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Brief Communications

The Magnocellular Mediodorsal Thalamus is Necessary for
Memory Acquisition, But Not Retrieval

Anna S. Mitchell and David Gaffan

Department of Experimental Psychology, Oxford University, Oxford 0X1 3UD, United Kingdom

Damage to the magnocellular mediodorsal thalamic nucleus (MDmc) in the human brain is associated with both retrograde and antero-
grade amnesia. In the present study we made selective neurotoxic MDmc lesions in rhesus monkeys and compared the effects of these
lesions on memory acquisition and retrieval. Monkeys learned 300 unique scene discriminations preoperatively and retention was
assessed in a one-trial preoperative retrieval test. Bilateral neurotoxic lesions of the MDmc, produced by 10 X 1 ulinjections of a mixture
ofibotenate and NMDA did not affect performance in the postoperative one-trial retrieval test. In contrast, new postoperative learning of
a further 100 novel scene discriminations was substantially impaired. Thus, MDmc is required for new learning of scene discriminations
but not for their retention and retrieval. This finding is the first evidence that MDmc plays a specific role in memory acquisition.
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Introduction

Damage to the medial diencephalon in the human brain is asso-
ciated with both retrograde and anterograde amnesia. On the
basis of human neuropathology it is difficult to determine what
sites of damage are critical in the production of diencephalic
amnesia, but some evidence indicates that the processes underly-
ing retrograde and anterograde amnesia may be independent of
each other. Kopelman et al. (1999, 2003) have proposed that
severe and temporally extensive retrograde amnesia is seen only
when the diencephalic damage is accompanied by extensive cor-
tical pathology, typically in clinical cases of Korskoff’s syndrome.
In contrast, patients with focal diencephalic lesions were reported
to have little or no retrograde amnesia (Graff-Radford et al.,
1990; Parkin et al., 1994; Kopelman et al., 1999) (but see Miller et
al., 2001, 2003). These observations suggest that medial dience-
phalic structures may be involved selectively in acquiring new
memories, rather than both memory acquisition and retrieval
processes. One structure often damaged in clinical cases is the
mediodorsal thalamus (Victor et al., 1989; Parkin et al., 1994;
Harding et al., 2000; Miller et al., 2001, 2003) (but see Mair et al.,
1979; Mayes et al., 1988). Studies in monkeys have shown that
selective lesions to the magnocellular mediodorsal thalamic nu-
cleus (MDmc) produce anterograde amnesia in the form of post-
operative learning impairments in many visual memory tasks
(Aggleton and Mishkin, 1983; Zola-Morgan and Squire, 1985;
Gaffan and Watkins, 1991; Gaffan et al., 1993; Parker et al., 1997;
Parker and Gaffan, 1998; Gaffan and Parker, 2000; Mitchell et al.,
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2007a), but their effects on retention of information acquired
before neurosurgery have not been fully tested (Mitchell et al.,
2007a). Thus, MDmc damage may not produce both the antero-
grade and retrograde amnesia characteristic of diencephalic
amnesia.

Experimental verification of this hypothesis would not only
clarify the neuropathological basis of diencephalic amnesia, but
would also confirm whether the acquisition and retrieval of
memories is performed by the same neural systems. Thus, we
tested whether selective neurotoxic lesions of the MDmc in mon-
keys produce both retrograde and anterograde amnesia. Here, we
report the first pure measurement of retrograde amnesia, uncon-
taminated by anterograde amnesia, after MDmc lesions in mon-
keys. Our test used the object-in-place scene discrimination
problems that model the “what” and “where” aspects of episodic
memory in monkeys (Gaffan, 1994).

We taught 300 unique scene discriminations to each monkey
preoperatively, and then tested memory for those scenes in a
preoperative and a postoperative retrieval test with only one trial
for each of the 300 scenes. Because this one-trial test cannot be
contaminated by any effect of postoperative reacquisition, it is a
pure measure of memory retention and retrieval. After this test of
retrograde amnesia, we assessed anterograde amnesia with a test
of new postoperative learning of scene discriminations, requiring
new learning of a set of 100 scenes over several days.

