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Castro-Alamancos, Manuel A. and Maria E. Calcagnotto.High-  selectivity of thalamocortical receptive fields and/or to estab-
pass filtering of corticothalamic activity by neuromodulators releas¢idh cortico-cortical communication via the thalamus (Con-
in the thalamus during arousal: in vitro and in vidbNeurophysiol {reras et al. 1996: Diamond 1995: Ergenzinger et al. 1998;
85: 1489-1497, 2001. The thalamus is the principal relay station Ghillery 1995; Krupa et al. 1999 Sillito et al. 1994; Wein-

sensory information to the neocortex. In return, the neocortex sendat? ger 1995 ’Yuan et al. 1985) ,Short periods of ;epetitive

massive feedback projection back to the thalamus. The thalamus lati f corticothalamic fib tf . b o H
receives neuromodulatory inputs from the brain stem reticular forma-mulation or corticothalamic TIbers at irequencies above z

tion, which is vigorously activated during arousal. We investigated tRf0duces strong synaptic facilitation or short-term potentiation
effects of two neuromodulators, acetylcholine and norepinephrine, Bhvitro (Castro-Alamancos and Calcagnotto 1999; McCormick
corticothalamic responses in vitro and in vivo. Results from rodeAnd von Krosigk 1992; Scharfman et al. 1990; Turner and Salt
slices in vitro showed that acetylcholine and norepinephrine deprd$898; von Krosigk et al. 1999) and in vivo (Deschenes and Hu
the efficacy of corticothalamic synapses while enhancing their freé990; Frigyesi 1972; Lindstrom and Wrobel 1990; Mishima
quency-dependent facilitation. This produces a stronger depression 962; Steriade 1999; Steriade and Timofeev 1997; Steriade
low-frequency responses than of high-frequency responses. The &{y Wyzinski 1972; Tsumoto et al. 1978). A longer period

fects of acetylcholine and norepinephrine were mimicked by muscge repetitive stimulation at 10 Hz induces long-term potentia-

rinic and a,-adrenergic receptor agonists and blocked by muscarlnﬁ%n, while stimulation at 1 Hz induces long-term depression

and a-adrenergic antagonists, respectively. Stimulation of the bra] .
stem reticular formation in vivo also strongly depressed corticoth E:astro—AIamancos and Calcagnotto 1999). Thus corticotha-

lamic responses. The suppression was very strong for low-frequef@{NiC Synapses possess mechanisms to modify the effective-
responses, which do not produce synaptic facilitation, but absent f#SS with which the neocortex can influence the thalamus. In
high-frequency corticothalamic responses. As in vitro, application addition to activity-dependent changes, corticothalamic syn-
muscarinic ande-adrenergic antagonists into the thalamus in vivapses may be subject to neuromodulator-dependent changes
abolished the suppression of corticothalamic responses induced(@jl et al. 1997; Isaacson et al. 1993; Miller 1998; Scanziani et
stimulating the reticular formation. In conclusion, cholinergic ang|. 1997; Thompson et al. 1993; Wu and Saggau 1997). Several
noradrenergic activation during arousal high-pass filters Corticomeuromodulatory systems from the brain stem and basal fore-
'tﬁmic ac“"itty- Thus, l‘f“”“g ?rousalho%y htikg]]hl-frequer’llcy inputsdfrlozgrain innervate the thalamus. In fact, neuromodulatory syn-
e neocortex are allowed to reach the thalamus. Neuromodula : : .
acting on corticothalamic synapses gate the flow of cortical activity es from the bra_ln stem (_:mq corticothalamic Synapses may
the thalamus as dictated by behavioral state. provide the tWQ main synaptic inputs to_ th_e tha'am!ls (Erisir et
al. 1997). Cholinergic and noradrenergic fibers project densely
to the ventrobasal thalamus and nRt (Asanuma 1997; Steriade
et al. 1997). Neurons from these neuromodulatory systems
discharge vigorously during behavioral activation (Aston-

The thalamus receives a massive input from the neocortédnes etal. 1991; Buzsaki et al. 1988), producing effects on the
via corticothalamic fibers. The number of corticothalamic fiiring properties of thalamic neurons that have been extensively
bers is one order of magnitude larger than the number @¢scribed (McCormick 1992; Steriade et al. 1997). In contrast,
thalamocortical axons, and cortical afferents to the thalamtiir effects on synaptic transmission in the thalamus are less
largely outnumber the sensory input from peripheral receptd#gderstood.

(Guillery 1969; Sherman and Guillery 1996; Steriade et al.

