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The rostral intralaminar thalamic nuclei (ILn) are organized to activate pathways originating in medial prefrontal cortex (mPF) that
mediate memory-guided responding during alert, wakeful states. Previous studies have shown that rostral ILn or mPF lesions produce
deficits in delayed matching to position (DMTP). Here, we manipulated rostral ILn activity in rats by microinjecting drugs or applying
electrical current and examined effects on DMTP. Inhibiting activity with the GABAA agonist muscimol impaired DMTP. Decreasing
GABAA tone with FG-7142 (N-methyl-�-carboline-3-carboxamide) improved DMTP at low but not high doses. Orexin A, which depolar-
izes thalamocortical neurons locally within the ILn, improved DMTP, whereas the cholinergic agonist carbachol impaired performance
at the highest dose tested. These drug effects were unaffected by partial mPF lesions in a subset of animals. Microinjection results are
consistent with an inverted-U relationship between thalamic activity and DMTP. This relationship was confirmed by event-related
electrical stimulation, which produced improvement at low stimulation currents and impairment at higher currents. Electrical stimula-
tion affected DMTP when applied at the start of the memory delay or choice response, but not earlier when trials began or the sample lever
was presented. Our results are consistent with evidence that the rostral ILn play a role in retrieval, carrying response-related information
across brief memory delays and facilitating memory-guided responding. They also provide evidence that treatments stimulating rostral
ILn activity may be an effective means to enhance working memory and related cognitive processes and thus to treat disorders that affect
these functions.
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Introduction
The rostral intralaminar thalamic nuclei (ILn) have been pro-
posed as a site for stimulating cognitive function based on their
role in maintaining alert, wakeful states and their influence on
broadly distributed neural networks involving frontal cortex and
basal ganglia (Schiff and Purpura, 2002; Van der Werf et al., 2002;
Schiff, 2008). Functional imaging has revealed correlations be-
tween neural activity in central thalamus and behavioral state,
ranging from general anesthesia and sleep to wakefulness and
activation when demands are placed on attention or working
memory (Kinomura et al., 1997; Paus, 2000; Burianova and
Grady, 2007). Focal lesions in these areas produce disorders of
consciousness affecting arousal, attention, intention, memory,
and awareness (Mair, 1994; Van der Werf et al., 2000; Schiff,
2008). Recent case reports indicate that restoration of rostral ILn
function either through spontaneous recovery (Laureys et al.,
2000) or deep brain stimulation (DBS) (Schiff et al., 2007) can
lead to behavioral recovery in persistent vegetative or minimally
conscious patients. Rostral ILn stimulation in the rat is reported

to induce immediate-early gene expression in cerebral cortex and
increase time spent exploring novel objects (Shirvalkar et al.,
2006).

Lesion studies have revealed impairments of delayed match-
ing to position (DMTP) and other measures of working memory
in rats with rostral ILn or medial prefrontal cortex (mPF) lesions
(Mair et al., 1998; Bailey and Mair, 2004, 2005). Here, we manip-
ulated rostral ILn activity by microinjecting drugs or applying
electrical stimulation and examined effects on DMTP. We micro-
injected muscimol and N-methyl-�-carboline-3-carboxamide
(FG-7142) to inhibit and excite neurons through GABAA recep-
tors distributed ubiquitously throughout thalamus (McCormick
et al., 1997), orexin A to depolarize neurons locally within the ILn
(Bayer et al., 2002), and carbachol to mimic the depolarizing
effects of acetylcholine released from processes originating in me-
sopontine cholinergic nuclei (Curró Dossi et al., 1991). We ex-
pected to find inverted U-shaped dose–response curves: perfor-
mance improving with stimulation up to an optimal level and
deteriorating at higher levels of activation (Arnsten, 2007). To
test the clinical usefulness of drug treatments, we included rats
with and without lesions partially damaging mPF areas inner-
vated by the rostral ILn and known to affect DMTP (Berendse
and Groenewegen, 1991; Mair et al., 1998; Shirvalkar et al., 2006).

