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Intracerebral muscimol injection iswidely used to inactivate discrete brain struc-
tures during behavioral tasks. However, little effort has been made to quantify the
extent of muscimol diffusion. The authors report here electrophysiological and
autoradiographic results obtained after muscimol injection (1 wg/ul) either into the
nucleus basalis magnocellularis (0.1-0.4 wl) or into the thalamic reticular nucleus
(RE, 0.05-0.1 wl). In 52 rats, multiunit recordings were collected either in the RE
or in the auditory thalamus during the 2 h following muscimol injection. Decreases
in neuronal activity were observed up to 3 mm from the injection site; their time
of occurrence was a function of the distance between the injection and recording
sites. Because these decreases cannot be explained by physiological effects, they
likely reflected muscimol diffusion up to the recording sites. Autoradiographic
studiesinvolved 25 rats and different experimental conditions. Optical density (OD)
measures indicated that after asurvival time of 15 min, a0.05-wl injection produced
alabeled area of 5.25 mm? at the injection site and a rostrocaudal |abeling of 1.7
mm. Increasing the survival time to 60 min, or increasing the injected volume to
0.1 ul, systematically led to alarger labeled area at the injection site (8—12 mm?)
and to a larger rostrocauda diffusion (2.0-2.5 mm). Direct quantifications of
radioactivity by a high-resolution radioimager validated the OD measures and even
indicated a larger muscimol diffusion (up to 3.25 mm). Thus, these data point out
that muscimol diffusion after intracerebral microinjection is larger than usually
supposed. The relationships between these results and those obtained in behavioral
studies are discussed.  © 2002 Elsevier Science (USA)
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INTRODUCTION

Over the past decade, an increasing number of studieshave used intracerebral microinjec-
tion of muscimol to reversibly inactivate localized brain areas. This method has been
employed particularly in behavioral studies to explore the role of discrete brain regions
in different learning tasks (e.g., Dudchenko & Sarter, 1991; Holt & Maren, 1999; Meloni &
Davis, 1999; Muir, Robbins, & Everitt, 1992; Muller, Corodimas, Fridel, & LeDoux,
1997; Oshiro, Bushnell, & Chiba, 2000; Pang, Williams, Egeth, & Olton, 1993; Paolini,
Cotterill, Bairaktaris, & Clark, 1998; Poremba & Gabriel, 1999; Ramnani & Yeo, 1996;
Welsh & Harvey, 1991; Wilensky, Schafe, & LeDoux, 1999, 2000). Indeed, injection of
the GABA 4 agonist muscimol presents several advantages. Contrary to blockers of sodium
channels (e.g., tetrodotoxin) or to local anesthetics (e.g., lidocaine), which prevent the
occurrence of action potentials from both local neurons and fibers of passage (Hilles,
1966, 1977; Ritchie, 1979), muscimol only inactivates the activity of local neurons. Its
behavioral effects can be observed a few minutes after injection, and they can last up to
several hours, thereby alowing extensive behavioral tests after injection (for a review,
see Martin & Ghez, 1999).

Our initial goal wasto evaluate the effects of inactivation of nucleus basalis magnocel lu-
laris (NBM) neurons on neuronal activity in the auditory cortex. Given the large number
of studies that had used muscimol injection, we thought that its spread of diffusion was
limited enough to allow unambiguous interpretation of the observed effects. However,
the electrophysiological results obtained were puzzling and led us to suspect a muscimol
diffusion up to the thalamic reticular nucleus (RE). To clear up the matter, we decided
to perform electrophysiological and autoradiographic experiments aiming at determining
the extent of muscimol diffusion.

For electrophysiologists, a potent way of distinguishing between real physiological
effects and effects due to diffusion of an inactivating agent is to inject the drug in a
structure A and to record neuronal activity in a structure B that receives inhibitory
monosynaptic projections from A. Logicaly, the removal of inhibitory inputs from A
should lead to increased activity in B. Reduction of activity in B can be viewed as evidence
for a direct spread of the inactivating agent from A to B. Using this rationale, two series
of electrophysiological experiments were conducted. In the first ones, muscimol was
injected into the NBM and neuronal activity was recorded in the RE. It is known that
NBM cholinergic and GABAergic neurons send monosynaptic projections to the RE
(Jourdain, Semba, & Fibiger, 1989), that acetylcholine hyperpolarizes RE cells (Ben-Avri,
Dingledine, Kanazawa, & Kelly, 1976; McCormick & Prince, 1986), and that NBM
stimulation suppresses RE activity (Pinault & Deschenes, 1992). Therefore, inactivation
of the NBM should logically lead to increased neuronal activity in the RE. In the second
series, muscimol was injected into the auditory sector of the RE and recordings were
collected in the media geniculate body (MGB). The RE is exclusively composed of
GABAergic cells that send a monosynaptic input to thalamic relay neurons (Houser,
Vaughan, Barber, & Roberts, 1980; Jones, 1975; Pinault & Deschenes, 1998) including



102 EDELINE ET AL.

MGB cells (Crabtree, 1998; Montero, 1983). Therefore, inactivation of the auditory sector
of the RE should logically lead to increased neuronal activity in the MGB.
Autoradiographic experimentswere al so performed to complement the el ectrophysiolog-
ical data. Tritium-labeled muscimol was injected either into the NBM or into the RE, and
the extent of muscimol diffusion was estimated based on the quantification of the areas
|abeled along therostrocaudal axis. Autoradiographic datawere quantified by both classical
optical density measures and direct measures of the radioactivity using aradioimager (RI).

MATERIALS AND METHODS

Animal Preparation and Injection Technique in Electrophysiological and
Autoradiographic Studies

Adult Sprague—-Dawley rats (280—320 g) were anesthetized (urethane, 1.5 g/kg, supple-
mented by 0.5 g/kg when needed) and placed in a stereotaxic frame. After the scalp of
each animal was opened, aloca anesthetic (Xylocaine, 2%) was liberaly infiltrated into
the wound. The body temperature was maintained between 36 and 37°C by a heating pad.
Three silver ball electrodes (400 um) were inserted between the bone and the dura; one
was used as a reference during the recording sessions, and the other two were placed
over the frontal and parietal cortex and served to monitor the electroencephalogram
(EEG). All procedures were in accordance with the European legidation on animal
experimentation.

