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ABSTRACT OF THE DISSERTATION 

INVESTIGATION OF MEMORY RELATED CORTICAL THALAMIC CIRCUITRY 

IN THE HUMAN BRAIN 

by 

Puck Charlotte Reeders 

Florida International University, 2021 

Miami, Florida 

Professor Timothy A. Allen, Major Professor 

This dissertation examined the role of medial prefrontal cortex (mPFC) and the 

hippocampus (HC) in episodic memory, and provides a novel approach to identify the 

midline thalamus mediating mPFC-HC interactions in humans. The mPFC and HC are 

critical to the temporal organization of episodic memory, and these interactions are 

disrupted in several mental health and neurological disorders. In the first study, I provide 

evidence that the mPFC is involved in ordinal retrieval, and the HC is active in temporal 

context retrieval in remembering the order of when events happen. In the second study, I 

focus on the anatomical basis of the mPFC-HC interactions which is reliant on the 

midline thalamus. I review in detail the anatomy of the midline thalamus both in location, 

and connectivity profile with the rest of the brain comparing the extensive anatomical 

evidence in rodents with the available evidence in monkeys and humans. This section 

also elaborates on the role of the midline thalamus in memory, stress regulation, 

wakefulness, and feeding behavior, and how pathological markers along the midline 

thalamus are a vanguard of several neurological disorders including Alzheimer’s Disease, 

schizophrenia, depression, and drug addiction. Lastly, I devised a new approach to 
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identify the midline thalamus in humans in vivo using diffusion weighted imaging, 

capitalizing on known fiber connections gleaned from non-human animals, focusing on 

connections between the midline thalamus and the mPFC, medial temporal lobe and the 

nucleus accumbens. The success of this approach is promising for translational imaging. 

Overall, this dissertation provides new evidence on 1) complementary functional roles of 

the mPFC and HC in sequence memory, 2) a cross-species anatomical framework for 

understanding the midline thalamus in humans and neurological disorders, and 3) a new 

method for non-invasive identification of the midline thalamus in humans in vivo. Thus, 

this dissertation provides a new fundamental understanding of mPFC-midline thalamic-

HC circuit in humans and tools for its non-invasive study in human disease. 
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The overarching goal of this dissertation was to investigate functional and 

anatomical aspects of the memory circuit in the human brain. Specifically, this 

dissertation examined the role of medial prefrontal cortex (mPFC) and the hippocampus 

(HC) in episodic memory, provided a cross species framework of the midline thalamus, 

and developed a novel approach to identify the midline thalamus mediating mPFC-HC 

interactions in humans. Interactions in the mPFC – midline thalamus – HC circuit are 

disrupted in several mental health and neurological disorders. Understanding the roles of 

these brain regions, and having the tools to investigate them, is of general importance for 

the understanding and investigation of mental health and neurological disorders.  

1.1 Sequence memory is a fundamental component of episodic memory 

Episodic memory allows us to remember past experiences (Tulving, 2002). How 

we remember sequences of events is a fundamental component of episodic memory. 

Remembering the order of sequences of events allows us to disambiguate episodes with 

similar content and make detailed predictions supporting decision making. Event 

sequences can be retrieved multiple different ways. Sequence memory retrieval can be 

driven both by ordinal associations, and temporal contexts. In an ordinal retrieval mode, 

items are remembered by their position within an event sequence (Dubrow and Davachi 

2013; Allen et al. 2014; Long and Kahana 2019), providing sequential memory through 

well-established semantic or abstracted relationships (1st, 2nd, 3rd, etc.). While for a 

temporal context retrieval mode, events are remembered through a gradually changing 

temporal context within which specific items have been associated (Howard and Kahana, 

2002). The mPFC and HC are critical to memory processes including sequence memory. 

In chapter 2, I investigated the functional contributions of the mPFC and HC during a 
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sequence memory task that provides behavioral evidence of both ordinal and temporal 

context retrieval modes. To test ordinal modes, items were transferred between sequences 

but retained their position (e.g., AB3). Ordinal modes activated mPFC, but not HC. To 

test temporal contexts, I examined items that skipped ahead across lag distances (e.g., 

ABD). HC, but not mPFC, tracked temporal contexts. These current results suggest that 

the mPFC and HC are concurrently engaged in different retrieval modes in support of 

remembering when an event occurred. This evidence provides an important baseline for 

further investigation in impairment of sequence memory in aging and diseases such as 

Alzheimer’s Disease, especially since studies have shown that individuals become more 

reliant on ordinal retrieval modes, and less dependent on temporal context memory 

(TCM) retrieval mode as they age (Bastin and Van der Linden 2010; Allen et al. 2015). 

1.2 The medial prefrontal cortex and hippocampus do not work in isolation 

Although the communication between the mPFC and HC are critical to memory, 

they do not have strong bidirectional structural connectivity with one another. More 

specifically, the HC has strong direct structural projections to the mPFC (Hoover and 

Vertes, 2007), but there are very few direct return projections from the mPFC to the HC 

in the rodent (Malik et al., 2021). In fact, return projections from mPFC to HC have only 

been described by one recent study (Malik et al., 2021), and these projections were 

observed only the to the dorsal HC. 

Therefore, for strong bidirectional communication, another brain structure comes 

to play. Studies have shown that the midline thalamus serves as a hub integrating the 

communication between the hippocampus and the mPFC, which is critical for memory 

processing in rodents (Thielen et al., 2015, Hallock et al., 2016). The midline thalamus 
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acts as an important structure closing the communication loop between HC and mPFC. 

Based on specific patterns of anatomical connectivity in rodents and macaques, four 

midline thalamic nuclei have been identified: the paratenial nucleus (PT), paraventricular 

nucleus (PV), rhomboid nucleus (RH), and the nucleus reuniens (RE), and are critical to 

memory processes that the mPFC and HC are involved in (Hallock et al., 2016). The 

midline thalamus has strong bidirectional projections to regions of the mPFC, including 

the orbitofrontal cortex, infralimbic cortex, prelimbic cortex, and the rostral anterior 

cingulate (Hsu and Price, 2007; Vertes et al., 2007; Hoover and Vertes, 2012; Dolleman-

van der Weel et al., 2019). Accordingly, the midline thalamus also has strong 

bidirectional projections to regions of the medial temporal lobe important for memory, 

including the HC, parahippocampus, entorhinal cortex and amygdala (Hsu and Price, 

2007; Vertes et al., 2007; Hsu and Price, 2009; Hoover and Vertes, 2012; Dolleman-van 

der Weel et al., 2019). This dense bidirectionally connectivity suggests that these brain 

regions work together as a circuit. In chapter 3, I elaborate on the detailed connectivity 

profile of each midline thalamic nuclei.  

1.3 The midline thalamus is critical for memory 

 The midline thalamus is critical to memory due to the connections it has with the 

HC and mPFC. The midline thalamus has bidirectional connections to both the HC and 

mPFC in rodents and monkeys (Hsu and Price, 2007; Vertes et al., 2007; Hsu and Price, 

2009; Hoover and Vertes, 2012; Dolleman-van der Weel et al., 2019). Midline thalamic 

nuclei are involved in controlling and managing the level of activity of cortical structures 

that are associated to memory processing (Xu and Südhof, 2013, Hallock et al., 2016). 

For example, the mPFC controls hippocampal activation levels during memory encoding 
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via the RE in mice (Xu and Südhof, 2013) and can determine how specific or generalized 

a memory trace becomes (Xu and Südhof, 2013). Additionally, inactivation of RE 

impairs spatial working memory in rodents (Hallock et al., 2016; Viena et al., 2018). And 

inactivating mPFC projections to the RE heavily impairs sequence memory in rodents but 

does not impair other behaviors such as running speed (Jayachandran et al., 2019). These 

studies show the importance of the midline thalamus in memory processes.  

1.4 The midline thalamus is involved in everyday functions 

Moreover, the midline thalamic nuclei are also involved in other every day 

functions including stress regulation, wakefulness, and feeding behavior (Bubser and 

Deutch, 1991; Otake et al. 2002; Ren et al., 2018; Beas et al., 2020). For example, the PV 

is consistently activated following a wide variety of stressors including conditioned fear, 

sleep deprivation, foot shock, forced swimming, and handling (Otake et al., 2002; 

Spencer et al., 2004; Hsu et al., 2014;). Rodent and macaque studies show that 

projections from PV to brain regions involved in stress regulation representing pathways 

by which the PV can influence structures that regulate stress (Otake et al., 2002; Hsu et 

al., 2014). The midline thalamus is also involved in arousal and wakefulness (Ren et al., 

2018). When the PV of the dorsal midline thalamus is suppressed, there is a reduction in 

wakefulness, and when activated, there is an induced transition from sleep to wakefulness 

(Ren et al., 2018). Additionally, activation of the pathway from dorsal midline thalamus 

to the nucleus accumbens (nACC) is linked to food-seeking behavior (Beas et al., 2020), 

suggesting that the midline thalamus is involved in behavior in responses to appetite. In 

chapter 3, I elaborate on the role of the midline thalamus in these functions in detail.  
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1.5 Impairment of the midline thalamus in neurological disorders 

Impairments in the midline thalamus has been associated to multiple neurological 

disorders including Alzheimer’s Disease, schizophrenia, depression, and drug addiction 

(Braak and Braak, 1991b; Pizagelli et al., 2003; Byne et al., 2009; Hamlin et al., 2009; 

Lisman et al., 2010). In Alzheimer’s disease, while amyloid deposition was shown to be 

spread out through the thalamus, neurofibrillary tangles provided a more specific pattern 

of deposit in different nuclei of the thalamus, including the midline nuclei when 

symptoms are most severe (Braak & Braak, 1991b). In schizophrenia, the midline 

thalamus provides a nodal link for multiple functional circuits that are impaired (Byne et 

al., 2009), and may be involved in sending other brain regions in hyperdrive (Lisman et 

al., 2010). The role of PV in regulating chronic stress combined with its connectivity 

pattern and neurochemical input suggests it may play a role in clinical disorders and 

stress related psychopathology such as depression (Hsu and Price, 2009). Additionally, 

the PV of the midline thalamus is activated by exposure to drugs and to drug associated 

contexts and cues in drug addiction (Hamlin et al., 2009; Hsu and Price, 2009; Li and 

Kirouac, 2012). In chapter 3, I elaborate further on how pathology of the midline 

thalamus is involved in these neurological disorders in detail.  

1.6 Finding the midline thalamus in humans 

Given the importance of the midline thalamic nuclei, they have become popular 

brain regions in animal research studies, however, it is surprising that very little is known 

about the midline thalamic nuclei in humans. This, in part, is due to the difficulty in 

identifying the midline thalamus with current imaging technologies. First, the midline 

thalamic nuclei are relatively small compared to the rest of the brain, and second, there is 
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inter-individual variability in nuclear size, location, and their proximal location to the 

cerebrospinal fluid filled third ventricle. In chapter 4, I used a novel approach to identify 

and extract the midline thalamus in humans in vivo based on their known connectivity 

profile gleaned from non-human animal studies, by using probabilistic tractography and 

k-means clustering on diffusion weighted imaging (DWI) data. Thalamic nuclei were first 

clustered based on cortical and subcortical connectivity profiles, and clusters with high 

connectivity to regions with known connectivity to the midline thalamus found in rodent 

and macaque tracer studies were extracted. This approach revealed a midline thalamic 

cluster that is well connected to the agranular medial prefrontal cortex, nucleus 

accumbens, and medial temporal lobe and located directly adjacent the third ventricle. 

We created two masks for human midline thalamus dividing a dorsal midline thalamic 

mask, which includes the PV and PT, from a ventral midline thalamic mask, which 

includes the RH and RE. These are important divisions due to their different 

contributions to cognitive functions in rodents. Ultimately, this connectivity-based 

identification and segmentation method is important as it can be used to help characterize 

the involvement of the midline thalamus in functional and connectivity differences in 

neurological brain pathologies such as Alzheimer’s Disease. 

Overall, this dissertation provides evidence on the complimentary roles of the 

mPFC and HC in sequence memory, a cross-species anatomical framework for 

understanding the midline thalamus is humans and neurological disorders, and a novel 

approach for the identification of the midline thalamus in humans in vivo.  
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2.1 Summary 

  Remembering sequences of events defines episodic memory, but retrieval can be 

driven by both ordinality and temporal contexts. Whether these modes of retrieval 

operate at the same time or not remains unclear. Theoretically, medial prefrontal cortex 

(mPFC) confers ordinality, while the hippocampus (HC) associates events in gradually 

changing temporal contexts. Here, we looked for evidence of each with blood oxygenated 

level dependent (BOLD) fMRI in a sequence task that taxes both retrieval modes. To test 

ordinal modes, items were transferred between sequences but retained their position (e.g., 

AB3). Ordinal modes activated mPFC, but not HC. To test temporal contexts, we 

examined items that skipped ahead across lag distances (e.g., ABD). HC, but not mPFC, 

tracked temporal contexts. There was a mPFC and HC by retrieval mode interaction. 

These current results suggest that the mPFC and HC are concurrently engaged in 

different retrieval modes in support of remembering when an event occurred. 

 

2.2 Introduction 

 Memory for sequences of events is a fundamental component of episodic 

memory (Tulving 1984; 2002; Allen and Fortin 2013; Howard and Eichenbaum 2013; 

Eichenbaum 2017). While different experiences share overlapping elements, the 

sequence of events is unique. Remembering the order of events allows us to disambiguate 

episodes with similar content and make detailed predictions supporting decision making. 

At least two complementary memory processes contribute to the retrieval of 

events in the correct sequence: ordinal (Orlov et al. 2002) and temporal context (Howard 

and Kahana 2002) retrieval modes. Whether these disparate retrieval modes operate 
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coincidently or not remains an open question with consequences for understanding basic 

mechanisms of how we remember the events that unfold throughout our day. According 

to an ordinal retrieval mode, items are remembered by their position within an event 

sequence (Dubrow and Davachi 2013; Allen et al. 2014; Long and Kahana 2019) 

providing sequential memory through well-established semantic or abstracted 

relationships (1st, 2nd, 3rd, etc.). While for a temporal context retrieval mode, events are 

remembered through a gradually changing temporal context within which specific items 

have been associated. According to temporal contexts, when an element of a sequence is 

presented or retrieved (e.g., ‘C’ in ABCDEF), items that are more proximal in the 

sequence (e.g., the ‘D’ in the sequence) have a higher retrieval rate compared to items 

that are further away (e.g., the ‘F’ in the sequence). These temporal contexts result from 

item associations that are dependent on time varying neural activity (e.g., Eichenbaum 

2014), and contribute to sequence memory through the reactivation of neighboring items 

during retrieval (Dubrow and Davachi 2013; Long and Kahana 2019). 

The mPFC and HC are thought to contribute to sequence memory through ordinal 

representations and temporal contexts, respectively (Agster et al. 2002; Fortin et al. 2002; 

Kesner et al. 2002; DeVito and Eichenbaum 2011; Allen et al. 2016; Jenkins and 

Ranganath 2016). In rodents, mPFC disruptions impair sequence memory (DeVito et al. 

2011; Jayachandran et al 2019), mPFC ‘time cells’ are evident (Tiganj et al. 2017), and 

positions within a sequence can be the main determinant of differential activity in mPFC 

neurons during spatial sequences (Euston and McNaughton 2006). In humans, mPFC 

activation is sensitive to temporal order memory (Preston and Eichenbaum 2013), and 

codes for information about temporal positions within image sequences regardless of the 
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image itself (Hsieh and Ranganath 2015). HC activations are also generally associated 

with temporal order memory (Kumaran and Maguire 2006; Ekstrom and Bookheimer 

2007; Lehn et al. 2009; Ross et al. 2009; Jenkins and Ranganath 2010; Tubridy and 

Davachi 2011; Kalm et al. 2013; Hsieh et al. 2014; Goyal et al. 2018). Prior evidence 

further shows that the medial temporal lobe, specifically the HC formation, plays a 

critical role in the use of a TCM retrieval mode in the brain (Manns et al. 2007; Hsieh et 

al. 2014; Bladon et al. 2019). The HC binds events within temporal contexts 

(Eichenbaum et al. 2007; Dubrow and Davachi 2013; Bladon et al. 2019) through a 

gradually changing neural context (Manns et al. 2007; Mankin et al. 2012). Similarly, 

medial temporal lobe neuronal and BOLD activations in humans have demonstrated 

evidence for gradually evolving temporal contexts (Howard et al. 2012; Kalm et al. 2013; 

Kragel et al. 2015). 

Here we tested the contributions of the mPFC and HC during a visual sequence 

memory task that provides behavioral evidence of both ordinal and temporal context 

retrieval modes (see Fig. 1A; task modified from Allen et al. 2014). Briefly, participants 

first memorized six visual sequences (six images each) in a single passive viewing phase, 

and then were instructed to make judgments as to whether individual items were 

subsequently presented in sequence (InSeq) or out of sequence (OutSeq) over 240 self-

paced presentations of each of the six items from each sequence. In the task, the two 

retrieval modes are parsed using probe trials that place conflicting demands on ordinal 

(Allen et al. 2014; 2015; Orlov et al. 2000) and temporal context modes (Jayachandran et 

al. 2019). We first evaluated ordinal retrieval modes using items that were transferred 

from one sequence to another while retaining their ordinal position (Ordinal Transfers; 
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Fig. 1B). Evidence for an ordinal-based retrieval mode occurs when these probes are 

identified as in sequence because they occur in the same ordinal position as their original 

sequence. mPFC activations (but not HC) was strongest for these ordinal retrievals. 

Second, we evaluated a temporal context retrieval mode using items that skipped ahead 

(Skips; Fig. 1B) with shorter lag distances (ABCFEF) compared to larger lag distances 

(AFCDEF). Skips should be most difficult to detect on the shortest lag distances because 

proximal items in a sequence are more likely to be retrieved (Howard and Kahana 2002; 

Kragel et al. 2015) and thus judged as InSeq. HC activations (but not mPFC) tracked with 

lag distance, providing evidence the HC is more reflective of a temporal context-based 

retrieval mode. Importantly, a significant interaction was observed such that mPFC and 

HC differentially activated for ordinal and temporal context retrievals. Altogether, our 

data shows that sequence memory involves both retrieval modes. In line with these 

results, we suggest that understanding episodic memory requires more insight into the 

neurobiology of ordinal processing, in addition to the more often studied temporal 

contexts, in the mPFC and HC system. 

 

2.3 Methods 

Participants 

Thirty-nine right-handed volunteers were recruited from Florida International 

University (FIU) and University of Miami to perform a magnetic resonance imaging 

(MRI) study that included a sequence memory task designed to investigate the ability of 

humans to learn and remember arbitrary sequences of items, and a temporal reward 

discounting task. Task order was counterbalanced across all participants. Here we report 
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results from the sequence memory task. All participants provided written consent in 

compliance with the local Institutional Review Board. Five participants were excluded 

from the final analysis due to failure to complete the task (n = 1) or because of poor 

performance (n = 4; sequence memory index score ≤0; see Sequence Memory Analysis 

section below). Participants excluded for poor performance had d-prime scores 2 standard 

deviations below the mean (M = 2.030, SD = 0.807). The final sample consisted of 34 

individuals (19 females; mean age = 21 years, SD = 2).  

Task Apparatus 

The sequence task was run on a Dell computer using Matlab (R2015b) with 

custom scripts that included functions from Psychtoolbox (Psychtoolbox-3 distribution; 

http://www.psychtoolbox.org). Images were back-projected and viewed by participants 

with an angled mirror mounted on the head coil. Responses were recorded using a 

Current Designs MR-compatible 4-button inline response device 

(https://www.curdes.com).  

 

Experimental Design and Statistical Analysis 

Prescan Training 

All participants began with a practice session to become acquainted with the 

structure of the task and the method of responding. During the practice session, 

participants viewed four low-memory demand sequence sets, each comprising six unique 

images: (1) individual arrows at 0°, 60°, 120°, 180°, 240°, and 300°, presented in a 

clockwise fashion (Fig1A, Seq1); (2) a dot moving from the upper left to the lower right 

corner (Fig. 1A, Seq2); (3) bars of different colors moving from left to right (not shown); 
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and (4) letters A, B, C, D, E, and F positioned in the center of the screen (not shown). 