1997). In the somatosensory system the main type of cortios@e THOD S

thalamic fiber originates in layer VI and projects to the ven- .

trobasal thalamus (ventral posterior medial and lateral nuclgﬁ,v'tro methods

leaving a fiber collateral in the reticular nucleus (nRt) (Zhang Thalamocortical slices were prepared from ade? (wk) BALB/C

and Deschenes 1997). Corticothalamic pathways have begite as previously described (Agmon and Connors 1991; Castro-
proposed to play a role in modifying the size, strength, amdamancos and Calcagnotto 1999). Slices were cut in ice-cold buffer

INTRODUCTION
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using a vibratome and kept in a holding chamber for a least 1 Animal Care Committee of McGill University approved protocols for
Experiments were performed in an interface chamber at 32°C. Talkexperiments.

slices were perfused constantly (1-1.5 ml/min) with artificial cerebro-

spinal fluid (ACSF) containing (in mM) 126 NaCl, 3 KCI, 1.25

NaH,Po,, 26 NaHCQ, 1.3 MgSQ, 7H,0, 10 dextrose, and 2.5 Cacl RESULTS

2H,0. The ACSF was bubbled with 95%,G% CO,. Synaptic  Fig|d and intracellular potentials were recorded from neu-
responses were evoked using a concentric stimulating electrade,s of the ventrobasal thalamus in brain slices of adult mice.
placed in the thalamic radiation unless otherwise indicated. The St'@'rthodromic stimuli applied to the thalamic radiation evoked a

ulus consisted of a 20fs pulse of<50 wA. Field recordings from i tential in field di f lati f
the ventrobasal thalamus were made using a low-impedance pip@t‘?éya IVe potential In Tield recordings from popuiations of neu-

(~0.5 M0) filled with ACSF containing 40@M bicuculline metho- ONS and an excitatory postsynaptic potential (EPSP) in intra-
bromide (BMI) unless otherwise indicated. Intracellular recordinggellular recordings from individual neurons of the ventrobasal
were performed using sharp electrodes (60—80)Miled with Cs*-  thalamus (Fig. 1). Some field potential recordings also display
acetate (1 M) and QX-314 (50 mM) to suppress &nd Na" currents  a fiber volley immediately before the synaptic negativity (Fig.
and postsynaptic GABA responses. In some experiments, thg, arrows). The fiber volley follows high-frequency stimulation
GABAg receptor antagonist CGP35348 (1aM) was also included and is abolished by tetrodotoxin, but not by glutamate receptor
in the bath. GABA, receptors were blocked using bath applicatiogniagonists (Castro-Alamancos and Calcagnotto 1999). The
(10-20 uM) or local application of BMI from the extracellular fia|q and intracellular EPSPs reflect a monosynaptic excitatory

recording electrode or bath application of picrotoxin (1048@). .,y ction between corticothalamic fibers and neurons in the
The test stimulus was delivered at 0.05 Hz and was either single or a

pair with a 50-ms interstimulus interval to evaluate paired-puls\éentrObasal thalamus  (Castro-Alamancos a_nd Calcagno'gto
facilitation or four stimuli delivered at different frequencies to per:999). We explored the effects of acetylcholine and norepi-
form a spectrum analysis. Input resistance was measured by apply@phrine on corticothalamic EPSPs. To reduce the postsynaptic
a 50- to 100-ms negative current pulse (0.3 nA). Group data @@8ects of these neuromodulators, Nand K" currents were
expressed as means SD. For single experiments, which represensuppressed with the intracellular recording solution, and, to
typical examples, every response at 0.05 Hz is displayed. To ensggsure that the effects were not mediated by inhibition, we
that activity in cortical circuits did not feed back to the thalamus, welocked GABA, and postsynaptic GABA receptors. Thus
severed all connections between thalamus and neocortex with a\g#ile most postsynaptic actions of the neuromodulators will
Just below the cortical white matter (Castro-Alamancos and Caicaga piocked in the intracellular EPSPs, the extracellular field

notto 1999). Drugs were tested using bath application for 5-10 . s :
unless otherwise indicated. They were prepared fresh and protec edspS will ‘represent a combination of presynaptic and

from light and from oxidation (4QuM ascorbic acid in the ACSF) as postsyn_aptic effects. The su_ppression OﬁMd W currents
required. was indicated by the following observations. First, the mem-

brane potential of neurons recorded using”@sd QX-314
(=51 = 6 mV, mean* SD) was significantly more depolar-
In vivo methods ized than that of neurons recorded using-Kcetate £ 73 + 2
. . mV). Further depolarization from these values was impeded by
Adult Spague-Dawley rats (300 g) were anesthetized with urethagication of negative current. Second, the input resistance of
(1.5 g/kg ip) and placed in a stereoaxic frame. All skin incisions a burons recorded using Csand QX-314 (100—150 K1) is

frame contacts with the skin were injected with lidocaine (2%). ter th in thalami ded usinaacetat
unilateral craniotomy extended over a large area of the parietal cort%f?a er than In thalamic neurons recorded usingaieiate

