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Abstract

The role of the thalamus in complex cognitive behavior is a topic of increasing interest. Here we
demonstrate that lesions of the nucleus reuniens (NRe), a midline thalamic nucleus interconnected
with both hippocampal and prefrontal circuitry, lead to enhancement of executive behaviors
typically associated with the prefrontal cortex. Rats were tested on four behavioral tasks: (1) the
combined attention-memory (CAM) task, which simultaneously assessed attention to a visual
target and memory for that target over a variable delay; (2) spatial memory using a radial arm
maze, (3) discrimination and reversal learning using a touchscreen operant platform, and (4)
decision-making with delayed outcomes. Following NRe lesions, the animals became more
efficient in their performance, responding with shorter reaction times but also less impulsively
than controls. This change, combined with a decrease in perseverative responses, led to focused
attention in the CAM task and accelerated learning in the visual discrimination task. There were
no observed changes in tasks involving either spatial memory or value-based decision making.
These data complement ongoing efforts to understand the role of midline thalamic structures in
human cognition, including the development of thalamic stimulation as a therapeutic strategy for
acquired cognitive disabilities (Schiff, 2008; Mair et al., 2011), and point to the NRe as a potential
target for clinical intervention.
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The contribution of the prefrontal cortex to aspects of executive control is well established.
Recent work has emphasized the critical role of other brain structures to which the prefrontal
cortex is connected. One of these structures, the nucleus reuniens (NRe) of the midline
thalamus, exchanges projections with ventral and orbital regions of the prefrontal cortex
(Ohtake and Yamada, 1989; McKenna and Vertes, 2004; Vertes et al., 2006; Hoover and
Vertes, 2007; Prasad and Chudasama, 2013). Another is the ventral hippocampus, which in
addition to receiving NRe input (Herkenham, 1978; Su and Bentivoglio, 1990; Wouterlood
et al., 1990; Vertes et al., 2006) also projects strongly to the prefrontal cortex (Jay and
Witter, 1991; Verwer et al., 1997; Ishikawa and Nakamura, 2006). Lesion studies in the rat
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have been critical for delineating the functional contribution of brain regions underlying so-
called executive behaviors. Damage to the NRe, for example, can affect behavioral
flexibility (FI&mig and Klingberg, 1978; Dolleman-van der Weel et al., 2009; Cholvin et al.,
2013; Prasad et al., 2013), in a way that under some conditions mimics ventral prefrontal
(Ragozzino et al., 1999; Chudasama et al., 2003; Kim and Ragozzino, 2005; see also
Murphy et al., 2005, 2012) or ventral hippocampal lesions (Abela et al., 2013). These
anatomical connections, together with the overlap in behavioral deficits, have led to the
conception that the NRe occupies a node in a larger network whose disruption leads to
deficits in cognitive function (Cassel et al., 2013).

At the same time, the NRe receives abundant noradrenergic, serotonergic and cholinergic
innervation from the brainstem (Kolmac and Mitrofanis, 1999; Vertes et al., 1999; Krout et
al., 2002; Jones, 2003), and may therefore have a role in regulating cortical arousal levels
(Vanderwolf and Stewart, 1988; McCormick, 1992; Van der Werf et al., 2002). This prospect
gives the NRe a potentially unique role in thalamocortical control over executive behavior by
adjusting the arousal level of the prefrontal cortex (Groenewegen and Berendse, 1994;
Schiff, 2008; Mair et al., 2011).

Importantly, while some behavioral effects of NRe lesions match those of prefrontal and
ventral hippocampal lesions, others do not. In fact, previous reports suggest that certain
aspects of behavior are improved or enhanced following NRe lesions. We recently reported
one such improvement following NRe lesions, expressed as an attenuation of compulsive
behavior (i.e., perseverative responses) compared with control rats (Prasad et al., 2013). This
finding contrasted sharply with the effects of lesions to the prefrontal cortex and ventral
hippocampus, which resulted in the exaggeration of compulsive responses (Passetti et al.,
2002; Chudasama et al., 2003; Abela et al., 2013). Moreover, the performance of rats with
NRe lesions was marked by unusually high motivation and good accuracy, as if the NRe
lesion made rats more attentive to their environment and focused on their task (Prasad et al.,
2013).

In the present study, we investigate whether a similar improvement of cognitive function
occurs in NRe-lesioned rats when tested in a variety of prefrontal-dependent tasks. We
compared experimental and control rats on operant behavioral tasks assessing visual
attention and working memory, associative learning and decision-making. We also tested
rats on a radial arm maze as several studies indicate a role for the NRe in spatial memory
(Hembrook and Mair, 2011; Loureiro et al., 2012; Layfield et al., 2015; Ito et al., 2015). We
report several features that distinguish NRe lesions from those of its projection targets. Most
notably, rats with NRe lesions showed enhanced cognitive performance along several
dimensions that would normally be impaired following prefrontal or ventral hippocampal
lesions. There were no obvious effects on behaviors associated with hippocampal lesions
such as spatial memory, or decision-making with delayed outcomes. We conclude that the
NRe contributes to cognitive-executive behavior through a modulation of the prefrontal
cortex, perhaps via influence of projections from the ascending brainstem arousal systems.
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EXPERIMENTAL PROCEDURES

Animals

Surgery

Data were collected from 62 male Long Evans rats (Charles River, LaSalle, CA) weighing
200-225 g at the start of behavioral testing. All rats were maintained at 85% of their free-
feeding weight with water available ad /ibitum. The rats were housed in pairs in a
temperature-controlled room (21-22 °C) with a 12-h light/dark cycle. The animals were
cared for under experimental procedures approved by the McGill University Animal Care
and Use Committee, in accordance with the guidelines of the Canadian Council on Animal
Care.