Participants were asked to memorize sequences after a single “study” presentation during 

which the items were passively viewed. Later the practice sequences were tested with 15 

unique memory probes per sequence. Testing was self-paced; each sequence was 

preceded by a screen with the words “Press the button to begin”. To initiate an image in 

the sequence, participants were required to press and hold a button. If the image was in 

sequence (InSeq), participants were instructed to hold down the button until the image 

disappeared on its own at 1 s (the decision threshold), after which they could release the 

button. If the item was out of sequence (OutSeq), participants were instructed to release 

the button prior to the decision threshold (<1 s), at which point the image would 

disappear upon button release. The self-pacing resulted in a mean interval between items 

in a sequence of 0.412 ± 0.532, and a mean interval between sequence sets of 0.760 ± 

0.252. Prescan training was conducted on a Dell desktop computer.  

 

Sequence Memory Task 

During the Sequence Memory Task, participants were presented with two 

sequences from prescan training (low-memory demand; Fig. 1A, Seq 1-2), and four novel 

sequences consisting of six unique fractal images (high-memory demand; Fig. 1A, Seq 3-

6). The exact composition of the novel fractal sequence sets was different for each 

participant. Sets were selected randomly, without replacement, from a bank of 240 

unique fractal images. Similar to the prescan training, participants were asked to view 

and memorize the sequences after a single presentation in a passive viewing phase. 

Following the passive viewing phase, sequences were presented in a pseudorandom 
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order, participants made judgments as to whether each item in a sequence was presented 

InSeq or OutSeq. Testing was self-paced and followed the same structure as the prescan 

training. The words “Press the button to begin” preceded the beginning of each sequence. 

A button depression with the right index finger initiated the presentation of each image in 

a sequence. If the participants judged the current image to be InSeq, they would hold the 

button until the decision threshold (1 s, when the image disappeared), after which they 

could release the button. If the image was OutSeq, they were instructed to release the 

button before the 1 s decision threshold. Sequence order was determined by the following 

rules: (1) each sequence was presented first with all images in the correct order. (2) In the 

first half of testing (first 120 sequences), OutSeq items were either the same image 

appearing twice (Repeats) or an item appearing too early (Skips; see probe trial 

description below).  In the second half of testing (second 120 sequences), OutSeq items 

could now include images appearing from a different sequence, but in the correct ordinal 

position (Ordinal Transfers). Ordinal Transfers were introduced later so participants 

would not adopt an explicit ordinality strategy at the outset of the study given the 

dominance of ordinal retrieval modes early in sequence memory (Orlov et al. 2000). The 

six sequences were presented 40 times each, for a total of 240 sequence presentations. 

Half of the total sequences contained one OutSeq and five InSeq images; the remaining 

consisted only of correctly sequenced items. InSeq and OutSeq sequence sets were 

randomly presented throughout testing. The Sequence Memory Task consisted of 15 min 

blocks of continuous performance separated by a brief break (<1 min) to provide 

participants a rest. The number of blocks was dependent on the pace of the participant. 
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Out of all the analyzed participants, most participants completed the task in four blocks 

(n = 29), while the remainder finished in either three (n=1) or five (n=4). 

 

OutSeq Probe Trials 

Three distinct types of OutSeq probe trials were used during the test phase: 

Ordinal Transfers, Repeats (reverse lags) and Skips (forward lags). OutSeq items were 

counterbalanced across sequence sets, never presented in first position (Pos1), and each 

OutSeq instance was unique. Due to the nature of the OutSeq trials, there could not be 

equal distribution of probe trials across all possible positions, and occurred as follows: 

Pos1, 0%; Pos2, 7.5%; Pos3, 17,5%; Pos4, 50%; Pos5, 17.5%; Pos6, 7.5%.  

Ordinal Transfers. OutSeq trials where an item from one sequence was 

‘transferred’ to a different sequence while retaining its correct ordinal position were 

considered Ordinal Transfers (Fig. 1B, Ordinal Transfer). For example, consider two 

sequences consisting of ABCDEF and UVWXYZ. An ordinal transfer into the first 

sequence might have Y at the 5th position ABCDYF. While Y occupies its original 5th 

position, it otherwise does not belong to the current sequence (Y does not normally 

follow D). Distribution of Ordinal Transfers across all possible positions: Pos1, 0%; 

Pos2, 7.5%; Pos3, 17,5%; Pos4, 50%; Pos5, 17.5%; Pos6, 7.5%.  

Repeats (reverse lags). An OutSeq item was considered a Repeat if the image 

previously appeared in the current sequence and was repeated (Fig. 1B, Repeat). Repeats 

occurred at multiple lag distances, represented as negative values from repeat 

presentation to the original presentation, ranging from -2 (e.g., ABCBEF) to -5 (e.g., 

ABCDEA). A lag distance of -1 was not used due to the lack of an intervening item. 
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Distribution of Repeats across all possible positions: Pos1, 0%; Pos2, 0%; Pos3, 7.5%; 

Pos4, 50%; Pos5, 27.5%; Pos6, 15%. 

Skips (forward lags). OutSeq images were considered Skips when presented too 

early in the sequence (e.g., ABEDEF; Fig. 1B, Skip). Skips occurred at all lag distances, 

represented as positive values from early presentation to original presentation, ranging 

from +1 (e.g., ABCDFF) to +4 (e.g., AFCDEF). Distribution of Skips across all possible 

positions: Pos1, 0%; Pos2, 15%; Pos3, 27.5%; Pos4, 50%; Pos5, 7.5%; Pos6, 0%. 

 

Sequence Memory Analysis 

To evaluate whether participants demonstrated sequence memory, we compared 

the observed and expected frequencies of InSeq and OutSeq responses using G-tests 

(Sokal and Rohlf 1995). Responses to each item were sorted into a 2 x 2 matrix based on 

accuracy (correct/incorrect) and sequence condition (InSeq/OutSeq), as done previously 

(Allen et al. 2014; Jayachandran et al. 2019). For the sequence memory analysis, only 

“high memory” sequence sets were included. Responses to the first item of each sequence 

were excluded from analysis. Ordinal Transfers were excluded from this analysis because 

they were used to parse retrieval modes rather than measure performance. For 

comparison we evaluated sequence memory using d-prime, a measure of memory 

specificity derived from signal detection theory. Hits were defined as InSeq trials that 

were correctly identified as InSeq, misses were InSeq trials that were incorrectly 

identified as OutSeq, correct rejections were OutSeq probe trials that were correctly  
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 Figure 1. Sequence memory task and overall performance levels. Participants were 
tested on a sequence memory task that differentially burdens different retrieval modes 
using different out of sequence probe trial types. A, an example sequence set which 
included 6 sequences. Two sequences were low memory demand sequences and four 
were high memory demand sequences. B, there were three out of sequence probe trial 
types: Items that were repeated in the sequence (Repeats), items that were presented 
too early in the sequence (Skips), and items that transferred from one sequence to 
another, while remaining in their ordinal position (Ordinal Transfers). Repeats and 
Skips occurred throughout the whole task, whereas Ordinal Transfers occurred during 
the second half only. C, accuracy throughout the task (error bars = ± 1SD). 
Participants performed best on Repeats, then Skips, and poorest on Ordinal Transfers. 
D, distributions of response times for all InSeq trials (grey bars) and (E) for all 
OutSeq trials (grey bars) for all participants with a fitted 2-term Gaussian curve (black 
line). F, a bimodal Gaussian curve fit better than a unimodal curve for InSeq and 
OutSeq trials. A trimodal curve did not improve the fit and increased the root mean 
squared error (not shown), suggesting distinct decisions decision making between two 
decisions. It was very rare to observe responses outside of the two distributions. 
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identified as OutSeq, and false alarms were defined as OutSeq probe trials that were 

incorrectly judged to be InSeq. The same conclusions were drawn with both approaches, 

thus, here we only report the results from the G-tests given its robustness to response 

biases as the current task has an overall greater number of InSeq responses. 

Additionally, we examined overall sequence memory performance, using a 

summary statistic called the Sequence Memory Index (SMI; Equation 1). SMI normalizes 

the proportion of InSeq and OutSeq items across different conditions and represents 

sequence memory performance as a single value ranging from -1 to 1. A SMI of “1” 

represents perfect sequence performance (response time > 1 s for all InSeq items and < 1 

s for all OutSeq items), and 0 represents chance performance. Note that an SMI score of -

1 would indicate an incorrect response to every single item (response times < 1 s for all 

InSeq items and > 1 s for all OutSeq items). Negative SMIs rarely occurred, poor 

performance was typically captured by SMI scores close to zero. SMI was calculated for 

both low and high memory demand sequences and has been used in previous human 

studies to facilitate comparisons (Allen et al. 2014; 2015). 

 

Response Time Analysis 

 To evaluate whether participants made distinct InSeq and OutSeq decisions for 

the trial types, we analyzed the distribution of response times for all the participants for 

all InSeq trials, all OutSeq trials, and then the OutSeq trials divided up by Ordinal 

Transfers, Skips and Repeats. A distribution was created with response times bins of 

Equation 1.      !"# = (".$%&'())(".+,-.'())/(".$%&0&')(".+,-.0&')
1(".$%&'()2".$%&0&')(".+,-.'()2".+,-.0&')(".$%&'()2".+,-.0&')(".$%&0&'2".+,-.'()) 1 
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0.025 seconds on the x-axis, and count on the y-axis for all the participant response times 

combined. If two distinct decisions were being made, we would expect to see a bimodal 

distribution: one peak occurring before 1 second (OutSeq decision) and the other peak 

occurring after 1 second (InSeq decision). To statistically evaluate whether the response 

time distribution fit better using a bimodal Gaussian distribution rather than a uni- or 

trimodal Gaussian distribution, we fitted a 1-term (unimodal), 2-term (bimodal) and 3-

term (trimodal) Gaussian curve onto the data using cftoolbox in MATLAB. To compare 

which Gaussian model was the best fit for the response time distribution, we recorded the 

r-squared, root mean squared error and the x-values of the peaks of the models.  

 

Detailed Position and Lag Analysis 

To evaluate strategies or mechanisms of sequence memory performance, a 

detailed analysis based on ordinal position and lag distance was performed for each 

OutSeq probe type (Ordinal Transfers, Skips, and Repeats). For Ordinal Transfers, we 

evaluated performance across positions (Pos2 thru Pos6). For Skips, we evaluated 

performance across n-forward lag distances (n-forward lags: +1, +2, +3, and +4). Smaller 

n-forward lags occurred more often because more combinations were available. For 

Repeats, we evaluated performance across the n-reverse lags (Fig. 3A; n-reverse lags: -2, 

-3, -4, and -5). Smaller n-reverse lags occurred more often because more combinations 

were available. We compared each position or lag distance performance (accuracy and 

SMI) using repeated-measures ANOVAs followed by one-sample t-tests. To account for 

the potential of a response bias (the assumption by participants of each item being in 

sequence) in the accuracy measures, we calculated an adjusted response bias level as 
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follows: (1) we calculated the observed response bias for holding the button for >1 sec on 

Pos 2 through Pos 6, irrespective of the InSeq or OutSeq status, which was 90.466%, and 

(2) we calculated the complement of that response bias and set that as the response bias 

for probe trials, which was 9.534%. To assess differences in variability amongst probe 

trial types, trial specific performance was converted to a z-score across positions (Ordinal 

Transfers) and lags (Skips and Repeats) for each participant. Three mixed general linear 

models were performed with subject as a random effect and position or lag as a fixed 

effect. The resulting residuals were subsequently squared and averaged across positions 

or lags resulting in probe trial type specific residuals for each participant. We conducted a 

repeated measures ANOVA with Greenhouse-Geisser corrections and LSD posthoc 

testing to compare the averaged squared residuals across probe trial types (Ordinal 

Transfers, Skips and Repeats). 

 

Neuroimaging Acquisition 

Neuroimaging data were collected on a General Electric Discovery MR750 3.0T 

scanner using a 32-channel head coil at the University of Miami Neuroimaging Facility. 

Structural T1-weighted images were collected (186 slices, flip angle = 12°; TE = 3.68 ms, 

TR = 9.184 ms, TI = 650 ms, matrix = 256 x 256 mm; FOV = 256 mm, slice thickness = 

1.0 mm). Whole-brain T2*-weighted, blood oxygen level dependent (BOLD) echo-planar 

imaging data (42 slices, interleaved, bottom-up; flip angle = 75°; TE = 25 ms; TR = 2000 

ms; matrix = 96x96 mm; FOV = 240 mm, slice thickness = 3.0 mm, voxel size = 2.5 x 

2.5 x 3.0 mm3) were collected during the task.  
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Neuroimaging Preprocessing 

Preprocessing was performed using a pipeline developed in Nipype v0.1 

(Gorgolewski et al. 2011), wrapping tools from Analysis of Functional Neuroimages 

(AFNI v16.3.18; Cox 1996), FSL (v5.0.10), FreeSurfer (v5.1.0; Dale et al. 1999), 

Advanced Normalization Tools (v2.2.0; Avants et al. 2008), and Artifact Detection Tools 

(ART; www.nitrc.org). Following DICOM conversion, cortical surface reconstruction 

and cortical/subcortical segmentation was performed on all T1-weighted structural scans. 

Functional data were first ‘despiked’ to remove and replace intensity outliers in the 

functional time series. The data were simultaneously slice-time and motion corrected 

(Roche 2011). An affine transformation matrix was calculated during coregistration of 

the mean of each participant’s functional scans to their structural scan using FreeSurfer’s 

boundary-based registration algorithm (BBregister). Brain masks were created by 

binarizing the aparc+aseg (automatic cortical parcellation and automatic segmentation 

volume) file created using FreeSurfer, and dilating by one voxel. The resulting binary 

masks were subsequently coregistered to the functional data by applying the inverse of 

the affine coregistration matrix. Motion and intensity outliers were then identified using 

the rapid art artifact detection tool as implemented in nipype. Time-points at which 

intensity either exceeded three standard deviations or composite frame-wise displacement 

was greater than 1 mm were flagged as outliers to serve as subsequent regressors of no 

interest in the first-level general linear models. Finally, functional data were spatially 

filtered with a 5 mm FWHM maximum Gaussian kernel using the SUSAN algorithm 

(FSL). 

 



 23 

Neuroimaging Normalization 

A study-specific template was generated using Advanced Normalization Tools 

(ANTs). Each structural scan was skull-stripped by multiplying the T1-weighted 

structural scan by the binarized and dilated aparc+aseg file in structural space. Each 

skull-stripped brain was then rigid-body transformed (no scaling or shearing) to Montreal 

Neurological Institute space using FSL’s FLIRT algorithm. This first pass was used to 

minimize large spatial shifts between participants and generate a template close to a 

commonly used reference. Following visual inspection, a study template was created 

using the buildtemplateparallel.sh script from ANTs. After template generation, each 

participant’s skull-stripped brain was normalized using non-linear symmetric 

diffeomorphic mapping implemented by ANTs. The resulting warps were applied to 

contrast parameter estimates following fixed-effects modeling for subsequent group-level 

tests. 

 

Neuroimaging Analysis 

Functional data were analyzed according to a general linear model approach using 

FMRIB’s Software Library (www.fmrib.ox.ac.uk/fsl). Two separate univariate general 

linear models were used for first-level analyses: (1) a performance (undetected/detected) 

model; and (2) a lag model.  

All first-level models included event and nuisance regressors. The performance 

analysis contained eight event regressors of interest: detected and undetected InSeq, 

Repeats, Skips, and Ordinal Transfers. Event regressors were convolved with FSL’s 

double gamma hemodynamic response function with an onset beginning at the first 
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stimulus item of a sequence and a duration equal to the length of time required to 

evaluate all the items in that sequence (mean = 9.917 s per subject). The lag analysis 

comprised six event regressors of interest: Repeats at different n-reverse lags (n-reverse 

lags: -2, -3, and -4), and Skips at different n-forward lags (n-forward lags: +1, +2, and 

+3). InSeq and Ordinal Transfers irrespective of behavioral performance were also 

included. We evaluated linear changes in activation across lags with the following 

contrast weights: -1, 0, 1 and 1, 0, -1 for Repeats (n-reverse lags: -2, -3, and -4) and Skips 

(n-forward lags: +1, +2, and +3). We did not include a lag of -5 or +4, as the numbers of 

trials with these lags per participant was not sufficient (1 trial). Regressors for baseline or 

low memory sequences were also included in both models. Nuisance regressors included 

motion parameters (x, y, z translations; pitch, roll, yaw rotations), first and second 

derivatives of the motion parameters, normalized motion, first, second, and third order 

Lagrange polynomials, as well as each outlier time-point that exceeded the artifact 

detection thresholds identified during preprocessing.  

Following the first-level analysis, a fixed effects analysis across experimental 

runs was performed for each participant for the respective contrasts of interest (e.g., 

performance analysis: undetected versus detected probe trials; lag analysis: linear 

contrasts). The performance analysis contrasts were limited to sequences with undetected 

versus detected probe trials in an attempt to maintain parity in the number of events that 

were being compared. Contrast parameter estimates from the fixed effects analysis were 

normalized to the study-specific template and group-level analyses were performed using 

FSL’s randomise threshold-free cluster enhancement (tfce) one sample t-test. To test a 

priori hypotheses with respect to the functional contributions of the mPFC and HC 
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during sequence memory retrieval, we constrained our voxel-wise analyses at the group 

level to the bilateral mPFC and medial temporal lobe using masks of these regions. 

Whole-brain exploratory analyses were used to follow up our anatomically directed tests. 

In the performance analysis, some participants were missing key events of interest (e.g., 

detected Ordinal Transfers or undetected Repeat probes). These participants were not 

included in the relevant analyses, reducing the sample size for the detected versus 

undetected Ordinal Transfer contrast to n = 26, and for the detected versus undetected 

Repeat probe trial contrast to n = 31. 

To directly examine the relation between sequence memory retrieval mode and 

regional contribution, as a post hoc follow up to our voxel wise analyses, we used an 

anatomical region of interest analysis to perform a 2x2 repeated measures factorial 

ANOVA with brain region (right anterior HC vs. mPFC) and strategy (ordinal retrieval 

mode [Ordinal Transfer undetected > Ordinal Transfer detected] vs. temporal context 

retrieval mode [TCM; Positive Linear Skip contrast]) as the within subjects factors and 

participants as the repeated measure. Anterior HC region of interest was manually drawn 

in coronal slices. The anterior most boundary of the hippocampus was defined by the 

white matter separating the hippocampus from the amygdala, the lateral and medial 

boundaries were defined by the cerebral spinal fluid of the lateral ventricle, the inferior 

boundary was white matter of the parahippocampal gyrus, while the superior boundary 

was the wavelike contour of the pes digitations/alveus/horizontal line connecting the 

middle of the medial border of the lateral ventricle to the surface of the uncus. The 

anterior HC was delineated from the posterior HC by the presence of a small anatomical 

protrusion of medial HC into the lateral ventricle that was absent in the posterior HC – 
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uncal apex. The mPFC region of interest was created by binarizing the medial 

orbitofrontal, superior frontal, rostral anterior cingulate, and the caudal anterior cingulate 

FreeSurfer labels. 