Burr holes were made over the injection sites. An assembly composed of a 26-gauge
stainless steel guide tube and of two 50-um tungsten electrodes (0.5 MQ) at 1 kHz) glued
to both sides of the tube and protruding from the tube by 1 mm was slowly lowered under
electrophysiological control. Correct placement in the target structures was based on (a)
EEG desynchronization in response to low-intensity stimulation (< 150 uwA) between the
two electrodes for placements in the NBM and (b) high-frequency bursting activity and
short latency (< 20 ms) tone-evoked responses for placements in the auditory RE (Cotil-
lon & Edeline, 2000; Shosaku & Sumitomo, 1983).

Muscimol was dissolved in sterileisotonic saline 45 min beforeinjection. It wasinjected
through a 33-gauge stainless steel cannula connected to a 0.5-ul Hamilton syringe via a
short (30-cm) catheter. The tip of the cannula extended 500 um beyond the extremity of
the guide tube. Injection was always performed at arate of 0.1 wl/min. The concentration
of muscimol (1ug/lul, 8.7 mM) and the volume injected (0.05-0.40 ul) were in the
range of those used in a number of studies (comparable concentrations were used in
Beninger, Ingles, Mackenzie, Jhamandas, & Boegman, 1992; Holt & Maren, 1999; Muller
et a., 1997; Nagahara & McGaugh, 1992; Nagahara, Brioni, & McGaugh, 1992; Smith,
Beninger, Mallet, Jhamandas, & Boegman, 1994; and Wilensky et al., 1999, 2000; in
most of these studies, the injected volume was 0.5 ul).

Electrophysiological Experiments

Recording procedures. In Experiment 1, 0.4 ul of muscimol was injected into the
NBM (1.8 mm posterior from bregma, 3 mm lateral, 6.5-8.0 mm below pia), and multiunit
activity was recorded in the RE, either in its non-auditory sectors (from —2.3 to —3.3/
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TABLE 1
Electrophysiological Studies
Number of animals Site of injection Recording site Number of recordings
Experiment 1 6 NBM (0.4 wl) Non-auditory RE n=11
9 NBM (0.4 wl) Auditory RE n=17
Experiment 2 14 Auditory RE (0.1 wl)  Auditory thalamus n=28
23 Auditory RE (0.05 ul)  Auditory thalamus n=46

Note. Volumes are in parentheses. NBM, nucleus basalis magnocellularis; RE, reticular nucleus.

bregma) or in its auditory sector (from —3.3 to —3.8/bregma) (see Rouiller & Welker,
1991). In Experiment 2, 0.1 ul of muscimol was injected into the auditory RE, and
multiunit activity was recorded in the MGB from —4.8 to —6.3/bregma. Table 1 presents
the number of recordings collected in these two experiments.

The recording electrodes were 50-um tungsten wires (~ 0.5 MQ at 1 kHz). Two
electrodes, spaced by 200 to 300 um in the rostrocaudal axis, were slowly lowered either
in the RE or in the MGB under electrophysiological control. Cellular responses to pure
tone bursts were used to ensure correct placement in the auditory sector of the RE or in
the MGB. Typica high-frequency bursting activity was used as an indication of correct
placement in non-auditory RE (Pinault & Deschenes, 1992). The signal coming from the
electrodes was amplified (AM System, gain 10,000), filtered (bandpass 0.6—10.0 kHz),
displayed on an oscilloscope, and sent to a voltage window discriminator to select the
largest spikes (signal-to-noise ratio ~ 3:1). The TTL pulses generated by the voltage
window discriminator were sent to the acquisition board (PClab, PCL 720) of a labora-
tory microcompulter.

Experimental protocol. The cannula was inserted into the guide tube 2 mm above the
target structure, but it was till kept away from the extremity of the tube. It was gently
pushed to its final placement (with the tip extending 500 um beyond the tube) at the end
of the control preinjection period (see below). In the two experiments, 10-trial blocks of
tone presentations (1-25 kHz, 70-80 dB, 1-s duration) were delivered every 5 min while
recordings were collected either in the RE or in the MGB. On-line rasters and histograms
(10-ms bin) corresponding to each recording electrode were displayed by 10-trial blocks.
Recordings were collected for at least 35 min before muscimol injection (control period)
and for up to 2 h after injection (post-injection period).

Histology. At the end of the recording session, 1% Alcian blue in 0.1 ul of saine
was injected at the same site as was muscimol. Each animal was given an overdose of
nembutal (200 mg/kg), and the brain was rapidly removed from the calvarium. Brains
were stored for at least 1 week in buffered formalin (10% in phosphate buffer, pH 7.4)
and then were placed in 30% sucrose—formalin until they sank. They were cut on a
freezing microtome (50-um thick serial coronal sections). The sections were stained with
cresyl violet for Nissl preparation and were subsequently examined for determination of
the injection site (in NBM or in RE) and of the recording electrode placements (in RE
or in MGB). The antero-posterior distance between the recording site and the injection
site was determined, and the absolute distance between the two sites, d, was computed
by the following formula:
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d= \/[(Xrec - Xinj)2 + (Yrec — Yinj)2 + (Zec — Zinj)Z]a

where X, y, and z represent the anteriority (x), laterality (y), and verticality (2) of the
recording () and injection (i) Sites, respectively. Determination of the coordinates of
the injection and recording sites was done blindly with regard to the el ectrophysiological
results. Because no correction factor was used to take into account the tissue shrinkage,
al of the distances provided in the results might be underestimated by about 10%.

Dataanalysis. Standard peristimulustime histograms (10-msbin) were built by blocks
of 10 trials. Spontaneous activity was quantified during the 500 ms preceding each tone
presentation. The “on” tone-evoked response was analyzed using, for each recording, the
time window that was most appropriate to quantify the response (0-30, 0-50, or 0—100
ms after tone onset). Spontaneous and evoked activities recorded after muscimol injection
were averaged in successive 15-min blocks and were compared to the mean val ues obtained
during the 30-min preinjection period using paired t tests.

Autoradiographic Experiments

Because the local and national laws do not allow manipulation of [3H]drugs in the
same experimental room asthe one used for electrophysiological recordings, the autoradio-
graphic analyseswere not performed in the same animal s asthose involved in el ectrophysi-
ological experiments.