Small incisions were made in the dura as necessary, and the cortf@d—60 M2). Third, action potentials were completely abol-
surface was covered with ACSF. Body temperature was automaticdfed, and strong positive current pulses evoked only large
maintained constant with a heating pad. The level of anesthesia wigpolarizing plateau potentials. Finally, application of the neu-
monitored with field recordings and limb-withdrawal reflexes antbmodulators was performed after extensive diffusion of the
kept constant at about stage I11/3 using supplemental doses of uretirnacellular solution by waiting long periods after impalement
(Friedberg et al. 1999). Electrodes were inserted with stereotayifiore tha 2 h for the neurons shown in Fig. 1). Under these
procedures (all coordinates are given in mm, in reference to breggsnditions, application of either acetylcholine (1-10 mM) or
and the dura) (Paxinos and Watson 1992). Coordinates for the Vﬁ'ﬂ)‘repinephrine (10—-10G0M) caused corticothalamic EPSPS to

trobasal recording electrode were anterior-posterior 3.5, lateral= . ;
3, and depth= 5-6. Coordinates for the thalamic radiation stimulatd€Press as reflected in the extracellular and intracellular evoked

ing electrode were anterior-posterier —2, lateral= 4, and depth= responser( = 3-5; Fig. 1). Corticothalamic EPSPs returned to

3—4. Coordinates for the brain stem reticular formation stimulatin§Ieir baseline amplitude after wash out of the drugs. The
electrode were anterior-posterier —9, lateral= 0.7, and depth=  depression of corticothalamic EPSPs was not accompanied by

5-6. This stimulating electrode was placed close to the laterodorgathange in the field potential fiber volley, nor was it followed
tegmentum and locus coeruleus to activate both cholinergic ahy a change in input resistance or baseline membrane potential
noradrenergic fibers innervating the thalamus. Stimulation of tiffig. 1). To further eliminate the contribution of inhibition via
thalamic radiation consisted of four 2GG pulses of<200 uA  the nRt, we produced a cut that excised this nucleus from the
delivered at 0.1, 0.5, 1, 2, 5, 10, 20, or 40 Hz. Stimulation of the brajfentrobasal thalamus in several experiments. This assured that
Zte‘alwe:ggcgt'alrogogﬁg‘?“l goxsﬁﬁﬁfocﬂ;ligg Erﬂﬁzswgffﬁgge’ﬁn ,the norepinephrine was not depolarizing nRt cell bodies (Mc-
thalamus 0.5-1 mm medial from the thalamic recording electrode grmlck 1992) to increase .GABA re!ease n the. ventrobasal.
previously described (Castro-Alamancos 1999). This allowed infusi alamus and depress_cortlcothalgmlc EPS.PS via prgsynaptlc
drugs into the thalamus during recordings. 6-Cyano-7-nitroquinoXe?ABAg receptors. In this case corticothalamic stimulation was
line-2,3-dione disodium (CNQX) was applied at 2gM in the delivered at the nRt-ventrobasal thalamus border. To further
ACSF. The muscarinic antagonist scopolamine andettzelrenergic  block GABAg receptors, in some experiments we also applied
antagonist phentolamine were applied at 200 in the ACSF. The CGP35348 (10uM) in the bath. These manipulations did not
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interfere with the depression exerted by acetylcholine or nagrgic receptor agonist (phenylephrine; 548@, n = 5) and a
epinephrinerf = 3 per drug). B-adrenergic receptor agonist (isoproterenol; 1080 n =