 

2.4 Results 

  Sequence Memory 

First, we investigated behavioral sequence performance in two ways: (1) using a 

Sequence Memory Index (SMI), and (2) with accuracy measured as the simple percent 

correct. SMI is a summary statistic measuring the overall sequence memory performance 

and normalizes the proportion of in sequence (InSeq) items and out of sequence (Outseq) 

items across different conditions. SMI represents sequence memory performance as a 

single value ranging from -1 to 1 (Equation 1). An SMI of “1” represents perfect 

sequence performance (response times > 1 s for all InSeq items and < 1 s for all OutSeq 

items), and 0 represents chance performance (see Sequence Memory Analysis section in 

Methods). For accuracy, we evaluated the percentage of OutSeq items (Repeats, Skips 

and Ordinal Transfers) that were identified as out of sequence, and InSeq items that were 

identified as in sequence. We analyzed the low and high memory demand sequences 

separately (Fig. 1A). As expected, participants performed significantly better than chance 

(SMI = 0) on both low memory sequences (SMIlow: 0.751 ± 0.173; SMIlow vs. chance: t(33) = 

37.065, p = 3.487 x 10-23) and high memory sequences (SMIhigh: 0.582 ± 0.170; SMIlow vs. 

chance: t(33) = 19.690, p = 5.391 x 10-20), but performance was significantly better with low 

memory sequences (SMIlow vs. high: t(33) = -4.839, p = 2.958 x 10-5). High memory 

sequences were used for all subsequent analyses because they optimally taxed the 



 27 

different sequence retrieval modes. Importantly, there was no testing order effect (1st or 

2nd experimental block) on sequence memory (SMI1st block = 0.571 ± 0.190, SMI2nd block = 

0.594 ± 0.152; SMI1st vs. 2nd: t(32) = -0.386, p = 0.702), nor did we observe any sex 

differences (SMIfemale = 0.566 ± 0.197, SMImale = 0.602 ± 0.133; SMIfemale vs. male = t(32) = -

0.612, p = 0.545). Thus, we pooled these groups.  

Next, we evaluated overall performance across each of the three memory probes 

individually using percent correct for ease of interpretation. Overall, accuracy on InSeq 

items was 95.827 ± 4.396% (95.477 ± 4.393 % when excluding the first item of the 

sequence), and accuracy on OutSeq items was 52.726 ± 15.848%. As in previously 

published studies (Allen et al. 2014; 2015), we found that Ordinal Transfers (Fig. 1B-C; 

Accuracy = 34.927 ± 4.120%) were the most difficult, followed by Skips (Fig. 1B-C – 

Skips; Accuracy = 49.205 ± 2.686%), with Repeats being the easiest (Fig. 1B-C – 

Repeats; Accuracy = 78.584 ± 2.853%). There was a significant difference in 

performance across probe types (F(2,66) = 85.714, P = 3.433 x 10-14) suggesting differences 

in the available retrieval modes driven by the different conditions. Post hoc pairwise 

comparisons showed that the performance on Repeats was significantly higher compared 

to Skips (mean difference = 0.294 ± 0.020, p = 8.137 x 10-16) and Ordinal Transfers 

(mean difference = 0.437 ± 0.039, p = 1.078 x 10-12) and performance on Skips was 

significantly higher compared to Ordinal Transfers (mean difference = 0.143 ± 0.039, p = 

0.001). The same pattern of results was evident when using SMI which controls for 

idiosyncratic response patterns. Importantly, participants performed each of the three 

probe types significantly better than chance (Ordinal Transfers: t(33) = 6.164, p = 5.951 x 

10-7, Repeats: t(33) = 24.201, p = 1.403 x 10-22; Skips: t(33) = 14.771, p = 4.203 x 10-16). 
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For all probe types, learning was rapid (asymptotic within a few trials), and performance 

was steady throughout the duration of the experiment (Fig. 1C). Thus, performance on 

the task, and the accompanying differences in the brain imaging data, primarily reflect 

the distinct memory retrieval modes driven by the specific probe conditions. 

Next, we looked whether participants made distinct responses on trials that were 

InSeq or OutSeq by examining the distribution of response times in detail (Wolpert and 

Land 2012; Maloney and Zhang 2010). Due to the nature of our task, we expected to 

observe a bimodal distribution of response times (by design in Allen et al. 2014). For all 

trial types we observed bimodal distributions suggesting two distinct decisions (InSeq vs. 

OutSeq) were being made under all conditions (Fig. 1D-E; grey bars). To explore the 

nature of these distributions statistically, we evaluated the InSeq and OutSeq response 

distributions by fitting Gaussian curves and comparing fits with unimodal (1-term 

Gaussian curve), bimodal (2-term Gaussian curve), and trimodal (3-term Gaussian curve) 

models (Fig. 1F). The outcomes indicated that 2-term Gaussian curves were a better fit 

for InSeq trials (Fig. 1D; Black line; R-squared = 0.969, root mean square error (RMSE) 

= 151.150, xpeak 1 = 0.688, xpeak 2 = 1.313) compared to a 1-term Gaussian curve (Fig. 1F; 

R-squared = 0.9568, RMSE = 176.950, xpeak 1 = 1.313) or 3-term Gaussian curve (Fig. 

1F; R-squared = 0.969, RMSE = 152.918, xpeak 1 = 0.688, xpeak 2 = 1.313, xpeak 3 = 1.313). 

OutSeq trials were also better fit by 2-term Gaussian curve (Fig. 1E; Black line; R-

squared = 0.946, RMSE = 7.4596, xpeak 1 = 0.688, xpeak 2 = 1.3125) compared to a 1-term 

Gaussian curve (Fig. 1F; R-quared = 0.6465, RMSE = 18.846, xpeak = 0.713) or 3-term 

Gaussian curve (Fig. 1F; R-squared = 0.946, RMSE = 7.546, xpeak 1 = 0.688, xpeak 2 = 

1.313, xpeak 3 = 2.338). The mean response time for detected InSeq items was 1.369 ± 
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0.089 seconds, and for undetected InSeq items 0.708 ± 0.111 seconds. For detected 

OutSeq items the mean response time was 0.717 ± 0.0539 seconds, and 1.353 ± 0.110 

seconds for undetected OutSeq items. These results provide further evidence that two 

sequence decisions are being made, and that undetected or incorrect responses reflected a 

sequence memory error. Importantly, it was very rare to observe early or late responses 

outside of these bimodal response distributions. Such responses would be observed with 

accidental releases or inattentional effects that might confound subsequent behavioral and 

BOLD fMRI analyses. 

 

Ordinal Memory Retrievals 

An ordinal retrieval mode is known to contribute to memory for sequences of 

events which we tested for here using Ordinal Transfer probe trials (e.g., A2CDEF, Fig. 

2A). If participants exclusively used an ordinal retrieval mode (e.g., A goes in the 1st 

position, B goes in the 2nd position, etc.), then these probes would always be remembered 

as being InSeq (since “2” is in the same position as B). An ordinal retrieval mode would 

drive performance on these trials to very low detection levels, possibly to chance, if no 

other retrieval mode was engaged because of this ordinal interference. Moreover, if an 

ordinal retrieval mode was used, we would not expect large differences in accuracy as a 

function of transfer position. Conversely, if participants relied exclusively on another 

process, such as a temporal context mode, then Ordinal Transfers would be very easily 

identified as OutSeq (since “2” does not follow A, and in fact it doesn’t go with any of 

the items in that sequence). Non-ordinal retrieval modes would drive performance to very 
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high levels on Ordinal Transfer probe trials, probably to the same levels as at Repeats (as 

a good empirical benchmark for asymptotic performance) or higher.  

We found Ordinal Transfers were performed significantly better than chance 

across all positions (Fig. 2B, red stars; Table 1A; Pos2: 0.314 ± 0.357; Pos2vs. Response bias: 

t(33) = 3.566, p = 0.001; Pos3: 0.338 ± 0.313; Pos3vs. Response bias: t(33) = 4.512, p = 7.712 x 

10-5; Pos4: 0.347 ± 0.258; Pos4vs. Response Bias: t(33) = 5.670, p = 2.549 x 10-6; Pos5: 0.354 ± 

0.283; Pos5vs. Response bias: t(33) = 5.334, p = 6.892 x 10-6; Pos6: 0.373 ± 0.336; Pos6vs. Response 

bias: t(33) = 4.811, p = 3.212 x 10-5) suggesting participants utilized non-ordinal retrieval 

modes for these trials. However, performance was much lower than Repeats (Fig. 2B, 

purple stars; Table 1C; Pos2vs. Repeats: t(33) = -7.711, p = 7.019 x 10-9; Pos3vs. Repeats: t(33) = -

8.338, p = 1.224 x 10-9; Pos4vs. Repeats: t(33) = -9.917, p = 1.996 x 10-11; Pos5vs. Repeats: t(33) = 

-8.919, p = 2.621 x 10-10; Pos6vs. Repeats: t(33) = -7.175, p = 3.185 x 10-8) and Skips (Fig. 2B, 

blue stars; Table 1B; Pos2vs. Skips: t(33) = -2.912, p = 6.390 x 10-3; Pos3vs. Skips: t(33) = -2.870, 

p = 7.104 x 10-3; Pos4vs. Skips: t(33) = -3.284, p = 2.426 x 10-3; Pos5vs. Skips: t(33) = -2.854, p = 

7.400 x 10-3; Pos6vs. Skips: t(33) = -2.075, p = 4.589 x 10-2) suggesting a heavy reliance on 

an ordinal retrieval mode. 

We found no significant difference in performance across positions (Fig. 2B; F(4, 

132) = 0.331, p = 0.786). The observed behavioral performance suggests that participants 

were disproportionally using an ordinal retrieval mode (e.g., lower performance when 

compared to Repeats and Skips) in combination with other non-ordinal retrieval modes to 

a lesser extent (i.e., performance was still better than the response bias chance levels). A 

2-term Gaussian curve (Fig. 2C, black line) best fit the Ordinal Transfer response time 

distribution (Fig. 2C, green bars; R-squared =0.938, RMSE = 4.956, xpeak 1 = 0.688, xpeak 2 
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= 1.313) compared to a 1-term Gaussian curve (Fig. 1F; R-squared =0.679, RMSE = 

11.182, xpeak 1 = 1.313) or 3-term Gaussian curve (Fig 1F; R-squared = 0.945, RMSE =  

4.726, xpeak 1 = 0.713, xpeak 2 = 1.313, 

xpeak 3 = 2.3875). The mean response 

time for Ordinal Transfers undetected 

was 1.337 ± 0.097 seconds and for 

Ordinal Transfers detected 0.710 ± 

0.119 seconds. Again, these data 

suggest that two distinct sequence 

decisions were being made.  

A prediction from the these 

conflicting retrieval modes is that 

performance variability would be high 

between participants and across 

positions. In line with this hypothesis, 

we observed higher Ordinal Transfer 

variability when compared to Repeats, 

and much higher when compared to 

Skips (Fig. 2D-E; Mresidual = 0.795 ± 0.074). A repeated-measure ANOVA with 

Greenhouse-Geisser correction showed significant main effect among regression 

residuals of Ordinal Transfers, Skips and Repeats (F(2, 54) = 23.866, p = 1.843 x 10-8). 

Regression residuals of Ordinal Transfers were significantly higher compared to Skips 

(mean difference = 0.530 ± 0.089, p = 2.523 x10-6) and Repeats (mean difference = 0.158 

Table 1A Ordinal Transfer vs Response Bias 
 t-value df  prob. 

Position 2 3.566 33 0.001 

Position 3 4.512 33 7.712 x 10-5 
Position 4 5.670 33 2.549 x 10-6 

Position 5 5.334 33 6.892 x 10-6 
Position 6 4.811 33 3.212 x 10-5 

    
Table 1B Ordinal Transfer vs Skips 

 t-value df  prob. 

Position 2 7.711 33 7.019 x 10-9 

Position 3 -8.338 33 1.224 x 10-9 

Position 4 -9.917 33 1.996 x 10-11 
Position 5 -8.919 33 2.621 x 10-10 

Position 6 -7.175 33 3.185 x 10-8 

    

Table 1C Ordinal Transfer vs Repeats 
 t-value df  prob. 

Position 2 -2.912 33 6.390 x 10-3 

Position 3 -2.870 33 7.104 x 10-3 

Position 4 -3.284 33 2.426 x 10-3 
Position 5 -2.854 33 7.400 x 10-3 

Position 6 -2.075 33 4.589 x 10-2 Table 1. Ordinal Transfer performance. 
Performance compared to the calculated response 
bias, and performances on Skips and Repeats, 
sorted by position in the sequence. 
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± 0.028, p = 5.627x10-6). Regression residuals of Repeats were significantly higher 

compared to Skips (mean difference = 0.373 ± 0.099, p = 0.001).  

 

mPFC Activations and Ordinal Retrievals 

We hypothesized that using an ordinal retrieval mode would be related to 

activations in the mPFC (e.g., Hsieh and Ranganath, 2015). Algorithmically, this would 

be evident when contrasting undetected (i.e., using an ordinal retrieval mode) versus 

detected (i.e., using a non-ordinal retrieval mode) during Ordinal Transfer trials. We also 

reasoned that the use of an ordinal retrieval mode would facilitate the detection of Skips 

and Repeats (because of the ordinal position mismatch), thus, when assuming an ordinal 

retrieval mode for Skips and Repeats, we evaluated activations contrasting detected 

versus undetected trials. We used an anatomical region of interest (ROI) analysis to 

evaluate mPFC activity across the three probe trial types. In support of our hypothesis the 

mPFC was significantly more active on Ordinal Transfers relative to both Skips and 

Repeats for contrasts that assumed ordinal retrieval modes (Fig. 2F; F(2, 56) = 4.038, p = 

0.034). Post hoc tests (LSD) further supported the conclusion that the mPFC was most 

active in the comparison of undetected versus detected Ordinal Transfers (M = 0.708 ± 

1.998) relative to detected versus undetected Skips (M = -0.649 ± 1.445, p = 0.051) and 

Repeats (M = -0.431 ± 1.728, p = 0.005). No significant difference was identified in 

mPFC activation between detected versus undetected Skips and Repeats (mean difference 

= 0.061 ± 0.437, p = 0.890). As a follow-up to explore contributions of distinct regions 

within our anatomical mPFC ROI we evaluated the same contrasts at the voxel-wise 

level. We observed activations throughout the mPFC bilaterally (prelimbic cortex, 
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anterior cingulate cortex, medial superior frontal gyrus), following the comparison of 

undetected versus detected Ordinal Transfers (Fig. 2G-H; FWE-tfce p < 0.05), while no 

mPFC clusters survived corrections for multiple comparisons when comparing detected 

versus undetected Skips (data not shown) and Repeats (data not shown; FWE-tfce p > 

0.05). 

One potential confound is that mPFC activations might reflect relative 

performance levels (incorrect/undetected > correct/detected trials) rather than the 

utilization of ordinal retrieval modes per se. If true, we would expect similar mPFC 

activation clusters when examining incorrect compared to correct Skips and Repeats if 

performance was the main contributor to activation. When evaluating performance 

related activations for Repeats and Skips, undetected (i.e., incorrect) compared to 

detected (i.e., correct) Skips exhibited activations predominantly in rostrolateral 

prefrontal cortex (Fig. 2I) while a cluster for detected greater than undetected Repeats 

was identified in the right fusiform gyrus (data not shown). We explored this with a 

repeated measures ANOVA where we compared the mPFC and rostrolateral PFC and the 

three trial types (Ordinal Transfers, Skips and Repeats incorrect – correct contrast). For 

this analysis we had to exclude 5 participants as these participants either did not detect 

any Ordinal Transfers or detected every single Repeat trial. There was no main effect for 

trial type F(2, 56) = 0.395, p = 0.678, but there was a trend in main effect for brain region 

F(2, 56) = 3.819, p = 0.061, and no significant interaction effect (F(2, 56) = 1.149, p = 0.324). 

Although not significant, the trend in brain region suggests that unique processes within 

PFC subregions. These results further support the view that the mPFC contributes to 

ordinal retrieval modes. However, we were unable to isolate how much mPFC activity is 
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Figure 2. mPFC activations and ordinal retrievals. A, Ordinal retrieval modes were 
probed using Ordinal Transfer trials. B, Ordinal Transfers occurred in every position in 
each sequence except the first. For each position, mean performance was significantly 
higher than the calculated response bias (red dashed line), and significantly lower than 
the mean performance on Repeats (purple dashed line) and Skips (blue dashed line). 
Performance did not significantly differ among positions. C, response times of all 
participants were bimodal (green bars) and best fit using a bimodal Gaussian curve 
(black line) indicating the two distinct decisions (InSeq vs. OutSeq). D, the normalized 
performance slope did not significantly differ across positions, and variability, 
measured by the averaged squared residuals per participant of the linear regression, was 
high overall. The high variability suggests conflicting cognitive strategies. E, the 
variability on Ordinal Transfers is higher for than for Repeats and Skips. For BOLD 
analysis, we focused on contrasts for the ordinal retrieval mode. When an ordinal 
retrieval mode is engaged, participants would identify Ordinal Transfers as InSeq, but 
would identify Repeats and Skips as OutSeq. F, a BOLD fMRI mPFC ROI analysis 
showed that on Ordinal Transfers the ordinal contrast (Undetected – Detected) 
activation was significantly higher compared with Repeats and Skips (Detected – 
Undetected contrasts). G, a voxel-wise BOLD fMRI analysis using mPFC as a mask 
(outlined in green) revealed significant activity in a large area of the mPFC on Ordinal 
Transfers. H, in whole brain analysis mPFC activation was also evident for Ordinal 
Transfers. I, we found activation on Skips was centered on the rostrolateral prefrontal 
cortex. J, wo significant activation was found on Repeats. Symbol(s): ns, not 
significant; *, p < 0.05, **, p < 0.01, *** p < 0.001. 
 

attributable to performance accuracy when making ordinal decisions and/or how much is 

attributable other ordinal processes which can be explored in future experiments that  

explicitly manipulate difficulty levels with probe types. The observed activations in the 

rostrolateral prefrontal cortex during undetected Skips, and the fusiform gyrus for 

detected Repeats may reflect prospective memory (Umeda et al. 2011; Volle et al. 2011; 

Benoit et al. 2012) and object processing (Grill-Spector et al. 1998), respectively. 

 

Sequence Memory as a Function of Lag Direction and Distance 

Memory for sequences of events at different lags can be supported by a variety of 

cognitive processes including working memory (WM) and temporal context memory 

(TCM) retrieval modes. The use of WM and TCM retrieval modes predict different 
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patterns in behavioral performance across n-forward and n-reverse lags (see Fig. 3A & B; 

also see Jayachandran et al. 2019), which can be exploited here to test the use of different 

retrieval modes (e.g., WM versus TCM). 

Skips (forward lags). OutSeq probe trials that skipped ahead in the sequence (n-

forward, e.g., the “D” in ABDDEF) afford the opportunity to evaluate predictions of the 

use of a TCM retrieval mode during rapid sequence memory decisions. Specifically, 

successful performance on Skips relies on a TCM retrieval mode as it requires 

participants to have precise expectations for the subsequent items in the sequence. 

Accordingly, the likelihood of a memory retrieval is highest for the very next item in the 

forward direction (lag distance = +1) and drops off (in a graded fashion) for more distal 

items (from +2 to +4). In the context of this task, the use of a TCM retrieval mode 

predicts the inverse in performance compared with free recall tasks because of 

interference. Specifically, performance on Skip OutSeq probe trials should be most 

difficult to detect for the shortest forward lag distance (+1) and improve at longer 

distances (+2, +3, or +4; Fig. 3B, right side) precisely because proximal items in a 

sequence (i.e., Skips with a short forward lag) are more likely to be retrieved (Howard 

and Kahana 2002; Kragel et al. 2015) and then falsely match up with an out of sequence 

probe image (thus be judged as InSeq; undetected).  

We tested this prediction by examining performance across n-forward lag 

distances. First, all forward lags were performed better than response bias chance levels 

(Fig. 3C, blue bars; +1: 0.420 ± 0.178; +1vs. response bias: t(33) = 10.609, p = 3.608 x 10-12; +2: 

0.665 ± 0.156; +2vs. response bias: t(33) = 21.299, p = 7.417 x 10-21; +3: 0.747 ± 0.248; +3vs. 

response bias: t(33) = 15.343, p = 1.402 x 10-16; +4: 0.765± 0.431; +4vs. response bias: t(33) = 9.066, 
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p = 1.780 x 10-10), suggesting that the use of a TCM retrieval mode does not completely 

interfere with OutSeq detection at the different forward lag distances. Second, subjects 

exhibited graded performance improvement as the skip distance increased (F(3, 99) = 

13.790, p = 1.379 x 10-4). We found that the identification of Skips with a +1 lag were the 

most difficult to detect compared with all other forward lags (post hoc LSD: +2: mean 

difference = 0.245 ± 0.029, p = 1.218 x 10-9, +3: mean difference = 0.327 ± 0.049, p = 

1.248 x 10-7, +4: mean difference = 0.345 ± 0.079, p = 1.186 x 10-4). These results are 

consistent with TCM retrieval mode predictions (Fig. 3B, 3C). Detection of Skips with a 

+2 lag was significantly lower than Skips with a +3 lag (post hoc LSD: mean difference = 

0.082 ± 0.038, p = 0.039). No significant difference in detection was observed, however, 

when comparing Skips with lags of +2 and +4 (post hoc LSD: mean difference = 0.100 ± 

0.074, p = 0.187), or +3 and +4 (post hoc LSD: mean difference = 0.018 ± 0.074, p = 

0.814), suggesting that performance approached asymptote. These behavioral results 

suggest that the participants’ sequence memory was driven by the use of a TCM retrieval 

mode on Skips.  