Rats were anesthetized with isoflurane gas. Excitotoxic lesions were made by injecting 0.09
M N-methyl-D-aspartic acid (NMDA,; Sigma-Aldrich, Canada) dissolved in 0.9% saline (pH
7.0-7.2) with a 0.5 uL SGE precision microsyringe (Canadian Life Science, Peterborough,
CA). Lesions of the NRe are especially challenging because it is located beneath the midline
sagittal sinus. To ensure that the lesion occupied as much of the rostro-caudal extent of the
nucleus as possible, rats received three injections of 0.18 uL of 0.09 M NMDA which
alternated across the midline (i.e., two injections in the left hemisphere and one in the right
hemisphere, or vice versa). In each animal these injections were made at the following
anterior—posterior (AP) and dorsoventral (DV) coordinates: AP: —=1.3 mm, DV: -7.8 mm;
AP: -1.9 mm, DV: =7.8 mm; and AP: -2.5 mm, DV: =7.8 mm. Due to the midline location
of the NRe, the mediolateral (ML) reading was taken from either side of the sagittal sinus,
which approximated to 0.2 mm from the bregma. Each injection was made over 1 min and
the syringe remained in place for 90 s to permit dispersion of the toxin before the needle was
retracted. Rats that served as sham controls received the same surgical treatment but received
injections of saline. Rats were assigned to two cohorts. Rats in cohort 1 (7=28) were trained
on the combined attention-memory (CAM) task before receiving the NRe lesion. Rats in
cohort 2 (17=34) were trained on all other tasks afterreceiving the lesion.

Behavioral procedures

Four behavioral tasks were employed to systematically investigate the behavioral
consequences of NRe lesions. They are described within the following section.

Combined attention-memory task—The data for this task were collected while rats
performed a task that assessed visual attention and working memory in the same setting. The
task, known as the CAM task, was initially developed to establish how overlapping
mechanisms of attention and working memory were differentially affected by fluctuations in
prefrontal catecholamine transmission (Chudasama and Robbins, 2004a). The CAM task is
similar in principle to the delayed non-match to position task (Dunnett, 1985; Goldman-
Rakic, 1987). To minimize the contribution of spatial cues, the test was conducted in operant
testing chambers (Lafayette, Indiana, USA) measuring only 25 x 25 cm equipped with five
nosepoke apertures or holes (see Fig. 1A). In the present study, holes in non-adjacent
locations (positions 1, 3 and 5) were used. Each trial comprised a target (attention) phase
and a choice (memory) phase. In the target phase, the rat was required to respond to a light
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stimulus (3-s duration) presented pseudorandomly in one of the three holes. Impulsive
premature responses in the holes before the onset of the light target were without
consequence. Following a correct response to the visual target, a variable delay (0, 7, 14 or
21 s) was signified by the illumination of the food magazine. A nosepoke entry into the food
magazine after the programed delay presented the rat with a choice of two lights (3-s
duration). One light (the matching stimulus) was presented in the hole identical to the target
light. The second light (the non-matching stimulus) was presented in one of the remaining
two holes. A correct response to the non-matching stimulus was rewarded with two sucrose
pellets (Dustless Precision Pellets, Ren’s Pets Depot, ON, Canada). An incorrect response to
the matching stimulus, a response in the non-illuminated hole, or a failure to respond within
5 s terminated the trial, and all lights were extinguished for 5 s. Each session consisted of 80
trials. Each delay was presented for 20 trials although the final number of trials depended on
the number of ‘correct’ trials in the target phase. During initial training, the duration of the
target was set to 3 s. When rats in cohort 1 completed =75% correct target responses at this
duration, and =65% correct choice responses ~30 sessions), they received a NRe lesion.
Following two weeks of postoperative recovery, rats were re-stabilized on the preoperative
schedule of the task, and were subsequently challenged by reducing the duration of the
target stimulus to 1 s and 0.7 s in separate sessions. The apparatus and online data collection
were controlled by the Whisker control system for research (Cardinal and Aitken, 2010).

Spatial memory task—Rats with thalamic lesions or inactivations that include the NRe
appear to be deficient in their memory for spatial locations when tested in a variety of maze
paradigms (Davoodi et al., 2009; Hembrook and Mair, 2011; Loureiro et al., 2012).
Consequently, we compared the animals’ working memory for a visual stimulus (CAM task,
described above) with their working memory for spatial location. The spatial memory test
used a standard radial eight-arm maze illustrated in Fig. 1B. In each trial, rats were placed in
a central octagonal arena and allowed to explore and retrieve a single sucrose pellet from
each of four randomly selected ‘open’ arms (learning phase). Upon collection of the fourth
pellet, the remaining four arms were immediately opened (‘0’ min delay) allowing the
animal access to all eight arms (memory phase). As the animal had already collected the
pellets from the open arms, only the four arms that had been closed in the learning phase
were baited. A reentry into an arm from which a pellet had been retrieved during the
learning phase was recorded as a perseverative error. Criterion performance was set to <1
error over two consecutive sessions. The test was then repeated with increasing delays of 10
and 30 min between the learning and memory phases.