Materials and Methods

Subjects. Eight naive rhesus monkeys (Macaca mulatta), all male, 5.52—
8.34 kg (between 2 and 3 years old) at the beginning of behavioral train-
ing, participated in this study. Three monkeys (MD4, MD5, and MD6)
formed the MDmc lesion group. Five monkeys (CON1, CON2, CON3,
CON4, and CON5) were unoperated controls. All three monkeys in the
MDmc group, and four of the monkeys in the control group, performed
the preoperative acquisition, the preoperative and postoperative one-
trial retrieval tests, and a test of postoperative acquisition. The remaining
control monkey, CON4, performed the preoperative acquisition and the
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preoperative and postoperative one-trial retrieval tests, but for reasons
unconnected with the present study was not available for the test of
postoperative acquisition. The same 300 unique scene discriminations
were used for all of the monkeys in preoperative training. All experimen-
tal procedures were performed in compliance with the United Kingdom
Animals (Scientific Procedures) Act of 1986.

Apparatus. The computer-controlled test apparatus was identical to
that which has been described previously in detail by Mitchell et al.
(2007a). Briefly, it consisted of a large touch-sensitive color monitor that
displayed the visual stimuli and food reward dispensers.

Scene discrimination learning. The scene discrimination learning task
was adapted from Gaffan (1994). The stimulus material was identical to
those described in detail along with example stimuli (Mitchell et al.,
2007a). Briefly, each trial consisted of an artificially constructed “scene.”
There were two foreground objects in each scene, one correct (rewarded)
and the other incorrect (nonrewarded), consisting of randomly selected
small colored typographic characters each placed in a constant location.
Each scene was unique in that they varied in several randomly selected
attributes including (1) the background color of the screen, (2) the loca-
tion of ellipses on the screen, (3) the color, size, and orientation of ellipse
segments, (4) the typographic character, clearly distinct in size from the
foreground objects, and (5) the color of the typographic character. All of
the colors were assigned with the constraint that the foreground objects
should be visible (that is, there was a minimum separation in color space
between the colors of a foreground object and the color of any element of
its local background).

Behavioral training. A detailed explanation of pretraining is provided
by Mitchell et al. (2007a). When the monkeys were reliably touching the
foreground objects when presented with a new scene and completing 50
trials a day with minimal accuracy errors (i.e., touching any location on
the screen other than the foreground typographic characters) behavioral
training began.

The 300 unique scene discriminations were divided into three sets (A,
B, C) of 100 discriminations each with only one set presented per training
day. The presentation order was consistent throughout each cycle of six
training days: A, B, A, C, B, and A. In this way, set A was presented three
times, set B twice, and set C once within every cycle. For the first and
second cycles monkeys saw only the first 50 and then only the second 50
unique scene discriminations from each of the three sets, respectively.
After these 12 d of training, further cycles began using all 100 unique
scenes from each of the three sets until learning reached a criterion set at
85% or above across all three presentations of set A within one cycle of six
training days. A touch to the correct foreground object caused the object
to flash for 2 s then a reward pellet was delivered into the hopper and the
screen went blank. A touch to the incorrect object caused the screen to
blank immediately, no reward was given and an intertrial interval im-
posed for 10 s. A correction trial was then administered in which the
scene was re-presented with only the correct object present. Touches
anywhere else in the scene caused the screen to blank and the trial was
repeated. When the monkey completed the final trial of a training day the
lunchbox opened automatically, the monkey received the large food re-
ward and was allowed time to eat before being returned to the home
enclosure.

Experiment 1: one-trial preoperative and postoperative retrieval tests.
After reaching the training criterion, monkeys were given a rest for 12 d.
Then the preoperative retrieval test was conducted. The first day con-
sisted of “familiarization”; monkeys saw 100 trials using a simpler version
of the task, one random typographic character was presented against a
black background and the monkeys had to touch the character to receive
a reward. Responses to anywhere else on the screen immediately ended
the trial and it was represented after a 10 s delay. This familiarization
ensured that the monkeys had not altered their motivation as a conse-
quence of the extended break from testing. On the second day, the mon-
keys were presented with set A using the same testing methods experi-
enced during preoperative training then on the third day set B was
presented and on the fourth day set C. These four consecutive days of
testing constituted the one-trial preoperative retrieval test. Monkeys
were then matched based on their performance and assigned to the
MDmc lesion or unoperated control group. MDmc monkeys were
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scheduled for surgery and the others for an equivalent period of rest.
After “postoperative” recovery of at least 12 d all monkeys were tested on
the one-trial postoperative retrieval test, which was identical to the pre-
operative retrieval test.

