and Chart (v.
.4) running in conjunction with the PowerLab 4/s data acquisition
ystem. The maximal amplitude of fPSPs recorded in V1 was
omputed off-line (Scope software) and amplitude data were av-
raged over 10 min epochs. These averages were then normal-

zed by dividing all data for one rat by the average baseline
pre-BF stimulation) amplitude of that animal. For ECoG activity,
0 s epochs recorded before and after BF stimulation were sub-

ected to spectral analyses (Chart software) to determine power in
he frequency range of 1.5–30 Hz. Multiunit activity elicited by
hisker stimulation was quantified during 1 s time bins following
ach whisker deflection by an automated event count function
Chart software). For each rat, the threshold for spike detection
as adjusted to at least 2� the background cortical activity.

In addition, to assess whether BF stimulation was effective in
ltering the relative strength of responses elicited from the ipsilat-
ral and contralateral LGN, or the principal and secondary whis-
er, ratios of these responses before and after BF stimulation
ere calculated, as follows: ipsilateral fPSP amplitude/contralat-
ral fPSP amplitude, or spike count for principal whisker/spike
ount for secondary whisker. Consequently, a decrease in the
atio is indicative of a relative enhancement of the non-dominant
esponses (from contralateral LGN and secondary whisker), and
ice versa.

For statistical analyses, two-way analyses of variance (ANOVA)
ere computed using the software package CLR ANOVA (v. 1.1,
lear Lake Research Inc., Houston, TX, USA). When different
roups of animals were compared, analyses were conducted with
xperimental group as between subjects factor and time as within
ubjects factor. In cases of significant group by time interactions in
he initial two-way ANOVA, simple effects tests were computed to
etermine the time point(s) of the experiment when experimental
roups differed from one another. Additional two-way, repeated
easures ANOVAs were calculated to assess differences be-

ween ipsilateral vs. contralateral fPSPs in V1, or principal vs.
econdary whisker responses in S1 in the same animals. For
hese analyses, the within subjects factors of time and fPSP or
hisker were used, with fPSP/whisker nested under time.

RESULTS

haracteristics of fPSPs in V1 elicited by LGN
timulation

onsistent with previous work (Heynen and Bear, 2001;
ringenberg et al., 2007), single pulse stimulation of the
GN (0.39�0.03 mA, intensity to elicit 50%–60% of max-

mal fPSP amplitude) elicited negative-going fPSPs in the
uperficial V1 ipsilateral to the stimulation site (Fig. 1, blue
race). These ipsilateral fPSPs had an average amplitude
f 1.08�0.12 mV (n�19), with a typical latency to peak of
15 ms. Applying two stimulation pulses to the LGN (in-

erstimulus interval of 100 ms, tested only during pre-
aseline recordings) to elicit two consecutive fPSPs al-
ays resulted in an augmentation of the amplitude of the
econd fPSP (Fig. 1, blue; mean ratio of second/first fPSP
as 1.7�0.2). Stimulation of the contralateral LGN (0.32�
.02 mA) also elicited negative-going fPSP (Fig. 1, red
race), characterized by a smaller amplitude (0.4�0.05
V, n�15) and longer latency to peak (�25 ms). Con-

ralateral fPSPs also showed augmentation to the applica-

ion of two LGN stimuli (100 ms interval; Fig. 1, red), which
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ppeared to be more pronounced (mean ratio of second/
rst fPSP was 2.8�0.4) than that of ipsilateral fPSPs. The
ifference in amplitude of ipsilateral and contralateral

PSPs (elicited by a single pulse) yielded an ipsilateral/
ontralateral fPSP amplitude ratio of 2.7 (see Table 1).

otentiation of fPSPs in V1 by BF stimulation

nitially, the stability of fPSPs elicited by ipsilateral (n�6)
nd contralateral LGN stimulation (n�5) was assessed in
ats that did not receive stimulation of the BF (Fig. 2, open
riangles). In these rats, fPSP amplitude stayed relatively
table throughout the course of the experiment, with final
mplitudes of 98% and 104% of baseline for fPSPs elicited
y ipsi- and contralateral LGN stimulation, respectively
Fig. 2; values are means over the last 30 min of the
xperiment).