Visual discrimination and reversal task—A reversal learning task was conducted in
touchscreen automated chambers (Lafayette, Indiana, USA) to assess control of responding
with changing stimulus-reward contingencies. Following habituation to the apparatus, the
rats were trained to make a nosepoke touch response to a white square (2” x 2”) that was
presented on the left or right side of the screen. A nosepoke touch response to the white
square was rewarded with a single sucrose pellet. When rats were able to obtain 50 reward
pellets within 20 min (~4 sessions), they were ready for surgery. After the rats had recovered
from surgery, they were shaped to touch the screen until they achieved the same criterion
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before surgery (~2 sessions). The rats were then tested on their ability to acquire a visual
discrimination by learning a stimulus— reward association.

Two white geometric computer graphic stimuli were presented on a black background on the
touchscreen (see Fig. 1C). The left and right position of each stimulus was determined
pseudorandomly. These stimuli remained on the screen until the rat made a nosepoke touch
response to either stimulus. A correct response to one stimulus (designated A+) was
associated with a sucrose pellet. An incorrect response to the other stimulus (designated B-)
was not rewarded and instead resulted in the disappearance of both stimuli from the screen,
and a 5-s timeout period during which all of the lights were extinguished. An incorrect
response to B— resulted in a correction trial in which the same trial was repeated (i.e., the A+
and B- stimuli remained in the same left/right positions) until the rat responded correctly.
Thus, each session could have an infinite number of correction trials, but was limited to a
total of 60 non-correction trials. Criterion performance was set to 85% accuracy on two
consecutive sessions after which the stimulus-reward contingencies were reversed so that the
previously non-rewarded stimulus (B-) became the rewarded stimulus (B+), and vice versa.
The rat was now required to reverse its response by inhibiting its response to the previously
rewarded stimulus, and respond to the new rewarded stimulus. On reaching the 85%
criterion on two consecutive sessions the reward contingencies were reversed again. A total
of two reversals were given. The apparatus and online data collection were controlled by the
Whisker control system for research (Cardinal and Aitken, 2010).

Decision-making task with delayed outcomes—The delay discounting task was
conducted in the same touchscreen apparatus described above. In this case, the animal’s
choice responses were used to assess behavioral decisions that involved a trade-off between
reward size and delay (Fig. 1D). A detailed description of the task is provided in Abela and
Chudasama (2013). In brief, rats chose between two identical white squares located on the
left and right sides of a touchscreen. Responses to the left stimulus resulted in the immediate
delivery of a small, one-pellet reward. Responses to the right stimulus resulted in a large
four-pellet reward that was delivered after a delay. The side on which the large reward
stimulus was presented (left or right) was counter-balanced between subjects, and remained
in the same location throughout the entire experiment for each rat. Each session consisted of
four blocks of 12 trials. In each block, two “forced choice’ trials in which the rat was forced
to respond to either the left or the right stimulus demonstrated the outcome associated with
the stimulus. The remaining 10 trials were ‘free choice’ trials in which the rats could choose
between both stimuli. Rats were initially trained to discriminate between the two reward
sizes when there were no delays until they were choosing the large reward >80% of the time
(~3 days). Thereafter, the delay to delivery of the large reward was progressively increased
in each block within a session (0, 8, 16, and 32 s). Each trial lasted for 70 s regardless of the
rat’s choice of stimulus. The apparatus and online data collection were controlled by the
Whisker control system for research (Cardinal and Aitken, 2010).

Data analyses

Data were analyzed using SPSS Statistical Software, v.20.0. (SPSS Inc., lllinois, USA). Data
for each variable were subjected to a repeated measures analysis of variance. The between-

Neuroscience. Author manuscript; available in PMC 2017 March 14.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHIO

1duosnue Joyiny gHID

PRASAD et al. Page 6

subject factor (lesion) was at two levels: Sham and NRe. For the CAM task, the within-
subject factor was delay at 4 levels (0, 7, 14, 21 s) and target duration at three levels (3, 1,
and 0.7 s). For the delay discounting task, delay was a within-subject factor at 4 levels (0, 8,
16, 32 s). Homogeneity of variance was assessed using Mauchly’s sphericity test, and if this
requirement was violated for a repeated measures design, the ~term was tested against
degrees of freedom corrected by Greenhouse-Geisser to provide a more conservative ~-value
for each Fratio.

For all other variables, the data were subjected to independent samples #tests. This includes
the number of errors committed for each delay in the spatial memory task and the number of
errors committed during acquisition and reversal for the visual discrimination task. Levene’s
test for equality of variance was used to determine homogeneity of variance for these tests.
If the requirement for homogeneity of variance was violated, the #term was tested against
degrees of freedom corrected for a more conservative P-value.