Experimental procedures. Labeled muscimol ([*H]muscimol, 1 uCi/ul, 14 Ci/mmoal,
Amersham, UK) was used. The exact volume of [*H]muscimol to beinjected was backfilled
into the cannula. The cannula was inserted into the guide tube 2 mm above the target
structure. It was pushed to its final placement when the final stereotaxic coordinates were
reached and met the electrophysiological criteria

Labeled muscimol was injected, and after a prescribed time interval (see below) an
overdose of nembutal (200 mg/kg) was given. The animal was decapitated, and the brain
was quickly removed from the calvarium and immediately frozen in chilled isopentane
(—40°C). The brain was then kept at —80°C until being sliced on a freezing microtome.
Three adjacent sections (20-um thickness) were directly mounted onto glass slides every
250 um. They provided three sets of sections; the first set was used for Nissl staining to
localize the brain structures, the second was used for autoradiographic quantification using
optical density (OD) measurements, and the third was used for direct quantification of
the radioactivity by a radioimager.

Protocol. Table 2 summarizes the six experimenta groups used. These groups were
designed to investigate the effects of the following factors: (a) site of injection, (b) mode
of injection, and (c) time of survival after injection. The effect of injection site was
estimated by comparing the spreads of diffusion of 0.1 ul of muscimol injected into the
NBM versus into the RE (comparison between Groups 2 and 3). The effect of injection
mode was evaluated by comparing the spreads of diffusion observed after 0.1-ul injection
performed via a motorized pump (rate of 0.1 wl/min, Harvard syringe pump, Model 2)
versus performed by hand over 1 min (comparison between Groups 3 and 4). The effect
of time was assessed by comparing the spreads of diffusion obtained 15 min versus
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TABLE 2
Autoradiographic Studies
Volume Radioactivity Time of survival
Number of Site of injected injected Mode of after injection
animals injection (ul) (uCi) injection (min)
Group 1 5 NBM 0.4 0.1 manual 120
Group 2 5 NBM 0.1 0.1 pump 60
Group 3 4 RE 0.1 0.1 pump 60
Group 4 5 RE 0.1 0.1 manual 60
Group 5 3 RE 0.05 0.05 manual 60
Group 6 3 RE 0.05 0.05 manual 15

Note. NBM, nucleus basalis magnocellularis; RE, reticular nucleus.

obtained 60 min after 0.05-ul injection into the RE (comparison between Groups 5 and
6). Lastly, ratsin Group 1 received 0.4 ul of muscimol into the NBM and were sacrificed
2 h after injection. This group was used (@) because part of the electrophysiological data
was obtained after 0.4-ul muscimol injection and (b) because all neuronal recordings
were collected up to 120 min after injection. For this group, 0.1 ul of [*H]muscimol was
dissolved in 0.3 wl of non-labeled muscimol to avoid film saturation. Thus, rats in this
group received the same amount of radioactive molecules as did those in groups injected
with 0.1 wul of [*H]muscimol, but the injection volume was four times larger and the
survival time was twice as long.

Data Analysis

Autoradiogram quantification. The slides were apposed to X-ray films (Amersham
Hyperfilm for [*H]muscimol) along with [3H]standards (Amersham) for 4 weeks. Auto-
radiograms of individual brain sections were digitized (Umax 2400, 1200 dpi, 16 bits
precision), and the images were quantified with the VisiLog software package (version
5.2, Noesis, France). Four parameters were derived from each labeled zone on every
section: (@) the optical density, (b) the width, (c) the height, and (d) the surface area. The
width and the height represented the smallest diameter (usually oriented in the horizontal
direction) and the largest diameter (usually oriented in the vertical direction), respectively,
of the smallest ellipse matching the labeled area. (Thiswas aconservative estimate because
the ellipse fitted entirely inside the labeled area.) The quantification of the area was based
not on the surface of this ellipse but rather on a careful drawing of the labeled area. In
addition, for each animal, the rostrocaudal extent of diffusion was estimated by measuring
the distance between the injection track (determined from Nissl stained sections) and the
last section (in the caudal direction) on which the image analysis system detected labeling
above film background level. Radioactivity values were generated from the OD measures
using autoradiographic [3H]micro-scales (Amersham, RPA 506 and 507).

Measures from rats of agiven group were pool ed together, and between-groups compari-
sons were made with analyses of variance and unpaired t tests.
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Quantification by a radioimager. Direct quantification of the radioactivity was carried
out to verify the limits of the rostrocaudal diffusion previously estimated by OD measures.
A radioimager (RI) is a real-time position sensitive detector developed to image and to
quantify low-activity beta sources with a high spatial resolution (for descriptions, see
Charpak, Dominik, & Zaganidis, 1989; Charpak, Imrie, et al., 1989; Laniece et al., 1998).
The three main advantages of Rls are (@) their capability to image samples labeled with
3H about 150 times faster than emulsions or films, (b) their capability to provide absolute
and accurate radioactivity quantification over a wide dynamic range, and (c) a spatial
resolution ranging from 200 to 15 um for high-resolution RIs.

We used a large-surface Rl (B-Imager 2000, Biospace Mesures, France), directly
derived from multi-wire proportional counting (MWPC) devices used in the high energies
(Charpak, Imrie, et al., 1989). Using a parallel plate avalanche chamber (PPAC) filled
with a gas mixture (Argon—TEA), its detection threshold for tritium is 0.007 cpm/mm?.
Its large surface of detection (20 X 25 cm) allowed quantification of up to 15 glass dides
simultaneously (each slide included up to 4 brain sections) with a resolution of 100 to
150 um. A total of 141 brain sections from 25 animals were analyzed (exposure time:
21 h). These sections corresponded to the last sections around which labeling disappeared
according to OD measures.

RESULTS

Electrophysiological Results
Effects of Muscimol at the Injection Ste (0.1 wl injected into the NBM)

In 6 animals, 10 recordings were collected after 0.1-ul saline injection and then after
0.1-ul muscimol injection into the NBM (the two injections were made at least 2.5 h
apart). The recordings were from the two electrodes glued to the guide tube (500 um
from thetip of the cannuld). As shown in Fig. 1, 2 min after saline injection, spontaneous
activity was decreased by 40% of the mean preinjection value, t(9) = 2.53, p = .032.
This decrease was still significant 10 min after injection, t(9) = 2.87, p = .012; thereafter,
the values no longer differed from the control level, p > .10 at al time points. On the
other hand, 2 min after muscimol injection, spontaneous activity was aready decreased
by 80%. From 25 min up to 2 h after injection, it was amost totally suppressed.

