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Both clinical investigations and studies with animals reveal nuclei within the diencephalon that are vital for recognition

memory (the judgment of prior occurrence). This review seeks to identify these nuclei and to consider why they might

be important for recognition memory. Despite the lack of clinical cases with circumscribed pathology within the diencepha-

lon and apparent species differences, convergent evidence from a variety of sources implicates a subgroup of medial dien-

cephalic nuclei. It is supposed that the key functional interactions of this subgroup of diencephalic nuclei are with the medial

temporal lobe, the prefrontal cortex, and with cingulate regions. In addition, some of the clinical evidence most readily

supports dual-process models of recognition, which assume two independent cognitive processes (recollective-based and

familiarity-based) that combine to direct recognition judgments. From this array of information a “multi-effect multi-

nuclei” model is proposed, in which the mammillary bodies and the anterior thalamic nuclei are of preeminent importance

for recollective-based recognition. The medial dorsal thalamic nucleus is thought to contribute to familiarity-based recog-

nition, but this nucleus, along with various midline and intralaminar thalamic nuclei, is also assumed to have broader,

indirect effects upon both recollective-based and familiarity-based recognition.

Clinical studies repeatedly show that diencephalic pathology
can impair recognition memory. Even so, there is no agreed locus
within the diencephalon responsible for this memory loss and,
hence, no agreed mechanism to explain the impairment. The
present review examines both clinical and animal findings, and
from this information a multi-effect multi-nuclei (MEMN) model
emerges to explain the contributions of the diencephalon to rec-
ognition memory.

At the outset, it is necessary to refine the focus of this review
and to define some of its principal terms. The diencephalon com-
prises the thalamus and hypothalamus but, as will be explained,
only the more medial parts of the diencephalon will be considered
in detail. Recognition memory refers to the ability to detect
whether a stimulus (e.g., a word, face, picture, object, or sound)
has previously been encountered. As a consequence, this review
is not about item identification (sometimes also confusingly
referred to as recognition). Likewise, conditions that have broad
disruptive effects on cognition, e.g., dementia, will not be consid-
ered even though recognition is typically impaired. Distinctions
will be made between “item recognition,” where the task is to
determine if an individual item is novel or familiar, and “associa-
tive recognition,” where all the individual items being experi-
enced are familiar, but their particular combination is novel. A
further, distinct ability is “recency” discrimination—the ability
to determine which of two familiar stimuli has been experienced
more recently. Both studies of amnesia and electrophysiological
recordings show how recency memory and recognition can be dis-
sociated (Milner et al. 1991; Shaw and Aggleton 1995; Brown and
Aggleton 2001), underlining the importance of maintaining this
distinction.

As noted above, this review will focus on more medial struc-
tures within the diencephalon. The principal reason for this focus
is that when diencephalic pathology severely impairs recognition

memory, the deficit is largely confined to people with anterograde
amnesia (e.g., Graff-Radford et al. 1990; Aggleton and Shaw 1996;
Carlesimo et al. 2011). As anterograde amnesia is associated
with medial, not lateral diencephalic, injury (Victor et al. 1971;
Aggleton and Brown 1999; Van der Werf et al. 2000, 2003a,b),
this review mainly considers the anterior, medial dorsal, intra-
laminar, and midline thalamic nuclei—all medially located
thalamic nuclei. Within the medial hypothalamus, attention is
largely given to the mammillary bodies, given the persistent links
between pathology in these nuclei and anterograde amnesia
(Vann and Aggleton 2004).

The following sections discuss relevant human and animal
findings. The human findings are principally taken from clinical
studies involving the cognitive impact of brain pathology. A per-
vasive problem with the clinical evidence is that the pathology
almost invariably involves multiple nuclei, along with associated
disconnections of fiber pathways within the thalamus. This prob-
lem is exacerbated by the anatomical limitations of magnetic res-
onance imaging (MRI), which means that it is often not possible
to identify individual diencephalic nuclei with any certainty.

A final issue concerns the connectivity of the medial dience-
phalon (Fig. 1). This region has many direct connections with
other areas already implicated in recognition memory, most nota-
bly the medial temporal lobe (Aggleton and Saunders 1997;
Saunders et al. 2005) and the prefrontal cortex (Kievet and
Kuypers 1977; Carmichael and Price 1995). The effects of damage
to these connections on recognition memory are clearly relevant
to the present review. Many of the projections from the medial
temporal lobe to the medial diencephalon (e.g., to the mammil-
lary bodies, anterior thalamic nuclei, and midline thalamic
nuclei) rely on the fornix (Aggleton et al. 1986; Saunders et al.
2005), and so the impact of fornix lesions will briefly be consid-
ered. At the same time, the fornix contains many connections
with sites outside the diencephalon (Saunders and Aggleton
2007) and so such findings need to be interpreted with
care. Another potentially important route is the inferior thalamic
peduncle (Fig. 1), by which the parahippocampal region reaches
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the medial dorsal thalamus (Aggleton and Mishkin 1984; Graff-
Radford et al. 1990; Saunders et al. 2005).

Findings from clinical studies

Both unilateral and bilateral diencephalic pathology will be
considered. Unilateral diencephalic lesions often have material
specific effects. For, example, an extensive stroke involving the
left medial thalamus severely impaired the recognition of verbal
material but left intact the recognition of abstract designs and
scenes (Parkin et al. 1994; see also Pepin and Auray-Pepin 1993;
Clarke et al. 1994; Van der Werf et al. 2000). In contrast, a stroke
seemingly confined to the anterior part of the right thalamus
(mamillothalamic tract and anterior parts of lateral thalamus
but not the medial dorsal nucleus) produced visuospatial memory
deficits, including poor face recognition, yet left word recognition
in the normal range (Daum and Ackermann 1994; see also Pepin
and Auray-Pepin 1993). In other cases, however, a seemingly

unilateral insult can affect both verbal
and nonverbal material (Carlesimo
et al. 2011).

Does selective diencephalic

pathology impair recognition

memory? Postmortem studies
The first task is to confirm whether path-
ology restricted to the diencephalon is
sufficient to impair recognition memory.
Here, postmortem data should provide
the necessary histological verification.
Issues still remain, however, of whether
all regions of interest had been examined
in each case and whether some chronic
brain dysfunctions are not revealed by
standard histological means (Finger
et al. 2004; Aggleton 2008). This latter
issue is particularly relevant to thalamic
pathology, which has often been linked
to cortical “diaschisis” (Baron et al.
1986; Levasseur et al. 1992; Van der
Werf et al. 2002). The term diaschisis
refers to both temporary and long-lasting
abnormal changes (e.g., edema, changes
in blood flow) to regions outside the
immediate area of brain trauma (Von
Monokow 1911; Finger et al. 2004). A fur-
ther problem is that many postmortem
reports are accompanied by only brief
descriptions of the cognitive status of
the patient prior to death.

Most postmortem reports linking
memory loss with diencephalic pathol-
ogy refer to the amnesic Korsakoff’s
syndrome. All Korskoff patients suffer
medial diencephalic pathology that
includes the medial mammillary bodies
(e.g., Victor et al. 1971; Mair et al. 1979;
Harding et al. 2000), and almost every
case has severe recognition memory def-
icits (Aggleton and Shaw 1996). There
remains, however, the problem that in
this condition there is often additional
pathology outside the diencephalon
(Victor et al. 1971; Kopelman et al.

2009). Consequently, it is necessary to focus on those very few
cases of diencephalic amnesia, including Korsakoff’s syndrome,
where the pathology seems confined to the diencephalon and
where specific recognition memory deficits have been established.

Two alcoholic Korsakoff patients were described by Mair et al.
(1979), both of whom had very severe impairments on forced-
choice recognition yet a reasonably intact IQ. Postmortem histol-
ogy in both cases revealed severe neuronal loss in just the medial
mammillary nucleus and the thalamic parataenial nucleus, just
medial to the preserved medial dorsal nucleus. In one of these
cases, there was additional diffuse gliosis across the thalamus.
No other nerve loss was apparent (Mair et al. 1979). A very similar
postmortem pattern (medial mammillary bodies and midline
thalamus) was reported in two further alcoholic Korsakoff
patients who were very impaired at yes/no recognition (Mayes
et al. 1988). A fifth Korsakoff patient, PN, had a moderate recogni-
tion deficit and was found to have suffered damage to the mam-
millary bodies, the mammillothalamic tract, and the anterior
thalamic nuclei, all confirmed postmortem (Gold and Squire

Figure 1. (Upper) Summary diagram showing the key connections in the macaque monkey of those
medial diencephalic nuclei that form the focus of this review. The emphasis is on diencephalic connec-
tions with the medial temporal lobe and with the prefrontal cortex, and, for this reason, the various,
direct cortico-cortical connections between the medial temporal lobe, posterior cingulate cortices,
and prefrontal cortex are not depicted. It should be noted that none of the medial temporal projections
to the medial diencephalon originate in the hippocampus proper. The thickness of the lines reflects the
density of each projection. (Lower) Summary of thalamic projections to the hippocampus and rhinal
cortices in macaque monkeys (Amaral and Cowan 1980; DeVito 1980; Insausti et al. 1987; Gower
1989). Dashed lines represent light projections. Abbreviations: AD, anterior dorsal nucleus; AM,
anterior medial nucleus; AV, anterior ventral nucleus; CM, center median nucleus; DLPFC, dorsolateral
prefrontal cortex; LD, lateral dorsal nucleus; MB, mammillary bodies; MD, medial dorsal nucleus,
including pars magnocellular (mc); mPULV, medial pulvinar; MTT, mammillothalamic tract; OFC,
orbital frontal cortex; Pa, paraventricular nucleus; PFC, prefrontal cortex; Pt, parataenial nucleus; Re,
nucleus reuniens; Rh, rhomboid nucleus. The numbers correspond to cortical areas.
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2006). All other thalamic nuclei, including the medial dorsal and
midline (including parataenial) nuclei, appeared normal (Gold
and Squire 2006).

Other etiologies that affect the diencephalon (e.g., tumors
and strokes) can also impair recognition memory. Stroke case
MG showed moderate deficits in word and face recognition, asso-
ciated with bilateral thalamic pathology that was initially deter-
mined from MRI scans but then confirmed postmortem (Gold
and Squire 2006). Unfortunately, a second stroke just prior to
MG’s death added to her postmortem pathology, as it caused
extensive damage to the right thalamus and right internal cap-
sule. In the left hemisphere, MG’s pathology was largely localized
in the intralaminar nuclei (paracentral nucleus, central medial
nucleus, and central lateral) along with parts of medial dorsal
nucleus and the ventral lateral nucleus (Gold and Squire 2006).
The implication is that damage to these more posterior thalamic
nuclei can impair recognition memory.