Subsequently, we examined the effect of BF stimula-
ion on fPSP amplitude in pharmacologically untreated rats
Fig. 2, open circles). For fPSPs elicited by the ipsilateral
GN (n�13), BF stimulation (10�0.5 s every 10 s, 100 Hz,
mA) resulted in a moderate, but statistically significant

ncrease in fPSP amplitude relative to rats not receiving BF
timulation (Fig. 2; average amplitude over the last 30 min
f the experiment was 115% of baseline). Surprisingly,
ontralateral fPSPs (n�10) showed much greater potenti-
tion (146% of baseline during the last 30 min), which
eveloped gradually over a period of about 80 min follow-

ng BF stimulation before reaching a plateau that was
aintained until the end of the experiment (Fig. 2). This

arger potentiation of contralateral fPSPs resulted in a
ecrease in the ratio of ipsi- to contralateral fPSP ampli-
ude from 2.7 prior to BF stimulation (see above) to 2.14
uring the last 30 min of the experiment (Table 1), indica-
ive of a relative amplification of inputs reaching V1 from
he contralateral LGN. These observations were confirmed
tatistically by a two-way, repeated measured ANOVA,
evealing a significant difference between ipsilateral and
ontralateral fPSPs, F1,9�23.8, P�0.001, as well as a
ignificant fPSP by time interaction, F14,126�1.7, P�0.013.

Recordings of the ECoG confirmed that BF stimulation
ltered oscillatory activity in V1 of urethane-anesthetized
ats. Spontaneous ECoG activity prior to BF stimulation

ig. 1. Examples of fPSPs in the V1 elicited by stimulation of the
psilateral (blue) and contralateral (red) LGN in urethane-anesthetized
ats. Note the larger amplitude and shorter latency of fPSPs evoked by
psilateral stimulation. Applying two consecutive stimulation pulses
100 ms interstimulus interval) resulted in facilitation of both ipsi- and
ontralateral fPSPs (traces shown are averages of 10 individual
weeps, scale bar�25 ms, 0.5 mV).
n�14) was dominated by large amplitude, low frequency m
scillations, with power concentrated at frequencies below
0 Hz (Fig. 3, top). Following BF stimulation, low frequency
ctivity, especially between 1 and 12 Hz, was suppressed
nd replaced by higher frequency oscillations (Fig. 3, top).
his change in background ECoG activity was temporary
nd, typically, large amplitude activity recovered within
0 s following BF stimulation. Consequently, for the lower
requency bands (1–12 Hz), the power spectrum at the end
f the experiment resembled that present during baseline
ecordings (Fig. 3, top), suggesting that long-lasting
hanges in low frequency ECoG activity do not account for
he increases in fPSP amplitude during the 2 h following
F stimulation. There was, however, some enhancement

n power for activity in the 15–25 Hz range that was ap-
arent at the end of the experiment compared to baseline
pre-BF stimulation) ECoG recordings.

ffects of muscarinic, nicotinic, and NMDA receptor
lockade on fPSP potentiation

ext, we studied the role of different receptor populations
n BF-induced potentiation of fPSPs between LGN and V1
sing systemic and local, intracortical drug application.
ystemic administration of the muscarinic receptor antag-
nist scopolamine (5 mg/kg, given i.p. 30 min prior to the
nset of baseline recordings) did not significantly affect the
elatively small degree of potentiation of ipsilateral fPSPs
ollowing BF stimulation (Fig. 2, top; n�7, 112% of base-
ine amplitude during last 30 min; 115% for untreated rats,
ee above). In contrast, scopolamine significantly reduced
he BF-induced potentiation of contralateral fPSPs (n�6),
ith fPSP amplitude during the last 30 min of the experi-
ent reaching only 114% of baseline (Fig. 2, top; 146% for
ntreated rats). Thus, the usual decrease in the ratio of

psi- to contralateral fPSP amplitude after BF stimulation
id not occur in scopolamine-treated rats, with ratios dur-

ng baseline and the last 30 min of the experiment of 2.34
nd 2.30, respectively (Table 1). These observations were
onfirmed statistically by a two-way, repeated measured
NOVA, revealing a lack of a significant difference be-

ween ipsilateral and contralateral fPSPs, F1,5�1.6, P�
.262, as well as a lack of a significant fPSP by time

nteraction, F14,70�1.1, P�0.345.
It is noteworthy that, even though the relative amplifi-

ation of contralateral inputs did not occur in the presence

able 1. Summary of changes in the ratio of ipsilateral/contralateral
PSP amplitude induced by BF stimulation

reatment condition Before BF
stimulation

After BF
stimulation

%
Change

o drug 2.70 2.14% �21%
copolamine (i.p.) 2.34 2.30% �2%
ecamylamine (i.p.) 1.58 1.08% �32%
K-801 (i.p.) 2.29 1.55% �32%
CSF (local) 2.54 1.89% �26%
copolamine (local) 2.13 2.13 0%

Note the ratio decrease in all conditions except animals that re-
eived systemic (i.p.) or local, cortical application of scopolamine (drug
oses: scopolamine, 5 mg/kg i.p. or 2 mM, local; mecamylamine, 10

g/kg i.p.; MK-801, 0.5 mg/kg i.p.).
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f scopolamine, the drug did not abolish all potentiation,
iven that BF stimulation continued to result in significant

ncreases in fPSP amplitude above levels in rats not re-
eiving BF stimulation (Fig. 2, top). The amplitudes of
aseline (pre-BF stimulation) fPSPs elicited by ipsilateral
nd contralateral LGN stimulation in scopolamine-treated
ats were 1.38 and 0.59 mV, respectively.