RESULTS

The general approach in this study was to test rats in multiple tasks in order to
comprehensively assess the behavioral effects of NRe lesions. Rats in cohort 1 were tested
on the CAM task only. Rats in cohort 2 were tested in all other tasks. We found that some
aspects of cognition were affected, whereas other aspects were equivalent to control levels.
The most obvious change was improved performance on tasks that required focused
attention. The following sections describe, in turn, the extent of the anatomical lesions and a
comparison between lesion and control groups in the behavioral tasks.

Histology

Fig. 2 provides a diagrammatic reconstruction of the lesion with accompanying high
magnification photomicrographs of the NRe in a representative sham-operated rat and NRe-
lesioned rat from cohorts 1 and 2. The tissue analyzed from each animal (shams, as well as
lesions) consisted of sections collected between —0.84 and —4.36 mm posterior to the
bregma according to the atlas of Paxinos and Watson (2005). This range encompassed the
NRe and adjacent regions, which may have been inadvertently damaged by the excitotoxin.
Histological analyses were performed using light microscopy, in which the cellular
morphology of NRe neurons from sham controls provided a standard of healthy, unaffected
tissue, which was compared with the lesioned tissue. Cells that were shrunken, striated
and/or surrounded by gliosis were considered damaged by the excitotoxicity of the NMDA
infusion. The completeness of the lesion was based on the ratio of damage within each
section of the NRe (see Fig. 2 for an example of one such section). Sections in which the
lesion encompassed the NRe proper as well as the ventral reuniens (i.e., the lateral, winglike
adjacent subregions of the nucleus referred to as vRe in Paxinos and Watson, 2005) were
used to define a “complete” lesion. We used stringent inclusion criteria to identify animals in
which the lesion was complete. We first calculated the complete extent of the NRe from
-1.08 mm to —3.96 mm posterior to bregma. For each animal, this comprised 25 sections. To
be included in the final group for behavioral analyses, the lesion had to occupy at least 64%
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of the entire nucleus within the range of —1.72 to —3.48 mm posterior to the bregma, which
comprised a minimum of 16 sections.

In cohort 1, a total of 10 animals were excluded because the lesion was small and
incomplete, there was extensive damage to the centromedial and/or rhomboid nuclei or the
lesion was too lateralized. In addition, one NRe-sham animal from cohort 1 was removed
due to inadvertent damage to the rostral midline, anterior and reticular thalamus in the right
hemisphere. In cohort 2, eleven animals had minimal damage to the NRe area sparing the
rostral and central aspect of the nucleus. In two animals, there was extensive damage to
regions ventral to the NRe (i.e., the paraxiphoid nucleus, paraventricular hypothalamic
nucleus). In addition one NRe-sham animal was excluded due to extensive pre-existing
damage to the fimbria/fornix. These animals were excluded from the study. In cohort 1, the
final group numbers were: Shams, 8, and NRe, 9. In cohort 2, the final group numbers were:
Shams 10, and NRe, 10.

Behavioral results

NRe lesions enhance visual attention—We first trained a cohort of rats on a task that
simultaneously measures attention to a visual stimulus and working memory for that
stimulus (CAM task, see Experimental procedures). Briefly, a target light first appeared in
one of three holes, into which the animal was required to poke its nose. Following a variable
delay, the rat was given a choice of two lights. One light was presented in the same hole as
the target, and a second light was presented in a different hole. The rat was required to “non-
match” by poking its nose in the newly lit hole. The attentional requirement during this
initial training was low, with the animal allowed 3 s to view and encode the initially
illuminated target stimulus. Animals designated for the lesion and control groups were
matched on all behavioral measures including target accuracy (415=0.75, £>0.05),
premature responses ({15=-1.22, >0.05), choice accuracy (F,15=0.01, ~>0.05) and
choice latency (F1,15=0.71, P>0.05). Upon reaching criterion, half of the animals received
excitotoxic lesions of the NRe, whereas the other half underwent sham control surgeries.
The animals were tested again, approximately two weeks later.

The NRe lesion group showed improved performance on the CAM task relative to controls,
with the most obvious changes in aspects of the task related to attention. Following surgery,
the animals were retested with the 3-s target presentation (“easy” schedule), to which both
groups responded with a high level of accuracy that reflected their previous training (3A,
Post-op 3 s). The animals were then challenged with shorter target presentations (<1 s,
“difficult” schedule), which led naturally to a decline in response accuracy (F2,30)=36.9,
F£<0.001). This manipulation is frequently used to assess the capacity for attentional control,
since inattentive animals are less likely to notice and encode a brief presentation (Bari and
Robbins, 2011). Rats with NRe lesions outperformed sham controls in this attention phase of
the task (£1,15)=4.58, P=0.05), particularly when the duration of the visual target was very
short (1's, #15=—1.84, P=0.08; 0.7 s, {15=—2.37, A<0.05). These results demonstrate that
the NRe lesion group was more likely to focus their attention during the task relative to the
sham control group.

Neuroscience. Author manuscript; available in PMC 2017 March 14.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHIO

1duosnue Joyiny gHID

PRASAD et al.