Experiment 2: acquisition of 100 novel scene discriminations. Before ac-

quisition training began on 100 novel scenes all monkeys completed 20 d
of within-session new scene learning (data not presented here) using the
standard scene learning task described by Gaffan (1994). The novel 100
unique scene discriminations (set D) were presented to the monkeys in
the same way as during preoperative acquisition, however in this exper-
iment there was only one set with at least a 24 h delay between trials. The
type of stimuli and rewards used in this experiment were identical to the
retrieval experiment. From the first day of training monkeys saw all 100
novel scenes. Correction trials as described above were used when an
error occurred. The dependent measure was the number of errors made
to reach a learning criterion of >85% correct across three consecutive
trials.
Surgery. A more detailed description of the surgical methods and preop-
erative and postoperative drug treatments is provided in Mitchell et al.
(2007b). Briefly, each monkey was sedated on the morning of surgery
with both ketamine and xylazine then during surgery was intubated,
mechanically ventilated and maintained deeply anesthetized using
sevoflurane.

The monkey was placed in a stereotaxic head holder. After opening the
skin, underlying galea and creating a right-sided D-shaped bone flap, the
dura over the posterior part of the right hemisphere was cut and retracted
to the midline. The splenium of the corpus callosum was cut in the
midline with a glass aspirator. The tela choroidea was cauterized in the
midline posterior and dorsal to the thalamus using a metal aspirator that
was insulated to the tip. A stereotaxic manipulator holding a 10 ul Ham-
ilton syringe with a blunt tipped 26-gauge needle was positioned above
the posterior commissure at the midline using the third ventricle as a
guide. Neurotoxic bilateral lesions to the MDmc were produced by 10 X
1 ul injections of a mixture of ibotenic acid (10 mg/ml; Biosearch Tech-
nologies, Novato, CA) and NMDA (10 mg/ml; Tocris, Bristol, UK) dis-
solved in sterile 0.1 M PBS. The monkey brain atlas of Ilinsky and Kultas-
Ilinsky (1987) was used to calculate the intended lesion site coordinates.
The needle was positioned for the first set of coordinates: anteroposterior
(AP), +5.2 mm anterior to the posterior commissure; mediolateral
(ML), =1.2 mm lateral to the third ventricle; dorsoventral (DV), —4.0
mm (to compensate for the hole positioned 1 mm above the tip of the
needle) ventral to the surface of the thalamus directly above the intended
lesion site. Each injection was made slowly over 4 min and the needle was
left in place for ~4 min before being moved to the next site. The needle
was then repositioned for the second set of coordinates: AP, +4.2 mmy;
ML, =1.5 mm; DV, —5.0 mm. The third, fourth, and fifth sets of coor-
dinates were as follows: AP, +4.2 mm, ML, =1.5 mm, and DV, —3.0
mm; AP, +3.4 mm, ML, =1.7 mm, and DV, —4.0 mm; and AP, +3.4
mm, ML, £1.7 mm, and DV, —3.0 mm, respectively. In each case the DV
coordinate was relative to the surface of the thalamus at the injection site.

When the lesions were complete, the dura was repositioned but not
sewn, the bone flap was replaced and held with loose sutures, and the skin
and galea were closed in layers. The monkey was removed from the
head-holder and anesthesia discontinued. Nonsteroidal anti-
inflammatory analgesic and antibiotic treatment continued after surgery
in consultation with veterinary staff, typically for 5 d.

Histology. After completion of all behavioral testing each monkey was
sedated with ketamine (10 mg/kg), deeply anesthetized with intravenous
barbiturate and transcardially perfused with 0.9% saline followed by 10%
formalin. The brains were cryoprotected in formalin-sucrose and then
sectioned coronally on a freezing microtome at 50 um thickness. A one-
in-five series of sections was collected throughout the thalamus; these
were mounted on gelatin-coated glass microscope slides and stained with
cresyl violet.

MDmc lesions. The three monkeys that formed the MDmc lesion
group had extensive bilateral lesions in the magnocellular division of the
mediodorsal thalamic nucleus as intended (Figs. 1, 2). These lesions also
damaged midline thalamic nuclei, namely the paraventricular and cen-
tral intermedialis nuclei lying between the MDmc in the two hemispheres



260 - J. Neurosci., January 2, 2008 - 28(1):258 —263

of the thalamus. This unavoidable damage alone could not
have caused the new learning deficits (Gaffan and Murray,
1990), but in combination with the damage to MDmc may
have contributed to the severity of the cognitive deficits
during acquisition (see also Gaffan and Parker, 2000;
Mitchell et al., 2007a). MD5 also sustained unilateral dam-
age to the anterior thalamic nuclei that extended into the
anterior portion of the laterodorsal thalamus. Other tha-
lamic damage outside the MDmc was similar in all three
lesions with slight damage to the borders of the rhomboid
and central medial nuclei. The paraventricular nucleus of
the epithalamus was extensively damaged throughout the
entire anteroposterior extent of the lesions. All three mon-
keys also had sagittal section of the splenium of the corpus
callosum and hippocampal commissure dorsal to the pos-
terior thalamus.