Thus, a immediate vicinity of the injection site, neuronal activity was rapidly and
strongly suppressed after muscimol injection, whereas it was transiently and moderately
decreased after saline injection. We may suspect that the decreased neuronal activity after
saline injection resulted mainly from slight mechanical movements that occurred when
the cannulawas pushed at the extremity of the guide tube and from mechanical perturbation
due to the injected volume.

Muscimol Injection (0.4 ul) in the NBM: Recording in the RE

For 6 animals, electrophysiological recordings (n = 11) were collected in non-auditory
sectors of the RE. The mean rostrocaudal distance between the injection site and the
recording site was 0.59 = 0.12 mm (range : 0.2—-1.5). The mean absolute distance was
1.80 = 0.23 mm (range : 1.0-3.3). As shown in Fig. 2A, spontaneous activity began to
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FIG. 1. Percent changesin neuronal activity at the injection site after muscimol or salineinjection. Neuronal
recordings were collected by two tungsten electrodes glued to the sides of the guide tube (500 um from the
tip of the cannula). Spontaneous activity was recorded every 5 min during the 30 min preceding and the 120 min
following a0.1-ul injection of saline or muscimol into the nucleus basalis magnocellularis. Each point represents
the mean value (= SEM) obtained over the 10 recordings. Spontaneous activity fell to less than 20% of its
initial value 2 min after muscimol injection. From 25 min post-injection until the end of the experiment,
spontaneous activity was almost totally suppressed. By contrast, spontaneous activity was decreased by only
40% during the first 10 min following saline injection. Then, it rapidly recovered; from 15 min post-injection,
it no longer significantly differed from the preinjection value.

decrease shortly after injection; this decrease became significant at 10 min post-injection,
t(10) = 2.25, p < .05. From 40 min up to 2 h after injection, spontaneous activity was
totally suppressed.

For 9 animals, neuronal recordings (n = 17) were collected in the auditory sector of
the RE. The mean rostrocaudal distance between the injection and recording sites was
1.13 = 0.23 mm (range : 0.4-2.0). The mean absolute distance was 2.82 = 0.16 mm
(range : 1.2-3.5). As shown in Fig. 2B, spontaneous activity progressively decreased
during the post-injection period; this decrease reached significance 30 to 45 min after
injection, t(16) = 2.32, p = .04.

As shown in Fig. 2C, over the whole set of 28 recordings, there was a significant
corrlation (r = .710, p = .001) between the absolute distance and the time when
spontaneous activity was decreased by at least 50%. This relationship held separately for
the 11 recordings in the non-auditory RE (r = .681, p = .02) and for the 17 recordings
in the auditory RE (r = .819, p < .0001).

As explained in the Introduction, the decreased activity observed in RE after NBM
inactivation cannot be mediated by physiological effects. It most likely resulted from
muscimol diffusion into the RE, even into the most caudal aspect of the RE (more than
1 mm away in antero-posterior distance, more than 2 mm away in absolute distance).

Muscimol Injection in the Auditory RE: Recording in the MGB

In 37 animals, muscimol was injected into the auditory RE at sites where short-latency
tone-evoked responses were obtained from the electrodes glued to the guide tube.
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Injection of 0.4 ul in the NBM
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FIG. 2. Evolution of spontaneous activity in the reticular nucleus (RE) after 0.4-ul muscimol injection into
the nucleus basalis magnocellularis (NBM). Spontaneous activity was recorded every 5 min during the 30 min
preceding and the 120 min following muscimol injection. (A) For recordings collected in non-auditory sectors
of the RE (the closest from the injection site), spontaneous activity (means = SEM) was largely attenuated in
10 min, and it nearly fell to zero in 45 min. (B) For recordings collected in the auditory sector of the RE (the
farthest from the injection site), spontaneous activity dropped only slightly during the first 30 min following
injection, and then it slowly decreased over time. (C) For each recording included in panels A and B, the time
when spontaneous activity was decreased by at least 50% was plotted as a function of the absolute distance
(see Materials and Methods) between the injection and recording sites. The significant correlation found between
these two variables, and the fact that the decrease in activity cannot be explained by physiological mechanisms
(see Introduction), suggests a passive diffusion of muscimol over time.
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Injection of 0.1 ul. The mean rostrocaudal distance between the injection site and the
recording site was 2.30 = 0.08 mm (range : 1.4—2.9). The mean absolute distance was
257 = 0.42 mm (range : 1.7-3.1). The kinetics of changes in spontaneous and evoked
activities in the MGB are presented in Fig. 3A. During the first 15 min after injection,
spontaneous activity was slightly increased, t(27) = 1.377, p = .17. It began to decrease
during thefollowing 15 min, t(27) = 3.33, p = .02, and it remained significantly depressed
until the end of the experiment. The “on” tone-evoked response became significantly
lower than the mean preinjection value 30 to 45 min after injection, t(27) = 3.122,
p = .004. As shown in Fig. 3B, there was a signification correlation (r = .677, p = .001)

Injection of 0.1 ul in the auditory RE
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FIG. 3. Evolution of spontaneous and evoked activity in the medial geniculate body (MGB) after muscimol
injection into the reticular nucleus (RE). Spontaneous and evoked activities were recorded every 5 min during
the 30 min preceding and the 120 min following muscimol injection. (A) After injection of 0.1 ul, the spontaneous
activity of MGB neurons was slightly increased during the first 15 min, and then it started to decrease, reaching
an asymptotic low level in about 60 min. The tone-evoked response became significantly lower than the mean
preinjection value 30 to 45 min after injection; it was reduced by 50% after 2 h. (B) The time when spontaneous
activity was decreased by at least 50% was plotted as a function of the absolute distance between the injection
and recording sites. The significant correlation found between these two variables, and the fact that the decrease
in activity cannot be explained by physiological mechanisms (see Introduction), suggests a passive diffusion
of muscimol over time. (C) After injection of 0.05 ul, the spontaneous activity of MGB neuronswas significantly
increased during the first 15 min, an effect that was expected given the well-known inhibitory action of RE
neurons onto thalamic relay cells. After this period, spontaneous activity started to decrease, reaching an
asymptotic low level in about 75 min. The tone-evoked response was not significantly affected. (D) A significant
correlation was found between the absolute distance and the time when spontaneous activity was decreased by
at least 50%. However, this correlation was due mainly to the fact that for four recording sites, located 3.0 to
3.4 mm away from the injection site, spontaneous activity was not decreased over the 2-h post-injection period.
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between the absolute distance and the time when spontaneous activity was reduced by at
least 50%.