A separate group of rats received the nicotinic receptor

ig. 2. Top: Effects of BF stimulation (BF Stim.) and scopolamine (Sc
mplitude. Rats not receiving BF stimulation (No BF Stim.) showed rela
for ipsilateral and contralateral experiments, respectively). BF Stim (N

o No BF Stim. animals (group by time interaction, F14,238�2.3, P�
otentiation over the 2 h following BF Stim. relative to No BF Stim. an
P�0.05) simple effects test comparing No BF Stim. and BF Stim: No
re shown in all panels). Insets show typical fPSPs before (smaller am
2.5 ms). Scopol. (BF Stim) had no effect on the ipsilateral fPSP enhan
f group also not significant), but significantly reduced the contralate
ignificant; * indicates significant (P�0.05) simple effects test compa
Mecamyl, 10 mg/kg i.p.) treatment resulted in significant depression

14,238�8.3, P�0.001, group effect also significant) and reduced poten
K-801 (0.5 mg/kg i.p.) suppressed ipsilateral fPSP enhancement (n�
as intact (interaction, F14,224�0.6, P�0.901, group effect also not si
ntagonist mecamylamine (10 mg/kg i.p.) 30 min prior to r
he onset of baseline recordings. In these animals, BF
timulation resulted in a significant depression of ipsilateral
PSP amplitude (n�6) relative to untreated rats (Fig. 2,
iddle; average amplitude of 83% of baseline during the

ast 30 min of the experiment). Further, the potentiating
ffect of BF stimulation on contralateral fPSPs (n�6) was
ignificantly reduced by mecamylamine (amplitude 121%
f baseline during last 30 min). Surprisingly, the baseline

g/kg i.p.) treatment on ipsilateral (left) and contralateral (right) fPSP
ble fPSP amplitude throughout the course of the experiment (n�6 and
resulted in a modest enhancement of ipsilateral fPSPs (n�13) relative
Contralateral fPSPs (n�10) showed a clear, gradually developing
oup by time interaction, F14,182�5.9, P�0.001; # indicates significant
oups; note that the same No BF Stim. and BF Stim: No Drug groups
and 2 h after BF stimulation (larger amplitude; scale bar�0.5 mV and
llowing BF Stim. (n�7; interaction, F14,252�0.9, P�0.554; main effect

ncement (n�6; interaction, F14,196�4.0, P�0.001; group effect also
rug and Drug-treated groups in all panels). Middle: Mecamylamine

eral fPSPs (n�6) relative to BF Stim: No Drug animals (interaction,
contralateral fPSPs (n�6; interaction, F14,196�2.4, P�0.004). Bottom:
ction, F14,266�1.8, P�0.043), while contralateral enhancement (n�8)
.

opol, 5 m
tively sta
o Drug)
0.005).

imals (gr
Drug gr
plitude)
cement fo
ral enha
ring No D
of ipsilat

tiation of
atio of ipsi- to contralateral fPSPs was reduced by
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ecamylamine (1.58; Table 1), an effect due to a propor-
ionally higher increase in contralateral baseline fPSP
mplitude following drug treatment (1.22 and 0.77 mV for

psi- and contralateral fPSPs, respectively, before BF stim-
lation). However, since BF stimulation in mecamylamine-
reated rats resulted in ipsilateral depression but only re-

ig. 3. The effect of BF stimulation on ECoG activity in the urethane-
nesthetized rat. Top: Power spectral analyses showed that resting
CoG activity (Pre-BF stimulation, Pre-BF Stim.) was dominated by

arge amplitude, low frequency activity, with power concentrated in the
ange below 10 Hz. In untreated animals, ECoG activity showed
uppressed slow, large amplitude oscillations and power between 1
nd 15 Hz immediate after BF stimulation (Post-BF Stim, at arrow).
owever, at the end of the experiment (Post-BF Stim. Two hours), low

requency power had returned to levels similar to those seen prior to
F stimulation. Bottom: Rats treated with scopolamine (5 mg/kg i.p.)
howed very little suppression of low frequency power and large-
mplitude, slow activity in the ECoG following BF stimulation. Power
pectra are averages (n�14 for top, n�8 for bottom) and were com-
uted from 10 s of ECoG epochs obtained immediately prior to,

mmediately after, and 2 h after BF stimulation. (Duration of ECoG
ecords shown in insets is 17.5 s).
uced contralateral potentiation, the decrease in ipsi- to a
ontralateral amplitude ratio remained intact under condi-
ions of systemic nicotinic receptor blockade (ratio of 1.08
uring last 30 min; Table 1). These observations were
onfirmed statistically by a two-way, repeated measured
NOVA, revealing a significant difference between ipsilat-
ral and contralateral fPSPs, F1,5�14.9, P�0.012, as well
s a significant fPSP by time interaction, F14,70�9.8, P�
.001.