Neurons in the ILn and adjacent paralaminar regions of cen-
tral thalamus exhibit precisely timed responses to behaviorally
significant events on a much shorter timescale than the effects
produced by microinjected drugs (Matsumoto et al., 2001; Mi-
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namimoto and Kimura, 2002; Wyder et al., 2004; Tanibuchi and
Goldman-Rakic, 2005; Tanaka, 2007). Central thalamic activity is
increased in functional imaging studies during later phases of
working memory trials, suggesting a role in retrieval or memory-
guided responding in human subjects (Manoach et al., 2003;
Burianova and Grady, 2007). To examine the consequences of
such brief changes in activity, we compared effects of similarly
brief trains of electrical pulses delivered at different stages of
DMTP trials. We manipulated the level of stimulating current in
this study to confirm the inverted-U-shaped relationship be-
tween neural activity and DMTP suggested by results of the mi-
croinjection studies.

Materials and Methods
Animals. Subjects were 60 male Long–Evans rats, 8 weeks of age at the
start of the study, obtained from Harlan. Each of the two microinjection
studies used 20 rats (10 with mPF lesions and 10 sham lesioned controls).
The mPF lesions were included to examine the effects of drug treatments
in rats with partial disruption of neural networks linked to the rostral ILn
and implicated in DMTP performance. Another 20 were implanted with
electrodes aimed bilaterally at the rostral ILn for electrical stimulation
studies. All rats were trained to perform the DMTP task to a criterion of
completing 40 trials with 85% correct within a 60 min session before
surgery. Rats were given ad libitum food and caged singly on a 12 h
light/dark cycle with training during the light phase. Access to water was
restricted to training sessions and to 30 min of ad libitum access at the end
of the light cycle so that water could be used as a reinforcer. The period of
ad libitum access was increased to a minimum of 60 min on days when
rats were not trained.

Apparatus. DMTP was trained in operant chambers equipped with
three retractable levers (two on the front wall and one on the back), a
water dipper (placed between the two front levers), and a house light
(obtained from MED Associates). For microstimulation experiments,
one of these chambers was equipped with a four-channel commutator
(SL2X2C; Plastics One) that allowed each of two bipolar electrodes to be
connected with the output of a stimulus isolator (A 365; WPI) for con-
stant current stimulation. Event-related stimulation was delivered by
driving two stimulus isolators with a train of TTL pulses from a Pulsar
stimulator (FHC) that was triggered by the interface (MED Associates)
used to control the DMTP task. DMTP chambers were inside sound-
insulating enclosures to minimize external distractions. The sound-
insulating chamber used for electrical stimulation was equipped with a
window that allowed direct observation of rats during stimulation ses-
sions to insure that the currents applied did not disrupt motor aspects of
responding.

Surgery. Rats were anesthetized by intramuscular injection of ket-
amine (85 mg/kg) and xylazine (8.5 mg/kg), and surgeries were per-
formed using aseptic procedures. Electrodes and cannulas (guide cannu-
las, internal cannulas, dummy cannulas, and dust caps) and supplies for
implanting them [cranioplastic cement and stainless-steel (SS) machine
screws] were obtained from Plastics One. For microinjection studies rats
were placed in a Kopf stereotaxic instrument with the incisor bar set 3.3
mm below the interaural line (IA). For electrical stimulation, rats were
positioned in the same orientation in a Stellar-type (ANY-angle) stereo-
taxic instrument (Stoelting) to implant electrodes at an angle. A longitu-
dinal incision was made along the midline, the skin was retracted to
expose the surgical field, and the periosteum was scraped away. Holes
were then drilled and four SS machine screws implanted at the anterior
and posterior lateral extremes of the surgical field. The skull was then
opened with a trephine.

For microinjection studies, dual guide cannulas were implanted with
tips ending at 6.2 mm anterior and 6.0 mm dorsal with regard to the IA
and centered 1 mm on either side of midline. One-half of the rats in the
microinjection studies also received mPF lesions by injecting 0.1 �l of
100 mM NMDA through 26 gauge cannulas (0.2 �l/min using a Kopf
5000 microinjection unit) at six sites in each hemisphere (�0.8 mm from
midline): 2.0 mm anterior from bregma, 3.0 and 4.0 mm below the
surface of cortex; 3.0 mm anterior from bregma, 2.5 and 3.5 mm below

the surface; and 4.0 mm anterior from bregma, 2.0 and 3.0 below the
surface. Guide cannulas were then attached to the SS machine screws
with cranioplastic cement, dummy cannulas were inserted (cut flush
with the end of the guide cannulas to insure that they remained patent),
and a dustcap was attached. The incision was sutured and butorphanol
(0.2 mg/kg, s.c.) administered as postsurgical analgesia.