Which are the key nuclei within the diencephalon

responsible for recognition memory deficits?
Having established that pathology seemingly restricted to the
diencephalon can impair recognition memory, this section
examines evidence concerning the importance of particular
nuclei or tracts within the region. The specific issue of whether
different diencephalic nuclei might contribute to separate com-
ponents of recognition memory, e.g., familiarity or recollection
(see Yonelinas 2002), will be examined in the section “Testing
for the impact of diencephalic pathology on components of rec-
ognition memory.”

Mammillary bodies and mammillothalamic tract

All of the relevant clinical evidence concerning the hypothalamus
involves either the mammillary bodies or its efferent pathway, the
mammillothalamic tract. As noted above, patients with the amne-
sic Korsakoff’s syndrome all suffer pronounced cell loss in the
medial mammillary nucleus (Victor et al. 1971; Mair et al. 1979;
Mayes et al. 1988; Gold and Squire 2006), and almost all cases
show severely impaired recognition (Aggleton and Shaw 1996).
An intriguing exception was a 20-yr-old alcoholic woman diag-
nosed with Wernicke’s disease who had excellent recognition
memory yet profound recall (verbal and nonverbal) impairments
(Parkin et al. 1993). Despite the absence of MRI data for this single
case, it would seem almost inevitable that she suffered bilateral
mammillary body atrophy (Victor et al. 1971; Harding et al.
2000) yet showed spared recognition.

More direct evidence that mammillary body damage can
partially spare recognition memory comes from the extraordinary
case of patient BJ who was stabbed with a snooker cue (Dusoir
et al. 1990). BJ suffered bilateral mammillary damage, and,
when tested between 1 and 2 yr post-injury (Dusoir et al. 1990;
Kapur et al. 1994), he was markedly impaired on verbal recall tests
yet showed seemingly normal recognition performance, e.g., on
the Recognition Memory Test (RMT) (Warrington 1984). A second
patient (NA) suffered more extensive brain injury after a miniature
fencing foil penetrated his nose (Squire et al. 1989) and so is more
difficult to interpret. NA had bilateral mammillary body pathol-
ogy combined with unilateral (left-sided) pathology in the region
of nucleus reuniens and the intralaminar nuclei (central medial,
paracentral, and parafascicular), and parts of the medial dorsal,
ventral lateral, and ventral anterior nuclei. Patient NA showed
predominantly verbal memory problems that included a mild def-
icit for forced-choice recognition of words, but he performed in
the middle of the normal range for face recognition despite bilat-
eral mammillary body damage (Squire et al. 1989). These cases

(BJ and NA) indicate that bilateral mammillary body damage
can largely spare recognition memory despite the strong link
between this region and other forms of memory (Vann and
Aggleton 2004).

Cases with tumors centered in the region of the mammillary
bodies display very similar changes to those reported for BJ, i.e., a
consistent deficit on tests of delayed recall but only mild recogni-
tion memory deficits. For example, a young adult with bilaterally
atrophied mammillary bodies after surgical removal of a germi-
noma showed impaired recall but almost intact recognition
(Hildebrandt et al. 2001). Two cases (Kapur et al. 1998) in which
the mammillary bodies appear to have been lost following supra-
sellar tumors again showed either normal recognition (case TG) or
only mild deficits on word recognition, while face recognition
seemed intact (case SJ). One potential concern is that, in these
single case studies, the premorbid levels of recognition are not
known, inevitably making it difficult to detect small deficits.
Group studies can help address this problem.

One of the largest group studies examined 38 patients, all of
whom had colloid cysts surgically removed from the third ven-
tricle (Tsivilis et al. 2008). Although the patients suffered variable
damage to the fornix, the most persistent atrophy was in the
mammillary bodies (Denby et al. 2009). A battery of recall and rec-
ognition tests established a very clear pattern of results, with
mammillary body volume correlating with recall performance
(small mammillary bodies, poor recall) but not correlating with
recognition. Further comparisons were then made between those
eleven cases with the smallest mammillary bodies and those
eleven cases with the largest (i.e., near normal-sized) mammillary
bodies (Tsivilis et al. 2008). Both groups suffered the same neuro-
logical disorder, received comparable surgeries, and did not differ
in age or IQ. Furthermore, the measurement of other brain regions
showed that the volumes of other regions of interest (aside from
the fornix) were not reduced in the group with the smaller mam-
millary bodies. Despite the fact that the two groups were so well-
matched, highly significant dissociations were found between
their recall and recognition scores (Fig. 2; Tsivilis et al. 2008).
The group with small mammillary bodies was consistently
impaired on tests of recall, yet the two groups did not differ on
measures of recognition memory, which were typically within

Figure 2. Mammillary body atrophy is associated with disproportionate
recall vs. recognition impairments (Tsivilis et al. 2008). The graph shows
recall and recognition scores (and standard error) for the 11 colloid cyst
cases with the smallest mammillary bodies (SMBG) from a total of 38
cases. The scaled scores are compiled from multiple tests (WMS-III,
Warrington RMT, and the Doors and People Test). The comparison
scores are those of the 11 colloid cyst cases with the largest mammillary
body volumes (LMBG) from the same pool of 38 cases. The y-axis
shows the mean scaled scores, and so a normal population would be
expected to have a mean ≈10.0. Patients with the smallest mammillary
bodies were significantly impaired on recall but not recognition.
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the normal range. The conclusion, once again, is that mammillary
body damage has only very mild effects on standard tests of recog-
nition yet can markedly disrupt the recall of episodic information.
This conclusion receives additional support from a study of 65
patients with pituitary tumors (Gratton-Smith et al. 1992).
Although that study did not include MRI evidence, the tumors
are very likely to have invaded the posterior hypothalamus
(including the mammillary bodies). The two groups of patients
(subdivided between radiotherapy or no radiotherapy treat-
ment) were both clearly impaired on tests taxing the delayed re-
call of verbal and nonverbal material, but their performance on
the Warrington RMT did not differ from that of the controls
(Gratton-Smith et al. 1992).

Overall, there is a very consistent pattern. Bilateral mammil-
lary body damage impairs the delayed recall of new test material,
while performance on tests of recognition seems only mildly dis-
rupted. Indeed, in some studies there is no apparent deficit on
standard tests of recognition. Perhaps the only exception to this
pattern is a patient with a craniopharyngioma described by
Beglinger et al. (2006). The patient was severely impaired on the
Warrington RMT for both words and faces and had persistent
recall deficits. The pathology in this case is, however, complex,
as there was an additional anterior communicating artery aneur-
ysm and MRI evidence of bilateral loss of not just the mammillary
bodies and the mammillothalamic tract but also the columns of
the fornix, as well as unilateral damage to the head of the caudate
and putamen (Beglinger et al. 2006). Aside from this single case,
there is overwhelming clinical evidence that when damage is
largely confined to the mammillary bodies, there is a relative spar-
ing of recognition compared to recall.

The anterior thalamic nuclei

The anterior thalamic nuclei comprise the anterior medial, ante-
rior ventral, and anterior dorsal nuclei. These thalamic nuclei
are sometimes called “limbic” because of their dense interconnec-
tions with the mammillary bodies, the hippocampal formation,
and retrosplenial cortex (Fig. 1). A fourth thalamic nucleus, lateral
dorsal, can be included in this anterior group, as it shares many of
these same limbic connections (Bentivoglio et al. 1993) and has
similar electrophysiological properties to the anterior dorsal tha-
lamic nucleus (Taube 2007). A major difference is that the lateral
dorsal nucleus lacks dense inputs from the mammillary bodies
(Vann et al. 2007).

Much of the evidence concerning the importance of the
anterior thalamic nuclei for memory comes from the impact of
mammillothalamic tract damage, i.e., damage to the tract formed
by the projections from the mammillary bodies to the anterior
thalamic nuclei. Comparisons of when thalamic strokes do and
do not induce amnesia have consistently found that damage to
this tract is the best predictor of memory loss (Von Cramon
et al. 1985; Ghika-Schmid and Bogousslavsky 2000; Van der
Werf et al. 2000, 2003b; Carrera et al. 2004). One of these studies
also linked recognition deficits to mammillothalamic tract dam-
age (Van der Werf et al. 2003b). Unfortunately, the recognition
tests were based on material previously acquired and tested in
recall tests, making the specificity of any recognition impairments
far more difficult to determine (Tsivilis et al. 2008).

A recent review (Carlesimo et al. 2011), which combined
the findings from 41 previous studies of patients with thalamic
strokes (including Van der Werf et al. 2003b), considered a total
of 83 patients with vascular infarcts confirmed by MRI or CT. Of
the 55 patients with presumed mammillothalamic tract damage,
95% had evidence of anterograde amnesia, but only 46% of the
28 patients without mammillothalamic tract damage had amne-
sia (Carlesimo et al. 2011). One of the former patients was a

38-yr-old man (GP) who suffered a stroke that resulted in bilateral
damage to the mammillothalamic tract and the ventral anterior
nucleus, along with unilateral damage to the right inferior thala-
mic peduncle (Carlesimo et al. 2007). The medial dorsal thalamic
nucleus appeared intact. Patient GP was particularly poor on the
free recall of episodic memory but showed normal performance
levels on two-choice recognition (both verbal and nonverbal),
though was impaired on yes/no word recognition and on some
multiple-choice recognition tests (Carlesimo et al. 2007).

Other relevant evidence comes from the growing apprecia-
tion that anterior thalamic atrophy and dysfunction is particu-
larly associated with the memory loss in Korsakoff’s syndrome
(Harding et al. 2000; Gold and Squire 2006). While problems per-
sist concerning the nonspecific nature of the etiology, such find-
ings add to the weight of evidence that these nuclei have an
important role in declarative memory.

A more direct test of the importance of the anterior thalamic
nuclei would be to determine the cognitive profiles of patients
with ischemic accidents confined to these nuclei. The vascular
supply to the thalamus is not, however, segregated according to
nuclear borders (Castaigne et al. 1981), and strokes typically
have unilateral or asymmetric effects that partially involve mul-
tiple nuclei. A further problem is posed by the concentration
of white matter tracts that pass through the rostral thalamic
area. These tracts include the inferior thalamic peduncle, which
carries projections from the medial temporal lobe to the medial
thalamic nuclei (Aggleton and Mishkin 1984; Aggleton et al.
1986), and projections to and from the prefrontal cortex (Kievet
and Kuypers 1977).