The effect of systemic treatment with the NMDA recep-
or antagonist MK-801 (0.5 mg/kg i.p., 30 min prior to onset
f baseline) was also assessed. In these animals (n�8),
he amplitude increase for ipsilateral fPSPs following BF
timulation was largely absent (Fig. 2, bottom; 105% of
aseline during final 30 min), but the contralateral fPSP
nhancement was intact (154% of baseline). Further, the
atio of ipsi- to contralateral fPSPs decreased from 2.29
uring baseline to 1.55 during the final 30 min of the
xperiment (Table 1), indicative of an intact, relative am-
lification of the contralateral input. These observations
ere confirmed statistically by a two-way, repeated mea-
ured ANOVA, revealing a significant difference between

psilateral and contralateral fPSPs, F1,7�15.7, P�0.005,
s well as a significant fPSP by time interaction, F14,98�5.6,
�0.001. Amplitudes of baseline ipsilateral and contralat-
ral fPSPs in MK 801-treated rats were 0.96 and 0.42 mV,
espectively.

To localize the effect of scopolamine to reduce BF-
nduced synaptic potentiation, we performed local applica-
ion of the drug (2 mM) and its vehicle (aCSF) by means of
everse microdialysis at the recording site in V1. In animals
eceiving aCSF application (n�7), BF stimulation in-
reased ipsilateral and contralateral fPSPs to 105% and
42% of baseline (means during last 30 min), respectively,
onfirming the preferential potentiation of contralateral
PSPs (Fig. 4). Consequently, the ratio between ipsi- and
ontralateral fPSPs declined from 2.54 during baseline to
.89 at the end of the experiment (Table 1). These obser-
ations were confirmed statistically by a two-way, repeated
easured ANOVA, revealing a significant difference be-

ween ipsilateral and contralateral fPSPs, F1,6�8.6, P�
.026, as well as a significant fPSP by time interaction,

14,84�4.6, P�0.001.
Local scopolamine application (n�7) had no significant

ffect on ipsilateral fPSP amplitude (117%), but reduced
he amplitude potentiation of contralateral fPSPs to 117%
Fig. 4). Thus, scopolamine prevented the decrease in
atio between ipsi- and contralateral fPSPs seen in aCSF
nimals, with ratios remaining virtually identical from base-

ine to the end of the experiment (both were 2.13; Table 1).
hese observations were confirmed statistically by a two-
ay, repeated measured ANOVA, revealing a lack of sig-
ificant difference between ipsilateral and contralateral
PSPs, F1,6�0.1, P�0.985, as well as a lack of a signifi-
ant fPSP by time interaction, F14,84�0.3, P�0.994.
gain, however, note that there was residual potentiation
f both ipsi- and contralateral fPSPs during scopolamine
pplication. The amplitudes of baseline fPSPs elicited by

psilateral and contralateral LGN stimulation during aCSF

pplication were 1.09 and 0.43 mV, respectively, which
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ere not altered significantly during cortical application of
copolamine (1.0 and 0.56 mV for ipsi- and contralateral
PSPs, respectively).

Consistent with previous work (Vanderwolf, 1988; Me-
herate et al., 1992; Dringenberg and Olmstead, 2003),
uscarinic receptor blockade by systemic or local scopol-
mine largely abolished ECoG activation elicited by BF
timulation (Fig. 3, bottom). In particular, the BF stimula-
ion-induced suppression of power between 1 and 12 Hz
resent in untreated rats was absent following scopol-
mine application (n�8), even though there was some
uppression of power between 12 and 30 Hz. Neither
ecamylamine, nor MK-801 blocked ECoG activation fol-

owing BF stimulation (data not shown), confirming that
icotinic and NMDA receptors do not play critical roles in
ctivation under the present experimental conditions (see
anderwolf, 1988; Dringenberg and Vanderwolf, 1996).