To test via which receptors acetylcholine (muscarinic @) were ineffective. Application of am-adrenergic receptor
nicotinic) and norepinephrineaf or B-adrenergic) depressantagonist (phentolamine; 1QOM, n = 5) blocked the depres-
corticothalamic EPSPs, we used receptor agonists to mimic gien of corticothalamic field EPSPs exerted by norepinephrine.
effects of these neuromodulators. We also used receptor &his indicates that norepinephrine depresses corticothalamic
tagonists to block the effects of the neuromodulators. AppBynapses by activating,-adrenergic receptors.
cation of a cholinergic receptor agonist (carbachqgkNs, n = Although acetylcholine and norepinephrine depress cortico-
7) or a muscarinic receptor agonist (muscarineuM, n = 5) thalamic EPSPs, it is possible that their characteristic frequen-
depressed corticothalamic field EPSPs (Fig. 2). Nicotine (t9-dependent facilitation increases. This could happen if cor-
uM, n = 5) or dimethylphenylpiperazinium (1@M, n = 5), ticothalamic depression is due to a decrease in neurotransmitter
which activate nicotinic receptors, had no significant effecteelease probability. Synapses with a low release probability
Application of a muscarinic receptor antagonist (scopolamingisplay stronger facilitation than synapses with a high release
10 uM, n = 5) abolished the depression of corticothalamiprobability (Debanne et al. 1996; Dobrunz and Stevens 1997;
field EPSPs induced by acetylcholine (10 mM). This indicatésSsher et al. 1997; Manabe et al. 1993; Zucker 1989). Indeed,
that acetylcholine depresses corticothalamic synapses by aet-found that bath application of acetylcholine or norepineph-
vating muscarinic receptors. Application of ag-adrenergic rine enhanced facilitation (Fig. 3). This was observed in the
receptor agonist (clonidine, 10—4MM, n = 5) also depressed field (n = 5-7 per drug) and intracellular EPSPs= 3-5 per
corticothalamic field EPSPs (Fig. 2). In contrast,cgradren  drug), was not followed by a significant change in input resis-
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tance (Fig. 3), and was reversible (FigB3. The enhancement A Acetylcholine Norepinephrine

in facilitation induced by acetylcholine was mimicked by car-

bachol, but not by nicotine, and was blocked by the muscarini

receptor antagonist, scopolamine (Fi@)3Also, the enhance- inacei, f=—S_—

ment in facilitation induced by norepinephrine was mimicked __

by clonidine, but not by phenylephrine or isoproterenol, anc T

was blocked by thex-adrenergic antagonist, phentolamine. V‘
Previous work in vivo has shown that thalamic response: Scalsd

can change during distinct behavioral states or after stimulatio fThe Curtent Pulse . {Cuirent Puaee

of the reticular formation (Pare et al. 1990; Steriade et al. 196¢ ,\(\\ _\/ _&J\ \/

1986; Timofeev et al. 1996). Those studies found that ascenc i '

ing cerebellothalamic and mamillothalamic pathways in vivoB %‘ BE

are enhanced during arousal. The present results in vitro su o8] .

50 msec IS 50 msec 15|

gested that during arousal, when acetylcholine and norepinep s os| ' "
rine are released into the thalamus, the descending corticoth £ ¢4 %
. - T
o Pt Py p
lamic pathway depresses. The next experiments explored th B 02
A 0.0
"\ At~ 500 2
VQ—TU—.Z mv 3 |0.2 my . “.:‘.‘.‘
] & msec 5 msec 5_‘-‘!; 400 Ls a
05 Carbachol 0.3 Clonidine I 300 s i e
- D.4L , H b'\:'?a-r — & 5o *
=2 0.2 yng
E 0.3 i i ¥ . [yt :
o Al P e i Mgty 0 10 20
2 i A 01 Time (min)
0.0. 0.0 C
0 10 20 30 40 10 20 30 40 50 60 N NE
0.4 0.4 o ; Clonidine "
7 Nicotine ) Isoproterenol Carbachol * Pher: :
s 03 — 03| Nicotine Isopr:t
— W
s 0.2 M~ 02 ot e SIS ACh+Scop NE+Phent I B
Lo 01 50 100 150 S0~ 100 180
. % ;
%% % 2 30 40 °% 10 20 30 40 Wiofbessline ERF AEeeLe
05 ACh 0.4 NE FIG. 3. Acetylcholine left) and norepinephrinegi@ht) enhance corticotha-
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—~ 04 ; F]
% 03 % e Phentoleine by intracellular and field EPSPs in response to a pair of stimuli at a 50-ms
D 02 Mt oo, 0'2_-1‘-,.,@\/%“@#& interstimulus interval (ISI). Overlaid are responses before and during the
i 01 0.1 application of acetylcholine (10 mM) and norepinephrine (L80). Theinsets
ool ool below show the result of scaling the amplitude of the 1st (depressed) response
0 10 20 30 40 50 60 O 10 20 30 40 50 during the drug to the amplitude of the response before the drug. This reveals
Time (min) Time (rrin) an enhancement of facilitation. Also shown are the neuron’s responses to a DC
B 3 current pulse £0.3 nA) delivered before and during drug applicati&nthe
ACh NE I experiments corresponding to the extracellular traces showh ane illus-
Sarbachil Clonidine i trated. Thetop graphshows the amplitude of the response to the 1st stimulus
Nicotine Phanyieph (®) and to the 2nd stimulus>f delivered with a 50-ms ISI. The graph below
ACh+Scop il displays &) the percentage of change in amplitude of the 2nd response with