Given these constraints, it is notable that Clarke et al. (1994)
described a person with a small polar infarct thought to be largely
limited to the left anterior thalamic nuclei, the anterior part of the
left internal medullary lamina, and the adjacent mammillothala-
mic tract. The medial dorsal nucleus seemed to be largely spared.
A persistent deficit was observed for the recall of verbal material,
and recognition memory deficits were found for words but not
faces when tested shortly after the stroke (Clarke et al. 1994). A
PET study in the same patient showed decreased glucose metabo-
lism in the posterior cingulate cortex, consistent with anterior
thalamic nuclei damage (see Aggleton 2008). In a related study,
four patients with bilateral medial thalamic infarcts were tested
on the Warrington RMT (Graff-Radford et al. 1990). The two
patients with the most severe anterograde amnesias (#1,2) both
suffered the more rostral thalamic strokes, including damage to
the mammillothalamic tract, but it was the patient with bilateral
damage to the inferior thalamic peduncle in addition to the mam-
millothalamic tract who was the most amnesic and the most con-
sistently impaired on forced-choice recognition (see also Parkin
et al. 1994). The implication from this second study is that dam-
age additional to that in the anterior thalamic nuclei is required
to cause severe recognition deficits.

Information concerning the fourth anterior thalamic
nucleus, the lateral dorsal nucleus, is currently very limited.
One intriguing finding concerns patient QX (Edelstyn et al.
2002, 2006) who is thought to have suffered bilateral pathology
in the lateral dorsal nucleus, while all of his other pathology,
which included the left medial dorsal nucleus, was unilateral
(Edelstyn et al. 2002). Patient QX showed clear verbal recall defi-
cits with some evidence of a relative sparing of word recognition
(Warrington RMT), while face recognition appeared unaffected.
The implication is that, if bilateral pathology is required to pro-
duce clear memory deficits, then the lateral dorsal nucleus is
potentially more important for recall than recognition.

The overall pattern is that anterior thalamic damage or dis-
connection is associated with recognition memory deficits, but
these deficits need not be particularly severe [see also case PN
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(Gold and Squire 2006)]. An obvious problem is that, in all
relevant cases, there is additional diencephalic damage. Even so,
the potential association between these nuclei and recognition
is underpinned by convergent evidence that anterior thala-
mic nuclei dysfunction contributes to anterograde amnesia
(Aggleton and Sahgal 1993; Aggleton and Brown 1999; Harding
et al. 2000; Van der Werf et al. 2000, 2003b), supported by the
presence of reciprocal connections between the hippocampal for-
mation and the anterior thalamic nuclei (Fig. 1; Amaral and
Cowan 1980; DeVito 1980; Aggleton et al. 1986). While the clin-
ical findings suggest that the anterior thalamic nuclei may be
more important for recognition than the mammillary bodies,
this difference needs further scrutiny. There remains, for example,
the real possibility that any additional recognition problems arise
from damage to white matter close to the anterior thalamic
nuclei, e.g., the inferior thalamic peduncle and the internal
medullary lamina.

Medial dorsal thalamic nucleus

In a thorough analysis of clinical findings, Markowitsch (1982)
concluded that damage confined to the medial dorsal nucleus is
not sufficient to induce consistent memory deficits (including rec-
ognition). The author, who argued that the disruption of more
than one thalamic site or related pathways is required to induce
severe and enduring memory deficits (Markowitsch 1982), had
to rely either on postmortem findings (typically in studies with
poor psychometric data) or on CT studies (typically with better
psychometricdata but limited anatomical resolution). The present
review, which examines more recent cases and focuses on just rec-
ognition memory, largely supports this overall conclusion.

Of the four cases described by Graff-Radford et al. (1990), case
#4 had small bilateral lesions in the lower part of the medial dorsal
nucleus and showed very good recognition. Case #3 had large,
bilateral lesions centered on the medial dorsal nucleus and also
performed well on word and face recognition (RMT), though
may have later shown a decrement on face recognition. The
authors concluded that combined damage to the mammillothala-
mic tract and the inferior thalamic peduncle (which contains pro-
jections to the medial dorsal nucleus) (Fig. 1) best predicted
anterograde amnesia (Graff-Radford et al. 1990), as the mammil-
lothalamic tract was spared in cases #3 and 4.

A similar failure to find a close link between direct medial
dorsal nucleus damage and recognition was found in a systematic
review of 60 patients from 35 articles relating thalamic damage
to cognitive deficits (Van der Werf et al. 2000). It was concluded
that executive memory problems were more associated with the
medial dorsal thalamic region, while recall deficits were associated
with pathology in the mammillothalamic tract/anterior thalamic
nuclei. A limitation of the review was that attention was given to
memory problems in general, while specific issues relating to rec-
ognition memory were not considered (Van der Werf et al. 2000).
This shortcoming was partially rectified in a subsequent analysis
of 22 thalamic infarct cases (Van der Werf et al. 2003b). Of partic-
ular note was the report that verbal recognition appeared intact in
those cases (#1, 4, 6, and 16) where there was damage to the left
medial dorsal nucleus but sparing of the mammillothalamic tract
or left internal medullary lamina (a fiber route for many nuclei
including the medial dorsal nucleus). Further evidence comes
from a description of two people with strokes involving parts of
the medial dorsal nucleus (one bilateral) who showed no apparent
loss of memory (Kritchevsky et al. 1987). The mammillothalamic
tract was spared in both cases, i.e., the pathology appeared partic-
ularly discrete.

A rather different conclusion, however, was drawn from the
study of a man with a thalamic stroke that caused bilateral lesions

centered on the medial dorsal nucleus (Isaac et al. 1998). The
patient (DM) showed very clear, severe deficits in both recall
and recognition, with verbal recognition especially poor. MRI
analysis indicated a bilateral lesion through the ventrolateral tha-
lamus that extended medially into the ventral part of the medial
dorsal nucleus. The lesion was slightly larger on the left. Although
the anterior thalamic nuclei appeared intact, there was evidence
of atrophy in the left mammillary bodies (Isaac et al. 1998).
While two stroke cases with varying amounts of medial dorsal
nucleus damage (in one case, only on the left, the other bilateral)
also showed recognition memory deficits (Cipolotti et al. 2008), in
both cases there was additional damage in other thalamic nuclei,
producing a complex pattern of pathology that is difficult to
interpret. Another study implicating the medial dorsal nucleus
described five patients with unilateral infarcts that involved the
medial dorsal nucleus but spread into adjacent regions (Zoppelt
et al. 2003). The patients showed impaired recognition.

In summary, the case that damage restricted to the medial
dorsal nucleus is sufficient to impair recognition memory is
unproven, given a number of findings that seem contrary (e.g.,
Van der Werf et al. 2003a,b). At the same time, there is much
evidence that caudal medial thalamic damage involving the
medial dorsal nucleus can affect cognition, in particular by dis-
rupting executive function (Van der Werf et al. 2000, 2003a,b;
Carlesimo et al. 2011). This outcome is not surprising given the
intimate anatomical relationship between the medial dorsal tha-
lamic nucleus and the prefrontal cortex and the importance of
the prefrontal cortex for executive function. In those studies
that suggest a more direct contribution for the medial dorsal
nucleus to recognition (e.g., Isaac et al. 1998; Zoppelt et al.
2003; Cipolotti et al. 2008), there remain problems regarding
the potential contributions from immediately adjacent nuclei
and tracts, e.g., the internal medullary lamina.

Intralaminar and midline thalamic nuclei

A consideration of the connectivity of these nuclei immediately
suggests a potential role in cognition. A number of midline nuclei,
including reuniens, parataenial, paraventricular, and rhomboid,
have appreciable inputs to the hippocampal formation, as well
as to the perirhinal and entorhinal cortices (Fig. 1, lower;
Amaral and Cowan 1980; DeVito 1980; Van der Werf et al. 2002;
Vertes et al. 2007). The midline thalamic nuclei also have prefron-
tal connections that preferentially terminate in the orbital and
medial cortices (Berendse and Groenewegen 1991; Van der Werf
et al. 2002; Hsu and Price 2007; Vertes et al. 2007). Likewise, intra-
laminar nuclei project to parts of the medial and orbital prefrontal
cortex, especially the cingulate region, as well as to sensory as-
sociation areas (e.g., Yeterian and Pandya 1989; Hsu and Price
2007). In addition, the central medial nucleus (an intralaminar
nucleus) projects to the hippocampal formation. The importance
of the cortical projections from the intralaminar nuclei is high-
lighted by a series of clinical cases with paramedian thalamic
infarcts that involved these nuclei (along with the medial dorsal
nucleus) and who displayed widespread decreases in cortical met-
abolic activity (Levasseur et al. 1992).

The locations of the intralaminar and midline nuclei do,
however, mean that it would be most unusual to find pathology
just restricted to these nuclei. Indeed, the intralaminar nuclei
are so called because many of them lie within the internal medul-
lary lamina. One case that highlights these issues is that of a man
with a discrete lacunar infarct in the right dorsal caudal intrala-
minar nuclei (Van der Werf et al. 1999). The pathology appeared
to spare most of the adjacent medial dorsal nucleus but inevita-
bly involved the internal medullary lamina. This patient showed
inconsistent levels of recall, including poor performance on some
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recognition tests, but could not be regarded as amnesic (Van der
Werf et al. 1999). On yes/no recognition tests, the patient had a
tendency to make false positive responses, more indicative of per-
severative problems than a loss of recognition memory per se. This
interpretation was consistent with his other cognitive changes
(apathy, a lack of attention, inflexibility) which also suggested
prefrontal cortex dysfunction. Additional support for this view
came from spectroscopy results showing decreased blood flow in
the right frontal cortex (Van der Werf et al. 1999). A second
patient was described with memory problems associated with
pathology in the caudal intralaminar nuclei (e.g., including the
center median nucleus and the parafascicular nucleus), but these
problems appeared to be due to a loss of attention and increased
distractibility (Mennemeier et al. 1992). Problems with arousal
and levels of awareness have since been further linked with dam-
age to the intralaminar nuclei (Van der Werf et al. 2002; Carrera
et al. 2004) but again could reflect disconnections due to white
matter damage.

Evidence regarding the midline thalamic nuclei comes from
postmortem analyses of four alcoholic Korsakoff patients (Mair
et al. 1979; Mayes et al. 1988) where the discernable thalamic
pathology was largely confined to the parataenial nucleus. All
four patients displayed severe recognition memory deficits.
These findings are striking but difficult to interpret, as all four
patients were chronic alcoholics and also suffered mammillary
body atrophy. In addition, the parataenial nucleus has not been
identified as a consistent site of pathology in numerous other
postmortem studies of Korsakoff’s syndrome (e.g., Victor et al.
1971; Gold and Squire 2006).

In conclusion, there are good reasons to suppose that at least
some of the intralaminar and midline thalamic nuclei have a role
in supporting aspects of learning and memory. One possibility is
that they have a broad role in attention and arousal (Van der Werf
et al. 2002) rather than a specific role in recognition. A pervasive
problem is that the locations of the intralaminar nuclei are tightly
related to fiber tracts, most especially the internal medullary lam-
ina. Consequently, clinical studies of stroke cases are unlikely to
give a definitive answer. A further issue is that, although these
nuclei are sometime labeled as “nonspecific,” it is now clear that
the various intralaminar and midline nuclei each have individual
patterns of connectivity with the potential for individual func-
tions (Van der Werf et al. 2002).