For electrical stimulation studies, electrodes (twisted pairs of 0.125
mm SS with polyimide insulation; MS303-3; Plastics One) were im-
planted at an angle of 15–20° away from the midline on either side of
thalamus to allow room for cables to be attached to both electrodes at the
same time. Electrodes were aimed at sites 6.2 mm anterior and 4.6 mm
dorsal to IA and 1.4 mm off midline on each side of thalamus. To do this,
one electrode was positioned and held in place by a small amount of
cranioplastic cement attaching it to two of the four SS machine screws on
the same side of the skull, while the second electrode was implanted. Both
electrodes were then attached to all four screws with a larger amount of
cement. The incision was sutured, and butorphanol (0.2 mg/kg, s.c.) was
administered as postsurgical analgesia.

Behavioral training. DMTP was trained using procedures described in
previous studies (Porter et al., 2001; Bailey and Mair, 2005). Each DMTP
trial consisted of a series of four lever press responses. Trials began with
back lever extended. This retracted when pressed (initiation) causing one
of the two front levers (randomly selected) to extend as the sample for the
trial. This retracted when pressed (sample response) causing the back
lever to extend and the retention interval (RI) to start. This retracted with
the first lever press after the RI ended (delay response), causing both
front levers to extend for the choice response. When the lever first pressed
for the choice was the same as the sample (a correct DMTP response), the
dipper was raised to deliver reinforcement (0.1 ml of tap water). During
microinjection studies, RIs were changed randomly from trial to trial
within session (1, 3, 8, or 13 s in the first study and 1, 6, 12, 20, or 30 s in
the second) to vary demands on working memory. During electrical
stimulation studies, RI was held constant across trials within session (at 1,
13, or 23 s in different experiments) so that sufficient data could be
recorded to compare effects of stimulation at different times during
DMTP trials (none, initiate, sample, delay, or choice). DMTP sessions
lasted for a maximum of 75 trials or 60 min. Rats were trained to a
criterion of completing at least 40 trials with 85% correct within a 60 min
session before surgery.

Microinjection procedures. After 2 weeks of recovery from surgery, rats
were trained back to a criterion of completing 40 trials within a 60 min
session. To avoid carryover effects, rats were required to reach this crite-
rion (without an injection) before each injection session. This meant that
all animals had at least 1 d of baseline training (without an injection)
between treatment sessions. Rats were handheld; dust caps and dummy
cannulas were removed; and an internal cannula was inserted that ex-
tended 2 mm beyond the tips of the guide cannulas. Anatomical controls
were tested where justified by the size of treatment effects by injecting
drugs 1.5 mm dorsal to the ILn site (0.5 mm below the guide cannulas).
Drugs were diluted to a volume of 0.5 �l and injected at a rate of 1.0
�l/min. Cannulas were then left in place for 1 min after injections were
completed. Dummy cannulas and dust caps were then replaced and rats
were returned to their home cage for 10 min before being placed in
operant chambers for behavioral testing. No animals received more than
two injections in a given week.

Each drug was tested in a series of sessions. Each animal received each
dose once with the order of doses counterbalanced between animals by
block randomization. In the first microinjection study, rats were treated
with orexin A (0, 0.01, 0.1 nmol), and then carbachol (0, 0.01, 0.1, 1.0
nmol), and last FG-7142 (0, 0.01, 0.1, 1.0, 10.0 nmol). In the second
study, rats were treated first with FG-7142 (0, 0.01, 0.1, 1.0, 10.0 nmol)
and then muscimol (0, 0.1, 0.3, and 1.0 nmol). Carbachol, muscimol, and
FG-7142 were obtained from Sigma-Aldrich and orexin A from Penin-
sula Laboratories.

Event-related electrical stimulation. Preliminary studies in which stim-
ulation was applied for 10 s during the choice phase of DMTP indicated
that 0.1 ms pulses at 120 Hz were effective parameters to enhance DMTP
with low levels (0.01 mA) of stimulating current (supplemental Fig. 1,
available at www.jneurosci.org as supplemental material). Initially, a
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staircase procedure was used to determine the threshold current (with a
1 s train of 0.2 ms pulses at 120 Hz) for individual rats that caused them
to pause while performing a continuous lever-pressing task. During sub-
sequent DMTP stimulation experiments, current levels were adjusted
between sessions at levels at least 33% below this threshold. Each DMTP
stimulation session consisted of a random sequence of five types of stim-
ulation trials: stimulation when levers were inserted for initiation, sam-
ple, delay (RI), or choice responses and trials in which no stimulation was
delivered. In an initial series of sessions, a number of current levels were
tested on an individual basis covering a range of at least 0.01– 0.1 mA.
These results were used to determine a high level sufficient to impair
DMTP performance and a low level selected to enhance performance.
Current level (high, low, or none) was then varied between sessions
counterbalanced by block randomization until rats completed a mini-
mum of three sessions and 120 trials for each of the current levels.