NE+Phent

EEE ] W SETEE—— respect to the 1st response (PPF). Notice that during application of acetylcho-
0: (285550 73100728 0 25 50 75 100 125 line (ACh, 10 mM) and norepinephrine (NE, 1@tM), the evoked responses
Eer R %:cf bissline depressed but facilitation increas@lthe graphs represent the average effects
FIG. 2. Activation of muscarinic and,-adrenergic receptors depress-cor of the drugs on the baseline PPF (5—7 experiments per groBp<*0.01,
ticothalamic EPSPs in vitro. The effects of cholinerdeftf and of noradren- t-test). Theleft paneldisplays the effects of acetylcholine (10 mM), carbachol
ergic (ight) receptor agonists and antagonists on field EPSPs are displayduM), nicotine (10uM), and acetylcholine in the presence of scopolamine
subsequentlyA: the traces correspond to field responses recorded before gACh + Scop; 10 mM+ 10 uM). The right panel displays the effects of
during application of the drug in the experiment displayed below. The chnerepinephrine (NE, 10@&M), clonidine (40 wM), phenylephrine (5QuM),
linergic agonist (carbachol, BM) depressed corticothalamic responses. Nicisoproterenol (5QuM), and norepinephrine in the presence of phentolamine
otine (10uM) did not significantly affect corticothalamic responses. Applica{NE + Phent; 100uM + 100 uM). Intracellular recordings were performed
tion of a muscarinic antagonist (scopolamine,dM) blocked the effects of with QX-314 and C3$ in the pipette. BMI was bath applied.
acetylcholine (ACh, 10 mM) on corticothalamic responses. dsadrenergic
agonist (clonidine, 4M) depressed corticothalamic responses. Bregren-  possibility. To induce arousal we used stimulation of the brain
ergic agonist (isoproterenol, 50M) did not significantly affect corticotha- stem reticular formation in vivo. As previously described
lamic responses. Application of anadrenergic antagonist (phentolamine, 10({Moruzzi and Magoun 1949; Steriade and McCarIey 1990)’

M) blocked the effects of norepinephrine (NE, 1@M) on corticothalamic . . . . :
responsesB: average effects of the drugs on 5-7 experiments per group 48S Stimulation produces a strong activating effect in the

compared with baseline responsed( 0.01,t-test). Theleft paneldisplays  thalamus consisting of the abolition of slow-wave activity and
the effects of acetylcholine (10 mM), carbacholy®!), nicotine (10uM), and  an increased depolarization that results in high-frequency unit
a?\;le)tylgﬂolinehtin the I%r_estencetr?f Sgrropftilarr;ine (AiﬁfSCk?P: l?erngz Ml)o firing (Fig. 4A). These effects last for at least 10 s, which was

. er anelaisplays the erftects or norepinepnrine y s . . .
N odinG (fo MRA)’ pherﬁ’ylé’phrme (50uM). isopr‘f)ter‘;nol (50um). ang defined as our testing period (between 1 and 10 s after the
norepinephrine in the presence of phento|amine (NEhenty 10QLM + 100 I‘etICU|aI’ fOI'matlon Stlmu|atI0n) St'mulaUOn Of the tha|amIC
uM). BMI was in the recording pipette. radiation in anesthetized rats produced a corticothalamic re-
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A RF Stim.

Band Pass Filter (1-3kHz Hz)

FIG. 4. Stimulation of the reticular formation
Low Pass Filter (20 Hz) in vivo suppresses low-frequency but not high-
frequency corticothalamic responsés.typical
example of the effects of stimulating the brain
stem reticular formation (RF, 100 Hz/1 s) on
thalamic activity. The 3 traces correspond to the
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- glutamate receptor antagonist (CNQX, 6-cyano-
B 50 msec S (2 Stimuli) C 7-nitrogquinoxaline-2,3-dione) into the thalamus.