Page 8

In addition to improved attentional focus, the lesioned animals were more controlled and
less impulsive in their actions (Fig. 3B), as indicated by the marked reduction in the number
of premature responses (/1,15=7.68, £<0.01) when the stimulus duration was 1 s
(§15)=2.64, A<0.05) and 0.7 s (415)=2.53, A<0.05). In the latter part of the task, which
required choosing a non-matching stimulus after a delay, the lesioned rats showed a normal
delay-dependent decline in their accuracy (A3 45=15.9, A<0.001) that did not differ from the
control group (F,15=0.05, ~>0.05; Fig. 3C). However, the choices made by rats in the NRe
group differed in one respect, in that they were significantly faster than those of the sham
controls (£1,15=8.90, A<0.01; Fig 3D). This speed of response was irrespective of target
duration (F2,30)=2.94, £>0.05); the animals were fast in their response regardless of whether
the target duration was 3 s (F(1,15)=8.2, A<0.01), 1 s (F1,15=5.24, /<0.05) or 0.7 s
(F1,15)=8.99, /<0.01). All other aspects of performance, including latency to collect food
reward, were in the normal range (~>0.05). Thus, the NRe lesion enhanced attentional
capacities for visually occurring stimuli, leading to more focused and quicker responses, but
had little effect on other aspects of the task, such as the accuracy of delayed non-match
responses, commonly associated with working memory.

NRe lesions disrupt spatial searching but not spatial memory—We next asked
whether NRe lesions disrupt spatial memory, as might be expected given its projections to
the hippocampus. To assess this, we tested animals in their capacity to acquire memory for a
spatial location in a radial arm maze. In each trial, the rat first learned which arms were
baited with food. Then, after the rat had collected the pellets from each of the baited arms,
and following a delay, the other arms were opened. The animal was required to enter and
retrieve the pellets from the new arms, logically avoiding the old arms from which the
pellets had already been collected. Since the baiting pattern in each trial was independent
from the previous one, correct performance required that the animal hold ‘on-line’ in
memory which of the four arms had been previously visited so as to not re-enter these arms
incorrectly, which would constitute a perseverative error.

The influence of the NRe lesion depended critically on whether a delay was present between
the first portion of the trial (the initial collection of four pellets), and the second portion of
the trial (the opening of the new arms). In the no-delay condition, the rats with NRe lesions
required almost twice as many sessions to reach criterion as controls (mean sessions +
S.E.M.: NRe group, 5.7 £ 1.0; sham controls, 3.4 + 0.4; {10)=—2.15, P=0.05), and made
several errors during the second portion of the trial when all arms were open (mean errors +
S.E.M.: NRe, 12.7 + 3.7; sham, 4.6 + 1.0; #17)=—2.20, /<0.05). This pattern of choices
could not easily be attributed to a failure of working memory, as it was expressed as a
selective perseverative reentry into the old arms (417)=-2.27, /<0.05; see Fig. 4), with few
re-entries into the new arms (mean errors = S.E.M.: NRe, 2.3 + 1.2; sham, 0.5 + 0.2; {g)=
-1.52, P>0.05). However, this deficit was transient and no longer apparent when the animals
were tested when a delay was interposed between the two portions of the trial. When that
delay was relatively long (10 min), the NRe-lesioned rats were normal (mean sessions +
S.E.M.: NRe, 4.6 + 0.8; shams, 7.2 + 1.4) and the two groups did not differ from each other
(#14)=1.57, P>0.05). Fig. 4 shows that rats with NRe lesions also outperformed the sham
controls by committing fewer perseverative re-entries into the previously baited arms, even
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though this effect did not reach statistical significance (#15)=1.28, £>0.05). With a 30-min
delay, the two groups showed equivalent performance (sessions: £15)=0.74, P>0.05;
perseverative errors: {15=0.52, P>0.05). Thus, there was no obvious deficit in spatial
memory.

NRe lesions improve visual associative learning—We next asked whether the
enhanced attentional capacities of animals with NRe lesions might affect their ability to
discriminate perceptually different visual stimuli. We tested this by training them to form
stimulus—reward associations to shapes presented on a touchscreen. In this task, a pair of
shapes was presented on a touchscreen and the rat received a sucrose pellet reward upon
pressing its nose against the correct one. For each trial, the left/right position of the correct
shape was pseudorandomized. When the rat made an incorrect response, the trial was
repeated (i.e., a correction trial) until the rat responded correctly. Errors on correction trials
were distinguished from those on non-correction trials, with only the latter being a measure
of stimulus-reward performance unrelated to spatial or side biases.

Rats with NRe lesions showed a faster than normal rate of learning than controls, requiring
fewer sessions to reach criterion (mean sessions = S.E.M.: NRe, 3.9 + 0.3; shams, 6.0 £ 0.9;
{12)=2.16, P=0.05). Moreover, the lesioned animals successfully discriminated the
perceptual features of the stimuli better than the controls, committing fewer non-correction
trial errors (411)=2.50, /<0.05; Fig. 5A Acquisition). We looked at the temporal dynamics of
this improvement by plotting the errors committed in noncorrection trials for the first 6
sessions (Fig. 5B). This confirmed that the NRe lesion accelerated learning by attenuating
perseverative responses to the incorrect stimulus as early as session 3, with many of the
lesioned rats reaching criterion by session 4. Moreover, consistent with their rapid learning,
they needed few repeat trials to correct their errors (mean correction trial errors £ S.E.M.:
NRe, 69 + 8.4; sham, 106 + 12.2; f1g)=2.5, £<0.05).