otentiation of barrel cortex multiunit activity by BF
timulation

he experiments summarized above suggest that release
f endogenous ACh following BF stimulation acts to rebal-
nce separate inputs to V1, with a relatively greater poten-
iation of non-dominant signals. We tested the generality of
his phenomenon in the barrel cortex by examining the
ffects of BF stimulation on multiunit responses evoked by
timulation of the principal and secondary (surround) whis-
ers, constituting the major and non-dominant inputs to a
iven barrel, respectively. Even though no attempt was
ade to select cells from specific cortical layers, the ma-

ority (	90%) of neurons recorded were located in infra-
ranular layers at depths between 1000 and 1500 �m.
ecordings were optimized so that multiunit responses
ould be reliably triggered by deflection of both principal
nd secondary whiskers, with a greater number of spikes
etected for the principal whisker during the 1000 ms time
in following deflection (Fig. 5; averages of 7.9�1.1 and
.6�0.9 spikes for principal and secondary whisker, re-

ig. 4. Effects of local application of aCSF (n�7) or scopolamine (S
timulation (BF Stim.)–induced potentiation of fPSPs elicited by stimula
left) following BF Stim. during aCSF application was resistant to Scop
ot significant). In contrast, the contralateral enhancement (right)

14,168�2.5, P�0.003; * indicates significant (P�0.05) simple effects te
n the presence of local aCSF or Scopol (scale bar�12.5 ms and 0.5
pectively, ratio of 1.41; n�17). 1
In non-drug-treated rats (n�17), BF stimulation (same
arameters as above) exerted clear effects on the strength
f multiunit responses measured immediately after stimu-

ation, with 12/17 sites showing increased discharge for
rincipal whisker deflection, and 14/17 sites showing in-
reases in response to secondary whisker deflection. The
emaining sites generally did not show changes, and we
id not observe clear inhibitory effects of BF stimulation.
hen averaging across all recording sites, BF stimulation

esulted in a significant facilitation of discharge for both
hiskers, with spike counts of 179% and 281% of baseline

or principal and secondary whiskers, respectively (Fig. 5).
he greater facilitation of secondary whisker responses
esulted in roughly equivalent numbers of spikes elicited by
rincipal and secondary whiskers (14.1 and 15.7 spikes,
espectively, yielding a principal/secondary ratio of 0.9).

Whisker stimulation was repeated at 30 and 60 min
ollowing BF stimulation (Fig. 5). Response strength for
ultiunit discharge driven by the principal whisker returned

o baseline levels at 30 and 60 min (97% and 109% of
aseline, respectively). In contrast, responses elicited by
he secondary whisker remained elevated at 30 and 60 min
128% and 154% of baseline, respectively), even though
hey clearly declined from the levels observed immediately
fter BF stimulation (Fig. 5). The greater potentiation of
esponses elicited by secondary whisker deflection re-
ulted in a principal/secondary ratio of 1.0 (baseline 1.41)
t 60 min after BF stimulation. These observations were
onfirmed statistically by a two-way, repeated measured
NOVA, revealing a significant difference between princi-
al and secondary whiskers, F1,16�18.0, P�0.001, as well
s a significant whisker by time interaction, F3,48�5.5,
�0.002.

These experiments were repeated in animals treated
ith scopolamine (n�9; 5 mg/kg i.p., 30 min prior to onset
f data collection). Scopolamine reduced the enhance-
ent in multiunit responses for both whiskers immediately
fter BF stimulation (Fig. 5), with increases of 114% and

M, n�7) by reverse microdialysis at the recording site in V1 on BF
e ipsilateral and contralateral LGN. The ipsilateral fPSP enhancement
by time interaction, F14,168�0.8, P�0.709; main effect of group also

CSF application was significantly reduced by Scopol (interaction,
s show typical fPSPs before (smaller amplitude) and 2 h after BF Stim.
copol, 2 m
tion of th
ol (group
during a
st). Inset
52% of baseline for principal and secondary whiskers,
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espectively (but see statistics in Fig. 5 caption). Further,
esponses for both whiskers remained close to baseline
evels when assessed 30 and 60 min following BF stimu-
ation (Fig. 5; principal whisker: 104% and 100%; second-
ry whisker: 105% and 112%). The small, but persistent
otentiation of secondary whisker responses yielded a
mall decrease in the principal/secondary ratio from 1.25
uring baseline to 1.12 at the end of the experiment (1.41–
.0 in untreated rats). These observations were confirmed
tatistically by a two-way, repeated measured ANOVA,
evealing a lack of a significant difference between princi-
al and secondary whiskers, F1,8�4.5, P�0.067, as well

ig. 5. The effect of BF stimulation (BF Stim.) on multiunit responses
op and middle: Representative examples of multiunit responses befo

acilitated after BF stimulation, an effect that was more pronounced fo
or responses elicited by principal and secondary whiskers in non-drug
.p., n�9). Discharge was facilitated immediately after BF stimulation,
y the secondary whisker. For the principal whisker, response facilitat

his impression was not confirmed by the statistical analysis (group by
he drug appeared to reduce facilitation of responses elicited by the

nteraction, F3,72�1.4, P�0.243).
s a lack of a significant whisker by time interaction, n
3,24�3.0, P�0.053 (note, however, that both effects ap-
roached statistical significance).