S 1000 20,40Hz  C: the amplitude of the corticothalamic re-
CNQX into thalamus pe sponses displayed in response to 4 stimuli de-
livered at 0.1, 0.5, 1, 2, 5, 10, 20, and 40 Hz are

a4 A2 10 Hz displayed as a percentage of change with respect
""" to the 1st respons®: the traces represent typ-
500 ical examples of the effects of RF stimulation on
A, corticothalamic responses evoked at 0.5 Hz
/;/E;E 52,1 Hz (above; only the 1st and 4th responses are
oo ———200501Hz shown) and at 20 Hz (below). The 20-Hz train
. . i i triggers facilitation, but not the 0.5-Hz train.
1 2 3 4 Overlaid are the responses before and after RF
stimulus # stimulation. Notice the depression of the re-
sponses at 0.5 Hz, but only of the 1st response in
E the 20-Hz train.E: as shown inC, facilitation
reaches a steady state by the 3rd response. We
04mv 1000 Steady state responses . __. used the 3rd and 4th responses of the trains to
oz perform a spectrum analysis on the effects of RF
Control stimulation. The average amplitude of the 3rd
\ ./-7 and 4th responses for each frequency is dis-
e played as the percentage of change with respect
100 — / to the control response (before RF) at 0.1 Hz.
. Notice that the steady-state low-frequency re-
/ \ sponses are abolished while the high-frequency
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sponse in the ventrobasal thalamus very similar to the ooerticothalamic pathway by comparing responses before and
recorded in vitro (compare FigsA3and 48), with its charac- after reticular formation stimulatiom(= 7). Corticothalamic
teristic strong facilitation (Fig. @). As previously observed in responses were strongly depressed during the testing period
vitro (Castro-Alamancos and Calcagnotto 1999), the cortic(Fig. 4D). This depression usually lasted between 20 and 60 s.
thalamic response was abolished in vivo by application of ehus as predicted from the effects of acetylcholine and nor-
glutamate receptor antagonist into the thalamus (. #his epinephrine in vitro, stimulation of the reticular formation
shows that antidromic activation does not contribute to thiesulted in a strong depression of the corticothalamic pathway.
synaptic field response we measure because this response Boes this mean that during arousal the cortex cannot com-
completely abolished by CNQX. Also, antidromic excitation imunicate with the thalamus? One possibility is that corticotha-
the ventrobasal thalamus cannot produce recurrent EPSPslamic responses only depress at low frequencies, but not at
cause thalamocortical neurons are not synaptically connectegh frequencies that engage facilitation. This was suggested
to each other. We first tested the effects of arousal on thg the observation, in vitro, that acetylcholine and norepineph-
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rine enhance facilitation. Thus we compared the effects Biz. Moreover, consistent with the in vitro results, application
reticular formation stimulation on low-frequency and on highef both muscarinic and-adrenergic antagonists into the thal-
frequency corticothalamic activity (Fig. D). The results amus abolished the depression of corticothalamic responses
showed that while the corticothalamic responses to low-frexduced by stimulating the reticular formatiam<€ 3; Fig. 4F).
guency activity were strongly depressed by stimulating thhis experiment also allowed dissociating the synaptic effects
reticular formation, the responses to high-frequency activifyom the activating effects of reticular formation stimulation.
were not affected. A spectrum analysis revealed that cortidéigure 5 shows the effect of stimulating the reticular formation
thalamic responses below 5 Hz were strongly suppressed dugfore (ACSF) and during the application of both muscarinic
ing arousal, but higher frequency responses were unaffectadd a-adrenergic antagonists into the thalamus (scopolamine
(Fig. 4E). The steady-state responses at a frequency belovarid phentolamine). The reticular formation stimulation was
Hz were significantly depressed by stimulation of the reticul@ffective under both conditions in producing thalamic activa-
formation f = 4; t-test,P < 0.01). These results indicate thation (Fig. 5A). This was expected because it is known that
during arousal corticothalamic activity is high-pass filtered atfhany different neuromodulators produce activating effects in
; the thalamus and that acetylcholine acting via nicotinic recep-
A RE S8 tors and norepinephrine vig-adrenergic receptors (which
Control were not blocked) also depolarize thalamic neurons (McCor-
mick 1992; Steriade et al. 1997). Although application of
scopolamine and phentolamine did not eliminate the thalamic
activation produced by stimulating the reticular formation, it
did abolish the depression of corticothalamic responses (Fig.
; 5B). This indicates that the depressing effect on corticotha-
Scot+Phe in thalamus lamic synapses induced by stimulating the reticular formation
is independent from the changes in cellular excitability of
thalamic activation.
We also tested the effects of reticular formation activation
on thalamic responses evoked by stimulating the medial lem-

SR—— e Time niscus (Castro-Alamancos, unpublished observations) and
01234508739 871011121 M15 1817 e found that these responses were either enhanced or not affected
B Control Sco+Phe in thalamus (n = 4; not shown) as previously described (Steriade and