Histological processing. On completion of behavioral testing, rats were
given a terminal dose of anesthesia (100 mg/kg ketamine; 10 mg/kg xy-
lazine) and perfused with 0.9% saline followed by 4% formalin in
phosphate-buffered solution transcardially. Brains were removed and
placed in a solution of 5% formalin, 2% DMSO, and 20% glycerin until
they were ready to be sectioned. Tissue was sectioned frozen at 50 �m,

and sections were mounted and stained with
cresyl violet. Sections were examined to con-
firm that injection and stimulation sites were
proximate to the rostral ILn and to determine
the extent of damage produced by the mPF
lesions.

Statistical analyses. DMTP performance was
measured as percentage correct and analyzed by
ANOVAs. For microinjection studies, dose and
RI were analyzed as within-subject factors and
lesion group as a between-subjects factor. To
combine results between studies for FG-7142,
data were collapsed across RI (which differed
between studies), and experiment (first vs sec-
ond microinjection study) was entered as a
between-subjects factor to confirm that compa-
rable drug effects were observed in each study.
For electrical stimulation studies, current level
and stimulation trial type (when or if stimula-
tion was delivered) were analyzed as within-
subject factors and RI as a between-subjects fac-
tor (different animals were tested at different
RIs). Post hoc testing (Games–Howell, �� 0.05)
was used to compare effects of different drug
doses or stimulation currents when main effects
were significant. The Bonferroni procedure was
used to adjust � values when effects of stimulat-
ing currents were evaluated for different stimu-
lating trial types. One-way ANOVAs were used
to evaluate simple main effects for significant
two-way interaction effects, with Bonferroni’s
corrections for multiple comparisons.

Results
Histology
For microinjection studies, dual-guide
cannulas were 2.0 mm apart (aimed 1.0
mm on either side of midline) and ex-
tended 5.5 mm from the base of the pedes-
tal. Microinjections were made from inter-
nal cannulas that extended 2 mm below
this. Histological analyses revealed rela-
tively wide tracks from guide cannulas that
ended just above thalamus and damage as-
sociated with injection sites below this
(Fig. 1B). Microinjection sites were local-
ized as centered 2 mm below the end of
guide cannulas (which could be deter-

mined unequivocally in all cases) within the area of damage
around the injection site (Fig. 1A,C). One-half of the animals in
each of the microinjection studies had mPF lesions. These pri-
marily involved prelimbic cortex and had the characteristic ap-
pearance of excitotoxic lesions: tissue loss and areas of gliosis
marked by a lack of neurons and proliferation of glial cells (Fig.
1D). The tips of electrodes used for electrical stimulation tended
to be slightly more lateral and produced less tissue damage than
the cannulas used for microinjection studies (Fig. 2). All micro-
injection and electrical stimulation sites were within 1.0 mm of
the intended rostral ILn site, and thus no rats were excluded from
analyses based on histological findings.

Behavioral results
Microinjection studies
For both treatment groups, decreasing GABAA inhibition with
FG-7142 produced the predicted inverted-U-shaped dose–re-
sponse curve, with the highest percentage correct at the 0.1 nmol

Figure 1. Histological results from the microinjection studies. A, C, Locations of injection sites in the first (A) and second (C)
microstimulation studies. Sites are depicted on a coronal section 6.2 mm from the interaural line (Paxinos and Watson, 1998). B,
Photomicrographs of representative injection sites (indicated by arrows). Note the greater extent of damage produced by guide
cannulas that ended 2 mm dorsal to the injection site. D, Photomicrograph of representative mPF lesions (indicated by arrows).

Figure 2. Histological results for event-related electrical stimulation studies. A, Photomicrograph of representative stimula-
tion sites (indicated by arrows). B, Locations of electrical stimulation sites depicted on a coronal section 6.2 mm from the interaural
line (Paxinos and Watson, 1998).
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dose and the lowest at the 10 nmol dose
(Fig. 3A). In contrast, stimulating GABAA

receptors with muscimol produced dose-
dependent DMTP impairment (Fig. 3C).
Thus, decreasing GABAergic tone with
FG-7142 enhanced performance over a
limited range of doses, whereas increasing
GABAergic tone with muscimol produced
increased impairment at higher doses.
Neither of these drug effects interacted sig-
nificantly with the length of the RI (Fig.
3B,D) or the effects of the mPF lesion. The
effects of the highest muscimol dose (1
nmol) were eliminated when injected 1.5
mm dorsal to the rostral ILn as an anatomi-
cal control (Fig. 3C).