Repeats (reverse lags). OutSeq trials that repeated an item from earlier in the  

sequence (Fig. 3A; n-reverse; e.g., the second “A” in ABADEF) can be solved by either 

the use of a TCM retrieval mode, a WM retrieval mode, or a mixture of the two (Fig. 3B, 

left side). Notably, the pattern of OutSeq detections across n-reverse lag distances should 

differentiate the two competing processes (Jayachandran et al. 2019). For Repeats, a 

TCM retrieval mode predicts that short backward lag distances (e.g., -2) would be the 

most difficult to detect due to heightened interference, while further n-reverse lag 

distances (e.g., -5) would be readily detectable as OutSeq. By contrast, a WM retrieval 
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mode predicts the opposite 

pattern because the most 

recently experienced items 

would be the most 

accessible and therefore 

easiest to detect.  

We found that 

performance was better than 

response bias chance levels 

for all n-reverse lag 

distances (Fig. 3C, purple 

bars, -2: 0.859 ± 0.116; -2vs. 

response bias: t(33) = 38.333, p = 

6.058 x 10-29; -3: 0.805 ± 

0.171; -3vs. response bias: t(33) = 

24.138, p = 1.522 x 10-22; -

4: 0.782 ± 0.233; -4vs. response 

bias: t(33) = 17.204, p = 4.821 

x 10-18; -5: 0.529 ± 0.507; -

5vs. response bias: t(33) = 4.996, p 

= 1.865 x 10-5). As the n-

reverse lag distance 
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Figure 3. BOLD fMRI analysis indicates that the right anterior hippocampus tracks 
temporal context across forward lags. A, Skips and Repeats ocurred at different lags away 
from their InSeq position. B, theoretical predictions based on temporal context memory 
(TCM; blue lines) and working memory (WM; red line) retrieval modes for different lag 
distances on Repeats and Skips. A mixture of TCM and WM modes is shown by the 
dashed purple line. C, the mean performance accuracy for all participants on Repeats and 
Skips at different lags. Response times for both (D) Repeats (purple bars) and (E) Skips 
(blue bars) presented a bimodal distribution and were best fit using a bimodal Gaussian 
distribution (black line) indicating two distinct decisions (InSeq vs. OutSeq). F, Overall 
performance on Repeats was higher than for Skips. G, Performance was flat on Repeats at 
different lags reflecting the use of a mixture of TCM and WM retrieval modes, H, and 
performance has a positive slope on Skips defining of TCM retrieval modes. I, there was 
significantly higher variability, measured by the averaged squared residuals per 
participant of the linear regression, in Repeats compared with Skips, which is thought to 
reflect the integration of variance from using both TCM and WM retrieval modes. 
Symbol(s): ns, not significant; *, p < 0.05, **, p < 0.01, *** p < 0.001. J, BOLD fMRI 
analysis of Skips with a linear contrast of -1, 0, 1 for lags of +1, +2, +3 respectively using 
the bilateral medial temporal lobe as a revealed significant activation in the raHC (right 
anterior Hippocampus). This activation pattern is unlikely due to general match/mismatch 
as we found no evidence of this in our brain region X retrieval mode interaction analysis. 
K, BOLD fMRI analysis of Repeats with a linear contrast of 1, 0, -1 for lags of -4, -3, -2 
respectively using bilateral medial temporal lobe as a mask showed no significantly 
activated clusters. 
 increased, detection as OutSeq decreased (F(3, 99) = 9.760, p = 0.001; Fig. 3C, purple 

bars), suggestive of the dominant use of a WM retrieval mode. Items with an n-reverse 

lag closest to their original position (e.g., ABCBEF; lag = -2) were easiest to detect as 

OutSeq compared with all other n-reverse lag positions (post hoc LSD lag -2 compared 

with: lag -3: mean difference = 0.055 ± 0.022, p = 0.020; lag -4: mean difference = 0.077 

± 0.033, p = 0.025; or lag -5: mean difference = 0.330 ± 0.084, p = 4.262 x 10-4). By 

contrast, items with an n-reverse lag farthest from their original position (e.g., ABCDEA; 

lag = -5) were the most difficult to detect as OutSeq compared with all other n-reverse lag 

positions (post hoc LSD lag -5 compared with: lag -4: mean difference = 0.253 ± 0.091, p 

= 0.009; lag -3: mean difference = 0.275 ± 0.091, p = 0.005; or lag -2: mean difference = 

0.330 ± 0.084, p = 4.262 x 10-4). No significant differences in detection between -3 and   
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-4 n-reverse lags were observed (post hoc LSD: mean difference = 0.022 ± 0.035, p = 

0.532). Taken together, performance at the n-reverse lag extremes (-2 and -5) supports 

the notion that the use of a WM retrieval mode certainly plays an important role in 

identifying Repeats, but the absence of a graded performance across n-reverse lags of -3 

and -4 supports the idea that a combination of cognitive processes is being used. Overall, 

these analyses do not support the use of a TCM retrieval mode as an isolated process 

driving the identification of Repeats in this task. 

A 2-term Gaussian curve (Fig. 3D-E, black line) fit best for the response time 

ditributions of both Repeats (Fig. 3D, purple bars; R-squared =0.950, RMSE = 4.4438, 

xpeak 1 = 0.688, xpeak 2 = 1.313) and Skips (Fig. 3E, blue bars; R-squared =0.9205, RMSE 

= 4.0416, xpeak 1 = 0.713, xpeak 2 = 1.313) compared to a 1-term Gaussian curve on Repeats 

(Fig. 1F; R-squared =0.8859, RMSE = 6.660, xpeak 1 = 0.688) and on Skips (Fig. 1F; R-

squared =0.4198, RMSE = 10.796, xpeak 1 = 0.838) or a 3-term Gaussian curve on Repeats 

(Fig. 1F; R-squared =0.951, RMSE = 4.491, xpeak 1 =0.686, xpeak 2 = 1.313, xpeak 3 = 2.113) 

and on Skips (Fig. 1F; R-squared = 0.921, RMSE =4.087, xpeak 1 = 0.713, xpeak 2 = 1.313, 

xpeak 3 =2.363). The mean response times for detected Repeats was 0.710 ± 0.055 seconds, 

for undetected Repeats was 1.320 ± 0.142 seconds, for detected Skips was 0.729 ± 0.062 

seconds, and for undetected Skips was 1.357 ± 0.113 seconds. These data suggest that 

two sequence decisions are being made on Repeats and Skips. 

 

TCM Retrievals for Skips, but a Mixture of Retrieval Modes for Repeats 

Differences in the overall ability to detect OutSeq probe trials, and the residuals 

from a lag-based linear regression model, helped to further elucidate the contributions of 
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either a TCM retrieval mode, a WM retrieval mode, or their combination. First, we 

predicted that the ability to detect OutSeq probes would be greater for Repeats than Skips 

because TCM and WM retrieval modes can both contribute to the evaluation of Repeats 

but not Skips (Fig. 3B, left, purple dashed line). Second, we predicted that a linear 

regression of Skip detections would positively increase across n-forward lags, whereas a 

similar analysis across n-reverse lags for Repeats would be essentially flat. Third, we 

predicted that the residuals from the linear regressions would be, highest on Repeats 

compared with Skips, reflecting the use of multiple retrieval modes, whereas Skips 

involve a single mode (i.e., TCM-based retrieval). To test these predictions, we compared 

the overall ability to detect the two probe trial types, calculated a linear regression based 

on the z-scores (accounting for individual baseline detection levels) across different lag 

positions, and averaged the squared residuals as a measure of detection  

variability across lags. Participants were significantly better at detecting Repeats 

(Maccuracy = 0.786 ± 0.166) than Skips (Maccuracy = 0.492 ± 0.157; t(33) = 14.435, p = 8.137 

x 10-16; Fig. 3F). 

Consistent with our hypothesis, the linear regression in Skips positively increased 

across forward lags accounting for a large effect on performance (Fig. 3H; R2 = 0.572, β 

= 0.757, p = 3.711 x 10-20), whereas a linear regression across reverse lags for Repeats 

had no significant slope (Fig. 3G; R2 = 0.024, β = 0.154, p = 0.139). When quantifying 

variability, Repeats (Mresidual = 0.593 ± 0.243) were significantly more variable compared 

with Skips (Mresidual = 0.285 ± 0.478) across different lag positions (Fig. 3I; t(30) = 3.051, p 

= 0.004). The patterns in OutSeq detection and variability further support the conclusion 
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that multiple retrieval modes likely contribute to identifying Repeats as OutSeq, while 

Skip detection is mediated more exclusively by a TCM retrieval mode. 

 

HC Activations and TCM Retrievals 

Converging evidence indicates that the medial temporal lobe, specifically the HC 

formation, plays a disproportionate role in the use of a TCM retrieval mode in the brain 

(Manns et al. 2007; Hsieh et al. 2014; Bladon et al. 2019). To test whether regions of the 

medial temporal lobe contribute to a TCM retrieval mode during Skip and Repeat probe 

trials, we looked for linear changes in activation across the different lag distances. We 

observed a significant activation cluster in the right anterior HC following small volume 

corrections (bilateral medial temporal lobe, FWE-tfce p < 0.05) that increased its 

activation across n-forward lags (Fig. 3J). The statistical significance of similar patterns 

of activation across n-reverse lags did not survive corrections for multiple comparisons 

(Fig. 3K). These results suggest that the right anterior HC contributes to a TCM retrieval 

mode during Skips.  

 

Brain Region by Retrieval Mode Interaction Effect 

After finding individual evidence supporting the mPFC contributes to sequence 

memory by the use of an ordinal retrieval mode and the right anterior HC by a TCM 

retrieval mode, we wanted to directly compare the mode-related activations (ordinal vs. 

TCM) across the regions that exhibited voxel-wise activations (right anterior HC vs. 

mPFC). A repeated-measures factorial ANOVA was conducted with brain region 

(anatomically defined right anterior HC vs. mPFC) and strategy (ordinal retrieval vs. 
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Figure 4. mPFC and HC retrieval mode interactions. A, there was a significant interaction 
effect between mode and brain region (F(1,31) = 4.782, p = 0.036), where we observed 
greater activations in the mPFC for ordinal retrievals relative to TCM retrievals, and the 
opposite pattern in the right anterior HC. B, based on the results of the current experiment, 
1) the mPFC engages in ordinal-based retrieval calling on associations between items and 
their ordinal position (which could be represented elsewhere) and 2) the HC engages in 
temporal context-based retrieval. 
 

TCM retrieval modes) as within-subjects factors, and BOLD activations as the dependent 

measure. We observed greater activations in the mPFC in relation to the use of an ordinal 

retrieval relative to a TCM retrieval mode, and the opposite pattern in the right anterior 

HC, evidenced by a significant interaction effect (Fig. 4A. F(1,31) = 4.782, p = 0.036). 

 

 

2.5 Discussion 

  The current study used different out of sequence probe trials during a 

memory task to test the concurrent use of distinct retrieval modes, adding to a growing 

literature on sequence memory as a fundamental component of episodic memory 

(Tulving 1984; 2002; Allen and Fortin 2013; Howard and Eichenbaum 2013; 

Eichenbaum 2017). Complementary behavioral results across the different out of 

sequence probe trials in the current task support the conclusion that memory for 
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sequences of events is supported by both ordinal and temporal context retrieval modes. 

The BOLD fMRI evidence showed that mPFC activations more strongly reflected the use 

of an ordinal retrieval mode, while activations in the HC better reflected a temporal 

context memory retrieval mode, thus dissociating the neurobiological substrates of two 

distinct processes contributing to sequence memory. While considerable evidence 

indicates that the mPFC and HC are involved in sequence memory, the current study 

provides new results that the mPFC and HC are concurrently engaged by retrieval modes 

in support of remembering when an event occurred. This evidence provides an important 

baseline for further investigation of how sequence memory is impaired in typical aging 

and diseases such as Alzheimer’s Disease on the neurobiological level, especially since 

evidence implicates that the relative dependence on an ordinal retrieval mode increases 

with age while TCM dependence decreases (Bastin and Van der Linden 2010; Allen et al. 

2015). 

 

Ordinal Retrieval Modes in mPFC 

Our results suggest that the positional information associated with retrieving 

memories in sequence is, at least partially, represented in the mPFC (e.g., Hsieh and 

Ranganath 2015), and/or that mPFC activations help engage these representations 

elsewhere such as within HC neurons (e.g., Allen et al. 2016). Ordinal Transfers were 

detected less often than both Repeats and Skips (Fig. 2B, see also Allen et al. 2014; 

2015), but better than response bias chance levels. This suggests that multiple retrieval 

modes are being used, feasibly the concurrent ordinal retrieval modes and temporal 

context retrieval modes. These results are not totally surprising because mPFC has been 
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shown to be generally important to temporal order memory (Milner et al. 1985; 

Shimamura et al. 1990; DeVito and Eichenbaum 2011; Hsieh et al. 2015) and other 

semantic representations (Preston and Eichenbaum 2013; Hyman et al. 2012). Our study 

suggests that when an ordinal retrieval mode is strongly engaged, it interferes with the 

ability to detect Ordinal Transfers, supported by the fact that Ordinal Transfers went 

undetected at a very high rate and mPFC activation was high at those times. 

Ordinal retrieval modes have also been demonstrated in rats (Allen et al. 2014), 

monkeys (Orlov et al. 2000; 2006) and humans (Allen et al. 2015; Hsieh et al. 2015). In 

fact, monkeys naturally categorize items within a sequence by their ordinal position 

which occurs early in the design by Orlov et al. (2000), and only later in trials do 

monkeys employ other strategies such as sequential associations for adjacent items and 

working memory (Orlov et al. 2000; 2006). Likewise, in humans it has been shown that 

multi-voxel patterns from the mPFC are significantly higher for objects that share the 

same position information, compared to objects in different positions (Hsieh et al. 2015), 

suggesting convergent patterns of activation reflect shared ordinal representations within 

mPFC (Tiganj et al. 2017) despite sensory differences in object identity. Taken together, 

prior research and the current study show compelling evidence that the mPFC helps 

remember when events occurred by engaging an ordinal retrieval mode. Notably, while 

the design of our study facilitated our ability to evaluate different retrieval modes using 

specific out of sequence probe trials, it is likely that the very presence of out of sequence 

probe trials and the order in which they are introduced impacted the emergence and 

utilization of these retrieval modes. Although we observed little changes in behavior 

throughout the task here, it will be worth exploring both behavioral and brain activation 
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patterns using versions of the sequence task that are designed to explicitly bias ordinal 

versus serial retrieval modes (Gudmundson et al. 2017). 

Theoretically, an ordinal retrieval mode generated by mPFC would be input to the 

HC during episodic memory through indirect cortical or thalamic pathways (for review 

see Dolleman-van der Weel et al. 2019). The engagement of an ordinal retrieval mode in 

HC might then allow for the rapid formation of conjunctive item-position representations 

(e.g., 1st – A, 2nd – B, etc.; Fig. 4B), and provide sequential structure without an explicit 

need to represent the elapsing time between items (a useful form of neural compression 

for temporal information). There is indirect evidence that item-position representations 

are reflected in rodent CA1 neurons during spatial sequence tasks (Euston and 

McNaughton 2006), and direct evidence for conjunctive item-position representations 

during an analogous odor sequence task (Allen et al. 2016). Importantly, item-position 

representations are learned and retrieved before sequential item-item associations in non-

human primates (Orlov et al. 2000), although this may be task specific. This raises the 

question whether episodic memories typically rely on an ordinal retrieval mode for 

recalling (or encoding) events with timelines. Subsequent replay events or other 

consolidation processes could either strengthen temporal context modes and/or weaken 

ordinal modes, although we suspect the former. Interestingly, in monkeys, ordinal 

transfers show graded interference over lag distances, suggesting they share similar 

properties with temporal context retrievals when studied in this way (Orlov et al. 2006), 

indicating two temporal dimensions may be complementary and normally integrated. 

Future neuroimaging studies in humans using ordinal transfers distributed across lag 
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distances will be useful for examine the neural activity when these processes are both 

contributing to retrieval patterns. 

 

Temporal Context Retrieval Modes in HC 

Consistent with the literature, our results show that the HC contributes to 

sequence memory through the use of a temporal context retrieval mode. The HC has been 

shown to be important for sequence memory (Hsieh et al. 2014; Goyal et al. 2018) but its 

precise contribution has remained an open question. According to TCM, the HC 

associates items in sequences through a drifting contextual representation (Howard et al. 

2005; Polyn and Kahana 2008). As such, the presentation or retrieval of an item from a 

sequence elicits the retrieval of neighboring items that share a temporal context, 

decreasing in likelihood or strength for more distal items (Howard and Kahana 2002). 

According to this framework, a temporal context retrieval mode accounts for the 

increased likelihood that adjacent items in word lists are recalled (Howard and Kahana 

2002). This pattern in free-recall performance predicted by temporal context memory has 

been validated in computational models (Howard and Kahana 2002), behavioral studies 

(Kahana 1996; Sederberg 2010; Morton and Polyn 2016), and neurobiological studies 

(Polyn and Kahana 2008; Jenkins and Ranganath 2010; Hsieh et al. 2014; Bladon et al. 

2019). In the current sequence memory task, we reasoned that the presentation of InSeq 

items would elicit the retrieval of neighboring items that shared temporal contexts and 

lead to graded impairments in the detection of Skip probes. This is because, as the 

forward lag increased, the upcoming representations were less likely to be retrieved and 

thus less likely to interfere with an out of sequence determination. Similar patterns in 
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performance are observed in other tasks probing temporal memory (Allen et al. 2014; 

2015; DuBrow and Davachi 2014).  

The HC has shown activations consistent with the use of a TCM retrieval mode. 

Activation in the HC is elevated during the processing of overlapping compared to 

nonoverlapping sequences (Kumaran and Maguire 2006; Brown et al. 2010; Brown and 

Stern 2013). Population activity in CA1 drifts across both small- and large-time scales 

(Manns et al. 2007; Mankin et al. 2012; Ziv et al. 2013; Rubin et al. 2015; Mau et al. 

2018). Additionally, HC lesions impair the discrimination of overlapping odor sequences 

(Agster et al. 2002). An fMRI study showed that HC multi-voxel pattern similarity was 

higher for pairs of adjacent trials that belonged to the same temporal context within a 

sequence compared to pairs of sequence items that bridged between sequences, even 

when the temporal distance between the pairs of items was similar (Hsieh et al. 2014). 

The same study observed that the HC carries information about the temporal context 

between items within a sequence, rather than information about the objects themselves 

(Hsieh et al. 2014). Specifically, Hsieh et al. (2014) demonstrated that when the same 

sequence item is repeated, hippocampal voxel patterns were dissimilar, unless the 

temporal context was reinstated. Our results add to this by showing that as Skips lag 

further away from their InSeq location, HC activity also increases closely matching 

predictions of TCM.  

 

Limitations and Theoretical Considerations 

While the use of specialized out of sequence probe trials provided important 

insight regarding different retrieval modes, and their related neurobiological substrates, 
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several limitations of the current study remain. First, the task was designed for cross 

species investigation (Allen et al., 2014), thus the timing of the task and self-paced design 

of the experiment precluded detailed item-based analyses at the neurobiological level (see 

intertrial intervals in Materials and Methods for relevant event timing). Our neuroimaging 

analysis thus, can only capture retrieval modes with uncertainties related to surrounding 

individual events. At the expense of repetitions of trials, future studies should include 

temporal jitter between sequence items to isolate signals at the different item positions. 