' ) : ; Demetrescu 1960; for review Singer 1977; Steriade and Mc-
1st stimulus (0.5 Hz) 4th stimul 1st stimulus (0.5 Hz) 4th stimul 2 K
s ) s s ) 4h stmis Carley 1990; Steriade et al. 1997). This suggests that the

R mm{m s i i depressing effects of stimulating the reticular formation are
- _ : restricted to corticothalamic synapses. Therefore the effects in
- ) vivo on corticothalamic responses induced by stimulating the

reticular formation are likely synaptic and not a general con-

msec sequence of a change in excitability of thalamic neurons.
4 stimuli 20 Hz 4 stimuli 20 Hz Finally, we tested whether activation of cholinergic @f
adrenergic receptors in slices using receptor agonists was suf-

alﬁ\' - - : ficient to high-pass filter corticothalamic responses in vitro. To
mimic our conditions in vivo, we recorded corticothalamic

field responses in the absence of GABA receptor antagonists.

FIG. 5. Blocking muscarinic andw-adrenergic receptors in the thalamus
05 dissociates between the synaptic and cellular excitability effects of stimulating
mv the reticular formationA: typical examples showing similar effects of stimu-
lating the brain stem reticular formation (RF, 100 Hz/1 s) on thalamic activity
during application of artificial cerebrospinal fluid (ACSF; control) or during
C application of scopolamine and phenolamine (%04; Sco + Phe) into the
20z | 0.5 Hz thal_amus. Tra_ces are Iow—pass fllterB_ddlfferentl_aI effects of stlm_ulatlng t_he _
. : brain stem reticular formation on corticothalamic responses during application
: of ACSF (controljleft) or during application of scopolamine and phentolamine
Control -' into the thalamus (Sce Phe;right). The traces represent typical examples of
" the effects of RF stimulation on corticothalamic responses evoked at 0.5 Hz
(above; only the 1st and 4th responses are shown) and at 20 Hz (below). The

’ 20-Hz train triggers facilitation, but not the 0.5-Hz train. Overlaid are the
_ -' responses before and after RF stimulation in the preseiyt#)(and absence

- -

RF stim

(left) of scopolamine and phentolamine in the thalamus. Notice that in the
: presence of Sce- Phe, stimulation of the reticular formation does not depress
RF stim _ . corticothalamic responses at 0.5 Hz or the 1st response of the train at 20 Hz.
—— All data in this figure are from the same experime®t.group datarf = 3)
Sco+Phe § shown are the mean amplitudes of the steady-state responses for a low- (0.5)
: . ) and a high-frequency (20 Hz) stimulus displayed as the percentage of the
0 100 200 900 1200 control (before RF) response at 0.1 Hz. RF stimulation depresses selectively

the low-frequency response, and infusing scopolamine and phentolamine (500
0,
% of Change nM) in the thalamus blocks this effect.
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Under these conditions corticothalamic field responses WESF). Surely, these factors contribute to the differences be-
corded in slices are similar to those recorded in vivo (compattgeen the frequency curves of the steady-state responses in
Figs. © and &), with the characteristic strong facilitationvivo and in vitro. Taken together, the results in vitro and the
(Fig. 6B). The neuromodulator agonists were applied localgntagonist experiments in vivo indicate that activation of mus-
(at the recording site) using a low-impedance pipette contaiRrinic ora,-adrenergic receptors at corticothalamic synapses
ing the drug (at a dose 10 times higher than in the batfyring arousal result in the selective suppression of low-fre-
dissolved in ACSF as previously described (Castro-Alamanc@4ency corticothalamic activity.

and Calcagnotto 1999). Application of either clonidine (400

uM, n = 3) or carbachol (5«M, n = 3) resulted in a strong 5, s cussion

depression of the corticothalamic responses (FA). Gow-

frequency responses were always affected more than highThe present experiments, performed in vitro and in vivo,
frequency responses (FigAp This effect resembles the resultreveal that acetylcholine and norepinephrine depress cortico-
obtained by stimulating the reticular formation in vivo. As irthalamic synapses via muscarinic asmgdadrenergic receptors.
vivo, we performed a spectrum analysis, which revealed thdowever, since corticothalamic depression is followed by an
low-frequency corticothalamic responses were strongly sugnhancement of facilitation, only low-frequency corticotha-
pressed but high-frequency responses were unaffected by Idaadic activity is suppressed during arousal, while high-fre-
application of clonidine or carbachol (FigCh The steady- quency activity, which triggers facilitation, flows unaffected.
state responses at a frequency below 10 Hz were significantlyThe results indicate that the release of acetylcholine or
depressed by carbachol or clonidime=f 3; t-test,P < 0.01). norepinephrine in the thalamus depresses corticothalamic syn-
It is unlikely that we would be able to completely simulate impses by activating muscarinic amg-adrenergic receptors,
vitro the exact pattern and dosage of receptor activation thaspectively. First, acetylcholine and norepinephrine depress
corresponds to stimulating the brain stem reticular formation @orticothalamic EPSPs measured intra- and extracellularly.
vivo. Several differences were noted between the in vivo andTimis depression occurs both in the presence or absence of
vitro experiments. First, the GABAreceptor—dependent pos GABA-mediated inhibition. Second, cholinergic angtadren