Testing for the impact of diencephalic pathology on

components of recognition memory
A striking feature of occasional diencephalic amnesic cases is the
presence of severe recall deficits yet seemingly spared recognition
(e.g., Dusoir et al. 1990; Hildebrandt et al. 2001; Carlesimo et al.
2007; Tsivilis et al. 2008). This profile would seem to accord
with the predictions of a model initially proposed by Aggleton
and Brown (1999). This model assumes that the hippocampal �
mammillary body � anterior thalamic axis is critical for
recollective-based recognition while the rostral parahippocam-
pal � medial dorsal thalamic axis is critical for familiarity-based
recognition. Recollective-based recognition refers to when the
previous experience of an event can be verified against a recalled
memory associated with the target stimulus (sometimes called a
“remember” response). Familiarity refers to the feeling that a tar-
get has been experienced before in the absence of other explicit
memories of that event (sometimes called a “know” response).
This distinction comes from dual-process models of recognition
memory that assume familiarity and recollection are independent
processes (Mandler 1980; Yonelinas 2002). Hence, those cases
with far more severe recall than recognition deficits are regarded
as having spared familiarity information.

An alternative model assumes that recognition and recall
draw on the same information and that the differences between
recollection and familiarity lie in the strength of the trace (e.g.,
Squire et al. 2007). Weak traces give rise to a feeling of knowing
(familiarity). while stronger information corresponds to remem-
bering (recollection). The prediction is that restricted dience-
phalic pathology might partially reduce signal strength and so,
partially affect recognition. The consequence may, however, be
perceived as a disproportionate effect on recollective-like recogni-
tion. as any weak signal (perceived as familiarity) will remain. As
diencephalic pathology increases and, thereby, involves more
nuclei and tracts, so information processing will be increasingly
compromised leading to impairments in both familiarity (know-
ing) and recollection (remembering). Because single-process mod-
els still assume that recognition and recall are derived from the
same information, then the performance levels of these two kinds
of memory tasks are interlocked and should not dissociate (as-
suming matched task difficulty). In contrast, dual-process models
allow recall:recognition dissociations. A further key difference is
that only dual-process models predict that neuropsychological
cases might exist with a selective loss of familiarity information,
i.e., spared recall compared to recognition.

There have been several direct tests of the predictions made
by Aggleton and Brown (1999). One of the first came from studies
into the impact of damage to the fornix, the tract by which the
medial temporal lobe directly innervates the mammillary bodies
and anterior thalamic nuclei (Fig. 1) as well as links other cortical
and subcortical sites (Saunders and Aggleton 2007). The fornix
does not, however, project to the medial dorsal nucleus. The
Aggleton and Brown (1999) model predicts that (1) fornix damage
is sufficient to induce amnesia, and (2) that there will be a sparing
of familiarity-based recognition. Studies now show that patients
with bilateral fornix damage following surgery for a colloid cyst
do, indeed, show a severe memory loss but a relative sparing of rec-
ognition (e.g., McMackin et al. 1995; Aggleton et al. 2000; Vann
et al. 2008). Furthermore, their pattern of performance appears
consistent with a selective loss of recollective-based recognition
(Aggleton et al. 2000; Vann et al. 2009a,b). Possibly the strongest
evidence, so far, has come from comparing matched groups of col-
loid cyst patients who differed in the volumes of their fornices and
mammillary bodies (Tsivilis et al. 2008; Vann et al. 2009a,b). The
two groups showed comparable levels of recognition but very
clear differences in recall (Fig. 2), as only the small mammillary
body group was impaired on recall (Tsivilis et al. 2008). This
recall:recognition dissociation was found for tests that included
Doors and People, where task difficulty on the tests of recall
and recognition has been equated (Baddeley et al. 1994). Next,
remember/know and receiver operating characteristics (ROC)
tests indicated that the patients with small mammillary bodies
showed a significant loss of recollective-based recognition yet pre-
served familiarity-based recognition (Fig. 3; Vann et al. 2009a,b).
Finally, structural equation modeling of the cognitive data from a
larger cohort of 62 colloid cyst cases added further support to the
dual-process interpretation of these psychometric findings (Fig. 3;
Vann et al. 2009a,b).

Evidence of a similar dissociation was found in patient GP
who suffered a stroke that resulted in bilateral damage to the
mammillothalamic tract and the ventral anterior nucleus but
only unilateral (right) damage to the inferior thalamic peduncle
(Carlesimo et al. 2007). Tests using remember/know and ROC
curves indicated that GP’s recognition impairments reflect a
selective loss of recollection, while familiarity detection is
normal. Consequently, it can be seen that these results for the for-
nix, mammillary bodies, and mammillothalamic tract are consis-
tent with the notion that these anatomically interlinked
structures are especially important for (1) episodic memory and
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(2) recollective-based recognition. In contrast, these structures are
not vital for familiarity information.

Other findings consistent with the predictions of Aggleton
and Brown (1999) include those from a patient with bilateral ante-
rior thalamic damage and partial medial dorsal thalamic pathol-
ogy (Kishiyama et al. 2005). This patient displayed more severe
recall than recognition deficits (Kishiyama et al. 2005). Use of
remember/know and ROC procedures pointed to clear deficits
in recollection, with smaller but consistent deficits in familiarity.
Here, the combined pattern of recollection and familiarity deficits
accords with the combined anterior and medial dorsal thalamic
pathology (Aggleton and Brown 1999), with the more complete
anterior thalamic damage linked to the more robust deficits in
recollection.

Case QX suffered bilateral damage to the lateral dorsal
thalamic nuclei, part of the anterior thalamic nuclei, along with
left medial dorsal thalamic involvement (Edelstyn et al. 2006).
His pattern of performance across recognition tasks was seen as
reflecting a relative sparing of familiarity in the face of a recall def-
icit. The interpretation of this case is, however, difficult given the
contrasting pattern of unilateral (medial dorsal) and bilateral (lat-
eral dorsal) pathology and their relative impact. If it is assumed
that bilateral pathology is of most significance, then this case
would seem to fit the prediction of spared familiarity after anterior

thalamic damage. The problem is that
unilateral thalamic damage can have
very variable effects on the extent of
any memory loss (Carlesimo et al. 2011).

Less support for the two-process
model of Aggleton and Brown (1999)
comes from an analysis of nine patients
with unilateral thalamic infarcts (Zop-
pelt et al. 2003). In five cases, the infarct
involved the medial dorsal nucleus,
while in four others the ventral lateral
nucleus was damaged, prompting the
opportunity to test whether damage
to the medial dorsal nucleus might
specifically impair familiarity (as pre-
dicted by Aggleton and Brown [1999]).
Analyses using ROC curves for all nine
thalamic patients in a single group indi-
cated decreases in both recollection and
familiarity (Zoppelt et al. 2003). There
was no evidence that those patients
with medial dorsal nucleus damage had
a greater loss of familiarity (Zoppelt
et al. 2003). However, in none of these
cases was the pathology thought to
be confined to one nucleus, and it can
be assumed that the intralaminar nuclei
and the internal medullary lamina
would have been variably affected.

A further study of ten patients with
ischemic thalamic lesions involving the
medial dorsal nucleus and/or the ventro-
lateral nucleus compared performance
on “relational” and “nonrelational” rec-
ognition memory tests (Soei et al.
2008). The relational tests (which exam-
ined the recognition of novel spatial
configurations of familiar objects and
novel pairing of familiar objects) were
designed to tax associative recognition.
The nonrelational test asked participants
to identify novel viewpoints of familiar

objects. The relational tasks appeared more sensitive to the thala-
mic pathology (Soei et al. 2008), suggesting that, in some cases,
damage to the medial dorsal region can disrupt associative recog-
nition of the sort likely to tax recollective-based recognition.

Another specific test of the Aggleton and Brown (1999)
model involved two patients, both with bilateral thalamic infarcts
and anterograde amnesia (Cipolotti et al. 2008). In patient 1, the
lesion on the left involved the medial dorsal thalamic nucleus
and mammillothalamic tract, while on the right the pathology
appeared more focused in the anterior thalamic nuclei (lateral
dorsal and anterior ventral). In patient 2, damage to the medial
dorsal nucleus appeared bilateral, while the mammillothalamic
tract/anterior thalamic pathology was essentially restricted to
the left hemisphere. Both patients performed poorly on the
Warrington RMT, while ROC analyses of recognition for words,
faces, and buildings indicated deficits in recollection and famil-
iarity in both cases. If it is assumed that bilateral pathology is
required to reveal clear deficits, then this pattern of results does
not fit the predictions of Aggleton and Brown (1999), as patient
1 should show a selective loss of recollective-based recognition,
while patient 2 should show a selective loss of familiarity infor-
mation. The difficulty is that both cases have at least unilateral
damage to thalamic nuclei or tracts in both of the putative sys-
tems (familiarity, recollection). It is also the case that unilateral

Figure 3. Evidence that mammillary body atrophy selectively disrupts recollective-based recognition
(Vann et al. 2009a,b). Findings are shown for three tests designed to distinguish recollective-based from
familiarity-based recognition. Colloid cyst patients were separated according to the size of their mam-
millary bodies to create two groups (both n ¼ 9)—small mammillary bodies (SMB) and large mammil-
lary bodies (LMB). Measures of recollection and familiarity were derived using the remember/know (R/
K) procedure (A) and receiver operating characteristic (ROC) curves (C), leading to estimates of recol-
lection and familiarity derived from these ROC curves (D). (B) The psychometric data from a larger
group of 62 colloid cyst patients were also analyzed using structural equation modeling (SEM), and esti-
mates of recollection and familiarity were derived from the best fit model. Data presented in histograms
are means+ standard error of the mean. Group differences: ∗∗P , 0.01, ∗∗∗P , 0.005.
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thalamic damage can sometimes be sufficient to disrupt both ver-
bal and nonverbal memory (e.g., Carlesimo et al. 2011; see also
Baron et al. 1992). For these reasons, the observed pattern of find-
ings (Cipolotti et al. 2008) need not be inconsistent with the
model of Aggleton and Brown (1999).

In summary, current neuropsychological findings appear
mixed over whether single-process or dual-process models best
describe these clinical results. So far, there appear to be no dience-
phalic cases with a selective loss of familiarity processing, a result
that would most clearly contradict single-process models. While
studies of temporal lobe pathology have shown that such cases
can exist (Bowles et al. 2007), they are exceptionally rare, and so
the lack of any corresponding cases for the diencephalon (where
the pathology is so rarely selective) may not be surprising. More
compelling support for dual-process models comes from the find-
ing that patients with marked mammillary body atrophy show
matching levels of recognition to those with more subtle mam-
millary atrophy, yet only the former group suffers impaired recol-
lection (Tsivilis et al. 2008; see also Carlesimo et al. 2007; Vann
et al. 2009a, b). The critical point is that single-process models pre-
dict that recognition and recall losses should go hand-in-hand,
i.e., not be dissociated. At the same time, the specific prediction
that the medial dorsal thalamic nucleus is selectively vital for
familiarity (Aggleton and Brown 1999) has failed to receive direct
clinical support.