Surprisingly, the animals’ ability to learn rapidly did not extend to the reversal of the
stimulus—reward association, at least for the first reversal, where their performance
overlapped with the shams in the number of sessions to criterion (41g)=0.99, £>0.05), non-
correction trial errors (41g)=0.37, £>0.05) and correction trial errors (41g)=1.19, £>0.05).
However, when the stimulusreward contingency was reversed again, such that it returned to
its original configuration as in the acquisition phase (see Fig. 5A, Reversal 2), the NRe-
lesioned rats, again, outperformed the sham controls in terms of sessions (41g)=2.85,
F<0.05) and non-correction trial errors (413)=2.52, £<0.05), with error rates declining
rapidly by session 4 (Fig. 5C). Thus while the rats appeared to be normal in their first
reversal, they reverted quickly to their better than average performance on the initial
stimulus-reward configuration. Other aspects of performance including speed of response
and latency to collect food were all in the normal range (all ~>0.05).

NRe lesions do not affect decision-making with delayed outcomes—Finally, we
tested rats on a decision-making task in which rats made choices between pairs of visual
stimuli that traded off a small immediate reward for a large delayed reward. We were
interested in whether the enhanced stimulus-reward learning, as shown above, would extend
to learning associations involving time in which the reward followed several seconds after
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the response. Moreover, this behavior relies on an intact ventral hippocampus (Abela and
Chudasama, 2013; Abela et al., 2015), a structure that receives a strong, direct input from
the NRe (Herkenham, 1978; Wouterlood et al., 1990; Vertes et al., 2006; Prasad and
Chudasama, 2013). We found, however, that NRe lesions did not impact this type of
learning, which involves encoding the value of future outcomes. In the absence of delay,
both lesioned and control rats consistently chose the large reward, indicating that they were
capable of discriminating the reward size and making a choice based on this criterion. As the
delay to the large reward increased, animals from both groups shifted their preference to the
small, more immediate reward (£ ,7y=54.53, £<0.001; Fig. 6), and did not differ at the rate
at which they chose the large, delayed reward (/1,16)=0.29, ~>0.05). Nor did they differ in
their latencies to make their choice (£ 16)=0.18, £>0.05) or collect food reward
(F1,16)=0.29, P>0.05). Together, these results indicate that an intact NRe is not necessary for
decisions with delayed outcomes.

DISCUSSION

The midline thalamic nuclei project to both prefrontal cortical and hippocampal sites and are
thus in a position to influence activity related to multiple aspects of cognition. Here we
demonstrate for the first time that under high attention demanding conditions, a lesion
centered on the NRe primarily improves aspects of cognitive-executive performance. In
contrast to our expectations based on previous studies, NRe lesions led to minimal
disruption in tests of visual and spatial memory as well as decision-making. We discuss
these findings in the context of thalamocortical circuitry and the influence of the brainstem
arousal system.

Improved cognition following a focal lesion?

A small lesion within the NRe prompted animals to behave as if they were highly aroused
and focused on the task at hand. Effective performance in the CAM task, which taps into
aspects of both visual attention and visual working memory, requires the integration of
multiple cognitive capacities for optimal behavior. The animals need to monitor the visual
array, inhibit premature or impulsive urges to respond, selectively detect the target stimulus,
and then hold on-line its location for a variable delay before using that information to guide
its response (Chudasama and Robbins, 2004b). The improvement in attention following NRe
lesions was most obvious when the task was made difficult by reducing the duration of the
visual target. Under these conditions, the lesioned animals exhibited a higher than normal
level of performance and a marked reduction in premature, impulsive responding. Thus, the
NRe lesion led not only to heightened attention, but also to enhanced behavioral control,
motor preparation, and quite possibly motivation. In the working memory aspect of the task,
the lesioned animals were normal, with the exception that their responses were unusually
fast. Thus, enhanced attentional performance does not necessarily lead to improved memory.
The lesion also resulted in a general decrease in the frequency of perseverative errors, which
in the case of the visual discrimination task, appears to have accelerated the rate of
associative learning. This improvement did not appear to extend into the domain of cognitive
flexibility, as a reversed stimulus—reward association was learned at a normal rate. However,
the improvement returned when the stimulus-reward configuration was returned to its
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original (i.e., Reversal 2). One possibility is that rats with NRe lesions developed a learning
set, thereby facilitating performance in the second reversal (see Jang et al., 2015). This
hypothesis needs to be tested directly by administering serial reversals.

It is notable that the behavioral improvements following lesions to the NRe contrast sharply
with the behavioral effects of damage to related structures, most notably the prefrontal
cortex and hippocampus, both of which exchange projections with the NRe (Herkenham,
1978; Berendse and Groenewegen, 1991; Vertes, 2001; Prasad and Chudasama, 2013). In
general, damage to these structures lead to deficits in behavioral control. Specifically,
bilateral lesions placed in the prefrontal cortex (e.g., Muir et al., 1996; Passetti et al., 2002;
Chudasama and Robbins, 2003; Chudasama et al., 2003) or ventral hippocampus
(Bannerman et al., 1999; Mariano et al., 2009; Abela et al., 2013) cause rats to act
impulsively or perseverate in their incorrect responses.