Second, similar to multivariate approaches, univariate approaches are subject to 

interpretational ambiguities (Hebart and Baker 2018; Ritchie et al. 2017). However, to 

avoid overfitting issues, especially with time-varying representations, we chose to use a 

univariate approach over a multivariate approach as it is better suited to our task design to 

differentiate retrieval modes using different out-of-sequence probe trials. Third, an in-

sequence response bias could develop given the vast majority of individual items were in 

sequence. A response bias should impact all probe trial types similarly given their similar 

number of presentations. We did not observe evidence that performance was based on a 

response bias or changed over trials. All probe trial types were responded to better than 

chance and detailed response time analysis showed similar bimodal distributions across 

all conditions, notably lacking a rightward skew. While it would be helpful in the future 

to minimize a bias to hold, it does not change the overall interpretation of in sequence 

responses for any of our probe trial types. An additional limitation is that we are unable 

to cleanly isolate relative performance related brain activations and separate them from 

the retrieval mode activations on a given probe trial. This would be an interesting 
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question to analyze in a future study using a modified task design that explicitly 

manipulates difficulty on all probe trials. 

Key questions remain concerning the interactions between ordinal and temporal 

context retrieval modes, and their related neurobiological constituents (mPFC and HC). 

While the current study did not include probe trials that investigated ordinal transfer and 

transpositions, future studies should examine these critical probe trial types and expect to 

see increased interactions between the mPFC and HC. mPFC-HC coupling may lead to 

conjunctive representations of temporal contexts and positional coding. As shown here, 

mPFC activation contributes to ordinal retrieval modes (Fig. 4B) which interacts with 

temporal contexts in the HC (Fig. 4B). In theory, this information could be merged 

allowing the formation of conjunctive temporal context and item-position association in 

HC neurons. Direct evidence for this latter possibility was provided by recent studies that 

showed HC neurons encode item-context and item-position conjunctions (Komorowski et 

al. 2009; Allen et al. 2016), suggesting that these conjunctive representations provide the 

neuronal basis for time and place integrations in episodic memory. However, future 

studies are required for examining mPFC-HC interdependent interactions directly in 

humans. 

The results from our study highlight novel evidence that ordinal and temporal 

context retrieval modes both contribute to remembering items within a timeline. In 

particular, we showed that mPFC and HC activity differentially contribute to ordinal and 

TCM retrieval modes. Further experiments in both animals and humans are necessary to 

delineate the precise mechanisms by which the mPFC engages ordinal retrievals, and 
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how this process interacts with HC to integrate ordinality and temporal contexts in 

support everyday episodic memory. 
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CHAPTER 3 

The midline thalamus across species: A review of the midline thalamus on anatomy, 

function, and involvement in neurological disorders.  
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3.1 Summary 

The nuclei of the midline of the thalamus are critical structures involved in higher 

order cortico-thalamic-cortical networks that are important for cognition. These thalamic 

nuclei are key components in various cognitive functions including memory processes, 

stress regulation, arousal, and feeding behavior. Impairments of the midline thalamus are 

associated with neurological disorders including Alzheimer’s Disease, schizophrenia, 

depression, and drug addiction (Braak and Braak, 1991a; 1991b; Neumeister et al., 2004; 

Greicius et al., 2007; Hsu and Price, 2009; Inutsuka et al., 2013; Hsu et al., 2014 ). Given 

the importance of the thalamic midline nuclei and their involvement in cognitive 

functions and neurological disorders, it is surprising that little is known about these 

structures in the human brain. The midline thalamic nuclei consist of four nuclei: The 

nucleus reuniens is located most ventral within the midline, dorsal to that lies the 

rhomboid nucleus, then the paraventricular nucleus and lastly the parataenial nucleus, 

located most dorsally. The current review will shed light on the limbic midline thalamus 

by first highlighting the importance of the midline thalamic nuclei; second discussing the 

gap in knowledge of the midline thalamic nuclei by describing the location of the midline 

thalamic nuclei in correspondence to adjacent nuclei and ventricles, third; summarizing 

the anatomical connectivity based on tracer studies in monkeys and rodents, and fourth; 

reviewing the functional involvement of the midline thalamic nuclei in cognitive 

behaviors and neurological disorders. 
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3.2 Introduction 

The thalamus is a brain structure with an average size of about three cm in length 

in the middle of the brain near the third ventricle (Fig. 5; Tortora and Derrickson, 2008; 

Sherman, 2017). Traditionally, the thalamus was characterized as the central sensory and 

motor relay station of the brain, reciprocally communicating and relaying signals between 

cortical, subcortical, cerebellar regions, and the cortex (Sherman et al., 2006). The 

bilateral thalamus are paired in the middle of the brain by the massa intermedia 

(interthalamic adhesion) in about 96% of human brains (Tortora and Derrickson, 2008; 

Damle et al., 2017), and in about the remaining 4% the thalamus is not paired at the 

midline and separated by the third ventricle. The thalamus consists of paired oval 

subcortical masses of grey matter that are organized into cytoarchitectonically and 

functionally distinct nuclei, each concerned with receiving and projecting a characteristic 

type of efferent and afferent signal to a structurally and functionally distinct 

corresponding area of the ipsilateral cortex (Sherman et al., 2006; Tortora and 

Derrickson, 2008). Anatomically, based on their positions and functions, the thalamic 

nuclei can be divided in seven major groups; the anterior nuclei, the medial nuclei, the 

lateral nuclei, the ventral nuclei, the intralaminar nuclei, the reticular nuclei and the 

midline nuclei (Tortora and Derrickson, 2008).  

 Almost nothing is known about the midline thalamus in humans. Here, I aim to 

review current literature on the midline thalamus across species (humans, monkeys, and 

rodents) and aim to provide a snapshot of where current knowledge can lead us in the 

future of the investigation of the midline thalamus both in humans and non-human 

animals.  
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The midline thalamic nuclei are adjacent to the massa intermedia and adjacent to 

the third ventricle where the bilateral thalamus pair (Tortora and Derrickson, 2008). From 

dorsal to ventral, the midline thalamic nuclei consist of the parataenial nucleus (PT), 

paraventricular nucleus (PV), rhomboid nucleus (RH) and the nucleus reuniens (RE), 

with some variability across species (Fig. 5). Some studies include the intermediodorsal 

nucleus and the central medial nucleus of the thalamus in the dorsal midline thalamus 

(Pereira de Vasconcelos and Cassel, 2015), which are located more posterior compared to 

the four aforementioned nuclei, adjacent to the posterior boundary of RH, ventral 

boundary of PV, dorsal boundary of RE. However, the current review does not include 

this nucleus in the dorsal midline thalamus as these nuclei are more posterior in the brain 

compared to the dorsal-ventral stacked PT, PV, RH, RE nuclei.  

The thalamic nuclei can be divided in two types of thalamic relays: first order 

nuclei that relay driver input from a subcortical brain structure, and the higher order 

nuclei that relay inputs from layer five of one cortical area to another cortical area 

(Sherman et al., 2006). The midline thalamic nuclei are higher order nuclei that are part 

of cortico-thalamo-cortical circuits in the brain (Sherman, 2017). The midline thalamic 

nuclei can be divided along the ventral and dorsal axis, where the ventral midline 

thalamus encompasses the more ventrally located RE, and the RH dorsal to that, and the 

dorsal midline thalamus encompasses PV (dorsal to RH), and the more dorsally located 

PT (Fig. 5).  

 The midline thalamic nuclei are critical to many functions including memory 

consolidation (Thielen et al., 2015), spatial working memory (Hallock et al., 2016; Viena 

et al., 2018), temporal organization of sequence memory (Jayachandran et al., 2019), 
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chronic stress regulation 

(Hsu et al., 2014), 

wakefulness (Hsu and 

Price, 2009; Inutsuka et 

al., 2013) and feeding 

behavior (Beas et al., 

2020). Impairments of 

one or more of the 

midline thalamic nuclei 

have been shown to be 

involved in neurological 

diseases such as 

Alzheimer’s disease 

(Braak and Braak, 1991a, 

1991b), major depression 

(Neumeister et al., 2004; Greicius et al., 2007), stress (Hsu and Price, 2009; Hsu et al., 

2014), and potentially drug relapse (Hsu and Price, 2009; Inutsuka et al., 2013; Hsu et al., 

2014). The involvement of the midline thalamic nuclei in the aforementioned cognitive 

functions has made the midline thalamic nuclei a focus of rodent research (Vertes et al., 

2007; Ramanathan et al., 2018; Dolleman-van der Weel et al., 2019; Jayachandran et al., 

2019;); however, it is surprising how little these structures have been studied in the 

human brain. The purpose of the current review is to first, discuss the anatomical location 

of the four midline thalamic nuclei in reference to neighboring nuclei and ventricles in 

Figure 5. Midline thalamus in a Nissl stain in humans, 
monkeys, and rodents. The human brain slice and 
segmentation is from the Ding et al., (2016) atlas. The 
macaque brain slice is from Mikula et al., (2007), and the 
rat brain slice is from Viena et al. (2020).  
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humans; second, to provide a detailed review of the anatomical connectivity for the four 

midline thalamic nuclei in primates; and third, to discuss the involvement of these nuclei 

in various cognitive functions and to review associations of these nuclei with human 

neurological diseases. The review will draw from studies of the midline thalamic nuclei 

in humans and non-human primates (Amaral and Cowan, 1980; DeVito, 1980; Aggleton 

et al., 1986; Giménez-Amaya et al., 1995; Gabbot and Bacon, 1996; Saunders et al., 

2005; Hsu and Price, 2007;2009; Hsu et al., 2014) and will discuss additional evidence 

from rodent studies (Wouterlood et al., 1990; Dolleman-Van der Weel et al., 1997; 

McKenna and Vertes, 2004; Vertes et al., 2006;  Hoover and Vertes, 2012; Vertes et al., 

2015). 

 

Multiple names for the human midline thalamic nuclei create confusion. 

The various nomenclatures and definitions for the human midline thalamic nuclei 

makes communication about these brain structures difficult (Mai and Majtanik, 2018). 

For example, RE was described in 1912 as reuniens nucleus (Malone, 1912). Years after 

that, RE has been called several different names including nucleus medialis posterior 

reuniens (Grüntal, 1934), nucleus centralis medialis (Sheps, 1945), and nucleus 

commissuralis (Hassler, 1959). Currently the nuclei of the midline thalamus still do not 

have an unequivocal nomenclature and are often thought to be part of the massa 

intermedia (interthalamic adhesion). The nuclei in the midline thalamus; RE, RH, PV, 

and PT, only have anatomical connections with ipsilateral neocortical areas and have 

distinct functions. There are no inter thalamic neural fibers exchanged between 

contralateral thalamic nuclei (Damle et al., 2017). The midline thalamic nuclei have 
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distinct functional connectivity patterns providing evidence that they are involved in 

distinct cortical systems.  

 

Investigating midline thalamic nuclei connectivity in human brains is difficult. 

In non-human animals, invasive techniques are used to investigate the 

connectivity of the midline thalamic nuclei that cannot be done in humans. Many 

connectivity studies use fluorescent tracers to investigate the anatomical connectivity of 

midline thalamic nuclei. In rodent and monkey tracer studies, after brain removal, brain 

sections are sliced and stained. In most studies, Nissl, chromatin, NeuN, calretinin and 

calbindin staining are used, after which sections are examined using bright field 

microscopy for Nissl and chromatin stains, or fluorescent microscopy for NeuN, 

calbinding and calretinin stains. Labeled fibers and injection sites are then identified and 

manually plotted using camera lucidae methods or other tracing techniques on 

representative schematic sections through the brain using cytoarchitectural differences 

and rodent and monkey brain atlases as references (Vertes et al., 2006; Hsu and Price, 

2007, 2009; Jayachandran et al., 2019).  

In human brains, tracing of tracts in post mortem brains can be done using 

injections of fluorescent dyes; however, this only works for distances of tens of 

millimeters (Behrens et al., 2003). As the human brain is significantly larger than a rat 

brain and the macaque brain (Passingham, 2009), postmortem fluorescent dye tracing 

methods will not allow tract tracing in long range projections between different cortical 

and subcortical regions. Using non-invasive and in vivo techniques such as functional 

magnetic resonance imaging (fMRI) and diffusion weighted imaging (DWI), it is now 
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possible to delineate individual sub nuclei, to test functional and structural connectivity 

patterns and to correlate task-based and resting state human fMRI analysis with the 

knowledge from post mortem human autopsy brain studies and experimental animal 

studies (Mai and Forutan, 2012). This anatomical and functional knowledge is important 

to provide basic information regarding the organization of the thalamus in the human 

brain. However, these methods provide challenges as there is a high amount of 

interindividual variability and structural deviations with factors such as age, as well as 

ambiguities in translating experimental results from non-human animal experiments to 

the human brain (Mai and Forutan, 2012). Even with these sophisticated tools, there are 

serious limitations in using these methods to investigate the midline thalamic nuclei due 

to their small size (~50 count 0.75mm isotropic voxels; Reagh et al., 2017), variability in 

nuclear size and location between individuals (Morel et al., 1997) and their proximal 

location to the cerebrospinal fluid filled third ventricle. A recent study has provided novel 

evidence regarding the connectivity and anatomy of the sub regions of the human 

thalamic nuclei using probabilistic tractography analyses on DWI obtained in a MRI 

machine (Lambert et al., 2017). In their research, they included the midline thalamus, 

including the PV; however, the RE, RH and PT were not mentioned in the segmentation 

methods. Mai and Majtanik (2018) also parcellated the human thalamus using a 

volumetric approach to characterize the subdivisions and determine relationships between 

the parcellation schemes of nine atlases of the human thalamus (Mai and Majtanik, 

2018). They registered the 3D reconstructed atlases to standard brain space from the 

Montreal Neurological Institute and compared the different delineations of the nuclei of 

the different atlases (Mai and Majtanik, 2018). However, due to the small width of the 
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midline thalamic nuclei and inconsistencies in the delineation of these nuclei in the nine 

different atlases, the midline thalamus was excluded in the parcellation (Mai and 

Majtanik, 2018).  

An additional factor that makes studying the small midline thalamic nuclei 

difficult in humans in vivo is that the thalamic nuclei are not paired by the massa 

intermedia in everyone (Tortora and Derrickson, 2008; Damle et al., 2017) and are 

separated by the medial third ventricle in the areas where they are not paired. This shows 

that there is a high level of interindividual variability in relative location of the midline 

thalamic nuclei. Although the location of the midline thalamic nuclei in the brain make it 

well suited for normalization (Mai and Forutan, 2012), the volume of these nuclei makes 

normalization difficult. Defining the midline thalamic nuclei using group level 

neuroimaging analyses is therefore difficult. Because the nuclei are small, vary in size 

and vary in exact coordinate location in each individual, using MRI provides difficulty as 

it could introduce error due to cerebrospinal fluid in the third ventricle or other brain 

tissue being averaged with the voxels containing the midline thalamic nuclei of a group 

of participants. This introduced error makes it hard to define detailed and precise 

locations and calls for investigation of these nuclei on an individual brain basis. 

 

3.3 Anatomical location and organization 

The thalamus is a bilateral subcortical structure located medially in the brain 

adjacent to the third ventricle. Fig. 6A shows coronal slices of the human brain with a 

zoomed in panel of the midline thalamic nuclei according to the Ding et al. (2016) 

coronal human brain atlas. The midline thalamic nuclei are located towards the midline 
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between the two hemispheres and are connected by the massa intermedia. The medial 

side of these nuclei is connected to the contralateral side and separated by the medial 

third ventricle in the areas where they are not paired. The most ventral midline thalamic 

nucleus is RE, above that is RH, followed by PV and the most dorsal midline thalamic 

nucleus is the PT (Fig. 5-6A). PT is the smallest nucleus in size of the four nuclei, next 

up in size is RH, then RE, and the largest nucleus of the four is the PV. The midline 

thalamic nuclei can be split up in a ventral group and a dorsal group based on anatomical 

location, connectivity, and function. The ventral midline thalamic nuclei consist of RE 

and RH, and mainly project to limbic cortical structures, particularly the medial 

prefrontal cortex (mPFC) and the hippocampus (HC), and are involved in functions 

involving these structures such as memory (Loureiro et al., 2012; Vertes et al., 2015), 

delayed discounted discrimination (Hembrook et al., 2012; Hallock et al., 2013), passive 

avoidance learning (Davoodi et al., 2011), memory precision and fear memory 

generalization (Xu and Sudhof, 2013). The dorsal midline thalamic nuclei consist of PV 

and PT, and mainly target limbic cortical structures such as the amygdala and nucleus 

accumbens and are involved in chronic stress regulation, arousal and wakefulness, 

feeding behavior, and when impaired they are associated with abnormal functions such as 

chronic stress, depressive disorder and drug seeking behavior (see chapter 3.5 and 3.6; 

Bubser and Deutch, 1999; Otake et al., 2002; Hamlin et al., 2009; Hsu et al., 2014). 

In our current work (see Chapter 4; Reeders et al., in prep), we identified and 

segmented the midline thalamus based on strong connectivity patterns based on non-

human animal tracer studies (Fig 6B-C). In this study (Reeders et al., in prep), we used 

probabilistic tractography analyses and k-means clustering on DWI data of 127 subjects 
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to segment the mask of the human midline thalamus. Briefly, using probabilistic 

tractography we obtained whole brain probabilistic connectivity maps with how often a 

streamline starting at a voxel of thalamus the made it to different cortical and subcortical 

brain regions. We then clustered the voxels of the thalamus together that had similar 

connectivity patterns (e.g., high connectivity to MTL, and low connectivity to cortex). 

We then extracted clusters of the thalamus with high connectivity to regions that the 

midline thalamus is known to have strong connectivity with in non-human animals 

(MTL, mPFC, nACC), and not to regions that the midline thalamus is known to have 

little to no connectivity with (superior frontal cortex, precentral gyrus, paracentral gyrus, 

post central gyrus, parietal cortex), based on non-human animal studies. This resulted in a 

midline thalamic mask with over 80% overlap in our dataset (Fig. 6B-C). Our results 

clearly distinguished voxels, that included the midline nuclei of the thalamus, PT, PV, 

RH and RE (Reeders et al., in prep). We further divided this midline thalamic mask based 

on the Ding et al., (2018) atlas into a dorsal midline thalamus mask (Fig 6D: Blue), 

including the PT and PV, and a ventral midline thalamus mask (Fig 6D: Pink), including 

the RE and RH (Reeders et al., in prep). 

In the following section, the anatomical location of the midline nuclei will be 

described according to the human coronal brain atlas by Ding et al. (2016). This atlas was 

created using a 34 year old female brain and various techniques including DWI, MRI, 

specimen preparation, slabbing, sectioning, staining, and tissue scanning (Ding et al., 

2016). They obtained 2716 slice sections in total, from where 679 were Nissl stained, and 

in turn from which 106 images were digitally scanned and traced for the digital atlas. For 

immunohistochemistry, they immunostained 339 sections for the calcium binding protein 
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parvalbumin and 338 sections for nonphosphorylated neurofilament proteins. They 

selected Nissl plates for the reference atlas. The final digital atlas contained 106 levels, 

with level 1 as the most anterior coronal slice, and level 106 as the most posterior coronal 

slice (Ding et al., 2016). The different levels contained sampling intervals of 0.4 – 1.0 

mm medially in the brain (including the location of the thalamus), and sparser sampling 

intervals of 3.4 mm were applied to the most anterior and posterior cortical levels with 

few subcortical structures (Ding et al., 2016). 

 

Nucleus Reuniens (RE). 