Finally, there is an alternative dual-process model that fits
many of the clinical findings described above. In this hybrid
model, familiarity and recollective processes are separate, but sig-
nals of familiarity can sometimes influence recollective processes,
e.g., to enhance the learning of novel events (Fernandez and
Tendolkur 2006; Albasser et al. 2010). In this model, a selective
loss of recollection is possible as (1) the link between familiarity
and recall is not obligatory and (2) recollection does not moderate
familiarity, i.e., the relationship is one-way. Such a model would
help to explain why it has proved possible to find diencephalic
cases with a selective loss of recall but not a selective loss of famil-
iarity (since recall is affected indirectly). While plausible, this
model is not favored by structural equation modeling analyses
(Quamme et al. 2004; Vann et al. 2009a,b); it fails to explain the
double dissociations found after different medial thalamic lesions
in animals (see below) and cannot explain how patients might
show a selective loss of familiarity-based recognition alongside
spared recall (Bowles et al. 2007).

Brain imaging studies
Surprisingly few functional MRI studies of normal participants
have reported diencephalic changes associated with recognition
memory, one problem being the need to resolve the signal from
individual nuclei. One exception had participants rate how famil-
iar previously presented scenes felt (Montaldi et al. 2006). As the
subjective strength of familiarity for scene recognition increased,
so activity declined linearly in the perirhinal cortex, insula, and
left superior temporal cortex. The opposite relationship, i.e.,
increased activity with increased familiarity, was found in the
left medial dorsal thalamic nucleus, the left ventrolateral and
anteromedial frontal cortex, the posterior cingulate cortex, and
left parietal cortex (Montaldi et al. 2006). Intriguing aspects of
these results include the link between the medial dorsal nucleus
and familiarity and the common pattern of changes in the medial
dorsal nucleus and those cortical areas connected to this thalamic
nucleus.

A different approach has been to use imaging techniques
to examine patients with diencephalic pathology. Measures of
metabolic imaging, e.g., positron emission tomography (PET)
and spectrosocopy, have repeatedly demonstrated how thalamic

strokes can cause long-lasting cortical hypoactivity (Baron et al.
1986; Fazio et al. 1992; Levasseur et al. 1992; Pepin and
Auray-Pepin 1993; Clarke et al. 1994; Daum and Ackermann
1994; Van der Werf et al. 1999). These distal changes provide evi-
dence of cortical diaschisis (Baron et al. 1986; Finger et al. 2004;
Van der Werf et al. 1999, 2002). Closely related studies of the alco-
holic Korsakoff’s syndrome have also found extensive cortical
hypoactivity (Fazio et al. 1992; Joyce et al. 1994; Paller et al.
1997; Reed et al. 2003). At least one study has scanned an amnesic
Korsakoff patient during face encoding and face recognition
(Caulo et al. 2005). Both hippocampal and ventrolateral prefron-
tal cortex activations were reduced, while dorsolateral prefrontal
activity was preserved. Taken together, these studies show that,
in order to understand why thalamic pathology might disrupt rec-
ognition, it is important to consider these indirect effects upon
cortical sites.

Findings from animal studies

Studies of nonhuman primates have often relied on the delayed
nonmatching-to-sample (DNMS) task (Mishkin and Delacour
1975). Here, monkeys typically select between two objects, one
novel and one made familiar by its recent presentation to the
monkey. Selection of the novel object (nonmatching) is rewarded.
The objects are often then discarded and not used in later trials, so
the stimuli are sometimes called “trial-unique.” The face validity
of such tasks is supported by the poor performance of Korsakoff
amnesics given closely analogous, forced-choice recognition tests
with trial-unique stimuli (Aggleton et al. 1988).

While a small number of rodent studies have used DNMS
procedures for object recognition (Aggleton 1985), it is now more
common to rely on the spontaneous differential exploration of
novel vs. familiar stimuli (Ennaceur and Delacour 1988). The
spontaneous object recognition (SOR) task is simple to run,
requires no rule learning, and lends itself to numerous variants
that can be used to assess associative recognition and recency
(Ennaceur et al. 1997; Dix and Aggleton 1999; Warburton and
Brown 2010). Procedurally, the spontaneous exploration task
appears very similar to preferred-viewing tests given to humans,
which are thought to tax processes required for explicit tests of
recognition memory (Manns et al. 2000). The situation is, how-
ever, complicated by evidence that implicit processes can some-
times contribute to human recognition (e.g., Voss and Paller
2009), and it is unclear whether such processes might be involved
in animal SOR tasks. A further limitation is that it is difficult with
animals to isolate those cognitive processes that might contribute
to explicit human recognition memory, i.e., familiarity and recol-
lection. Even so, important behavioral advances have been
achieved in trying to separate these processes in rats (Sauvage
et al. 2008, 2010), though they have yet to be applied to the
diencephalon.

Nonhuman primates
Diencephalic lesion studies with nonhuman primates have exclu-
sively used Old World monkeys, in particular rhesus (Macaca
mulatta) or cynomolgus (Macaca fascicularis) macaques. Current
information is confined to tests of visual recognition memory,
which have used DNMS or DMS (delayed matching-to-sample)
procedures.

The first demonstration of a recognition (DNMS) deficit in a
monkey with a diencephalic lesion (Aggleton and Mishkin 1983b)
occurred after removal of all of the medial and midline thalamic
nuclei, including the medial (magnocellular) part of the medial
dorsal thalamic nucleus and much of the anterior thalamic nuclei
(with some sparing of the anterior ventral nucleus). The loss of
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these combined nuclei was sufficient to induce a severe deficit,
both in relearning DNMS and subsequent DNMS performance
with increasing retention delays (Fig. 4, group MT). There was
no obvious recovery of function (Aggleton and Mishkin 1983b).
Follow-up experiments (Aggleton and Mishkin 1983a) revealed
that subdividing this extensive medial thalamic lesion into an
anterior division (centered on the anterior thalamic nuclei and
rostral midline nuclei) (Fig. 4, group Ath) and a posterior division
(centered on the medial dorsal nucleus and caudal midline nuclei)
(Fig. 4, group Pth) produced DNMS deficits that were similar to
one another but not as severe as those found with the larger, com-
bined lesion (Fig. 4, Ath vs. Pth), i.e., both anterior and posterior
medial thalamic damage contributed to the overall recognition
memory deficit.

One concern is that the surgical approach for these thalamic
lesions required a sagittal split of the fornix (Aggleton and Mishkin
1983a,b). A single control animal in which the fornix was split
sagittally and the midline thalamic tissue removed along the
rostro-caudal length of the thalamus was, therefore, examined.
This monkey showed unaffected DNMS performance (Aggleton
and Mishkin 1983a). A further concern is that both the extensive
medial thalamic surgeries (anterior + posterior medial thalamus)
and the anterior medial thalamic surgeries cut the mammillotha-
lamic tract, resulting in atrophy of the mammillary bodies. It is,
therefore, possible that dysfunction in the mammillary bodies
contributed to the recognition deficits. This possibility was tested
by (1) cutting the mammillothalamic tract in one monkey and (2)
testing the impact of radiofrequency mammillary body lesions on
DNMS. Both studies (Aggleton and Mishkin 1983a, 1985) found
only mild DNMS deficits, far less severe than those seen after
extensive medial thalamic lesions (Fig. 4).

Experiments by other laboratories have replicated the more
selective diencephalic lesion effects described above. Radiofre-
quency lesions of the mammillary bodies in two cynomolgus
monkeys produced an initial, mild DNMS deficit (Zola-Morgan
et al. 1989), though the animals later returned to normal
levels of recognition performance when retested 2 yr later. Like-
wise, mammillary body lesions produced mild but significant

recognition deficits in a study that also examined the effects of
combined mammillary body and fornix lesions (Saunders 1983).
There were no additive effects of fornix lesions upon mammillary
body damage for object recognition (Saunders 1983).

Lesions of the medial dorsal thalamic nucleus (magnocellu-
lar plus parvocellular divisions) in cynomolgus monkeys that
spared the anterior thalamic nuclei (Zola-Morgan and Squire
1985) delayed re-acquisition of the DNMS task. Subsequent test-
ing with longer retention intervals (up to 10 min) revealed a mod-
est but clear-cut deficit in recognition memory. Aspiration lesions
of just the medial part (magnocellular) of the medial dorsal thala-
mic nucleus (Parker et al. 1997) also revealed a mild deficit on
trial-unique delayed matching-to-sample (DMS), though it was
less severe than that observed after medial temporal (rhinal cor-
tex) lesions. Finally, recording studies have found units in the
medial dorsal and midline thalamus that reduce their firing rates
with repetition of the same visual stimulus (Fahy et al. 1993),
though the proportions of such units are small.

The medial dorsal thalamic nucleus has very extensive, recip-
rocal connections with the prefrontal cortex, with the magnocel-
lular division connected with orbital and medial prefrontal areas
(Fig. 1; Ray and Price 1993). This arrangement is notable, as
removal of the medial and orbital prefrontal cortices induces
severe DNMS deficits in monkeys (Fig. 4, group VMF), while dorso-
lateral prefrontal cortex removal (Fig. 4, DLF) has no apparent
effect (Bachevalier and Mishkin 1986). One interpretation is
that both the perirhinal cortex and the medial dorsal nucleus
project to a common cortical site (the medial and orbital prefron-
tal cortex) with which they must interact to enable recognition
memory. This view receives support from a crossed-lesion discon-
nection study that combined a unilateral lesion of the magnocel-
lular medial dorsal nucleus with a unilateral perirhinal cortex
lesion in the contralateral hemisphere, the combined surgery
impairing DMS performance (Parker and Gaffan 1998).

Brief mention should also be made of the impact of fornix
lesions in monkeys on DNMS and DMS performance. This tract
provides the major route from the hippocampal formation to
the medial diencephalon. The various studies have reported ei-
ther mild impairments (e.g., Saunders 1983; Gaffan 1994a), or no
apparent deficit (e.g., Bachevalier et al. 1985a,b; Zola-Morgan
et al. 1989; Charles et al. 2004) following fornix lesions. It is evi-
dent (Fig. 4) that fornix transection does not produce the severe
deficits in DNMS performance seen after extensive medial dience-
phalic lesions (Aggleton and Mishkin 1983b). This conclusion
is reinforced by making comparisons with the studies by
Bachevalier et al. (1985a,b), studies that used exactly the same
methodology and the same pool of objects as used for the dience-
phalic lesions studies (see Fig. 4). There is, however, recent evi-
dence that fornix damage can disrupt recency discriminations
more than recognition (Charles et al. 2004). This result seems to
accord with the observation that fornix deficits on DNMS/DMS
appear when the pool of test objects is fewer than 400, leading
to the repeated presentation of some objects across sessions
(Owen and Butler 1984; Charles et al. 2004). This result can be
contrasted with the impact of medial dorsal thalamic lesions,
where the DMS deficit can disappear when repeated small-set sizes
are used (Parker et al. 1997).