In some ways, the observed improvements in this study are most reminiscent of previous
pharmacological findings involving direct infusions of certain drugs into the prefrontal
cortex. For example, the local delivery of dopamine D, receptor agonists has been shown to
improve attention under similar conditions as the present study (Chudasama and Robbins,
20044; see also Granon et al., 2000; Floresco and Phillips, 2001). This together with the
known behavioral modulation of monaminergic and cholinergic inputs to the prefrontal
cortex (for review, see (Chudasama and Robbins, 2006) suggests that the improvements may
bear some relationship to ascending neuromodulation and cortical arousal, which we address
next.

Modulating behavioral performance through cortical arousal

One interpretation of our results is that the NRe projections to the prefrontal cortex and
hippocampus contribute to the balance of a circuit that regulates arousal and alertness
(Steriade et al., 1990, 1997; Robbins and Everitt, 1995; Jones, 2003). The midline thalamus,
like the prefrontal cortex and hippocampus, receives neuromodulatory input from the
brainstem and basal forebrain and thus may participate in the neuromodulatory control over
cortical arousal (Van der Werf et al., 2002; Vertes et al., 2015). However, the
neuromodulatory input to the thalamus may have a fundamentally different role than that to
the cortex and hippocampus. Previous studies have shown that the basal forebrain is
foremost in the overall maintenance of cortical arousal (Steriade et al., 1990, 1997; Buzséaki
et al., 1988; Vanderwolf and Stewart, 1988). The influence of ascending neurotransmitter
systems through projections to the thalamus may be more nuanced. For example, modulation
of the NRe may influence the excitatory state of hippocampal or prefrontal regions, which
may in turn affect certain aspects of behavior. The anatomical features of NRe projections
may provide some hints as to how this influence may be expressed. For example, NRe
neurons terminate onto GABAergic interneurons within area CA1 of the hippocampus
(Dolleman-van der Weel et al., 1997; Dolleman-van-der Weel and Witter, 2000). As tonic
NRe activity would thus have the net effect of inhibiting CA1, a lesion to this structure may
remove this inhibition, resulting in a net stimulation of the hippocampal circuit. While the
cell-type specificity of NRe targets in the prefrontal cortex are less well explored, the
hippocampal anatomy is suggestive that the effects observed in the present study may reflect
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a shift in the balance within an area toward excitation, although experiments involving direct
microstimulation of the midline thalamus suggest that the influence of the NRe on the
prefrontal cortex is excitatory (Di Prisco and Vertes, 2006).

As mentioned earlier, pharmacological intervention can lead to performance increases that
closely follow those observed with the NRe lesions. For example, direct stimulation of
dopamine Dy receptors in the prefrontal cortex leads to an attentional enhancement in the
CAM task (Chudasama and Robbins, 2004b). Systemic injections of dopamine agents such
as amphetamine can remediate attentional performance in rats with dorsal prefrontal lesions
(Chudasama et al., 2005; see also Castner, 2003). Likewise, serotonergic reuptake inhibitors
such as escitalopram counteract impulsive deficits induced by ventral hippocampal lesions
(Abela et al., 2013) presumably through enhancement of extracellular 5-HT in the prefrontal
cortex. Thus, the hippocampus and prefrontal cortex also draw upon neuromodulation to
govern their interaction and steer executive function, perhaps also in part through the
modulation of cortical arousal. Regarding the contribution of the NRe in this circuit, it is
notable that deep brain stimulation of central thalamic regions has been shown to lead to
restoration of cognitive behavior (Schiff et al., 2007). This effect, which is closely associated
with cortical arousal, has been linked to activation of the prefrontal cortex, as stimulation of
the thalamus leads to an upregulation of immediate early gene expression in this region
(Shirvalkar et al., 2006).

Spatial searching or spatial memory?

The only hint of a cognitive deficit following the NRe lesion was in the radial arm maze
where rats made numerous repeat entries into previously rewarded locations. This deficit
occurred only when there was no delay interposed between the learning and memory phase
of the task. In that sense, the deficits from NRe lesions resemble the disruption of prefrontal
lesions on working memory tasks (Seamans et al., 1995; Kesner et al., 1996; Floresco et al.,
1997; Ragozzino et al., 1998, 2002). Nonetheless, in contrast to the prefrontal effects on
working memory, the deficit of the NRe-lesioned animals was relatively minor being
expressed only when the delay constituted ‘zero’ seconds (see also Layfield et al., 2015), but
recovered very quickly when the delays extended into several minutes. Thus, consistent with
previous studies (Dolleman-van der Weel et al., 2009; Hembrook and Mair, 2011; Cholvin et
al., 2013), the NRe lesions may function to disrupt optimal searching of spatial contexts
rather than impact spatial memory. The absence of any spatial memory deficit seems at odds
with the recent discovery of head direction cells (Jankowski et al., 2014) and trajectory
specific firing patterns in the NRe (Ito et al., 2015). One possibility is that in the current
study, the NRe lesion prevented the animal from establishing head directionality causing the
animal to make many errors revisiting old, unfruitful locations. It is notable however, that
although NRe lesions alter spatial coding specifically in the dorsal hippocampus (lIto et al.,
2015), which is known to be critical for spatial memory (Moser and Moser, 1998), NRe
lesions do not disrupt memory for alternating spatial direction (Ito et al., 2015). While it is
feasible that a select group of neurons in the NRe participate in spatial navigation through its
modulation of dorsal hippocampal CA1 fields (see Loureiro et al., 2012), there is minimal
evidence to suggest that the NRe plays a substantial role in spatial memory, although this
topic is presently an active area of research.
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Importantly, the midline thalamus appears to contribute substantially to a range of cognitive
behaviors. Unlike most other regions within the brain, damage to this structure leads to
measured improvements. Previous work applied electrical stimulation to midline thalamic
structures and reported enhanced memory-guided responding (Shirvalkar et al., 2006; Mair
and Hembrook, 2008). In this study, we demonstrate that destruction of a specific midline
thalamic structure, the NRe, can enhance executive function by improving several cognitive
operations including attention, response control and some aspects of learning. The role of
the midline thalamus as a relay, a mediator of cortical arousal, and a regulator of executive
behaviors, will likely continue to be a topic of great interest, not only in the context of
understanding thalamocortical interactions, but also in the search for potential neural targets
for intervention in human patients with cognitive disabilities.
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Fig. 1.
Rats were tested on four behavioral tasks: (A) The combined attention and memory (CAM)