An omnibus ANOVA revealed a signif-
icant effect of FG-7142 dose (F(4,116) �
3.488; p � 0.010) and confirmed that these
effects did not interact between studies
(F � 1) or lesion groups (F(4,116) � 1.226;
p � 0.3038). There were significant effects
of RI in both studies (values of p � 0.0001)
that did not interact with drug effects (val-
ues of F � 1). Muscimol produced dose-
dependent impairment in response accu-
racy (F(3,36) � 5.58; p � 0.003) that did not
interact with the effects of the mPF lesion
(F � 1). The significant effect of 1.0 nmol
of muscimol was eliminated (Games–
Howell, �� 0.05) when injected 1.5 mm
dorsal to central thalamus as an anatomical
control. There was a significant effect of RI
( p � 0.0001) that did not interact with muscimol dose (F � 1).

Orexin A was associated with delay-dependent improvement
that was significant at the longest delay (RI, 13 s) tested (Fig.
4A,B). The overall effect of orexin A was not statistically signifi-
cant (F(2,32) � 1.446; p � 0.25); however, there was a significant
interaction between dose and RI (F(6,96) � 3.229; p � 0.0062).
Analyses of simple main effects revealed a significant effect of
orexin at RI of 13 s ( p � 0.05), but not at shorter delays. The
effects of orexin A did not interact with the effects of the prefron-
tal lesion (F � 1). Carbachol impaired performance significantly
at the highest dose tested (Fig. 4C,D). Carbachol produced dose-
dependent impairment (F(3,48) � 3.610; p � 0.020) significant at
the highest dose tested (Games–Howell, �� 0.05). The effects of
carbachol did not interact with the effects of the mPF lesion or the
length of the RI (values of F � 1).

Effects of mPF lesions
The effects of the mPF lesions did not interact with any of the
drug effects (values of p � 0.30). Previous studies have shown
that prefrontal lesions involving cingulate and prelimbic areas of
prefrontal cortex have significant effects on DMTP (Mair et al.,
1998). Our mPF lesions involved more limited areas of cingulate
cortex than in this previous study, and our experiments were not
designed to test the effects of mPF lesions on DMTP perfor-
mance. Nevertheless examining group differences during drug
treatments in the two microinjection studies can assess lesion
effects. In the first study, there was a significant effect of mPF
lesions during the first set of drug trials (orexin A; F(1,16) � 6.300;
p � 0.0232). This trend was still apparent during the second set of
drug trials (carbachol), although it was no longer statistically

significant (F(1,13) � 3.772; p � 0.0741). It was no longer appar-
ent during the FG-7142 trials (F � 1). Although the lesions were
similar in the second microinjection group, they did not have an
apparent effect during either the FG-7142 or muscimol trials
(values of F � 1).

Event-related electrical stimulation
DMTP trials consist of a series of four lever presses that corre-
spond to distinct processes of working memory (Fig. 5A). These
include the following: initiation (preparation), sample (stimulus
encoding), delay (maintenance of information in memory), and
choice (retrieval, memory-guided responding). After recovery
from surgery, rats were trained back to criterion and individual
thresholds established for the minimal current that caused rats to
pause while performing a lever-pressing task (Fig. 5B, “pause”
currents). Stimulation currents were kept at least 33% below this
level in subsequent experiments. DMTP was tested in five stim-
ulation conditions: no stimulation versus application of 1 s trains
of current pulses (0.2 ms at 120 Hz) at the start of the initiation,
sample, delay, or choice phases. Stimulating conditions were var-
ied randomly between trials within sessions. Stimulation current
was varied between sessions. Each animal was first tested for a
series sessions with currents covering a range of at least 0.01– 0.1
mA (supplemental Fig. 2, available at www.jneurosci.org as sup-
plemental material). These results were used to determine a high
level sufficient to impair DMTP performance and a low level
selected to enhance performance (Fig. 5B). DMTP was then
trained with current level (high, low, or none) varied between
sessions counterbalanced by block randomization until rats com-
pleted a minimum of three sessions and 120 trials for each of the
current levels.