Injection of 0.05 ul. The mean rostrocaudal distance between the injection and re-
cording sites was 2.45 = 0.06 mm (range : 1.6-3.1). The mean absolute distance was
2.65 * 0.07 mm (range : 1.9-3.3). The evolution of spontaneous and evoked activities
in the MGB are presented in Fig. 3C. During the first 15 min post-injection, spontaneous
activity significantly increased, t(45) = 1.377, p < .01. Theresfter, it progressively de-
creased; this decrease became significant 35 min after injection, t(45) = 3.33, p = .02,
and it remained such until the end of the experiment. Although it followed a comparable
evolution, the “on” evoked response was not significantly affected.

Because GABAergic cells of the RE send adirect inhibitory input onto auditory thalamus
cells (Crabtree, 1998; Montero, 1983), inactivation of the auditory sector of the RE should
logically lead to increasing the spontaneous and evoked activity in the MGB. Thus, the
increased neuronal activity observed in the MGB during the first minutes following
injection most likely resulted from inactivation of RE cells. On the other hand, the decrease
in spontaneous and evoked activity observed thereafter cannot be mediated by any known
physiological effects. It likely resulted from muscimol diffusion into the MGB. Even
some of the recordings collected in the most caudal aspect of the MGB (3 mm away in
antero-posterior distance, 3.2 mm away in absolute distance) could be affected.

Altogether, these electrophysiological results led us to suspect that, in the case of both
NBM and RE injections, muscimol diffused over time and suppressed neuronal activity
at large distances (2—3 mm) from the injection site, even when a volume as small as
0.05 ul was injected.

Autor adiographic Results

Autoradiographic experiments were carried out to have direct visualization and quantifi-
cation of muscimol diffusion. For each animal (n = 25), the anteriority of the injection
site was determined based on Nissl sections, and autoradiographic measures were taken
up to more than 3 mm away from this anteriority.

Quantification by Optical Density Measures

The extent of muscimol diffusion in the three dimensions of space was estimated by
measuring the height and width of the labeled area at the injection site and the rostrocaudal
extent of diffusion. Asshown in Fig. 4, the smallest values of height, width, and rostrocau-
dal extent were found in rats injected with 0.05 ul in RE and sacrificed 15 min later. On
average, for these animals, the half-height of the labeled area at the injection site was
1.10 mm, the half-width was 1.14 mm, and the rostrocaudal extent of diffusion was
1.7 mm. All of these values were larger when the injected volume or the time between
injection and sacrifice was increased. For example, when the survival time was increased
from 15 to 60 min (Fig. 4A), the half-height reached 1.62 mm, the half-width 1.66 mm,
and the rostrocaudal extent 2.2 mm. This large extent of muscimol diffusion did not result
from the fact that injection was made by hand. Indeed, comparable results were obtained
after hand and pump injection (Fig. 4B). After pump injection, the height of the labeled
area at the injection site was even larger (half-height: 1.91 vs 1.33 mm, p = .02); the
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FIG. 4. Maxima extent of muscimol diffusion in the three dimensions of space, as estimated by optical
density measures from autoradiograms. The height and width (see Materials and Methods) of the labeled area
at the injection site, as well as the antero-posterior extent of diffusion (radius value), were quantified for each
rat. Data corresponding to a given group were averaged, and the results (means = SEM) are displayed by
comparing pairs of groups. (A) After asurvival time of 60 min, the width and height of the labeled area at the
injection site, as well as the antero-posterior extent of diffusion, were larger than they were after a survival
time of 15 min. (B) After pump injection, the height of the labeled area at the injection site was larger than it
was after hand injection. The other two measures did not significantly differ between the two conditions. (C)
After injection into the RE, the height of the labeled area at the injection site tended to be larger than it was
after injection into the NBM (p = .056). The other two measures did not significantly differ between the two
conditions. *p < .05 (unpaired t test).

other two measures did not significantly differ (lowest p value = .18 for the width).
Furthermore, this large diffusion was not specific to injections made in the RE given that
comparable results (p = .056 for the height, and p > .21 for the other two measures)
were obtained when injections were made in the NBM (Fig. 4C).

Figure 5 shows the evolution of the labeled areas as a function of the distance from
the injection site. The mean area measured at the injection site varied from 5.25 mm?
(for rats sacrificed 15 min after injection of 0.05 ul in RE) to 12 mm? (for rats injected
with 0.1 ul in RE viaapump). In all groups, the surface of the labeled zones progressively



112 EDELINE ET AL.

A. 0.05 plinjection in RE : 15 vs 60 min
16

- 15 min

14 4 -o- 60 min

12
10
8
6

Surface (mm?2

4
2

0 t—mr—————— —
0

0.5 1 1.5 2 2.5 3

B. 0.1 plinjection in RE : hand vs pump
14

* . -e— Hand

12 - -0~ Pump
10 -

8

6 -

Surface (mm?2)

4 4

2

0

‘J
|

C. 0.1 pl pump injection : NBM vs RE
14

*

R ~— NBM
12 1 - RE

0 T T T T T L T T T T T
0 0.5 1 15 2 2.5 3

Distance from the injection site (mm)

FIG. 5. Evolution of the surface of the labeled areas as a function of the distance from the injection site
as estimated by optical density measures from autoradiograms. For each animal, the surface of the labeled areas
was measured at given distances from the injection site. Data corresponding to a given group were pooled
together, and surface profiles were constructed. Results (means = SEM obtained from autoradiograms on which
alabeled area could be measured) are displayed by comparing pairs of experimental groups. Analyses of variance
indicated that for each pair comparison performed in panel A, B, or C, there was no significant effect of group
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decreased asthe distance from the injection site increased. Asshownin Fig. 6, theintensity
of labeling also progressively decreased, in all groups, as a function of the distance. As
could be expected, there was an inverse relationship between the surface of the labeled
zone and the radioactivity value obtained in that zone (at least when the data were from
thesamebrain area). The labeled areaswere smaller in rats sacrificed 15 min after injection
than in those sacrificed 60 min after injection (Fig. 5A), but the labeling values were
higher in the former than in the latter (Fig. 6A). Similarly, the surface areas were smaller
but the labeling was higher in rats injected by hand than in those injected by pump
(Figs. 5B and 6B). The reason for this inverse relationship is quite trivial: When a given
number of molecules diffusesin alarger volume of cerebral tissue, their concentration at
agiven siteis lower.