DISCUSSION

he experiments described here show that stimulation of
he BF to elicit release of endogenous ACh can result in
ong-lasting enhancements of neuronal responses in cor-
ical sensory areas of urethane-anesthetized rats. Surpris-
ngly, this form of synaptic potentiation showed a remark-
ble degree of selectivity for non-dominant inputs to cor-
ex, which initially produced relatively weak responses of
ortical cell populations. Afferents that elicited more pro-

rrel cortex elicited by deflection of the principal or secondary whisker.
fter BF stimulation. Multiunit discharge elicited by either whisker was
ses elicited by the secondary whisker. Bottom: Average spike counts
ts (No Drug, n�17) and animals given scopolamine (Scopol, 5 mg/kg

t that was more pronounced and longer lasting for responses elicited
ing BF stimulation appeared to be abolished by Scopol, even though
action, F3,72�1.3, P�0.273, main effect of group also not significant).
ry whisker (main effect of group, F1,24�4.2, P�0.052, group by time
in the ba
re and a
r respon
treated ra
an effec

ion follow
time inter
ounced excitatory responses (i.e. ipsilateral LGN-V1 fi-
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ers, afferents carrying signal from the principal whisker)
howed only minor or transient enhancements following
timulation to the BF. The effect of BF stimulation to pref-
rentially increase weaker cortical responses was largely
ependent on activation of cortical muscarinic receptors,
ith only minor contributions of nicotinic and NMDA bind-

ng sites. Ultimately, this ACh-dependent plasticity resulted
n a re-adjustment of separate inputs, with more balanced
esponses elicited by initially dominant and non-dominant
nputs to these primary sensory cortices.

Fibers originating in the BF distribute throughout all
ortical layers to provide the cholinergic innervation of V1
Rieck and Carey, 1984; Müller et al., 1993; Zilles et al.,
990; Gu, 2003). This cholinergic input is known to play

mportant roles in the regulation of excitability and plasticity
n V1 circuits. While some work focused on relatively short-
asting (50–100 ms) increases in excitability of V1 cells
ollowing endogenous ACh release (Lewandowski et al.,
993; Müller et al., 1993), prolonged modifications of cel-

ular and population responses by ACh have also been
escribed. Golmayo et al. (2003) demonstrated that BF
timulation induces a long-lasting (over 30 min) facilitation
f visually evoked field potentials in V1 of anesthetized
ats, an effect that was abolished by muscarinic receptor
lockade. At the level of single neurons, Greuel et al.
1988) found that repeated pairing of a sub-optimal orien-
ation stimulus with iontophoretic ACh application can shift
eceptive fields of V1 cells, allowing them to become max-
mally responsive to the paired orientation. The occurrence
f a classic type of developmental plasticity in V1, ocular
ominance plasticity, also involves ACh. Combined cho-

inergic and noradrenergic denervation of V1, or chronic
lockade of muscarinic (M1) receptors in V1 largely elim-

nates the shift in ocular dominance normally seen follow-
ng monocular deprivation in young kittens (Bear and
inger, 1986; Gu and Singer, 1993; Gu, 2003). Finally, in
number of in vitro and in vivo preparations, the induction
f LTP in V1 is facilitated by ACh (Bröcher et al., 1992;
ojic et al., 2001; Dringenberg et al., 2007). Together,

hese studies emphasize the important, permissive role
layed by ACh in regulating multiple forms of plasticity in
1 of juvenile and adult animals.

A long-standing, but controversial hypothesis suggests
hat ACh acts to amplify incoming sensory signals relative
o background cortical activity, thereby increasing the sig-
al-to-noise ratio in V1 and other sensory fields (Sillito et
l., 1985; Sato et al., 1987). However, other work suggests
hat ACh reduces stimulus selectivity by broadening recep-
ive fields in the majority of V1 cells (Sato et al., 1987;
inke et al., 2006). That is, acute effects of ACh in V1

nclude an increased responsiveness to sub-optimal visual
timuli, rather than further enhancing already strong inputs
i.e. synapses activated by optimal stimuli). Similarly, as
iscussed above, studies on long-lasting modifications of
eceptive field properties (orientation, ocular dominance)
lso demonstrate that the presence of ACh allows a non-
ptimal input to increase in efficacy, resulting in receptive
eld shifts (Greuel et al., 1988). By directly comparing the

ffect of endogenous ACh release on two separate inputs a
o V1, we found that the longer-latency, smaller amplitude
esponses mediated by long-range, crossed connections
etween LGN and V1 showed significantly greater poten-
iation than the large amplitude evoked responses elicited
rom the ipsilateral LGN. In the barrel cortex, we also found
hat weaker responses elicited by the secondary (sur-
ound) whisker showed greater and longer-lasting facilita-
ion than responses triggered by the principal whisker.