RE is the largest of the two ventral midline thalamic nuclei and is the most ventral 

nucleus of the midline thalamic nuclei (Fig. 6A). The anterior part of the RE starts at 

level 29a and extends posteriorly to level 43a in the Ding et al. (2016) human coronal 

brain atlas. Anterior to the RE are the thalamic rhomboid nucleus and the paraventricular 

nucleus of the hypothalamus. In the most anterior coronal slice, RE shares boundaries 

with the RH dorsally, thalamic fasciculosis nucleus laterally, hypothalamic 

paraventricular nucleus ventrally and with the third ventricle towards the midline. As you 

navigate posterior in the brain, the RE extends ventral and the PV with RE connection is 

intervened by the central medial (CeM) nucleus of the thalamus replacing the location of 

the thalamic RH nucleus. More posterior in the brain, between the PV and CeM, appears 

the intermediodorsal nucleus of the thalamus. On the most posterior coronal slice the 

nucleus RE shares edges with the CeM on the dorsal side, the third ventricle on the 

medial side, the midbrain on the ventral side, and the magnocellular division of the 

ventral anterior nucleus of the thalamus on lateral side. Posterior of RE lies the 
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periventricular area of the thalamus. In the Ding et al. (2016) atlas, in 14 of the 15 slices 

the reuniens is paired with the contralateral RE. 

 

Rhomboid nucleus (RH). 

RH is a small cell group dorsal to RE. The anterior part of RH starts at level 27a 

in the Ding et al. (2016) coronal human brain atlas and extends posteriorly to level 31a. 

Anterior to RH is the stria medullaris of the thalamus. The most anterior coronal slice of 

RH shares boundaries with the third ventricle on the medial side, with the paraventricular 

and juxtaparaventricular area of the hypothalamus on the ventral side, with the 

fasciculosis nucleus of the thalamus on the lateral side and with PV on the dorsal side. In 

the most posterior coronal slice, RH shares boundaries with RE on the ventral side, third 

ventricle (and sometimes bilateral RH) on the medial side, PV on the dorsal side and the 

anteromedial nucleus on the lateral side. Posterior of RH is the central medial nucleus of 

the thalamus. In the Ding et al. (2016) atlas, the bilateral paired rhomboid nuclei share 

boundaries in three of the five slices. 

 

Paraventricular nucleus (PV). 

PV is the largest midline thalamic nucleus of the four midline thalamic nuclei. It 

is located ventral to PT, and dorsal to RH. The anterior part of the PV nucleus starts at 

level 27a in the Ding et al. (2016) human coronal brain atlas and extends posteriorly to 

level 47a. Anterior of PV is the stria medullaris of the thalamus. In the most anterior 

coronal slice PV nucleus shares boundaries with the RH on the ventral side, with the third 

medullaris of the thalamus on the dorsal side. In the most posterior coronal slice the PV  
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Figure 6. Midline thalamus identification in the human brain. A, Schematic 
representation of the midline thalamus in the human according to the Ding er al., 
(2016) atlas. Anterior in the brain, the midline thalamic nuclei of each hemisphere are 
paired together and are winged out where not paired. More posterior, the dorsal and 
ventral midline thalamic nuclei are separated. B, A mask of the midline thalamus 
with over 80% overlap of all participants (80% shown; Reeders et al., in prep). C, 3D 
rendering of the midline thalamus (pink) in the thalamus (dark grey) at 80% overlap 
in 127 subjects (Reeders et al., in prep).  D, Division of the dorsal (blue; PT and PV) 
and ventral (pink; RH and RE) thalamus according to the Ding et al., (2016) atlas at z 
= 109. Where at the point of hemispheric attachment, 48% is dorsal midline thalamus 
and 52 is ventral midline thalamus.  
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shares boundaries with the PV on the dorsal side, anteromedial thalamic nucleus on the 

lateral side and the RE on the ventral side and with the third ventricle on the medial side. 

Posterior of the PV is the periventricular area of the thalamus. PV shared boundaries with 

the contralateral PV in nine of the 20 slices in the Ding et al. (2016) atlas.  

 

Parataenial nucleus (PT). 

PT is the smallest nucleus of the thalamic nuclei and is located most dorsal of the 

limbic thalamus. The anterior part of the PT nucleus starts at level 27a in the Ding et al. 

(2016) atlas and extends posteriorly to level 37a. Anterior of this nucleus is the stria 

medullaris of the thalamus. In the most anterior coronal slice, this nucleus shares 

boundaries with PV on the ventral, medial and lateral side, and with stria medullaris of 

the thalamus on the dorsal side. In the most posterior slice, the PT shares boundaries with 

the stria medullaris of the thalamus on the medial side and dorsal side, central dorsal 

nucleus and magnocellular (medial) division of medio dorsal nucleus on the lateral side 

and the PV nucleus on the ventral side. The bilateral parataenial nucleus shared 

boundaries in one of the ten slices Ding et al. (2016).  

 

3.4 Efferents and afferents 

The midline thalamic nuclei have a wide variety of connections for specific 

functions with multiple cortical areas. Despite the considerable evidence on systems of 

projections running between the midline thalamic nuclei and other cortical areas, the 

understanding of these connections in the human brain has remained not well understood 

and lacks detailed description and precision. Human tractography research in DWI has 
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shown that the most medial area of the thalamus is functionally connected with the 

medial orbitofrontal cortex, bilateral middle temporal gyrus, bilateral HC, posterior 

cingulate and retrosplenial cortex posteriorly (Lambert et al., 2017).  In current research 

where we located and segmented the midline thalamus based on its connectivity to the 

mPFC (medial orbitofrontal and rostral ACC), MTL (hippocampus, parahippocampus, 

entorhinal cortex and amygdala) and to the nACC using probabilistic tractography in 

DWI data. However, more detailed anatomical connectivity patterns for the four 

individual midline thalamic nuclei in humans is lacking. Connections of the individual 

midline thalamic nuclei have been examined in macaque studies (Fig 7B; Amaral and 

Cowan, 1980; Aggleton et al., 1986; Hsu and Price, 2007, 2009), and more thoroughly 

examined in rodent studies (Fig. 7A; Wouterlood et al., 1990; Vertes et al., 1999; Krout 

and Loewy, 2000a; Otake et al., 2002; McKenna and Vertes, 2004; Vertes and Hoover, 

2008; Hoover and Vertes, 2012; Li and Kirouac, 2012; Vasconcelos and Cassel, 2015; 

Vertes, 2015). The current section reviews the structural anatomical connectivity between 

the four midline thalamic nuclei (RE, RH, PV, and PT) and cortical and subcortical areas 

in primates, with additional findings from rodent studies to add on what has not been 

shown in primate research (Fig. 7). 

 

Afferent projections to RE.  

In primates, direct strong anatomical projections from PFC to RE, arise mainly 

from the medial areas (Amaral and Cowan, 1980; DeVito, 1980; Aggleton et al., 1986; 

Hsu and Price, 2007). In macaques, RE receives the densest projections from infralimbic 

cortex (IL; 25), and moderate-light projections from the prelimbic cortex (PL; 32), the 
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dorsal part of the anterior cingulate cortex (ACC; 24b), and lateral agranular insular area 

(lai) from the medial PFC network (Fig. 7B; Gabbott and Bacon, 1996; Hsu and Price, 

2007). The macaque RE receives moderate projections from granular orbital cortex (area 

13a and 13l), and moderate to light projections from orbital frontal cortex 12o from the 

orbital PFC network. RE receives moderate to light projections from rostral granular 

cortex 11l (Hsu and Price, 2007). These findings correspond to findings in rodent studies 

(Vertes, 2002: McKenna and Vertes, 2004). In macaques, RE also receives strong 

projections from the subiculum, presubiculum, and CA4/3 subfields of the HC (DeVito, 

1980; Aggleton et al., 1986; Saunders et al., 2005; Hsu and Price, 2007). The input from 

HC to the RE appears most dense in the rostral and medial halves of the ipsilateral RE 

(Aggleton et al., 1986). In rodents, Re receives similar projections from the subiculum, 

and additionally receives input from cornu ammonis 1 (CA1; Wouterlood et al., 1990; 

Dolleman-Van der Weel et al., 1997; McKenna and Vertes, 2004). RE does not however 

receive any projections from the dentate gyrus in either the rodents or primates 

(Wouterlood et al., 1990: McKenna and Vertes, 2004). In rodents, the RE also receives 

input from entorhinal, perirhinal and retrosplenial cortices (Fig. 7A; McKenna and 

Vertes, 2004; Vertes et al., 2015), which has not yet been documented in primates. 

Furthermore in macaques, the RE received moderate projections from the basal, 

accessory basal and lateral nuclei of the amygdala (Aggleton and Mishkin, 1984; Hsu and 

Price, 2009), and moderate to light projections from the medial hypothalamus (Hsu and 

Price, 2009), which correspond to evidence found it rodents (Vertes, 2015). In rodents 

there are projections from the RE to the anterior, ventromedial, lateral, perifornical, 

posterior, supramammillary, and dorsal premammillary nuclei of the hypothalamus 
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(McKenna and Vertes, 2004). Additionally, findings in rodent studies showed that the 

rodent RE has inputs from the zona incerta, the ventral tegmental areas (VTA), peri 

aqueductal gray area (PAG), precommisural nucleus, parabrachial nuclei, laterodorsal 

tegmental nucleus dorsal and median raphe nuclei of the brainstem, claustrum, lateral 

septum, bed nucleus of stria terminalis (BNST), medial, lateral and magnocellular 

preoptic nuclei of the basal forebrain, the orbitomedial, insular cortices, the lateral 

habenula, and the lateral geniculate and paraventricular nuclei of the thalamus (McKenna 

and Vertes, 2004; Vertes, 2015). There is also evidence of widespread projections from 

the ectorhinal cortex of rodents to the RE (Vertes et al., 2015). 

 

Efferent projections of RE.  

In the macaque, the projections from RE to the PFC are the most dense to IL (area 

25) and caudal part of insular cortical area (14c), moderate to medial frontal pole (area 

10m) and moderate to light projections to PL (area 32), ACC (area 24), the rostral part of 

insular cortical area (14r), and lateral agranular insular areas (Iai) in the medial PFC 

network and orbital areas 13a,12o, 12l and medial agranular insular area (Fig. 7B; Hsu 

and Price, 2007). These findings in macaque research, correspond to findings in rodents 

(Fig. 7A; Hoover and Vertes, 2012; Vertes et al., 2015). Rodents, unlike macaques, also 

have light projections from the RE to posterior agranular, dysgranular and granular 

insular areas (Vertes et al., 2006). In rodents, RE also projects to the rostral retrosplenial 

cortex (RSC; Vertes et al., 2015) and the ectorhinal cortex (Vertes et al., 2006). In both 

the macaque and the rodent, the RE sends projections to the subiculum of the HC, and the 

entorhinal cortex (EC) (Amaral and Cowan, 1980; DeVito, 1980; Saunders et al., 2005; 
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Hsu and Price, 2009). In the rodent, RE fibers project to the stratum lacunosum-

moleculare of CA1 of the dorsal and ventral HC as well as the molecular layer of the 

dorsal and ventral subiculum and parasubiculum (Wouterlood 1990; Vertes 2006); 

however, it has not been documented in primates if the CA1 of the HC also receives RE 

projections. Evidence from rodent research also showed that RE sends projections to the 

ventral CA1 that are 10 times stronger than those to the dorsal CA1 (Dolleman-Van der 

Weel et al., 1997; Hoover and Vertes, 2012; Varela et al., 2014). RE does not send 

projections to CA2, CA3 and the dentate gyrus of the HC in both rodents and macaques 

(Vertes et al., 2015). Hoover and Vertes (2012) showed evidence in rodents that cells 

sending projections to the HC are most dense in the rostral area of the RE, while the cells 

of the RE that project to the mPFC are located more laterally. They also showed that ten 

times more cells of the RE project to the ventral HC of the rodent, compared to the dorsal 

HC (Hoover and Vertes, 2012). Additionally, findings in rodent studies showed that the 

RE also projects heavily to the perirhinal cortex and the claustrum (Vertes et al., 2015). 

Moderate projections are also seen from the RE of rodents to the lateral and medial 

agranular areas of the motor cortex (Vertes et al., 2006).  The macaque RE also sends 

moderate projections to lateral/middle hypothalamus, and light to moderate projections to 

the basal, accessory basal and lateral nuclei of the amygdala, the nACC, the rostro-medial 

caudate, and the putamen (Giménez-Amaya et al., 1995; Hsu and Price, 2009). The 

rodent RE also sends projections to these regions, but they are lighter than those in 

macaques (Vertes et al., 2006). There are also projections from the RE to the rodent 

piriform. However, the strength of these connections varies with denser projections to the 

anterior region and lighter projections to the posterior region. The opposite is observed in 
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RE projections to the rodent tania tecta, where dense projections are seen dorsally and 

light projections are seen ventrally (Vertes et al., 2006). Vertes et al. (2006) also showed 

that there is light labeling from the rodent RE to the somatosensory cortex, lateral 

septum, and anterior olfactory nucleus, as well as to several other regions in the 

hypothalamus, subthalamus, and thalamus. Among these regions are the 

supramammillary nucleus, the PV, anterodorsal, anteroventral, interanteromedial, 

intermediodorsal, mediodorsal and central medial nuclei of the thalamus as well as the 

lateral habenula and zona incerta. Light projections to the basal forebrain include the 

BNST, substantia innominata, the lateral, medial, median, and magnocellular preoptic 

nuclei, and the median septal and diagonal band nuclei (Vertes et al., 2006).  

 

Afferent projections to RH. 

The neuroanatomical connectivity of the RH is significantly less well-defined 

compared to the RE, especially in human and non-human primates. To the best of our 

knowledge, no afferent projections to the RH have been examined in primates. In rodents, 

despite some overlap, projections to RH are mostly different from those to RE. RH 

receives significant input from non-limbic sensory and motor structures (Vertes et al., 

2015). In rodents, the RH also receives dense input from the PFC, specifically from IL, 

PL, ACC and most dense from the medial agranular cortex; however, RH has no inputs 

from the HC and few projections from the parahippocampus (Fig. 7A; Pereira de 

Vasconcelos and Cassel, 2015; Vertes, 2002; Vertes et al., 2015). The rodent RH receives 

subcortical projections from the forebrain, which arise most dense from the claustrum, 

substantia innominata and zona incerta, and to a lesser extent from the posterior and 
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lateral nuclei of the hypothalamus and amygdala. In rodents, RH also receives dense 

projections from the brainstem, specifically from the VTA, PAG, pedunculopontine 

tegmental nucleus, laterodorsal tegmental nucleus and the parabrachial complex. RH in 

rodents also receives input from the substantia nigra-pars reticulata, mesencephalic 

reticular formation, superior colliculus, and the anterior pretectal nucleus, which are more 

involved with motor functions (Vertes et al., 2015). The inputs the RH receives have yet 

to be studied in humans and non-human primates.  

 

Efferent projections to RH.     

In rodents, although RH afferents are different from RE, RH efferents are more 

similar to RE efferents. Whereas the projections from RE are more specific to limbic 

cortices, RH projections distribute to those cortices too, but also more widely to non-

limbic cortex regions in rodents (Vertes et al., 2015). In rodents, the RH has dense 

projections to the PFC. Specifically, it has dense projections to the medial orbital, 

agranular medial cortex, ACC, IL, PL, the posterior agranular cortex, and the medial 

agranular motor cortex (Fig. 7A; Vertes et al., 2006). The rodent RH also sends dense 

projections to the CA1 of the HC, the subiculum, entorhinal cortex, retrosplenial cortex,  

perirhinal cortex, and temporal cortex (Vertes et al., 2006). The rodent RH specifically 

sends projections to the hippocampal CA1 (stratum lacunosum-moleculare) of the dorsal, 

but not ventral, hippocampus (Pereira de Vasconcelos and Cassel, 2015; Vertes, 2002). 

Interestingly, the RH has no inputs from the HC, but it does send dense projections to the 

HC in rodents (Vertes, 2015). These projections from RH to the HC, however, are 

significantly less dense compared to the projections from RE (Vertes et al., 2015).  
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Specifically, the medial and central region of the ventral striatum receives the densest 

innervations, and the lateral region of the ventral striatum and the shell of the nACC 

received medium to dense projections from RH (Giménez-Amaya et al., 1995). 

Interestingly, the RH sends the most dense projections to the medial and central regions 

of the ventral striatum out of the four midline thalamic nuclei (Giménez-Amaya et al., 

1995). In rodents, other dense cortical targets of the RH are the primary and secondary 

somatosensory cortex, medial frontal pole, basolateral amygdala, claustrum, posterior 

parietal cortex, occipital cortex, dorsal and ventral agranular insular cortex, anterior 

piriform cortex, ventral anterior olfactory nucleus, BNST, caudate-putamen, 

endopiriform nucleus, lateral septum intermediate nucleus, substantia innominata, and the 

dorsal tania tecta (Vertes et al., 2006). The RH in rodents sends moderate projections to 

the medial agranular motor cortex, anterior piriform cortex, ventral anterior olfactory 

nucleus, BNST, caudate-putamen, endopiriform nucleus, lateral septum intermediate 

nucleus, and substantia innominata. Moderate labeling has also been seen in the 

ectorhinal cortex of rodents (Vertes et al., 2006). The RH in the rodent also sends light 

projections to the ventral tania tecta, posterior piriform, lateral frontal 

dysgranular/granular insular cortex, lateral agranular motor cortex, ventrolateral orbital 

cortex, posterior piriform cortex, anterior area of the amygdala, central amygdala, lateral 

and posterior amygdala, medial anterior olfactory nucleus, the diagonal band nucleus, 

ventral nucleus of the lateral septum, lateral and medial preoptic area, medial septal 

nucleus, ventral tania tecta, magnocellular preoptic nucleus, zona incerta, 

supramammillary nucleus, posterior nucleus and the lateral nucleus of the hypothalamus 

(Vertes et al., 2006).  There are also light projections from the rodent RH to several 
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regions within the thalamus. These include the anteromedial nucleus, anteroventral 

nucleus, central medial nucleus, interanteromedial nucleus, intermediodorsal nucleus, 

medial and central part of the mediodorsal nucleus, lateral habenula, paraventricular 

nucleus, reticular nucleus, reuniens, and submedial nucleus (Vertes et al., 2006). 

 

Afferent projections to PV.    

The primate PV receives afferents from areas throughout the mPFC. PV receives 

most dense inputs from the IL, and less dense inputs from the PL and granular orbital 

surface (area 13 and 14; Fig. 7B;  Hsu and Price, 2007; Passingham and Wise, 2012). 

There are also projections from the agranular insular cortex to PV (Hsu and Price, 2007, 

2009). These incoming projections into the PV in macaques correspond to findings in 

rodent studies (Fig. 7A; Vertes et al., 2015).  Rodent research has shown evidence of a 

dorsal to ventral gradient where the PL and IL send dense projections to PV, and medial 

agranular cortex and anterior cingulate send more moderate projections to PV (Li and 

Kirouac, 2008; Vertes and Hoover, 2008; Vertes et al., 2015). In the macaque, the PV 

receives dense projections from the lateral septum, nACC, and rostromedial caudate, as 

well as moderate to dense projections from the subiculum, presubiculum, entorhinal 

cortex and CA4/3 subfields of the HC (Aggleton et al., 1986; Hsu and Price, 2009). 

Previous studies have found that the projections from these structures terminate 

predominantly in the reuniens nucleus, anterior ventral, and lateral dorsal nuclei 

(Aggleton et al., 1986; McKenna and Vertes, 2004; Saunders et al., 2005; Hsu and Price, 

2007) but there are still moderate projections going to PV. Projections from the 

entorhinal cortex to PV do not occur in rodents and appear to be unique in primates 
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(Aggleton et al., 1986; Saunders et al., 2005; Hsu and Price 2009). In rodents, the anterior 

PV receives more inputs from the hippocampal subiculum, especially from the ventral 

subiculum (Li and Kirouac, 2012; Hsu et al., 2014), and PL cortex, whereas the posterior 

PV receives more inputs from the PL, IL, and agranular cortex. PV also receives 

projections from the amygdala. The anterior part of the PV in the macaque receives 

inputs from the parvocellular part of the basal amygdaloid nucleus in the amygdala and 

the posterior part of PV receives projections from the central nucleus of the amygdala 

(CeA; Hsu and Price, 2009). This corresponds to rodent research (Vertes et al., 2015). In 

macaques, PV also receives dense projections from the dorsomedial nucleus of the 

hypothalamus. PV also receives projections from the lateral hypothalamic area, 

perifornical area, medial optic nucleus, ventromedial hypothalamic nucleus, 

suprachiasmatic and arcuate nucleus within the thalamus (Hsu and Price, 2009; Hsu et al., 

2014). Very light projections are also seen from the lateral putamen and locus ceruleus to 

the PV in macaques (Hsu and Price, 2009). In rodents PV receives projections from 

supramammillary, tuberomammillary, lateral, dorsomedial, posterior, and 

parasubthalamic nuclei of the hypothalamus and the medial preoptic area and diagonal 

band nuclei (Goto and Swanson, 2004; Kirouac et al., 2005; Li and Kirouac, 2012; Vertes 

et al., 2015). The PV in macaques also receives projections from the midbrain. 