Thus, OD measures indicated that 1 h after 0.1-ul injection (whether made by hand or
by pump inthe RE or in the NBM), muscimol diffused, on average, up to at least 2.25 mm
away from the injection site. Even when it was injected in a volume as small as 0.05 ul,
its rostrocaudal diffusion reached, on average, 1.7 mm after 15 min and 2.2 mm after
60 min. Because OD measures have limitations, especially when they are performed close
to film background level, a second quantification was performed using a B-imager to
better delineate the rostrocaudal extent of diffusion.

Direct Measurement of the Radioactivity by a 8-Imager

A tota of 122 brain sections from 20 rats were quantified by a 8-Imager 2000 using
a21-h exposure time. For each animal, the last sections around which labeling disappeared
according to OD measures were analyzed (see examples provided in Fig. 7). As shown
fromthe group datain Fig. 8, thisdirect quantification of the radioactivity totally confirmed
the wide spread of muscimol diffusion. It even revealed that the rostrocaudal extent of
diffusion was larger than it had been estimated based on OD measures. Indeed, for every
rat, radioactivity above the background level of the apparatus (0.07 counts/min) was still
detected in sections that were 0.25 to 0.75 mm farther away than those from which labeling
became undetectable with OD measurements.

Additional Observations

Autoradiographic results obtained from 5 rats injected with 0.4 ul of muscimol in the
NBM and sacrificed 120 min later are shown in Fig. 9. This group cannot be directly
compared to any of the other groups; rats received the same amount of radioactive
molecules as those injected with 0.1 wul, but these molecules were injected in a larger
volume and the post-injection survival time was longer. Nonetheless, some observations
from this group deserve to be mentioned. First, this group exhibited the lowest intensity
of labeling at theinjection site (for all comparisonswith each of the other groups, p < .020).

(al p's > .09), but there was a significant effect of distance (al p's < .0001) and a significant Group X
Distance interaction (all p's < .005). As could be expected, the smallest surfaces were found in rats injected
with 0.05 ul and sacrificed 15 min later. However, note that even in these animals, labeled areas could be
measured up to 1.75 mm from the injection site. In @l of the other groups, labeled areas could be measured
farther away (2.2—2.7 mm). *p < .05 (comparison at a given distance, unpaired t test).
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FIG. 6. Readioactivity profiles as estimated by optical density (OD) measures from autoradiograms. For
each animal, the OD measure obtained from the area labeled at each distance from the injection site (see Fig. 5)
was converted into level of radioactivity (see Materials and Methods). Data corresponding to a given group
were pooled together, and radioactivity profiles were constructed. Results are displayed by comparing pairs of
experimental groups. Analyses of variance indicated that for each pair comparison performed in panel A or B,
there was no significant effect of group (p > .102 in both cases), but there was a significant effect of distance
(p < .0001) and a significant Group X Distance interaction (p < .01 in both cases). For the two groups
compared in panel C, there was only a significant effect of distance (p < .0001). Conventions are asin Fig. 5.
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FIG. 7. Direct visualization of the radioactivity by the B-Imager 2000 for the brain sections the farthest
away from the injection site. Data are from animals injected with 0.1 ul into the RE (RE1-RES5, Group 4 in
Table 2) and from animals injected with 0.1 ul into the NBM (NB6—-NB10, Group 2 in Table 2). Each rectangle
corresponds to the glass slide containing the last sections (20 um thickness) available for each animal. There
were four brain sections on each glass slide (except for rat NB9, for which only three brain sections were
present). The area delimited on each section represents the constant surface from which the radioactivity was
counted after 21 h of exposure. The numbers on the side of each rectangle indicate the distances from the
injection site in millimeters. Scale bar at bottom right = 8.125 mm.

Second, OD measures indicated that for each of the 5 rats in this group, labeling was still
present at 2.7 to 3.1 mm from the injection site, which was the case for none of the
other groups.

Quantification by the B-imager (19 sections from this group were analyzed) confirmed
that this group exhibited the largest rostrocaudal extent of diffusion. Compared to rats
injected with 0.1 ul (which received the same amount of radioactive molecules), the levels
of radioactivity found in this group at 2.5, 2.7, and 2.9 mm from the injection site were
significantly higher (p’s = .05, .020, and .011, respectively). Thus, these data confirm
that increasing the injection volume and the post-injection surviva time increases the
extent of muscimol diffusion. In addition, they bring support to the electrophysiological
data showing that 2 h after its injection, muscimol was still able to inactivate neuronal
activity in regions located far from the injection site.

DISCUSSION

Overview of the Results

Using an injection volume (0.05-0.4 ul) and a drug concentration (1 wg/ul, 8.7 mM)
in the range of those commonly employed in the literature, it appeared that neuronal
activity was suppressed in the RE after muscimol injection into the NBM and was
suppressed in the MGB after injection into the RE. In both cases, this decreased activity
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FIG.8. Comparison between therostrocaudal extent of diffusion estimated by optical density (OD) measures
and the one estimated by direct quantification of the radioactivity by the B-Imager 2000. On the left side, the
rostrocaudal extent of [2H]muscimol detected by the g-imager (see Materials and Methods) is represented, for
each animal of each group, by the length of the thick black bar. The vertical ticks on these bars mark the
rostrocaudal extent of [*H]muscimol diffusion estimated from OD measurements. Note that the S-imager
systematically indicated a diffusion that extended beyond OD measures by 250 to 750 wm. The curves on the
right side show the radioactivity values in counts per minute (means = SEM) obtained, for each group, as a
function of the distance from the injection site. For each group, the arrow indicates the last distance where OD
measures still detected [*H]muscimol. The experimental conditions for each group are detailed in Table 2.
Conventions are as in Fig. 5.
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FIG. 9. Comparison of the radioactivity profiles obtained in the groups injected with 0.4 or 0.1 wul of
muscimol into the NBM. Rats in the 0.4-ul group were injected with 0.1 ul of [®*H]muscimol dissolved in
0.3 ul of non-labeled muscimol and were sacrificed 2 h after injection. Thus, they received the same amount
of radioactive molecules as did the group injected with 0.1 ul of [®H]muscimol, but the injection volume was
four times larger and the post-injection survival time was twice as long (2 h vs 1 h). (A) Redioactivity profile
estimated by optical density measures from autoradiograms. (B) Radioactivity profile estimated by direct
quantification of the radioactivity with the 8-imager. Note that up to 1.5 mm from the injection site, the intensity
of labeling was largely attenuated in the 0.4-ul group (A). On the other hand, the amount of radioactivity
counted on the most caudal sections analyzed was higher in this group (B). Conventions are as in Fig. 5.