hile we acknowledge that the latter experiments require
eplication using a more standardized method of whisker
timulation than manual deflection using von Frey hairs,
hese results nevertheless confirm data obtained in V1 and
uggest that the phenomenon of afferent selective synap-
ic enhancement generalizes to several sensory domains.
hus, one of the primary consequences of ACh release is

he rebalancing of afferent signals by means of a prefer-
ntial amplification of non-dominant or sub-optimal inputs
o cortical neurons. An important difference between the
resent and previous work lies in the fact that response
nhancement by ACh was elicited in the absence of tem-
oral pairing of sensory input and BF-induced ACh re-

ease. Edeline et al. (1994) noted that sound-induced mul-
iunit responses in the auditory cortex increased following
epeated pairing of the sound with BF stimulation, while BF
timulation alone was ineffective (also Froemke et al.,
007). Similarly, in S1, pronounced enhancements in
voked potential amplitude evoked by cutaneous stimula-
ion occurred only when it was paired with BF stimulation
Rasmusson and Dykes, 1988; Verdier and Dykes, 2001).
t is important to note, however, that this work generally did
ot explicitly identify sub-optimal sensory inputs and, in
act, often measured cortical responses elicited by periph-
ral stimuli applied in, or close to, the center of the respec-
ive receptive fields (e.g. Rasmusson and Dykes, 1988;
erdier and Dykes, 2001). Thus, previous work noting a

equirement for paired sensory-BF stimulation can be
iewed as consistent with our data showing only minor
hanges in the dominant, ipsilateral input from LGN to V1
ollowing unpaired BF stimulation. It is also noteworthy
hat, for weak sensory stimuli just above the threshold to
licit cortical responses, unpaired BF stimulation alone is
ufficient to produce synaptic enhancements in V1 and S1
Golmayo et al., 2003). Consequently, the temporal con-
ingencies between BF and sensory signals required to
licit synaptic potentiation appear to be less stringent for
elatively weak or non-dominant inputs, allowing potentia-
ion even in the absence of paired stimulation during the
nduction period.

The experiments assessing the effects of mecamylamine
reatment suggest that nicotinic receptors also play a role
n the fPSP enhancements seen in V1. In the presence of

ecamylamine, BF stimulation resulted in suppression of
psilateral, and reduced potentiation of contralateral fPSPs.
onsequently, this effect lacked the selectivity for the con-

ralateral enhancement displayed by scopolamine and,
herefore, did not result in a shift in the relative strength of
he two inputs to V1. Nevertheless, the data are of interest,
iven that most forms of long-lasting plasticity in V1 and S1

re mediated by muscarinic receptors (e.g. Rasmusson
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nd Dykes, 1988; Rasmusson, 2000; Verdier and Dykes,
001; Golmayo et al., 2003; Gu, 2003; Dringenberg et al.,
007). Nicotinic receptors in sensory cortices play impor-

ant roles in excitability and on-line gating of sensory sig-
als received from thalamocortical inputs, and may also
ontribute to experience-dependent postnatal develop-
ent of neocortical circuits (for review, see Metherate,
004). The present data indicate that the role of nicotinic
eceptors to modulate long-lasting plasticity, well estab-
ished for hippocampal synapses (see Dani and Bertrand,
007), might also extend to the neocortex, a phenomenon
hat clearly deserves attention in future investigations.

To us, a surprising finding of the present experiments
as that contralateral fPSP enhancement was indepen-
ent of NMDA receptor activation. The classic NMDA re-
eptor antagonist MK-801, at a dose that blocks pairing-
nduced, ACh-dependent response potentiation in S1 in
rethane-anesthetized rats (Verdier and Dykes, 2001),
ad no effect on contralateral fPSP enhancement, even
hough it abolished the smaller enhancement seen in ipsi-
ateral fPSPs. Thus, it appears that fundamentally different
ellular mechanisms are involved in mediating plasticity in
hese two afferent systems. Of course, several forms of
MDA-independent synaptic enhancement have been de-
cribed, some of which might mediate the effect observed
ere (e.g. potentiation mediated by metabotropic gluta-
ate receptors, internal calcium release, kainate recep-