Specifically, PV receives dense projections from the dorsal raphe, and moderate 

projections from the median raphe, PAG, and parabrachial nucleus (Hsu and Price, 2009; 

Li and Kirouac, 2012). Consistent findings have been found in rodents, where additional 

projections have been found from the locus coeruleus, nucleus of the solitary tract, and 

ventral medulla (Vertes et al., 1999; Krout and Loewy, 2000a, 2000b; Otake et al., 2002; 
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Vertes et al., 2015). Vertes et al. (2015) also found projections from the BNST to the PV 

in rodents. Rodent research shows additional findings that PV receives projections from 

the brainstem, specifically from VTA, pontomesencephalic reticular formation, nucleus 

cuneiformis, nucleus of Darkeschewitsch, laterodorsal tegmental nucleus and 

pedunculopontine tegmental nucleus, (Krout and Loewy, 2000a, 2000b; Li and Kirouac, 

2012; Vertes et al., 2015). Out of the four midline thalamic nuclei covered in this paper, 

PV uniquely received projections from the suprachiasmatic nucleus and the 

intergeniculate leaflet in rodents (Moga et al., 1995; Kawano et al., 2001; Alamilla et al., 

2015). 

 

Efferent projections from PV.   

The PV in macaques sends dense projections to the medial prefrontal cortex, 

specifically PL, and IL, with less dense projections towards the frontal pole (10m; Fig. 

7B; Hsu and Price, 2007). These findings are consistent with rodent findings (Fig. 7A; Li 

and Kirouac, 2008; Vertes and Hoover, 2008; Vertes et al., 2015). Rodents also have 

prominent projections from the PV to the dorsal peduncular and interstitial nucleus of the 

anterior commissure (Li et al., 2008). Along the gyrus rectus at the ventromedial corner 

of the frontal lobe, PV also sends dense projections to caudal areas of 14 but only sparse 

projections in more rostral areas (14r) and PV sends moderate to dense projections to 

inferior convexity area (12) and posteromedial agranular insular cortex (Hsu and Price, 

2007). The rodent PV also has projections to the latter and to the granular insular cortex 

(Vertes et al., 2008; Vertes et al., 2015). In macaques, there are no projections from PV to 

the ACC (24; Hsu and Price, 2007). Rodents do have projections to the ACC but they are 
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light (Vertes et al., 2008; Vertes et al., 2015).  This information adds to rodent data 

stating that PV has output to the dorsal agranular insular cortex (Li and Kirouac, 2008; 

Vertes and Hoover, 2008; Vertes et al., 2015). In a later experiment, Hsu and Price 

(2009) showed evidence that the dorsal midline thalamic nuclei (PV and PT) have the 

most dense outputs to the nACC, corresponding to findings in other macaque research 

(Giménez-Amaya et al., 1995) and rodent research (Giménez-Amaya et al., 1995; Li and 

Kirouac, 2008; Vertes and Hoover, 2008; Hsu and Price, 2009; Vertes et al., 2015). In 

turn, the nACC also has dense connections with the IL in the mPFC (Ferry et al., 2000), 

which in turn also has dense bidirectional connections with the PV (Hsu and Price, 2009), 

possibly forming a loop of communication (Hsu and Price, 2009). PV is unique from all 

the other thalamic nuclei because it is the only thalamic nucleus that projects to limbic 

structures such as the BNST, nACC, and IL, which are brain structures related to stress 

(Hsu et al., 2014). This is also true of the rodent PV (Vertes et al., 2008; Vertes et al., 

2015). The macaque PV also projects to the caudate nucleus, which also receives 

projections from the mPFC (Ferry et al., 2000; Hsu and Price, 2009). The PV also 

projects to the ventral striatum, but has more dense projections to the medial regions than 

to the central and lateral regions (Giménez-Amaya et al., 1995). PV sends strong 

bidirectional connections to the amygdala, especially to the basal nucleus and the central 

nucleus of the amygdala (Aggleton et al., 1980; Mehler, 1980; Hsu and Price, 2009). 

These findings correspond to findings in rodents (Li and Kirouac, 2008; Vertes and 

Hoover, 2008; Vertes et al., 2015). Just like the RE, the PV also sends projections to the 

EC, especially the anterior regions of the EC, in both rodents and macaques (Hsu and 

Price, 2009). 
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Out of all the midline thalamic nuclei, the PV projects significantly the most to 

the hypothalamus. In the macaque, PV projects most dense to the rostral areas of the 

medial preoptic area and suprachiasmatic nucleus, and caudal parts of both the medial 

and lateral hypothalamus (Hsu and Price, 2009). Rodents also have projections from the 

PV to the medial preoptic area, but these projections are more moderate (Vertes et al., 

2009; Vertes et al., 2015).  

  Findings in macaque research have also shown dense projections from the PV to 

the ammons horn, subicular complex, and PAG (Amaral and Cowan, 1980; Hsu and 

Price, 2009). Next to these dense projections in macaques, there are few projections from 

PV to the cellular part of the paraventricular hypothalamic nucleus, and dense projections 

to areas lateral to this hypothalamic nucleus (Hsu and Price, 2009). Findings from rodent 

studies showed evidence that PV has projections to suprachiasmatic, arcuate, and 

dorsomedial nuclei of the hypothalamus (Li and Kirouac, 2008; Vertes and Hoover, 

2008; Vertes et al., 2015).  There are also light projections from the PV to areas such as 

the globus pallidus, tania tecta, fusiform nucleus, ectorhinal cortex, piriform, and medial 

orbital cortex (Li et al., 2008; Vertes et al., 2008; Vertes et al., 2015). In macaques, there 

was only a little projection from the central part of the ventromedial hypothalamic 

nucleus (Hsu & Price, 2009), contrasting evidence from rodent studies (Moga et al., 

1995). In macaques and rodents, PV also send projections to the lateral septum (Berendse 

and Groenewegen, 1990; Moga et al., 1995; Li and Kirouac, 2008; Vertes and Hoover, 

2008; Hsu and Price, 2009; Vertes et al., 2015). Additionally, rodent literature also shows 

evidence of projections from PV to the ventral subiculum of the HC, claustrum, olfactory 
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tubercle, and dorsal striatum (Li and Kirouac, 2008; Vertes and Hoover, 2008; Vertes et 

al., 2015), which has not been documented in primates. 

 

Afferent projections to PT. 

PT in macaques receives dense projections from the medial PFC network. 

Specifically, from PL (area 32) and IL (area 25) (Fig. 7B; Hsu and Price, 2007). These 

findings are consistent with rodent data (Fig. 7A; Vertes, 2002). In macaques, the PT also 

has strong inputs from the presubiculum, raphe nuclei, PAG, and parabrachial nucleus. 

Both rodents and macaques have projections from the subiculum and parts of the septum 

to the PT (Vertes et al., 2015). PT also receives moderate to dense projections from the 

frontal pole (10m) and light to moderate projections from the lateral agranular insular 

area (lai). The macaque PT also receives moderate projections from the entorhinal cortex, 

dentate gyrus, CA3/CA4 and basal, accessory basal and lateral nuclei of the amygdala. 

Light projections have also been observed from the medial hypothalamus (Hsu and Price, 

2007). Rodent studies have also identified several other regions that project to the PT. 

Some of the strongest projections to the PT arise from the claustrum, rostral agranular 

insular cortex, and medial/ventral orbital cortices (Vertes et al., 2015). Less strong 

projections are seen from the diagonal band nuclei, BNST, medial nuclei of amygdala, 

reticular thalamic nucleus, ZI, and parts of the hypothalamus (Vertes et al., 2015). 

 

Efferent projections from PT.   

Similar to the PV, the macaque PT has dense projections to areas in the mPFC, 

specifically the PL, IL, caudal and rostral areas of 14, area 12 and posteromedial  
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agranular insular cortex, and the PT sends less dense projections to the rostral areas, 

inferior convexity area (12), the posteromedial agranular insula cortex, orbitofrontal area  
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11m and frontal pole (10m)  (Hsu and Price, 2007). The PT sends dense projections to  

granular orbital area 13a, and moderate projections to the medial inferior convexity area 

(12m) and posteromedial agranular insula cortex in the orbital network (Hsu and Price, 

2007). These findings are consistent with rodent evidence (Li and Kirouac, 2008; Vertes 

and Hoover, 2008; Vertes et al., 2015). Macaques and rodents both have dense 

projections to the BNST (Li et al., 2008; Vertes et al., 2008; Vertes et al., 2015). In 

macaques, similar to PV, PT does not send projections to ACC (Hsu and Price, 2007). On 

the contrary, rodent studies have found dense projections from the PT to the ACC (Vertes 

et al., 2008; Vertes et al., 2015). In macaques, just like RE and PV, PT also sends 

projection to EC (Hsu and Price, 2009). Anterior regions of the entorhinal cortex receive 

more dense connections from the PV and RE, and a less dense input from PT, and the 

posterior regions of EC receive more dense projections from PT and RE but less dense  

projections from PV (Insausti et al., 1987; Hsu and Price, 2009). This evidence suggests 

that different thalamic nuclei project to different subdivisions of the entorhinal cortex 

(Hsu and Price 2009). Rodent studies showed evidence that electrical stimulation of the 

midline thalamus results in an excitatory effect on the EC  (Zhang and Bertram, 2002). In  

macaques, the PT has moderate projections to the basal, accessory basal and lateral nuclei 

of the amygdala, and light projections to the putamen, PAG, and lateral/middle 

hypothalamus (Giménez-Amaya et al., 1995; Hsu and Price, 2009). The PT also sends 

projections to the nucleus accumbens and medial regions of the ventral striatum, but not 

to lateral or central regions (Giménez-Amaya et al., 1995).  Additionally, macaque 

research showed evidence for light projections from the PT to the rostro medial caudate, 

medial caudate and the medial preoptic area/anterior hypothalamus in macaques.  

Figure 7. Schematic representation of known connectivity of the midline thalamic  
nuclei in rodents and macaques at different strengths. Note that although some 
variability between species can be expected, there is a large gap in knowledge between 
species, hence there is a less dense known connectivity profile of the macaque versus 
the rodent (shown in grey dashed line). Currently, the precise connectivity profile of 
the midline thalamic based on tracer studies is not known, however based on our 
previous work we have found there to be high connectivity to the mPFC (OFC, rostral 
ACC), MTL (HC, paraHC, EC, Amy) and nACC (Reeders et al., in prep).  
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However this has not been found in all macaque subjects (Hsu and Price, 2009). Like the 

PV, but to a lesser extent, the PT also projects to lateral septum in macaques (Hsu and 

Price, 2009). This evidence corresponds to the PT efferents in rodent studies (Kelley and 

Stinus, 1984). Vertes et al. (2008, 2015) have also shown that there are dense projections 

from the PT in rodents to the olfactory tubercle and moderate projections to the perirhinal 

cortex, piriform, ventral subiculum, claustrum, and tania tecta. Lighter projections are 

also seen in the EC, retrospenial cortex, and nuclei of the amygdala (Li et al., 2008; 

Vertes et al., 2008; Vertes et al., 2015). The connectivity pattern of the PT suggests that 

this thalamic midline nucleus is an important link between limbic and striatal processing. 

 

3.5 Functions involving the midline thalamus 

Memory consolidation. 

The midline thalamus has an important role in memory due to the connections it 

has with the HC and mPFC. The HC and mPFC are important structures for memory 

processing. The HC has direct projections to the mPFC but there are no direct projections 

from the mPFC to the HC in the rodent brain (Fig. 2A; Vertes et al., 2007). Furthermore, 

the HC to mPFC fibers are unidirectional and unevenly distributed over the HC in the 

rodent (Vertes et al., 2007; Hoover and Vertes, 2012). Therefore, for bidirectional 

communication between the mPFC and HC, another brain region is required (Thielen et 

al., 2015). The midline thalamus (RE and RH) has bidirectional connections to both the 

HC and mPFC in rodents (Fig. 8A; Vertes et al., 2007; Hoover and Vertes, 2012; 

Dolleman-van der Weel et al., 2019), and these findings are also evident in monkeys ( 

Amaral and Cowan, 1980; DeVito, 1980; Aggleton et al., 1986; Hsu and Price, 2007, 
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2009; Aggleton, 2012;). The midline thalamus serves as a hub integrating the 

communication between the hippocampus and the mPFC, which is critical for memory 

processing in rodents (Thielen et al., 2015). This evidence suggests that midline thalamus 

therefore acts as an important structure closing the loop between HC and mPFC 

communication.   

Human fMRI evidence suggests that the midline thalamus is functionally 

connected with the HC and mPFC during memory consolidation. During the initial stage 

of the classical model of systems consolidation the HC binds together distributed 

neocortical representations when recent memories are retrieved (Alvarez et al., 1994; 

Frankland and Bontempi, 2005). These neocortical representations code event features 

that are located in sensory representational areas located in posterior brain areas, and 

these areas are engaged during initial encoding (Alvarez et al., 1994). During the 

consolidation process, interconnectivity between these representational areas stabilizes, 

which allows the retrieval of remote memories to be hippocampally independent (Alvarez 

et al., 1994), and more neocortically represented. The mPFC comes to modulate the 

expression of memories that initially depended on the hippocampus in humans 

(Takashima et al., 2006) and rodents (Takehara-Nishiuchi and McNaughton, 2008). 

Recalling recent memories is hippocampally dependent, and recalling remote memories 

is associated with the mPFC (Frankland and Bontempi, 2005). Thielen et al. (2015) 

showed evidence supporting a model where the midline thalamus acts as a hub which 

links the mPFC, HC, and posterior representational cortex during retrieval of memories at 

initial stages of consolidation in humans, extending the classical models of systems 

consolidation by the addition of the role of the midline thalamic nuclei (Thielen et al., 
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2015). They found that there is an increase in functional connectivity between the midline 

thalamus, the HC, mPFC and posterior parahippocampal cortex during retrieval of two 

hour old memories that might have undergone initial consolidation (Thielen et al., 2015). 

This increase in functional connectivity weakened over the course of three months. A 

subsequent analysis showed increasing functional connectivity between the mPFC and 

the same posterior parahippocampal region that showed a strong connectivity with the 

midline thalamus in the first analysis (Thielen et al., 2015).  These results suggest that 

during the short sleep prior to day one, the offline consolidation process has caused initial 

steps of consolidation, but the memories have not yet fully consolidated. Retrieval of 

partly consolidated memories may require more HC-mPFC cooperation, as compared 

with memories that are still fully HC dependent or already neocortically represented 

(Thielen et al., 2015). With time the role of the midline thalamus and the HC appear to 

diminish such that connectivity between the mPFC and a specific representational area is 

associated with successful retrieval (Thielen et al., 2015).  

Another theory based on rodent research states that the midline thalamic nuclei 

may control the dispersion of activity providing the appropriate activation level necessary 

to carry out cognitive processes like memory consolidation (Pereira de Vasconcelos et al., 

2015). The midline thalamus is involved in adjusting the activity level of cortical 

structures relevant to memory processing. Findings in mice research showed that the 

mPFC controls hippocampal activation levels during memory encoding via the nucleus 

reuniens, where the interaction determines how specific or generalized a memory trace 

becomes (Xu and Südhof, 2013). Xu and Südhof (2013) suggested that increased 

hippocampal activation allowed less prominent memory features to be incorporated into 
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the overall memory of an event, creating a more specific memory. The opposite is 

suggested for the mPFC. The neocortex abstracts common features from multiple 

memories, creating more generalized memories (Xu and Südhof, 2013). This data 

suggests that when memories become consolidated, it becomes neocortically represented 

and the memories become more generalized. Connecting the functional fMRI data to this 

theory, this theory would suggest that to retrieve these partly consolidated memories, the 

mPFC utilizes the midline thalamus to increase HC activity and the posterior 

parahippocampal cortex to reinstate the specific memory trace (Thielen et al., 2015). The 

increase of the midline thalamus compensates for the loss of specificity due to the 

memories not being fully consolidated yet. After the consolidation process is finished, the 

memories will be neocortically represented in the mPFC and the functional coupling 

between the mPFC and the HC using the midline thalamus decreases (Thielen et al., 

2015).  

Taken together, evidence suggests that the RE is critical for closing the 

communication loop between the mPFC and HC (fig. 8A) necessary for memory 

consolidation. Once a memory has been fully consolidated, it becomes hippocampally 

independent, and more neocortically represented, not needing this communication loop as 

much.  

 

Spatial working memory. 

Spatial working memory is the maintenance of locations and spatial relations 

between objects over a brief temporal delay. Ventral midline thalamic nuclei are critical 

in spatial working memory (Dolleman-van der Weel et al., 2019) and work together with 
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the HC and mPFC during spatial working memory processes (Fig 8A). RE is an 

important anatomical link between the HC and mPFC, and as such is crucially involved 

in spatial working memory functions that recruit both structures (Hallock et al., 2016; 

Viena et al., 2018). Viena et al. (2018) examined the role of RE in spatial working 

memory and executive functioning following reversible inactivation of RE with either 

muscimol or procaine. They found that after inactivation of RE spatial working memory 

was impaired in rodents (Viena et al., 2018). Additionally, they found that rodents with 

inactivated RE showed impaired win-shift strategy as well as severe spatial perseveration, 

where rats re-entered incorrect arms of a spatial memory maze during correction trials, 

despite the absence of reward (Viena et al., 2018). This data suggests that RE is critical to 

spatial working memory, behavioral flexibility, and response strategy. Another study 

showed evidence that RE and RH are necessary for delayed alternation tasks, but not in 

continuous alternation (Layfield et al., 2015). Inactivation of RE and RH produces 

impairments in behavior on delayed alternation tasks, supporting the theory that RE and 

RH are orchestrators of interactions between the HC and mPFC during working memory.  

Accumulating evidence shows the importance of the ventral midline nuclei in 

spatial working memory and the synchrony between the mPFC and HC. However, more 

research needs to be done to investigate more specific effects of RE and RH in spatial 

working memory and mPFC-HC synchronization. The specific role of RE and RH needs 

to be investigated to better understand the synchronizing effect these nuclei have on the 

mPFC-HC theta oscillations (Dolleman-van der Weel et al., 2019). Research also needs 

to be done on how the RE and RH affect the mPFC and HC independently and at 

different times during spatial working memory. 
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Temporal organization of memory. 

Temporal organization of time is a critical aspect of episodic memory. Many of 

our experiences occur in the same places but the temporal patterns are distinct 

(Dolleman-van der Weel et al., 2019). How we remember temporal sequences of 

occurring events is fundamental to episodic memory (Allen et al., 2014). Accumulating 

evidence has shown that mPFC and HC are key players in memory for sequences of 

events (Ekstrom and Bookheimer, 2007; Devito and Eichenbaum, 2011; Reeders et al., 

2021). In the temporal order of events during sequences, the brain will both play back 

events that have just occurred and think in the future for the anticipation of upcoming 

events. A recent rodent study showed that RE is critical to remembering sequences of 

events (Jayachandran et al., 2019). They used synaptic silencing to suppress activity from 

the mPFC to the RE prior to sequence memory testing after the rats had been trained to 

memorize the sequences (Jayachandran et al., 2019). They found that inactivating the 

mPFC projections to the RE heavily impaired sequence memory in rats but showed no 

impairments on other behaviors such as speed of running (Jayachandran et al., 2019). 