Results

Monkeys destined to have bilateral neurotoxic le-
sions to MDmc or to remain as unoperated controls
(CONgs) did not differ in their ability to remember
the scenes as measured by the total number of errors
made in the preoperative one-trial retrieval test (Ta-
ble 1). Monkeys with MDmc lesions, like the unop-
erated control monkeys, showed the same level of
retention in the postoperative retrieval test as in the
preoperative retrieval test. Thus, damage to the
MDmc did not produce retrograde amnesia (Fig. 3,
left). A 2 (group, control vs MDmc) X 2 (testing
phase, preoperative vs postoperative) X 3 (set, three
different sets of 100 scenes) repeated-measures
ANOVA confirmed that there was no difference for
lesion group or testing phase and no interaction of
lesion group with any other factor (all F values <
1.0). There was only a significant difference for the
retention levels of the three different sets (F, 1,y =
44.13, p < 0.001) that did not vary with lesion, re-
flecting the differing rates of training for the three
sets of scenes during preoperative acquisition. Time
spent completing the preoperative and postopera-
tive one-trial retrieval tests did not differ for group,
testing phase or set (F values < 1.0).

Despite preserved memory of preoperatively
learned scenes in the one-trial retrieval test, the
monkeys with bilateral neurotoxic lesions to the
MDmc had severe impairments in new learning.
The MDmc lesion group were impaired in acquisi-
tion of 100 novel unique scene discriminations (set
D) presented for learning in the same way as the
preoperative sets, with one trial per scene per day.
Monkeys with MDmc lesions accumulated more er-
rors (Fig. 3, right) to reach the retention criterion of
85% correct across three consecutive trials (mean,
396.33; SD, 160.45) than unoperated controls
(mean, 198.75; SD, 82.94), (¢, = 2.15, p = 0.042,
one-tailed). The MDmc group also required more
trials to reach criterion (mean, 13.67; SD, 4.73)
compared with controls (mean, 7.00; SD, 2.71), (¢,
=2.39, p < 0.031). Individual performance data for
acquisition of set D are presented in Table 1.

Discussion
The present results demonstrate the dissociable
contribution of the MDmc to memory acquisition
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Schematic diagrams of six sections, 1 mm apart, through the medial thalamus of a monkey taken from
Gaffan and Murray (1990) and photomicrographs of a normal medial thalamus (NORM) corresponding as closely as
possible to the schematic diagrams. For abbreviations, see Mitchell et al. (2007a).
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Figure2.  MDmc lesions. Photomicrographs of the MDmc lesions for MD4, MD5, and MD6 corresponding as closely as possible to normal medial thalamus (NORM) and the schematic diagrams
of Figure 1are shown. Arrows indicate the borders of each lesion.
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Table 1. Preoperative and Postoperative Retention and New Learning

Mitchell and Gaffan e Mediodorsal Thalamus, Memory Retrieval, and Acquisition

Preoperative Preoperative % errors Postoperative % errors Postoperative New Learning
Case Total Cycles of training to criterion SetA Set B Set C Set A SetB Set C SetD
Errors to criterion Trials to criterion

Con1 6 7 8 22 10 8 19 153 5
Con2 7 n 13 21 8 8 16 156 6
Con3 10 n 24 27 13 25 30 323 "
Con4 15 n 14 32 17 15 38 — —
Con5 15 16 21 25 17 15 24 163 6
Mean 10.6 1.2 16 254 13 14.2 254 198.8 7
MD4 8 17 15 28 14 12 30 337 12
MD5 15 19 15 26 18 19 24 274 10
MD6 10 10 18 27 15 26 28 578 19
Mean " 153 16 27 15.6 19 273 396.3 13.7