The consensus is that focal damage within the monkey
medial diencephalon can impair visual recognition memory,
but that major deficits emerge only when multiple medial dience-
phalic nuclei are damaged, i.e., the lesion effects appear additive.
Both single-process and dual-process models can accommodate
these results. A further problem is that the surgical techniques
used in these studies damage fibers of passage, making interpre-
tation more difficult. Next, we consider rodent studies, where it
should be possible to make more selective lesions.

Figure 4. Delayed nonmatching-to-sample (DNMS) performance of
cynomolgus monkeys with surgical lesions of the rhinal sulcus plus amyg-
dala (RhA), medial thalamus (MT, i.e., Ath plus Pth), anterior medial thala-
mus (Ath), posterior medial thalamus (Pth), mammillary bodies (MB),
fornix (FX), ventromedial prefrontal cortex (VMF), and dorsolateral pre-
frontal cortex (DLF). Performance is represented as the Z score difference
from the normal control group in each study. In all cases, the graphs
depict mean performance over three retention delays (30 sec, 60 sec,
120 sec). All Z scores are worse than the controls, i.e., all are –Z scores.
Data are only taken from studies using very similar training and testing
methods (Aggleton and Mishkin 1983a,b, 1985; Bachevalier et al.
1985a; Bachevalier and Mishkin 1986; Murray and Mishkin 1986).
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Rodents
Most rodent studies have used the spontaneous object recogni-
tion task (SOR), though a few have trained rats on DNMS tasks.
This section will largely ignore tests of spatial recognition and spa-
tial recency, even though numerous studies have described the
effects of diencephalic lesions on such tasks, e.g., T-maze alterna-
tion and radial-arm maze foraging. One reason for excluding these
studies is the considerable amount of evidence that the rodent
mammillary bodies and the anterior thalamic nuclei are particu-
larly important for spatial and navigational processes, and so
any observed deficits need not reflect recognition impairments
per se. A further reason is that spatial tests very rarely involve truly
novel spatial stimuli; the large majority tax relative recency deci-
sions, e.g., T-maze alternation and radial-arm maze tests.

Mammillary bodies

Both tests of object recognition using DNMS (Aggleton et al.
1990) and SOR (Aggleton et al. 1995) have failed to find evidence
that mammillary body lesions in rats disrupt performance. As
the SOR task only used retention intervals of up to 15 min
between sample and test phase, there remains the possibility
that recognition deficits might still emerge after longer retention
intervals.

Research investigating nonspatial recency judgments follow-
ing lesions to the mammillary bodies has been limited. Using a
DNMS task (Aggleton et al. 1990), the effects of mammillary
body damage on object recency discriminations were examined
by repeating a list of just four pairs of distinct goal boxes. The abil-
ity of rats with mammillary body lesions to make relative recency
discriminations appeared unaffected. Similarly, Sziklas and
Petrides (1993) found that mammillary body lesions did not
impair a DNMS task where the rats had to chose repeatedly
between white or black arms of a modified plus maze.

Anterior thalamic nuclei

It has repeatedly been found that lesions of the anterior thalamic
nuclei do not affect standard SOR tasks (Aggleton et al. 1995;
Warburton and Aggleton 1999; Wilton et al. 2001; Moran and
Dalrymple-Alford 2003; Mitchell and Dalrymple-Alford 2005),
nor do they affect novel odor detection (Wolff et al. 2006). In
the SOR studies, the retention delays have been extended up to
120 min, but no evidence has emerged of a time-dependent defi-
cit. This null result is still found when the anterior thalamic
lesions extend caudally to involve large portions of the medial
dorsal thalamic nucleus (Warburton and Aggleton 1999).

The lack of any object recognition deficit after anterior thala-
mic lesions has led researchers to challenge these rats with var-
iants of the standard object recognition task. In one study, rats
were given stimuli to recognize that were either small complex
objects or much larger painted boxes (Warburton and Aggleton
1999). The rationale arose from evidence that rats with fornix
lesions are selectively impaired with the latter (larger) stimuli
(Cassaday and Rawlins 1995). Again, no lesion-induced deficit
was found after anterior thalamic lesions. In contrast, anterior
thalamic lesions, which included the lateral dorsal nucleus, did
impair object-in-place recognition (Wilton et al. 2001), a test of
associative recognition where the object is familiar, but its loca-
tion is novel (Dix and Aggleton 1999). This deficit is consistent
with the many other studies demonstrating the importance of
the anterior thalamic nuclei for tests of spatial learning and mem-
ory that are also sensitive to hippocampal damage.

The impact of anterior thalamic lesions on recency dis-
crimination has also been explored. Comparisons between two
objects, one presented 2 h previously, the other presented 1 h

previously, found a normal preference for the older object after
anterior thalamic lesions (Mitchell and Dalrymple-Alford 2005).
In contrast, Wolff et al. (2006) reported that rats with anterior tha-
lamic lesions were impaired at discriminating the temporal order
of odors. There are numerous differences in the procedures used to
examine object and odor recency, including task difficulty, the
requirement to learn a reinforced rule (only in the olfactory
task), and the intervals between the recent and less recent stimuli.
Consequently, there is a need to re-examine the importance of the
anterior thalamic nuclei for object recency.

Fornix

Numerous studies have examined the effects of fornix lesions in
rats on object recognition using DNMS (Aggleton et al. 1990) or
SOR (e.g., Aggleton et al. 1995; Ennaceur and Aggleton 1997;
Ennaceur et al. 1996, 1997; Warburton and Aggleton 1999;
Bussey et al. 2000; Clark et al. 2000; Warburton et al. 2000) and
consistently found no lesion-induced deficits. In contrast, object-
location recognition (detecting that an object occupies a novel
location) is impaired after fornix lesions (Ennaceur et al. 1997;
Bussey et al. 2000; Warburton et al. 2000). Furthermore, a study
using crossed unilateral lesions showed that fornix connections
function together with the anterior thalamic nuclei to support
this object-location task (Warburton et al. 2000).

Medial dorsal thalamic nucleus

Lesions in the medial dorsal thalamic nucleus in rats have differ-
ent effects depending on the task used. Rats with cytotoxic medial
dorsal lesions were impaired on acquisition of a DNMS task with
object stimuli (Hunt and Aggleton 1991), but those rats that
acquired the task showed normal performance over retention
intervals of up to 60 s. A separate study examined the effects of
bilateral electrolytic medial dorsal lesions on DNMS performance
(Mumby et al. 1993). Many of the rats with medial dorsal lesions
showed a severe deficit in either acquiring or re-acquiring the
DNMS task after surgery. There was inconsistent evidence of a
delay-dependent impairment (Mumby et al. 1993). The results
suggest that a major effect of medial dorsal lesions is not on object
recognition per se but rather on other aspects of task acquisition
and performance, such as sensitivity to the reinforcement contin-
gency (McAlonan et al. 1993; Mitchell et al. 2007).

The resulting prediction is that medial dorsal thalamic
lesions should have little or no impact on SOR tests (where there
is no specific rule training or reinforcement contingency). This
prediction is supported by an SOR study that used retention delays
of up to 60 min (Hunt and Aggleton (1998a). Likewise, Mitchell
and Dalrymple-Alford (2005) found no evidence that medial dor-
sal thalamic lesions disrupted SOR, though their rats were signifi-
cantly impaired at performing recency discriminations. Following
from these two SOR studies, Cross et al. (2010) further examined
the role of this nucleus in recognition memory. Rats were tested
on various aspects of recognition memory: standard object
novelty; temporal order (recency); object-in-place recognition
(the ability to detect the re-location of a particular object); and
object-location recognition (the ability to detect the movement
of any object to a novel location). Consistent with previous
reports (Hunt and Aggleton 1998a; Mitchell and Dalrymple-
Alford 2005), there was no effect of bilateral medial dorsal thala-
mic lesions on either novel object recognition or object-location
recognition (Cross et al. 2010). Lesion-induced deficits were, how-
ever, found for object-in-place memory (a test of associative recog-
nition) and temporal order (recency) memory. This pattern of
deficits matches that seen after medial prefrontal cortex lesions
in rats (Barker et al. 2007).
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In summary, lesions of the medial dorsal thalamic nucleus in
rats can disrupt tests of object recognition, but there is little evi-
dence for a specific loss of recognition memory. More consistent
deficits have been found for object recency, and these may reflect
the very close functional links between this nucleus and the pre-
frontal cortex (Hunt and Aggleton 1998b; Barker et al. 2007).

Intralaminar thalamic nuclei

As already noted, the connections of the midline and intralami-
nar nuclei clearly suggest an involvement in cognition. In the
rat brain, some of these nuclei have very widespread cortical con-
nections (e.g., rhomboid nucleus, central medial nucleus, parafas-
cicular nucleus), while others are more specifically linked with the
prefrontal cortex (parataenial nucleus, reuniens nucleus) and the
posterior cingulate region (paracentral nucleus, reuniens nucleus)
(Groenewegen and Berendse 1994; Van der Werf et al. 2002).
Based on their connectivity, Van der Werf et al. (2002) has identi-
fied four groups of intralaminar and midline nuclei: (1) a dorsal
group, (paraventricular and parataenial) with potential viscero-
limbic functions; (2) a lateral group (central lateral, paracentral,
and rostral central medial) with potential cognitive functions;
(3) a ventral group (reuniens and rhomboid) potentially involved
in multimodal sensory processing; and (4) a posterior group (pos-
terior central medial and parafascicular) potentially involved in
limbic motor functions.

In an attempt to test the prediction that the lateral group of
nuclei is particularly important for cognitive functions, Mitchell
and Dalrymple-Alford (2005) compared the effects of lesions in
either the lateral intralaminar group (including the lateral part
of the medial dorsal nucleus), the medial dorsal nucleus (its
medial and central divisions), or the anterior thalamic nuclei.
All three lesion groups showed intact spontaneous object recogni-
tion (15 min retention), but recency deficits were found in the
groups with medial dorsal lesions and lateral intralaminar lesions.

Other evidence that the lateral intralaminar nuclei might
contribute to aspects of recognition memory comes from stimula-
tion studies. Appropriate electrical stimulation of the central lat-
eral nucleus can facilitate spontaneous object recognition
(Shrivalkar et al. 2006). This facilitation occurred when stimu-
lation was applied during recognition testing but not during
the sample period or during the retention interval. A separate
study showing that stimulation of the rostral intralaminar nuclei
can enhance delayed matching-to-position performance in an
automated apparatus (Mair and Hembrook 2008) points to a pos-
sible role in recency judgments.