task was conducted in an operant chamber with an arc of five holes, three of which were
active during the task. Each trial comprised two phases. In the target phase (attention), a
brief light was presented pseudorandomly in one of three holes. A correct target response
was followed by a variable delay signified by the illumination of the food magazine. Rats
nose poked the food magazine during the delay. After the delay, the rats were presented with
the choice phase (memory) in which two lights were presented simultaneously. A correct
response to the non-matching stimulus was rewarded with two pellets. (B) Spatial memory
was tested in a standard radial arm maze. First, rats learned which four arms were baited
with food. After the delay, the remaining four arms were opened and the rat was required to
enter and retrieve pellets from the new arms avoiding the arms from which pellets had
already been collected. (C) The visual discrimination and reversal task was conducted in an
automated operant touchscreen apparatus. Two different computer graphic stimuli were
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presented on the touchscreen. Only one stimulus was associated with reward (stimulus-
reward learning). On reaching criterion performance, the stimulus-reward contingencies
were reversed such that the previously non-rewarded stimulus was now rewarded (stimulus-
reward reversal), and vice versa. (D) Delay discounting was also conducted in the
touchscreen apparatus. This time the animal was presented with two identical white squares
and the animal faced a choice. Responding on the left square resulted in the immediate
delivery of a small 1-pellet reward, whereas a response to the right square delivered a large
4-pellet reward after a delay.
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NRe Lesion

NRe Lesion

Fig. 2.
Left panel is a coronal section of the rat brain showing largest (dark red) and smallest (light

red) extent of the NRe lesion. Right panels provide representative photomicrographs of
Nissl-stained coronal sections providing a magnified view of an intact NRe within a sham
control (Sham), and a lesioned NRe from a rat in each cohort (NRe lesion). For the lesion,
the area outlined in black shows a characteristic excitotoxic reaction within the NRe
accompanied by shrinkage of the tissue and expansion of the third ventricle. Number
represents the anterior—posterior location of sections relative to bregma (in mm) according to
Paxinos and Watson (2005).
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B Premature Responses
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Impact of reduced target duration on performance of the CAM task in animals with NRe
lesions (red shading) compared with sham controls (blue shading) during pre-operative (Pre-
op) and post-operative (Post-op) stages of testing. All graphs show mean performance
(£S.E.M.): (A) accuracy in detecting the target stimulus; (B) the number of anticipatory
premature responses committed before the appearance of the light target; (C) accuracy for
correctly responding to the non-match stimulus after the variable delay, and (D) latency to
respond to the correct non-match stimulus after the variable delay. */<0.05 relative to

shames.
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Fig. 4.
Impact of delay on spatial memory in animals with NRe lesions (red shading) compared

with sham controls (blue shading). Mean number of repeat entries (perseverative errors) into
previously baited arms. *~<0.05 relative to shams. All error bars indicate S.E.M.
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Fig. 5.
Mean performance (+S.E.M.) of animals with NRe lesions (red shading) compared with

sham controls (blue shading) on the visual discrimination and reversal task. (A) Number of
non-correction trial errors to reach 85% criterion for Acquisition, Reversal 1 and Reversal 2.
(B) Mean number of errors committed in non-correction trials for first 6 sessions when
learning the stimulus—reward association (Acquisition). (C) Mean number of errors
committed in non-correction trials for first 6 sessions when stimulus reward contingencies
were reversed the second time (Reversal 2). */<0.05 relative to shams. ¥Some animals
reached criterion by session 4. Therefore in sessions 5 and 6, the data are presented from a
different number of animals. For acquisition session 5, Sham, 7=10, NRe 9; session 6, Sham,
=7, NRe 6. For reversal 2 session 5, Sham, /7=10, NRe 9; session 6, Sham, 7=10, NRe 8.
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Fig. 6.

Impact of delay on choice of large reward stimulus in temporal discounting task in animals
with NRe lesions (red squares) compared with sham controls (blue squares). Graph shows
average percentage choice of large reward for each delay to reward delivery. All error bars

indicate S.E.M.
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