Figure 3. Manipulations of inhibitory GABAA activity. A, Averaged across studies, FG-7142 affected both sham and prefrontal
(mPF) lesion groups. An omnibus ANOVA revealed a significant effect of dose and confirmed that these effects did not differ
between studies or lesion groups. B, There were significant effects of RI in both studies that did not interact with drug effects
shown here for saline and the 0.1 and 10 nmol doses of FG-7142 in the second study (results combined for lesion and control
groups). C, The GABAA agonist muscimol produced dose-dependent impairment in response accuracy that did not interact with
the effects of the mPF lesion. The significant effect of 1.0 nmol of muscimol was eliminated when injected 1.5 mm dorsal to central
thalamus as an anatomical control (Anat Cnt). D, There was a significant effect of RI that did not interact with muscimol dose
shown here for saline compared with 1 nmol of muscimol in central thalamic and anatomical control sites. Error bars represent
SEM in this and subsequent figures.
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Complete results were obtained for eight rats for DMTP with
a 1 s RI (Fig. 5C). These revealed a significant effect of stimulation
current (F(2,14) � 19.262; p � 0.0001) that interacted with the
time when stimulation was delivered (F(6,42) � 7.998; p �
0.0001). Analyses of simple main effects indicated significant ef-
fects of stimulation delivered at the start of the choice or delay
phases (values of p � 0.0001) but not at the start of the sample or
initiation phases (values of F � 1). The significant effect of choice
stimulation is consistent with a role for central thalamus in deci-
sional processes in memory-guided responding. It was unclear
whether the effects of delay period stimulation reflected its close
temporal proximity to the choice response at this short RI or if it
specifically affected processes during the delay period. To test
these possibilities, we increased the length of the RI (N � 5 for
each RI). These studies showed significant overall effects of stim-
ulation when the RI was increased to 13 s (F(2,8) � 4.743; p �
0.044) or 23 s (F(2,8) � 164.98; p � 0.0001). Again, there were
significant effects of stimulation delivered at the start of delay and
choice phases, but not at earlier initiation or sample phases (Fig.
5C).

An omnibus ANOVA of results at all RIs revealed significant
effects of current level (F(2,30) � 35.79; p � 0.0001), trial type
(when stimulation was delivered) (F(3,45) � 3.568; p � 0.021),
and the interaction of these factors (F(6,90) � 6.394; p � 0.0001).
There was no significant effect (F(2,15) � 2.105; p � 0.156) or
interaction (values of p � 0.198) with the length of the RI. Post
hoc testing (Games–Howell, � � 0.05) showed that low currents
improved and high currents impaired performance, compared
with sessions without stimulation. Analyses of simple main ef-
fects revealed significant effects of delay and choice (values of p �

0.0001), but not initiation ( p � 0.072) or
sample ( p � 0.178) stimulation.

Discussion
Our results provide evidence that working
memory is influenced by rostral ILn activ-
ity. Muscimol, a GABAA agonist with in-
hibitory effects on thalamic activity, pro-
duced dose-dependent impairment that
was significant at the highest dose tested
(1.0 nmol). Decreasing inhibitory
GABAergic tone with the negative alloste-
ric modulator FG-7142 tended to enhance
accuracy at low (0.1 nmol), but not high
(10 nmol) doses. Stimulating activity with
orexin A enhanced DMTP at the highest
dose tested, whereas the general cholin-
ergic agonist carbachol produced signifi-
cant impairment at the highest dose. Elec-
trical stimulation confirmed this evidence
of an inverted-U-shaped relationship be-
tween thalamic activity and DMTP perfor-
mance and additionally provided evidence
of temporal specificity. DMTP was af-
fected by current pulses applied during the
memory delay or the choice response but
not earlier at the start of the trial or the
presentation of the sample.

Stimulation intensity
Manipulation of GABAergic activity with
muscimol and FG-7142 provided evidence
of both ascending and descending limbs of
an inverted-U-shaped relationship be-

tween thalamic activity and DMTP performance. The highest
dose of orexin A enhanced performance at the longest retention
interval tested. Orexin selectively depolarizes and excites neurons
in the ILn (Bayer et al., 2002). Thus, the effects of orexin A pro-
vide evidence of a direct influence of rostral ILn activity on
DMTP. It remains to be determined whether higher doses impair
performance. It is also unclear whether effects at longer RIs reflect
a delay-dependent process or whether these benefits were ob-
scured by a ceiling effect at shorter delays. Carbachol produced
dose-dependent impairment consistent with the descending limb
of an inverted-U curve. It remains to be determined whether
lower doses enhance performance. It is also uncertain whether
the effects of carbachol reflect its agonist effects on both musca-
rinic and nicotinic receptors. Acetylcholine excites thalamic neu-
rons through rapid nicotinic and slower muscarinic depolarizing
currents (Curró Dossi et al., 1991). Microinjection studies have
provided evidence of a localized effect of the nicotinic antagonist
mecamylamine, but not the muscarinic antagonist scopolamine,
in the rostral ILn (Newman and Mair, 2007).