Toward a model of diencephalic contributions

to recognition memory

Numerous clinical and animal studies have demonstrated the crit-
ical involvement of the medial temporal lobe for recognition
memory, presumably arising from the region’s close connectivity
with convergent sensory information from cortical association
areas. This arrangement ensures that medial temporal structures
such as the perirhinal cortex and hippocampus are ideally placed
to detect rapidly the repeat occurrence of an event and then ini-
tiate appropriate brain responses (Brown and Aggleton 2001;
Diana et al. 2007; Eichenbaum et al. 2007; Squire et al. 2007).
Once the medial temporal lobe has performed this function,
why should additional, diencephalic nuclei be required for the
same cognitive task? The notion of simply providing a relay to
further sites is contrary to current views of the thalamic func-
tion (e.g., Sherman 2007; Tsanov et al. 2011) and looks most
unlikely, given that the medial temporal lobe already has direct

connections to sites such as the prefrontal and cingulate cortices
(Aggleton and Brown 2006), i.e., those sites that might be the tar-
get of a thalamic relay. Any explanation must, therefore, depend
on additional information or additional processing provided
by the diencephalon that other regions lack. Integral aspects of
this assumption concern the direct, reciprocal interconnections
between the medial diencephalon and the medial temporal
lobe. It is, however, also necessary to consider the interactions
between medial temporal lobe efferents and medial diencephalic
efferents on shared targets, likely sites being within the prefrontal
and cingulate cortices.

Given these assumptions it is highly significant that within
the diencephalon only the anterior thalamic nuclei and some
midline nuclei have direct, reciprocal connections with the hip-
pocampal formation and the entorhinal cortices (Fig. 1; Amaral
and Cowan 1980; DeVito 1980; Aggleton et al. 1986; Saunders
et al. 2005). Processes that these thalamic nuclei could bring to
these medial temporal lobe sites include theta regulation and nav-
igational information, along with the integration of subicular,
prefrontal, and mammillary body connections (Vertes et al.
2004; Aggleton et al. 2010; Wright et al. 2010; Tsanov et al.
2011). As part of this latter process, there are tegmental inputs
to the anterior thalamic nuclei that contribute to mnemonic
processing (Mitchell et al. 2002; Vann 2009) but rely on the dien-
cephalon to reach the medial temporal lobe.

The connectivity of the medial dorsal nucleus is very differ-
ent. This nucleus receives inputs from the perirhinal and entorhi-
nal cortices but does not project back to medial temporal lobe sites
(Fig. 1). The implication is that the principal contributions of the
medial dorsal nucleus to recognition memory reflect its prefrontal
connections (Parker and Gaffan 1998) and their integration with
its direct inputs from the medial temporal lobe. A third pattern of
connections is found for the intralaminar nuclei as they receive
few, if any, hippocampal or parahippocampal inputs but do pro-
ject to multiple cortical areas. Consequently, three groupings
of thalamic nuclei can be distinguished, each with different con-
nectivities: Group 1—anterior thalamic nuclei plus some midline
nuclei; Group 2—medial dorsal nucleus; and Group 3—intralami-
nar nuclei.

A further consideration of these patterns of connectivity may
also help to explain why DNMS deficits are seen in monkeys after
medial diencephalic lesions, yet such lesions in rats typically spare
behavioral tests of object recognition. This null effect in rodents is
seen even when multiple nuclei are involved in the same surgery
(e.g., Warburton and Aggleton 1999; Mitchell and Dalrymple-
Alford 2005). One possibility is that these species differences
reflect the ways that the medial temporal lobe interacts with the
medial diencephalon. In the rat, unlike the monkey, structures
such as the medial dorsal nucleus receive few, if any, projections
from the perirhinal cortex (Groenewegen 1988). If the rat is pre-
dominantly reliant on perirhinal familiarity-based processes for
standard tests of object recognition, then it is likely that temporal
lobe functions are largely sufficient (Mumby and Pinel 1994;
Albasser et al. 2009, 2010), as the rat perirhinal cortex cannot
access the medial diencephalon. Consistent with this interpreta-
tion, immediate-early gene imaging studies have found increased
c-fos activity for novel visual stimuli in the perirhinal cortex but
not in the medial dorsal thalamic nucleus (Zhu et al. 1995).
Likewise, the rat perirhinal cortex does not appear to require inter-
actions with the prefrontal cortex for object recognition
(Warburton and Brown 2010), yet perirhinal–prefrontal interac-
tions are required in the monkey (Parker and Gaffan 1998). The
lack of importance of the rat prefrontal cortex for object recogni-
tion memory (in contrast to primates) removes another potential
mode of medial diencephalic action in rodents, i.e., interactions
with prefrontal cortex. The situation for object recency and
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some forms of associative recognition appears quite different, as
now the prefrontal cortex has a vital role in the rat brain, along
with the medial diencephalon (Warburton and Brown 2010).

Drawing together the various strands of evidence, we pro-
pose a MEMN model to explain why the human diencephalon
is important for recognition memory (Fig. 5). To understand the
rationale for this model, it is helpful to summarize the answers
to a number of critical questions:

1. Is damage to one diencephalic nucleus sufficient to produce the
severe recognition deficits sometimes seen after medial diencephalic
pathology?
Both clinical and animal studies repeatedly give the same
result: No individual diencephalic nucleus can account for
the severe recognition deficits often associated with pathology
in this region. The results from studies with monkeys consis-
tently show that, as lesions become increasingly specific, the
extent of any recognition deficit diminishes.

2. Is damage to one diencephalic nucleus necessary to produce the
recognition deficits sometimes seen after medial diencephalic
pathology?
Evidence suggests that all of the principal nuclei (or nuclear
groups) under consideration (the mammillary bodies, the ante-
rior thalamic nuclei, the medial dorsal nucleus, the intralami-
nar nuclei, and the midline nuclei) can contribute to
recognition memory. The repeated finding that the integrity
of the mammillary body—mammillothalamic tract—anterior
thalamic group is necessary for episodic memory (Vann and
Aggleton 2004) might, at first, imply that damage to any one
of these three structures is a necessary pre-condition for a con-
sistent recognition memory loss, although it need not be suffi-
cient (e.g., Graff-Radford et al. 1990). As already described,
however, there is evidence that pathology in more caudal tha-
lamic nuclei can also impair recognition (e.g., Isaac et al. 1998;
Zoppelt et al. 2003; Gold and Squire 2006; Soei et al. 2008).
Because of the route of most fiber tracts to and from the
anterior thalamic nuclei, it is unlikely that these more caudal
thalamic pathologies will have disconnected the anterior tha-
lamic group, i.e., had hidden effects upon these more rostral
nuclei. The conclusion is, therefore, that these more caudal
thalamic nuclei can impact upon recognition. It seems un-
likely that damage to one specific nucleus is a requirement.

3. Under what circumstances does diencephalic pathology cause severe
recognition memory deficits?
Some diencephalic amnesics show exceptionally poor recogni-
tion memory (Aggleton and Shaw 1996). Such cases invariably
have damage to multiple nuclei within the medial diencepha-
lon. The effective pathology in many of these cases almost
certainly includes the impact of tract damage within the thala-
mus, e.g., to the mammillothalamic tract and inferior thalamic

peduncle (Graff-Radford et al. 1990), as well as to fibers passing
to and from the prefrontal cortex (Pepin and Auray-Pepin
1993). Some cases with the poorest recognition memory are
those with Korsakoff’s syndrome. In this disorder, there is often
both cell loss in multiple diencephalic sites and extensive cor-
tical dysfunction (e.g., Kopelman et al. 2009).

4. Can recognition be spared when recall is impaired?
Despite difficulties in comparing levels of performance, there is
now convincing evidence from both single and group studies
that, occasionally, recall can be severely compromised, while
recognition is apparently spared. The clearest evidence relates
to studies of mammillary body dysfunction (e.g., Dusoir et al.
1990; Hildebrandt et al. 2001; Carlesimo et al. 2007; Tsivilis
et al. 2008) and includes findings from the Doors and People
Test (e.g., Tsivilis et al. 2008), which specifically attempts to
equate task difficulty (Baddeley et al. 1994). Consequently,
any account of diencephalic mechanisms supporting recogni-
tion memory must be able to explain this asymmetric relation-
ship. As already explained, this dissociation poses problems for
single-process models of recognition memory (Squire et al.
2007).

5. Do different diencephalic sites make qualitatively different contribu-
tions to recognition memory?
There are very good reasons to suppose that the principal
nuclear groups under investigation have quite different func-
tions. These reasons include: (1) their unique patterns of con-
nectivity with medial temporal sites (Fig. 1); (2) the lack of
intra-thalamic connections between the principal nuclei, so
that they can act in a largely independent manner (a situation
strikingly different to that in the medial temporal lobe,
where all structures are interconnected); and (3) the number
of dissociations between the consequences of selective lesions
in these diencephalic nuclei in animals. Examples of double
dissociations between the effects of anterior thalamic lesions
and medial dorsal thalamic lesions can be seen in different
domains of spatial learning as well as perseverative behavior
(e.g., Aggleton et al. 1995; Hunt and Aggleton 1998b;
Chudasama et al. 2001; Mitchell and Dalrymple-Alford 2006;
Wolff et al. 2008). Likewise, there are double dissociations
between the impact of anterior thalamic lesions and lateral
intralaminar thalamic lesions on different classes of spatial
memory task (Mitchell and Dalrymple-Alford 2005; Wolff
et al. 2008). While all of these examples point to different
contributions to cognition, they do not prove that these dif-
ferences include recognition. There do, however, appear to be
potential double-dissociations within associative recognition.
One example involves the respective effects in rats of anterior
thalamic lesions and medial dorsal thalamic lesions on
object-in-place recognition and object recency (Wilton et al.
2001; Mitchell and Dalrymple-Alford 2005; Cross et al. 2010).
Another example comes from studies with monkeys where
reducing set size, i.e., repeating objects during DMS testing,
might have opposite effects on medial dorsal lesions and fornix
lesions (Owen and Butler 1984; Parker et al. 1997; Charles et al.
2004). The implication is that some sites have qualitatively dif-
ferent roles regarding recognition.