cannot be explained by any known physiological effects, thereby suggesting a muscimol
diffusion up to the recording sites. The widespread extent of muscimol diffusion was fully
confirmed by autoradiographic results. Classical OD measures showed that 1 h after 0.1-ul
injection of [*H]muscimol in the NBM or in the RE, the labeled area extended up to 1.7
to 2.7 mm from the injection site, and 15 min after 0.05-ul injection, it aready extended
up to 1.4 to 1.7 mm. More accurate measures obtained with a radiocimager indicated that
the diffusion of radioactive molecules was still larger (0.25—0.75 mm farther away) than
it had been estimated from OD measures. Whereas only minor differences were observed



118 EDELINE ET AL.

between hand and pump injections or between injections in the NBM and in the RE
(0.1 ul), the post-injection time seemed to be crucial. After 0.05-ul injection in the RE,
the labeled area at the injection site was nearly twice as large at 60 min than at 15 min,
and the rostrocaudal extent of diffusion expanded by 0.5 mm.

Limitations and Validity of the Current Results

It isfirst important to stress again the fact that the electrophysiological results obtained
here were totally opposite to those expected on the basis of the known physiological
mechanisms. As explained in the Introduction, increases in neuronal activity in the RE
or in the MGB should have been expected after NBM or RE inactivation, respectively.
Because we systematically observed decreased neuronal activity, we were forced to con-
clude that an unexpected large diffusion of muscimol was responsible for the observed
effects. Thus, our experimental situation offers a considerable advantage: Whereas behav-
ioral studies can only state whether or not muscimol injection in a brain region affects
the studied behavior, we were in a situation where the direction of the effects was the
signature either of real physiological effects or of real diffusion problems.

Second, no study had yet combined electrophysiological recordings and autoradio-
graphic measures to estimate the extent of muscimol diffusion. In the past, only one study
(Martin, 1991) has tried to relate muscimol diffusion and physiological effects, using
[*C]glucose to assess changesin local cerebral glucose uptake. However, with this method
it is not possible (a) to distinguish between the activity of afferent terminals, glial cells,
and neurons and (b) to know whether hypometabolism observed at distance from the
injection site reflects a reduction in cellular activity or in local cerebral blood flow. In
addition, quantification of glucose use relies on autoradiogram analysis (i.e., on OD
measurements that suffer from well-known pitfalls). In particular, the small dynamic range
restricts the linear response, thereby preventing precise quantitative analysis for the high
and, more problematic, for the low OD values. The electrophysiological technique is both
more sensitive and more informative. Neuronal recordings can tell us whether, and when,
the activity of neurons located at a given distance from the injection site is affected after
drug injection. In the current experiment, they allowed us to state that the traces of
muscimol detected by autoradiography far away from the injection site were effective
and suppressed neuronal activity.

Lastly, it is obvious that the current study was not designed to investigate the numerous
parameters that can affect muscimol diffusion. Such a study would require systematically
using, for each investigated brain structure, alarge range of volumes, drug concentrations
and surviva times. This was out of the scope of our initial objective.

Comparison with Studies That Have Quantified Intracerebral Drug Diffusion

Severa studies have estimated the spread of drug diffusion after injection in various
brain regions (Akaokaet al., 1992; Hupg, Chouvet, & Bullier, 1999; Macklis & Quattrochi,
1991; Martin, 1991; Myers, 1966; Myers & Hoch, 1978; Routtenberg, 1972; Sandkuhler,
Maisch, & Zimmermann, 1987; Tehovnik & Sommer, 1997). Two of them are of particular
relevance. Martin (1991) and Macklis and Quattrochi (1991) injected radiolabeled musci-
mol and carbachoal, respectively, at cortical sites and quantified the radius of drug spread.
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Martin (1991) found a mean radius of 1.7 mm at 20 min post-injection (the volume
injected was not provided). Macklis and Quattrochi (1991) found aradius of 1.5 mm 10
min after a 0.05-ul injection. The results obtained here in rats injected with 0.05 wl in
RE and sacrificed 15 min later are compatible with those results; using classical OD
measures, we found labeled zones up to 1.75 mm from the injection site. It may be noted,
however, that the B-imager revealed traces of radioactivity up to 2.25 mm.

An increasing spread of muscimol diffusion over time was first suspected in our
experiment from the electrophysiological data. Because the time at which spontaneous
activity decreased was a function of the distance from the injection site, we suspected
that the drug dowly diffused in tissue and progressively reached more distant sites. In
support of this, we found that, with both OD and radioactivity measurements, the rostro-
caudal extent of muscimol diffusion increased over time; with 0.05 ul, it increased from
1.75 mm at 15 min to 2.25 mm at 60 min (according to OD measures). These results are
at variance with those of Martin (1991), who reported that the maximal average radius
(1.7 mm) was achieved within the first 20 min post-injection and remained constant over
2 h. On the other hand, they are in good agreement with the results of Macklis and
Quattrochi (1991), who described a radius enlargement from 1.5 mm at 10 min to 2.0 to
2.5 mm at 60 min.

Relationship with Sudies on the Kinetics of Drug Diffusion

For nearly 20 years, the works of Nicholson and colleagues have firmly established
that the macroscopic laws of diffusion (Fick’s laws) are closely obeyed in the central
nervous system (CNS) (Nicholson, 1985; Nicholson & Phillips, 1981; Vorisek & Sykova,
1997; for a review, see Nicholson & Sykova, 1998). As a consequence, the extent of
diffusion is a function of the concentration gradient; the higher the initial concentration,
thefarther away adrug diffuses and the longer it takes to stop diffusing. Because muscimol
is a potent ligand for GABA receptors, much more so than GABA itself (Krogsgaard-
Larsen & Johnston, 1978), it is only slowly displaced from its binding sites. Therefore,
muscimol tends to spread until its concentration reaches equilibrium, that is, until the
gradient of concentration egquals zero. Given that the muscimol concentration used here,
and in many behavioral studies, is relatively high (8.7 1073 M), the time required to reach
equilibrium is long.