Electrical stimulation provided more definitive evidence for
an inverted-U relationship. Across all stimulation trials, low-level
currents improved performance significantly to 80.7% correct
compared with 75.9% correct for nonstimulation sessions,
whereas high current stimulation reduced DMTP accuracy sig-
nificantly to 63.7% correct. The impairment at higher current
levels is predictable given evidence that DBS produces deficits
comparable with lesions damaging the area stimulated (Perlmut-
ter and Mink, 2006; Kringelbach et al., 2007; Schiff and Fins,
2007). The beneficial effects of low current stimulation are note-

Figure 4. Effects of orexin A and carbachol. A, B, The 0.1 nmol dose of orexin A tended to improve performance at longer delays
for both control (A) and mPF lesioned (B) rats. The overall effect of orexin A was not statistically significant; however, there was a
significant interaction between dose and RI. Analyses of simple main effects revealed a significant effect of orexin at RI of 13 s. The
effects of orexin A did not interact with the effects of the prefrontal lesion (F � 1). C, D, Carbachol produced dose-dependent
impairment significant at the highest dose tested. The effects of carbachol did not interact with the effects of the mPF lesion or the
length of the RI (values of F � 1).
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worthy, particularly given supporting evidence of similar im-
provement with FG-7142 and orexin A (Figs. 3, 4). Manipulation
of catecholamine activity in prefrontal cortex has also provided
evidence of an optimal level of activation for working memory
(thus an inverted-U relationship) in areas reciprocally connected
to the rostral ILn (Arnsten, 2007). The present results raise the
possibility that the rostral ILn may provide an effective target for
modulating activity within prefrontal cortex and related areas of
striatum.

The impairments observed here at currents as low as 0.1 mA
are surprising given a previous report of enhanced novel object
recognition with 1.5 mA stimulation delivered at 100 Hz in a
nearly identical site. There are important differences between the
studies that may explain these inconsistencies. Here, we exam-
ined effects of stimulation on DMTP, a measure of working
memory that we found to be impaired by rostral ILn lesions. We
applied shorter trains of stimulation (1 s vs 30 min) to vary the
time when the rostral ILn were activated within DMTP trials.
Finally, we applied stimulation bilaterally to be consistent with
the microinjection studies. We observed little carryover in stim-
ulation effects from trial to trial [and thus no difference for trials
in which no stimulation was applied between high, low, or no
stimulation sessions (Fig. 5C, “none” trials)]. In contrast, Shirva-
lkar et al. (2006) describe effects that increased across 3 d of
stimulation. These data suggest that prolonged, higher-current

stimulation in the previous study induced more permanent, cu-
mulative changes in brain function than the relatively brief,
lower-current stimulation applied here.

There is uncertainty inherent in localizing the site of action of
microinjected drugs or electrical stimulation. Although our re-
sults are consistent with an inverted-U dose–response curve, they
might also reflect a greater spread of activation for higher drug
doses or stimulation currents. This is particularly true in an area
like central thalamus that contains other systems that have been
implicated in learning and memory. Several observations suggest
that the rostral ILn are a likely site of action in the present studies.
First, anatomical controls support a central thalamic site of ac-
tion for muscimol. Second, orexin-containing processes inner-
vate and depolarize neurons in midline and intralaminar nuclei
while bypassing adjacent relay nuclei (Peyron et al., 1998; Bayer et
al., 2002). Thus, the effects of orexin A seem likely to be localized
there. Third, lesion studies have shown that DMTP is specifically
affected by treatments that disrupt the rostral ILn or anatomically
related areas in prefrontal cortex, striatum, or pallidum (Burk
and Mair, 1998, 2001; Porter et al., 2001; Bailey and Mair, 2004,
2005; Zhang et al. 2005). Thus, convergent evidence supports a
role for the rostral ILn, although it remains logically possible that
the mediodorsal or midline thalamic nuclei mediated some of the
effects of microinjected drugs or electrical stimulation on DMTP.