ors, co-acting neuromodulators, or voltage-gated calcium
hannels; see Johnston et al., 1992; Li et al., 2001; Lanté
t al., 2006; Huang and Kandel, 2007). Alternatively, the
MDA-independence of the contralateral synaptic en-
ancement might also be due to a critical role of disinhibi-
ion of principal cells in V1. In elegant work, Froemke et al.
2007) have shown that, in the primary auditory cortex, BF
timulation results in an initial suppression of inhibitory
ortical synapses, which is followed by a delayed and
ersistent increase in excitatory synaptic strength. Both
ffects are dependent on activation of muscarinic recep-
ors, data consistent with our observations. Importantly,
roemke et al. (2007) found that intracortical, but not

halamocortical, synapses are sensitive to these BF-in-
uced changes in inhibitory–excitatory balance. The fact
hat contralateral fPSPs between LGN to V1 represent
ong-range, polysynaptic inputs, likely involving a greater
umber of intracortical synapses (see below), can be ex-
ected to make them much more sensitive to the disinhibi-
ory effects of BF stimulation described by Froemke et al.
2007).

It is important to acknowledge that our experiments
ere carried out in urethane-anesthetized preparations,

aising the possibility that the presence of the anesthetic
xerted some influence on the cortical responses mea-
ured and the experimental effects we characterize. We
hose urethane for a variety of reason, including the sta-
le, long-lasting plane of anesthesia provided by this drug,
s well as its minimal effects on various autonomic func-
ions (Maggi and Meli, 1986). Detailed analyses of the
ffects of urethane on cellular properties and synaptic

ransmission in pyramidal cells of rat V1 have shown min- o
mal or no changes in excitatory or inhibitory transmission,
eading to the conclusion that cortical signal transmission
s largely intact in the presence of urethane (Sceniak and

acIver, 2006). Likely related to this point, urethane-anes-
hetized preparations display the full spectrum of natural,
ndogenous oscillations present in cortical and hippocam-
al networks, events that are thought to play important
oles in the gating of plasticity (Wolansky et al., 2006).
espite these points, we acknowledge that future work
sing non-anesthetized, immobilized, or freely-moving an-

mals will be required to assess whether the phenomena
escribed here are preserved in the non-anesthetized
tate.

Field potentials in V1 elicited by electrical stimulation of
he ipsilateral LGN have been characterized in previous
ork. Using an arrangement of stimulation and recording
lectrodes similar to that employed here (i.e. LGN stimu-

ation, recording at the ipsilateral V1 surface/dura), Heynen
nd Bear (2001) showed that the large amplitude, surface-
egative fPSPs reflect polysynaptic excitation that spreads
rom thalamocortical synapses (layers IV/deep III) to su-
erficial cortical layers (mostly II/III). The longer latency,
mall amplitude potentials we observed in V1 following
ontralateral LGN stimulation have, to the best of our
nowledge, not been analyzed in previous work. Prelimi-
ary experiments in our laboratory suggest that these neg-
tive potentials reflect current sinks in the superficial cortex
200–300 �m depth, layer II), corresponding to a major
erminal zone of callosal fibers between homotopic and
eterotopic areas of both primary and higher visual cortex
reas (Sefton et al., 2004). Consequently, it is possible that
he fPSPs elicited by contralateral LGN stimulation reflect
ulti-synaptic activity that propagates from the contralat-
ral hemisphere to the V1 recoding site via the corpus
allosum, even though we do not rule out contributions of
ther, subcortical routes between the LGN and contralat-
ral V1 (see Sefton et al., 2004).

In rodents, callosal fibers connecting visual areas of
he two hemispheres are particularly important for mediat-
ng cortical responses to stimulation of the ipsilateral retina
nd allowing binocular excitation of V1 neurons (Diao et
l., 1983; Silveira et al., 1989). Based on evoked response
easures, excitation of neurons in V1 is facilitated by

imultaneous, binocular stimulation (Silveira et al., 1989;
tes et al., 2006). Similarly, we have noted that concurrent,
lectrical stimulation of both LGNs (mimicking binocular

nput) can facilitate fPSPs in V1 (Dringenberg, unpublished
bservations). Consequently, the preferential, long-lasting
nhancement of contralateral LGN inputs reaching V1
representing mostly signals from the ipsilateral eye) can
e expected to facilitate such binocular responses in V1,
articularly for stimuli of high contrast and low spatial
requency (see Silveira et al., 1989). The phenomena de-
cribed here fit well with the increased recognition that

ong-lasting plasticity can be expressed in the mature vi-
ual cortex (Greuel et al., 1988; Heynen and Bear, 2001;
olmayo et al., 2003; Gu, 2003; Dringenberg et al., 2007)
nd might serve as a mechanism to amplify the detection

r integration of visual stimuli by behavioral states related
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o high levels of ACh release throughout the cortical
antle.
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