Precise calculation of the extent of drug diffusion requires knowing the coefficient of
diffusion (D) of the drug as well as the volume fraction («) and tortuosity (A) of the
brain region. At the present time, the diffusion coefficient of muscimol has not yet been
determined, nor have the volume fraction and tortuosity in NBM and in RE. However,
using values determined (a) for molecules of similar molecular weight and (b) for other
brain areas (D = 107° cm?s, a = 0.2, A = 1.6 [see Nicholson & Sykova, 1998]), we
calculated that 1 h after a 0.1-ul injection, the muscimol concentration at 2 mm from the
injection site should be 3 102 lower than the initial one. This means that with an initial
concentration of 8.7 1072 M, the muscimol concentration is still 2.6 107° M. Such a
concentration is far from being negligible; comparable or even lower concentrations have
been used in some studies to inactivate the target structure and have been found to be
effective in altering behavior (Givens & Olton, 1994; Muir et al., 1992; Pang et ., 1993).

One should also be aware that the injected substance infiltrates the extracellular space
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(quantified by the volume fraction) and instantaneously (i.e., at a much shorter time scale
than subsequent diffusion) spreads out to a radius larger than that naively expected based
on the size of the droplet (Nicholson, 1985). Thus, the initial volume from which the
drug starts diffusing is much larger than what is usually believed.

Relationship with Behavioral Studies

An important point to consider is to what extent the current findings square with those
obtained in behavioral experiments that have used muscimol injections. The fact that the
injected molecules diffuse is explicitly or implicitly recognized by any researcher using
this technique. This is probably the reason why injection sites slightly outside the target
nucleus (< 500 um away) were considered acceptable (and gave resultsidentical to those
obtained with correct placements[Muller et a., 1997; Wilensky et a ., 1999]). Furthermore,
in some studies (Hardiman, Ramnani, & Yeo, 1996; Ramnani & Yeo, 1996), muscimol
was deliberately injected at some distance (0.5-1.0 mm) from the target nucleus (to
preserve the integrity of the structure) and 1 h before training (to alow drug diffusion).
That leaves the obvious question: Up to what distance can muscimol diffusion affect
behavioral responses? One way of answering this question is to determine the location
of ineffective injection sites. In rabbits, using a volume of 1 ul, injections as far as 2.5
mm apart were capable of affecting performance (Bracha, Webster, Winters, Irwin, &
Bloedel, 1994), whereasineffective siteswere found 3.2 mm away from the target structure
(Hardiman et al., 1996). In rats, using 0.5 wul but a concentration five times lower than
ours, Meloni and Davis (1999) found that injections made 2 mm dorsa to the effective
sites produced no behavioral effects (most superficial vs deepest layers of the superior
colliculus); the location of ineffective sites in other directions was not reported. Interest-
ingly, ineffective placements are often found dorsal to the effective ones (Hardiman et al.,
1996; Krupa & Thompson, 1997; Ramnani & Yeo, 1996; Schmied, Amalric, Dormont, &
Farin, 1990, 1991), which might reflect the fact that drugs tend to preferentially go up
along the cannula track (Hupé et a., 1999; Routtenberg, 1972). Lastly, two experiments
looking at the effects of cerebellum inactivation in the nictitating membrane conditioning
have reported both the location of ineffective placements and autoradiographic results
(Krupa & Thompson, 1997; Krupa, Weng, & Thompson, 1996). Using 0.1 or 0.4 ul, three
non-dorsal ineffective sites were found, dightly ventral or rostral to the effective ones,
within the sphere of [*H]muscimol spread. The locations of the two ineffective ventral
sites are rather puzzling given that the size of the injected muscimol droplet (radius of
457 um for 0.4 wl and of 288 um for 0.1 ul) encompassed the distance between these
sites and the target nucleus (see Krupa et al., 1996, Fig. 2; Krupa & Thompson, 1997,
Fig. 3). The third ineffective site was about 1 mm anterior of the target nucleus (injection
of 0.4 wul). From these data, we cannot totally exclude the possibility that the effective
spread of muscimol in terms of behavioral effects is smaller than the one revealed by
autoradiographic measures. The decreases in spontaneous neuronal activity observed in
the current study indicate that muscimol can have physiological effects far away from the
injection site. However, if some neuronal responsivenessis preserved (although attenuated,
evoked activity was still present [see Fig. 3]), behavioral responses might still be elicited
at presentation of a conditioned stimulus.

Obvioudly, the apparent spread of muscimol is determined by the sensitivity of the
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methods employed to detect it (e.g., classical autoradiographic measurements vs direct
counting of radioactivity). Similarly, the estimation of the “effective spread” is directly
related to the dependent variable that is measured. Neuronal evoked activity seems to be
more robust than spontaneous activity, and behavioral measures might be more robust
than electrophysiological measures. However, we have to keep in mind that “more robust”
probably goes hand in hand with “less sensitive.”

The current study stressesthe fact that muscimol diffusionismuch larger than commonly
supposed. Low drug concentrations and small injection volumes are probably the best
way of limiting this diffusion. Also, as diffusion continues to progress for a long time
after injection, it is critical to test the animal during the first minutes following injection.
Itislikely that these conclusions are generally applicable to other brain regions and other
drugs because the diffusion of any molecules in the CNS follows the macroscopic laws
of diffusion (see Nicholson & Sykova, 1998). However, in practice, diffusion differs
depending on the geometic parameters of the target brain area, the diffusion coefficient
of the molecule used, its relative binding strength, and metabolic turnover (including
uptake and degradation). To illustrate the diversity of factors influencing drug diffusion,
recent electrophysiological data have shown that, despite comparable molecular weight,
lidocaine and tetrodotoxin exhibited quite different time courses and effective spreads
when delivered via microdialysis in the same brain area (Boehnke & Rasmusson, 2001).
These data and those of the current study stress the need for further studies quantifying
the diffusion spread of inactivating agents. Thistype of investigation should be encouraged,
not to deny the interest of the reversible inactivation technique for examining the neural
basis of behavior, but rather to specify its limitations and hopefully to contribute to its
future improvement.
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