Figure 5. Event-related electrical stimulation. A, Stimulation was delivered bilaterally (0.2 ms pulses at 120 Hz) for 1 s at the start of the initiate, sample, delay, or choice phases of DMTP. B,
Current levels for individual animals (connected points) showing the threshold causing rats to pause while performing a continuous lever-pressing task and the levels used for high and low current
stimulation. C, Effects of stimulation at each of the three RIs tested. There were significant effects of current level, trial type (when stimulation was delivered), and the interaction of these factors.
There was no significant effect or interaction with the length of the RI. Analyses of simple main effects revealed significant effects of delay and choice, but not initiation or sample stimulation. *p �
0.05 and **p � 0.01, with Bonferroni’s correction for multiple comparisons.
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Temporal specificity of electrical stimulation
Correlational analyses of single-neuron activity in monkeys (Wa-
tanabe and Funahashi, 2004; Wyder et al., 2004; Tanaka, 2007)
and functional magnetic resonance imaging in humans (Mano-
ach et al., 2003; Burianova and Grady, 2007) indicate that central
thalamic activity is timed to coincide with delay- and retrieval-
related events in working memory tasks. Our results provide
causal evidence of this relationship. Stimulation at the start of the
memory delay or choice response significantly affected perfor-
mance, whereas stimulation at the start of the trial or presenta-
tion of the sample lever did not. The effects of delay period stim-
ulation persisted when the length of this period was increased
from 1 to 23 s and thus could not easily be explained by temporal
proximity to the choice response. These results are consistent
with evidence that central thalamic neurons carry response-
related information across brief memory delays and mediate
memory-guided responding (Wyder et al., 2004). The failure of
initiation or sample stimulation to affect performance is incon-
sistent with a role of central thalamus in processes related to
preparation for the trial or encoding information related to the
sample.

Clinical implications
DBS has been shown to have substantial clinical benefits for neu-
ropsychiatric disorders, although the precise mechanism of ac-
tion remains to be established. Recordings of neurons near stim-
ulating sites suggest that high-frequency stimulation used for
DBS activates axons leaving areas of stimulation while producing
effects that mirror those of lesions damaging the tissue stimulated
(Perlmutter and Mink, 2006; Kringelbach et al., 2007). Here, we
found that the effects of brief, high-frequency stimulation in the
rostral ILn vary with the level of current applied and the timing of
when it is applied. Higher levels of current produced deficits that
resembled effects of lesions or reversible inactivation of the ros-
tral ILn (Porter et al., 2001; Bailey and Mair, 2005) (Fig. 3),
whereas lower levels had opposite effects, enhancing perfor-
mance. Stimulation during delay and choice phases of DMTP
affected performance, whereas stimulation during earlier initia-
tion or sample phases did not.

The rostral ILn have been proposed as a site for treating ac-
quired cognitive disorders with DBS (Schiff and Purpura, 2002;
Schiff and Fins, 2007). Apart from one clinical case, there is little
evidence for the benefits of this treatment in brain-injured indi-
viduals (Schiff et al., 2007). The usefulness of this approach is
supported by evidence that high-frequency electrical stimulation
of the rostral ILn can enhance memory-guided responding in
intact rats. Previous work showed benefits of prolonged (30 min)
stimulation on object recognition memory assessed by unrein-
forced exploratory activity (Shirvalkar et al., 2006). We observed
beneficial effects of brief (1 s) stimulation at low current levels
(0.003– 0.01 mA) on DMTP, a task known to depend on the
rostral ILn as well as areas of cortex and basal ganglia that they
innervate (Bailey and Mair, 2005). DMTP was similarly im-
proved by the more prolonged effects of FG-7142 and orexin A
microinjected in the area of the rostral ILn. Here, we observed
comparable effects of these drugs in rats with or without mPF
lesions, although the behavioral effects of these lesions were lim-
ited. Thus, to at least a limited extent, prefrontal pathology does
not appear to interfere with beneficial effects of rostral ILn stim-
ulation (Figs. 3, 4). Our results suggest that optimal levels of
event-related stimulation in the rostral ILn may be an effective
means to enhance cognitive functions, like working memory,
that are disrupted by diseases involving frontal cortex or basal

ganglia. Our findings also demonstrate the usefulness of event-
related stimulation as a means to elucidate temporal relation-
ships between neural activity and behavioral function.
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