The data shown are the total number of cycles of 6 d of training to reach the performance criterion of more than 85% correct across three consecutive trials of set A, the number of preoperative and postoperative retention errors made during
the one-trial retrieval tests for set A (presented three times in every cycle of 6 d of training), set B (presented twice), and set C (presented once), and during postoperative new learning of set D, the total number of errors made (excluding
the first trial) and number of trials required to reach the criterion of 85% across three consecutive trials for control monkeys (CON1-CON5) and monkeys with MDmc lesions (MD4 —MDG6).
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Figure3. Preoperative and postoperative retention (left). The mean number of total errors

made during the preoperative and postoperative one-trial retrieval tests of set A (presented
three times in every cycle of 6 d of training during initial acquisition), set B (presented twice),
and set C (presented once). New learning is shown on the right. The total number of errors made
to reach the criterion of 85% correct across three consecutive trials during postoperative acqui-
sition of 100 novel unique scene discriminations (set D) for neurotoxic magnocellular MDmcand
unoperated control (CON) monkeys is shown.

and retrieval. Because the MDmc lesions only impaired new
learning and not retention and retrieval, these data confirm
the hypothesis that memory processes associated with reten-
tion and retrieval versus new learning involve differing inter-
actions within the brain. Importantly, these results were pro-
duced using the same type of stimuli and testing conditions
across the tests of retrieval and of new learning, and preoper-
atively monkeys destined to have MDmc lesions and unoper-
ated controls did not differ in their acquisition rates of sets A,
B, or C (see Table 1). Therefore, the impairment in new learn-
ing is not caused by other unrelated factors such as a percep-
tual, or other visual impairment, a lack of motivation, or an
attentional deficit.

As the current data indicate, the MDmc is not critical for
memory retrieval. Thus, it would appear that retrograde amnesia
suffered in clinical cases of diencephalic amnesia is not the result
of damage to the MDmc (Kopelman et al., 2003). In clinical cases,
damage to the diencephalon is not simply confined to just one
critical area but rather extends over many structures and nuclei
that are important for memory processing (Victor et al., 1989;
Kopelman, 1995; Harding et al., 2000; Van der Werf et al., 2003).

Bright et al. (2006) propose that frontal and temporal regions
including lateral as well as medial temporal lobes form a neural
network subserving retrieval whereby damage to the cortex needs
to be quite extensive and exceed a certain critical volume before
significant remote memory impairments can be observed. The
current data also lend themselves to a similar conclusion whereby
extensive neural damage in the medial diencephalon needs to
occur before retrograde deficits are observed. For example, the
mammillary bodies, the anterior thalamic nuclei, and lateral
parts of the mediodorsal thalamic nucleus (i.e., the parvocellular
and densocellular divisions) are also interconnected with the pre-
frontal cortex and temporal regions and the full extent of their
involvement in retrograde and anterograde memory processes
remains to be determined (Aggleton and Brown, 1999; Van der
Werf et al., 2003).

Although the MDmc is not critical for memory retrieval,
the current data support the proposal that damage to the
MDmc contributes to the anterograde amnesia suffered in
clinical cases of diencephalic amnesia. We theorize that inter-
actions between MDmc and prefrontal cortex, specifically, are
important for new learning of information, but not for re-
trieval of previously acquired information. The MDmc has
prominent interconnections with the ventral and medial pre-
frontal cortex (Walker’s areas 11, 12, 13, and 14) (Giguere and
Goldman-Rakic, 1988; Ray and Price, 1993), lesions of which
also impair new scene learning (Baxter et al., 2007; Wilson et
al., 2007). Other recent data from our laboratory indicate that
the fornix, which carries projections between medial temporal
cortex and several subcortical structures, is also, like MDmc,
more important for memory acquisition than for memory
retrieval (Buckley et al., 2007). Many of the neurons that
project through the fornix use neuromodulatory transmitters
such as acetylcholine, which is believed on other grounds to be
specifically important for memory acquisition (Tang et al.,
1997). However, the reciprocal projections between MDmc
and the prefrontal cortex are exclusively glutamatergic (Pirot
et al., 1994). Thus, the present data suggest that cortical-
subcortical glutamatergic interactions coursing between the
prefrontal cortex and MDmc are, among other interactions
including neuromodulatory interactions, more important for
memory acquisition than for retrieval. Therefore in relation to
the MDmc role in episodic-like memory tasks such as the
object-in-place scene discrimination task, we propose that
MDmc lesions disrupt the interactions between prefrontal
cortex and the temporal lobes, which are all operating in con-
cert to process memories.
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