As noted above, the nuclei of interest have individual pat-
terns of connectivity and may be placed into at least three dif-
ferent groupings. A key aspect of these groupings concerns the
origins of the medial temporal lobe projections to the diencepha-
lon. The primate anterior thalamic nuclei, mammillary bodies,
and midline thalamic nuclei all receive extensive direct inputs
from the hippocampus (subiculum), but the intralaminar nuclei
and the medial dorsal nucleus receive few, if any, such inputs
(Aggleton et al. 1986; Saunders et al. 2005). In contrast, only the

Figure 5. Schematic showing the proposed balance of action from
diencephalic nuclei upon two independent components of recognition
memory—recollective-based recognition (R) and familiarity-based recog-
nition (K). The gradation from white (R) to black (K) is used to represent
the relative involvement of the various diencephalic nuclei with these
two information types. With the exception of the mammillary bodies, it
seems unlikely that any other region has a purely selective effect on
either R or K. Abbreviations: ATN, anterior thalamic nuclei; Intra, intrala-
minar thalamic nuclei; MB, mammillary bodies; MD, medial dorsal thal-
amic nucleus; Mid, midline thalamic nuclei.
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medial dorsal nucleus (magnocellular part) and some midline
nuclei appear to receive direct inputs from the perirhinal cortex
(Aggleton and Mishkin 1984; Russchen et al. 1987; Gower
1989). These differences are potentially most important as both
the perirhinal cortex and the hippocampus are key sites within
the medial temporal lobe for recognition, but there is also much
evidence that these two temporal sites make qualitatively differ-
ent contributions to recognition memory (Murray and Mishkin
1998; Aggleton and Brown 1999, 2006; Brown and Aggleton
2001; Bowles et al. 2007; Diana et al. 2007; Eichenbaum et al.
2007; but see Squire et al. 2007). Much of this evidence
indicates that the perirhinal cortex is vital for familiarity informa-
tion, while the hippocampus is required for recollective informa-
tion (Brown and Aggleton 2001; Bowles et al. 2007; Diana et al.
2007; Eichenbaum et al. 2007).

Toward a new model of diencephalic recognition memory processes and

an explanation for the patterns of deficits observed after diencephalic damage

The MEMN model supposes that there are at least three different
ways in which the medial diencephalon supports recognition.
In addition, there is a further mechanism by which diencephalic
pathology can disrupt recognition memory. The impact of any
given diencephalic lesion will reflect the additive disruption of
these processes (Fig. 5).

The MEMN model builds on the proposal of Aggleton and
Brown (1999) who supposed that the mammillary body–anterior
thalamic nuclear grouping is vital for recollective-based recog-
nition, while the medial dorsal thalamic nucleus is vital for
familiarity-based recognition. Their model also supposed that,
because these are two independent processes, the loss of just one
of these systems can be compensated for by the other. It is also
assumed that animal tests of recognition memory predominantly
test familiarity-based recognition and that to reveal an involve-
ment in recollective-based recognition it may be more appropriate
to look at rather different aspects of learning and memory,
e.g., contextual learning and spatial learning (Gaffan 1994b;
Aggleton and Pearce 2001). These latter forms of learning are
conjointly dependent on the hippocampus and the anterior tha-
lamic nuclei (Parker and Gaffan 1997a,b; Warburton et al. 2001).

As already described, the proposal that the mammillary
body–anterior thalamic grouping is vital for recollective-based
recognition has received clear clinical support (Dusoir et al.
1990; Carlesimo et al. 2007; Tsivilis et al. 2008; Vann et al.
2009a,b). While these particular clinical studies focus on the
mammillary bodies, the exceptionally dense projections from
the mammillary bodies to the anterior thalamic nuclei must
surely mean that these thalamic nuclei are also vital for recollec-
tive-based recognition. Unlike the mammillary bodies, the ante-
rior thalamic nuclei do have appreciable reciprocal interactions
with medial prefrontal and cingulate cortices. While these cortical
interactions are presumably important for recollective-based rec-
ognition (Simons and Spiers 2003; Vann et al. 2009a,b), they
also create the potential for an additional anterior thalamic con-
tribution to familiarity-based recognition.

The proposal that the medial dorsal nucleus has a speci-
fic contribution to familiarity-based recognition (Aggleton and
Brown 1999) remains unproven. Support comes from the presence
of perirhinal cortex projections to the magnocellular portion of
this nucleus (Aggleton and Mishkin 1984; Russchen and Amaral
1987), these inputs being noteworthy as many models assume
that the perirhinal cortex provides familiarity information (e.g.,
Brown and Aggleton 2001; Eichenbaum et al. 2007). There is
also fMRI evidence that activity in the medial dorsal nucleus cor-
relates positively with perceptions of the strength of familiarity
(Montaldi et al. 2006). Studies with monkeys have also found

single units in the medial dorsal nucleus that reduce their firing
with repetition of a visual stimulus (Fahy et al. 1993), while
removal of the magnocellular medial dorsal nucleus is sufficient
to induce a mild recognition deficit (Parker et al. 1997; see also
Aggleton and Mishkin 1983a; Zola-Morgan and Squire 1985). As
noted above, the anatomy of this nucleus suggests that the key
connections are its inputs from the perirhinal and entorhinal cor-
tices and its efferents to the medial and orbital prefrontal cortex
(Bachevalier and Mishkin 1986; Parker and Gaffan 1998).

The principal limitation is that clinical studies have failed to
find evidence for a selective loss of familiarity-based recognition
following damage to the medial dorsal nucleus (e.g., Zoppelt
et al. 2003; Cipolotti et al. 2008; Soei et al. 2008). Instead, clinical
studies more often suggest that medial dorsal thalamic damage
can induce frontal cortex-like deficits, e.g., in executive function
(Van der Werf et al. 2002, 2003a,b). This problem is compounded
by the fact that the effects of selective medial dorsal thalamic
nucleus pathology in humans probably have yet to be examined,
given the likelihood of tract damage and the involvement of
the adjacent intralaminar and midline nuclei. Given the frontal
connectivity of the medial dorsal nucleus and the need within
dual-process models for a system that supports familiarity-based
recognition, the MEMN model assumes that the medial dorsal
nucleus has a key role for this form of information. For reasons
explained below, this role may not always be apparent following
damage to this nucleus.

The MEMN model includes two further mechanisms that,
when combined, will blur the distinctions between familiarity
and recollective processes. The first is that the intralaminar and
midline thalamic nuclei (the “nonspecific” thalamic nuclei) are
assumed to influence a wide array of cognitive processes, includ-
ing recognition, by their modulatory influences on arousal and
attention (Groenewegen and Berendse 1994; Van der Werf et al.
2002). At present, we have little evidence to indicate whether
the intralaminar/midline thalamic nuclei are particularly in-
volved in recollective or familiarity processes. Answering this
question is a demanding task, as the various nuclei have unique
patterns of cortical and subcortical connections and so may
have individual roles. For example, nucleus reuniens is likely to
be more involved in recollective- than familiarity-based recogni-
tion in view of its hippocampal connections (Vertes et al. 2007),
but this prediction remains to be tested.

A second mechanism again reflects the actions of thalamus
pathology upon the cortex. As already noted, long-term decreases
in cortical activity and blood flow can be caused by thalamic
strokes (Baron et al. 1986, 1992; Fazio et al. 1992; Levasseur
et al. 1992; Pepin and Auray-Pepin 1993) and by Korsakoff’s syn-
drome (Fazio et al. 1992; Joyce et al. 1994; Paller et al. 1997;
Reed et al. 2003). An intriguing discovery is that bilateral cortical
hypoactivity can be seen after unilateral thalamic strokes (Baron
et al. 1992). It is also known that unilateral strokes can sometimes
affect both verbal and nonverbal memory (Carlesimo et al. 2011).
The implication is that the neuropsychological impairments in
such patients reflect their bilateral cortical changes (Baron et al.
1992). These diaschisis-like effects might be expected to be partic-
ularly pronounced across the medial and orbital prefrontal corti-
ces (Pepin and Auray-Pepin 1993; Daum and Ackermann 1994;
see also Parker and Gaffan 1998), given their close anatomical
links with multiple medial diencephalic nuclei.

The same diaschisis-like mechanism is also likely to chroni-
cally disrupt the posterior cingulate cortex. This region not only
has dense interconnections with the anterior thalamic nuclei
but has also been repeatedly implicated in various aspects of
memory (Vann et al. 2009b; Aggleton 2010). Evidence for poste-
rior cingulate dysfunction after diencephalic injury comes from
(1) the consistent reductions in posterior cingulate metabolic
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activity in diencephalic amnesia (Fazio et al. 1992; Joyce et al.
1994; Paller et al. 1997; Reed et al. 2003), (2) evidence that anterior
thalamic strokes causing amnesia are sufficient to cause posterior
cingulate hypoactivity (Clarke et al. 1994), and (3) studies with
rats showing how selective anterior thalamic lesions and mam-
millothalamic tract lesions can markedly reduce immediate-early
gene expression in the posterior cingulate (retrosplenial) cortex
and hippocampus yet leave both structures seemingly intact
(Jenkins et al. 2002, 2004; Poirier and Aggleton 2009; Vann and
Albasser 2009). These distal activity changes do not merely reflect
the loss of afferent stimulation; there are also subtle intrinsic
changes to the cortex itself (Poirier et al. 2008). Slice recordings
have, for example, shown a loss of some forms of plasticity in
the retrosplenial cortex after anterior thalamic lesions in rats
(Garden et al. 2009).

A consequence is that the thalamus can have both direct and
indirect actions upon recognition memory (Fig. 5). The direct
actions involve the integral contributions of the mammillary
bodies–anterior thalamic nuclei to episodic memory (Aggleton
et al. 2010) and, hence, recollective-based recognition. Likewise,
the medial dorsal thalamic nucleus may prove to have a direct
role in supporting familiarity information, presumably via its
perirhinal and prefrontal connections. At the same time, the
medial dorsal thalamic nucleus contributes to other aspects of
cognition and so, along with the intralaminar/midline nuclei,
can indirectly affect recognition. Finally, long-term cortical dia-
schisis following thalamic damage may add another tier of dys-
function. Of those vulnerable cortical sites, the most critical are
assumed to be the prefrontal (medial and orbital) and cingulate
regions. This cortical interference could then affect both re-
collective- and familiarity-based recognition. A potential problem
is that this complex combination of effects makes it difficult to
derive clear predictions regarding the cumulative effects of injury
to multiple thalamic nuclei, so creating a risk of post-hoc accounts.

A final point concerns the potential involvement of a small
number of other diencephalic nuclei in recognition memory that
have not yet been discussed. Candidates include (1) the medial
pulvinar nucleus, because of its dense inputs from medial temporal
structures and sensory association cortex; (2) the reticular nucleus,
because of its intra-thalamic connections; and (3) the ventral
lateral thalamic nucleus, because of its apparent contribution to
recognition loss after caudal thalamic injury (Zoppelt et al. 2003;
Soei et al. 2008). At present, there is insufficient evidence to pre-
sume the importance of these other diencephalic nuclei, but the
advent of better functional imaging may help to reveal the corti-
cal–subcortical interplay that involves multiple groups of nuclei
and contributes both directly and indirectly to recognition mem-
ory. In doing so, it should prove possible to test the MEMN model.
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