itivity that follows the negative field potential EPSP, which igrgic receptor agonists, but not nicotinic @adrenergic ago-
only observed in the absence of BMI, showed strong frequemists, depress corticothalamic EPSPs. Third, a muscarinic an-
cy-dependent depression in vitro but not in vivo. Second, tiegonist and ax-adrenergic antagonist block the depressing
frequency-dependent facilitation displayed in vivo and in vitreffects of acetylcholine and norepinephrine on corticothalamic
is very similar but not identical. Facilitation in vivo tends to b&ePSPs, respectively. Fourth, stimulation of the reticular for-
stronger and begins at higher frequencies than in vitro. Thisrmgtion, which releases several neuromodulators into the thal-
likely due to differences in the experimental conditions (e.gamus, depresses corticothalamic field EPSPs, and this depres-

A 1st stimulus (0.5 Hz) 4th stimulus B 800
After carbachol After carbachol @ ’/0\, 20,40 Hz
\ e /A 410 Hz
5 400 " * 5he
e — (o]
o4mv. x o021 Hz
100] & I——=3—00501Hz
5 msec .i : é p
stimulus #

4 stimuli (40 Hz)
C 1000 Steady state responses

- n Control /./'7"’—'l
AN e
100| .
¥ After carbachol
After clonidine

0.1 1 10 40
Frequency (Hz)

% of change

0.5 mv

10

FIG. 6. Application of muscarinic o&,-adrenergic receptor agonists in vitro suppresses low-frequency but not high-frequency
corticothalamic responseA: the traces represent typical examples of the effects of carbachol on corticothalamic responses evoked
at 0.5 Hz (above; only the 1st and 4th responses are shown) and at 40 Hz (below). The 40-Hz train triggers facilitation, but not the
0.5-Hz train. Overlaid are the responses before and during carbachol. Notice the depression of the responses at 0.5 Hz, but only
of the 1st and 2nd responses in the 40-Hz trBirthe amplitude of the corticothalamic responses displayed in response to 4 stimuli
delivered at 0.1, 0.5, 1, 2, 5, 10, 20, and 40 Hz are displayed as a percentage of change with respect to the 1sCrespsinsen
in B, facilitation reaches a steady state by the 3rd response. We used the 3rd and 4th responses of the trains to perform a spectrum
analysis on the effects of carbachol and clonidine. The average amplitude of the 3rd and 4th responses for each frequency is
displayed as the percentage of change with respect to the control response (before the drug) at 0.1 Hz. Notice that the steady-state
low-frequency responses are abolished while the high-frequency responses are unaffected by clonidine and carbachol. The data
correspond to the average of 3 experiments.
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sion is abolished by the application of muscarinic andde with the frequencies that are effective in triggering short-
a-adrenergic antagonists into the thalamus. term synaptic facilitation in corticothalamic synapses. Interest-
Previous work has demonstrated that corticothalamic syingly, stimulating the brain stem reticular formation enhances
apses are depressed by glutamate via type Il metabotropah gamma oscillations (Steriade and Amzica 1996; Steriade
glutamate receptors (Turner and Salt 1999). The present stedyl. 1991) and synaptic facilitation. Thus an important role for
ads both muscarinic ang,,-adrenergic receptors to the list ofthis corticothalamic high-pass filter during arousal is to permit
neuromodulators that regulate corticothalamic communicatidhe flow of gamma oscillations between neocortex and thala-
By which mechanisms do muscarinic angladrenergic recep mus, while impeding low-frequency oscillations. It would
tors depress corticothalamic EPSPs? A differential presynapgigrve as a gate that allows the flow of low-frequency and
modulation of low-frequency versus high-frequency synaptgamma activity during sleep, while allowing only gamma
activity by muscarine and by GABA has been previouslgctivity during arousal.
shown in the ventral striatum (Pennartz and Lopes da Silva
1994) and in the auditory system (Brenowitz et al. 1998),We thank Dr. Steriade for helpful comments.
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