This evidence suggests that the RE is not solely involved in memory consolidation and 

spatial working memory, but that the RE is also involved in the organization of the 

temporal aspect of memory for sequences of events.  

 

Chronic Stress Regulation.  

Rodent studies showed that the PV is consistently activated following a wide 

variety of stressors including conditioned fear, sleep deprivation, foot shock, forced 
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swimming, and handling (Cullinan et al., 1995; Bhatnagar and Dallman, 1998; Bubser 

and Deutch, 1999; Otake et al., 2002; Spencer et al., 2004; Hsu et al., 2014;). That a 

variety of stressors activate the PV suggests that this nucleus is part of a common 

mechanism that is activated regardless of the stressor type (Hsu et al., 2014). Non-human 

primate and rodent studies have shown that PV has strong projections to the amygdala, 

BNST , nACC, and IL cortex and ACC of the PFC (Fig. 8B; Otake et al., 2002; Hsu and 

Price, 2007, 2009). These brain regions have been shown to be involved in the regulation 

of stress, mood and motivation (Bubser and Deutch, 1999). Projections from PV to these 

brain regions may represent pathways by which the PV can influence structures that 

regulate stress (Hsu et al., 2014). Rodent immunohistochemistry studies showed evidence 

that c-Fos, a molecular marker of increased neuronal activity in response to stress, in the 

PV has a strong and consistent increase in levels after exposure of psychological and 

physical stressors (Cullinan et al., 1995; Spencer et al., 2004; Dunn, 2005; Hsu and Price, 

2009). Other rodent studies found that following mild foot shock, neurons that were 

activated by stress in the PV project to CeA and basolateral nucleus of the amygdala 

(BLA), nACC, and the medial prefrontal cortex (Bubser and Deutch, 1999). Similarly, 

following forced swimming, neurons in PV activated by stress project to the CeA in the 

amygdala (Zhu et al., 2011). Without direct connections to the hypothalamic 

paraventricular nucleus, the thalamic PV contributes to a parallel system in regulating the 

hypothalamic pituitary adrenal (HPA) axis. 

The HPA axis is responsible for the neuroendocrine adaptation component of the 

stress response, and the hypothalamic paraventricular nucleus is a critical player in the 

initiation of HPA axis response (Bhatnagar et al., 2002), and its secretion of 
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glucocorticoid is critical for homeostasis of stressful conditions (Otake et al., 2002). 

However, the thalamic PV has only very light projections to this the hypothalamic 

paraventricular nucleus (Li and Kirouac, 2008). Due to this lack of connections with the 

hypothalamus paraventricular nucleus, Otake et al. (2002) investigated the activation of 

the PV in response to stress and its afferents using retrograde tracing combined with Fos 

immunohistochemistry after immobilization stress in rodents. They found that 

immobilization stress induces c-Fos protein expression in PV afferents from several areas 

known to be involved in the response to stressors, including the ventrolateral medulla, 

PAG, locus coeruleus, parabrachial nucleus, dorsal raphe, and the nucleus of the solitary 

tract. These brain regions have important inputs to the HPA axis (Otake et al., 2002). The 

lack of direct connections between the thalamic PV and the hypothalamic paraventricular 

nucleus, as well as the stress related input to the thalamic PV from these brain regions 

suggest that there is a system parallel that regulates the HPA axis via pathways through 

the aforementioned brain structures (Otake et al., 2002). This suggests that the PV is 

critical for habituation and facilitation of the HPA axis during chronic stress. 

In rodents, the posterior PV is critical during chronic stress, for habituation and 

also facilitation of the HPA axis (Bhatnagar and Dallman, 1998; Bhatnagar et al., 2002, 

2003). Rodent lesion studies showed evidence that the PV plays a unique role in 

adaptation to chronic stress, both neuroendocrine and behavioral; however, it does not 

adapt to acute stress without repeating preceded stress (Bhatnagar and Dallman, 1998; 

Bhatnagar et al., 2002, 2003). Rats exposed to repeated days of stress showed habituation 

of the HPA axis to a stressor if it is of the same type as the previous stressor (Bhatnagar 

et al., 2002). However, HPA axis stress response is often enhanced if the following 
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stressor is a different type compared to the previous stressor (Bhatnagar et al., 2002). 

This evidence suggests that the PV has the ability to habituate to the repeated stress 

response in chronic stress, and activate to a novel, potentially threatening, stressor 

(Bhatnagar and Dallman, 1998; Bhatnagar et al., 2002). A later study showed that this 

was also the case in young rat pups, where the PV was activated by repeated handling but 

not acute handling (Fenoglio et al., 2006), suggesting that activation of PV in chronic 

stress occurs throughout the lifespan. 

The PV is innervated by neurotransmitter systems that are involved in abnormal 

stress response and mood disorder such as anxiety, depression and substance abuse (Hsu 

et al., 2014). These neurotransmitter inputs include orexins (ORX), corticotropin-

releasing hormone (CRH), dopamine, serotonin, norepinephrine and endogenous opioids 

(Kirouac et al., 2005; Sánchez-González et al., 2005; Vogt et al., 2008; Hsu and Price, 

2009) . Additionally, stressful stimuli create a stress response by increasing cortisol and 

increasing wakefulness. After a stressor stimuli, CRH stimulates the release of ORX and 

this circuit contributes to activation and maintenance of arousal associated with the stress 

response (Winsky-Sommerer et al., 2004). Connections of the PV and its innervation by 

serotonin, ORX and CRH suggest that the PV may relax stress signals between the 

midbrain and hypothalamus with the nucleus accumbens, basal amygdala, and infralimbic 

cortex, as part of a circuit that manages stress and possibly is related to stress related 

psychopathologies (Hsu and Price, 2009).  In conclusion, the evidence presented suggests 

that the PV receives strong inputs from neurotransmitter systems and systems including 

the PAG, dorsal raphe, and parabrachial nucleus, that are activated in response to 

stressors, and potentially transmits these signals to output structures including agranular 
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insular cortex, CeA and BLA nuclei in the amygdala, nACC, BNST and IL (Fig. 8B). 

These specific afferents and efferents of the PV contribute importantly to the role of PV 

in stress response and regulation and could be involved in stress related disorders such as 

anxiety and depression. While this evidence supports the critical role PV has in chronic 

stress regulation, the exact mechanisms remain to be determined and more research is 

necessary. 

 

Wakefulness and arousal. 

Studies have shown that dorsal midline thalamus is critical for controlling 

wakefulness and arousal (Hsu and Price, 2009; Inutsuka et al., 2013; Luo et al., 2018; 

Ren et al., 2018). PV participates both in arousal in relation to the sleep-wake cycle, and 

in arousal related to salient stimuli and events independent of the sleep-wake cycle (Ren 

et al., 2018; Barson et al., 2020). Ren et al. (2018) found that glutamatergic neurons of 

the PV exhibited high activities during wakefulness using in vivo fiber photometry or 

multichannel electrophysiological recordings in mice. When suppressing the PV, there is 

a reduction in wakefulness, and when activated, there is an induced transition from sleep 

to wakefulness, even after general anesthesia (Ren et al., 2018).  

Animals with chronic PV lesions showed a decrease in wakefulness during the 

dark phase, with a reduction in duration of wakefulness episodes and an increase in 

NREM sleep, whereas lesion of the PV did not affect wakefulness during the light phase 

(Ren et al., 2018). Additionally, chemogenetic inhibition of the downstream pathway of 

PV neurons to nACC, which also participates in control of wakefulness (Fig. 8C; Luo et 

al., 2018), significantly reduced wakefulness (Ren et al., 2018). Suppressing of the 
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upstream pathway of lateral hypothalamus (Li and Lecea, 2014) to PV, also decreased 

wakefulness (Ren et al., 2018). This demonstrates that the PV to nACC and the lateral 

hypothalamus to PV pathways have influence on the control wakefulness. Moreover, PV 

has two distinct cell types, where the posterior PV signal aversive states, and the anterior 

PV modulate arousal (Gao et al., 2020).  

The midline thalamus also has many ORX neurons, which regulate many vital 

body functions, including wakefulness and sleep cycles (Hsu and Price, 2009; Inutsuka et 

al., 2013). ORX neurons are at high density in the hypothalamus and the brainstem, but 

can also be found in high density in the midline thalamus, specifically PV (Hsu and Price, 

2009; Inutsuka et al., 2013). Interestingly, in the macaque, the PV has the highest 

concentration of ORX fibers in the brain (Peyron et al., 1998; Kirouac et al., 2005; Hsu et 

al., 2014). The PV receives dense innervation from hypothalamic ORX neurons in 

macaques (Hsu and Price, 2009) and rats (Peyron et al., 1998; Marcus et al., 2001). In 

rodents, the action of the ORX fibers are depolarizing, and excite the post synaptic PV 

neurons via OR2X receptors to coordinate sleep-wakefulness signals (Ishibashi et al., 

2005). When ORX neurons are activated by ORX, they maintain a long, consolidated 

wake period (Inutsuka et al., 2013). PV also receives dense innervations from 

norepinephrinergic, serotonergic, and cortico-releasing hormone brain regions in humans, 

non-human primates, and rodents (Baldo et al., 2003; Saper et al., 2005; Hsu and Price, 

2009). The effect of these innervations of ORX neurons on norepinephrinergic and 

serotonergic cell groups promotes wakefulness and helps maintain a stable wake-sleep 

(Hsu and Price, 2009). Absence of ORX in the wake-sleep system results in narcolepsy  
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Figure 8. Schematic and simplistic representation of circuits involved in the memory, 
chronic stress regulation, wakefulness and feeding behavior. A, The HC and mPFC are 
critical for memory. The HC has direct projections to the mPFC, but there are no/very 
little direct return projections. The midline thalamus closes this communication loop 
necessary for memory processes. B, the PV is a mediator in chronic stress regulation. 
The idea is that the PV receives signals from regions known to be involved in response 
to stressors including the PAG, C, PBN, RN, VLM and SN. The PV then potentially 
transmits these signals to output structures including agranular insular cortex, CeA and 
BLA nuclei in the amygdala, nucleus accumbens, BNST and IL. These specific 
afferents and efferents of the PV contribute importantly to the role of PV in stress 
response and regulation. C, The PV is also involved in wakefulness. The lateral 
hypothalamus sends signals to the PV controlling wakefulness, and the PV sends ORX 
projections to the nucleus accumbens mediating the transition to wakefulness. D, The 
PV is also important for feeding behavior. The VLM sends dense projections to the PV 
with glucoprivation signals, and in turn the PV sends send signals to the nucleus 
accumbens to increase food seeking behavior.  
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and unstable wake-sleep cycles (Burlet et al., 2002). Mice with inactivated ORX genes 

exhibit narcolepsy behavior (Chemelli et al., 1999; Sutcliffe and de Lecea, 2000) and 

humans with narcolepsy have significantly reduced levels of ORX peptides in their 

cerebrospinal fluid (Sutcliffe and de Lecea, 2000). This evidence suggests that ORX 

neurons maintain proper wakefulness level for survival and that the PV has an important 

role communicating the signals regarding wakefulness from ORX neurons to its proper 

target cortex.  

 

Appetite and feeding behavior 

Research has also revealed that the PV is involved in reward and food-seeking 

behavior through homeostatic responses. Beas et al. (2020) showed that in rodents the PV 

is particularly important in counter-regulatory responses to glucoprivation, highlighting 

the PV’s role in homeostasis. In glucoprivation, there is a lowering of blood glucose 

levels that triggers feelings of hunger. When blood glucose levels decrease, the PV is 

involved in a mechanism that promotes food-seeking to restore blood glucose levels to 

their homeostatic level. PV neurons projecting to the nACC are especially important in 

this response since they are functionally and anatomically connected to the ventrolateral 

medulla (VLM), which is a key regulator in this homeostatic response (Beas et al., 2020). 

In fact, the VLM has very dense connections to the PV (Phillipson and Bohn, 1994; Card 

et al., 2006; Beas et al., 2020), which in turn has dense connections to the nACC, a 

structure that is highly influential in reward seeking behaviors (Meffre et al., 2019; Otis 

et al., 2019; Beas et al., 2020). The nACC s involvement in reward-seeking explains its 

role in glucoprivation, since food-seeking and consumption are types of reward-seeking 
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behavior and are both activated when glucose levels are abnormally low. These strong 

VLM-PV connections facilitate the activation of PV- nACC projections, which has been 

shown to increase food-seeking behavior (Beas et al., 2020). However, it is important to 

make a distinction between food-seeking and consummatory behavior since PV- nACC 

neuronal activity varies with both. In a rodent study by Beas et al. (2020), activation of 

the PV- nACC pathway was linked to food-seeking behavior while decreased activation 

was linked to consummatory behavior. This finding is consistent with other studies that 

also showed this bidirectional modulation of the PV- nACC neurons (Reed et al., 2018; 

Otis et al., 2019). Thus, the VLM regulates food-seeking behavior through the activation 

of PV neurons that project to the nACC. In fact, the inhibition of PV- nACC projecting 

neurons results in a significant decrease in rodent feeding behavior, highlighting the 

essential role of the PV in this homeostatic response (Beas et al., 2020). This VLM-PV- 

nACC circuit is specific to glucoprivic responses and has not been shown to regulate 

other kinds of food-seeking behaviors, such as those associated with food restriction 

(Beas et al., 2020). 

 Kelley et al. (2005) showed that the PV is also involved in other food-seeking 

behaviors in rodents, specifically those associated with “overeating.” Based on multiple 

studies, they propose that the PV is part of an arcuate-LH-PV-striatal axis that modulates 

feeding behaviors when energy requirements have been satisfied. Through this axis, 

hypothalamic information can reach the striatum via the PV (Kelley et al., 2005). The 

critical role of the PV in this circuit can be attributed to its function as an interface 

between signals from the lateral hypothalamus (LH), circadian oscillators, and behavioral 

state-regulating neurons (Kelley et al., 2005). These PV afferents are key in modulating 
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ingestive behavior since the LH receives and integrates both behavioral and metabolic 

information related to arousal and energy balance from the arcuate nucleus (Elmquist et 

al., 1999). More specifically, the LH has orexin-coded neurons which influence arousal 

levels, especially during goal-directed behavior. The PV then conveys these signals to 

cholinergic interneurons in the striatum which relay this information to behavioral action 

systems, orchestrating food-seeking behavior (Kelley et al., 2005). Most afferent 

projections of the striatal cholinergic interneurons come from the midline thalamus, 

especially from the PV (Kelley et al., 2005). Thus, input from the PV promotes feeding, 

even beyond energy needs, by stimulating the release of enkephalin from striatal output 

neurons. This ensures future energy availability through fat reserves (Kelley et al., 2005). 

Several other studies have also shown a great thalamic influence on these cholinergic 

interneurons (Dube et al., 1988; Lapper and Bolam, 1992). Evidently, the PV has a 

significant influence on ingestive behaviors through the regulation of cholinergic 

interneuron activity.   

 

3.6 Midline thalamus is involved in multiple neurological disorders 

Although very little is known about impairment or dysfunction of the midline 

thalamic nuclei and the associations with neurological disorders and symptoms, it has 

been suggested that the impairment of the midline thalamic nuclei is involved in 

Alzheimer’s Disease (Braak and Braak 1991b; Ryan et al., 2013; Aggleton et al., 2016), 

Schizophrenia (Byne et al., 2009; Lisman et al., 2010), depression (Drevets et al., 1997; 

Brody et al., 2001; Pizzagalli et al., 2003; Hsu and Price, 2009;), drug relapse and 

addiction (Hamlin et al., 2009; Hsu and Price, 2009; James et al., 2010; Li and Kirouac, 
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2012), and others that are beyond the scope of the current review, including epilepsy 

(Bertram et al., 2001), autism (Ray et al., 2005) and Korsakoff’s syndrome (Visser et al., 

1999).  

 

Alzheimer’s Disease. 

Alzheimer’s Disease (AD) is a chronic progressive neurodegenerative disease that 

gradually worsens over time. Clinical symptoms of AD include impairments in memory, 

language, visuospatial orientation, and higher executive function. Non-cognitive changes 

include personality changes, decreased judgment ability, wandering, psychosis, mood 

disturbance, agitation, and sleep abnormalities (Schachter and Davis, 2000). Braak and 

Braak (1991a) studied in detail the involvement of the HC in the human brain in AD and 

also found evidence of other brain areas involved in AD including the thalamus (Braak 

and Braak, 1991b). Postmortem human AD brain slices showed evidence of amyloid 

plaques and neurofibrillary tangles in the thalamus. While amyloid deposition in the 

thalamus was variable and spread throughout, the pattern of neurofibrillary changes 

provided a more specific pattern of deposit in different nuclei of the thalamus (Aggleton 

et al., 2016). Amyloid plaques were present across numerous thalamic nuclei, unlike 

neurofibrillary tangles which were more restricted to specific areas. During earlier stages 

of AD, the parataenial nucleus of the midline thalamus displayed a significant number of 

neurofibrillary tangles (Braak and Braak, 1991b; Aggleton et al., 2016). By later stages of 

Alzheimer’s disease (stage 5 and 6), neurofibrillary changes were also prominent in RE, 

PV and other thalamic nuclei. The thalamic neurofibrillary tangles were found on 

thalamic nuclei that have reciprocal connections with the HC (Aggleton et al., 2016). 
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The subiculum also shows significant decrease in cells and increase in 

neurofibrillary tangles in Alzheimer’s disease (Hyman et al., 1990). During the 

progression of Alzheimer’s Disease there is an interruption of the connection of the 

hippocampal formation due to the tangles, and presumably this includes the connection 

with the midline thalamic nuclei (Hyman et al., 1990; Aggleton et al., 2016). This also 

suggests that the midline thalami nuclei are critical for the communication and 

synchronization of the mPFC-HC and is important for memory consolidation.    

Human neuroimaging studies showed findings that the thalamus is one of the 

earliest sites of amyloid deposition (Ryan et al., 2013). They also found evidence that the 

volume of the thalamus was reduced, but not of the hippocampus volume (Lee et al., 

2013; Ryan et al., 2013), indicating that the thalamus is significantly involved in AD. 

Neuroimaging findings also showed reduced hippocampal functional connectivity with 

areas including the thalamus in patients with an increased risk of Alzheimer’s disease 

(carriers of the APOE4 allele; Li et al., 2014).  

Animal research also showed evidence for early pathological progression of 

Alzheimer’s disease. Studies in transgenic mice showed that amyloid plaques first appear 

in the subiculum, and then in mamillary bodies and the thalamus, followed by the dentate 

gyrus and HC CA fields (Wilcock et al., 2008; Rönnbäck et al., 2012). However, the 

precise location or which thalamic nuclei was not specified (Aggleton et al., 2016). 

Further research needs to be done to examine the detailed anatomical specificity of these 

thalamic locations of where the amyloid-β plaques manifest, and how the neuropathology 

of this disease affects brain systems causing the cognitive impairments.  
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Cognitive impairment in AD may be related to mPFC impairments, or to 

impairments in communication between the HC and mThal with the mPFC. A positron 

emission tomography (PET) study indicated that memory deficits in early AD were due 

to a reduction in activity in the PFC and HC (Harrison et al., 2016). Additionally, early- 

stage AD ApoEε4 carriers exhibited decreased functional connectivity between the HC 

and mPFC. (Wang et al., 2015). Resting state fMRI found that there was also reduced 

functional connectivity between the HC and mPFC. However, changes in functional and 

structural connectivity between the midline thalamus and the mPFC is not known. 

 

Schizophrenia 

The thalamus provides a nodal link for multiple functional circuits that are 

impaired in schizophrenia (Byne et al., 2009). Post mortem studies have shown that 

patients with schizophrenia have high dopamine concentrations in various subcortical 

regions, and also increased dopamine receptor densities (Davis et al., 1991). A direct 

effect on the thalamus in response to typical antipsychotics would be expected selectively 

to the anterior, medial, midline and intralaminar nuclei because, as reviewed above, these 

nuclei have the greatest density of dopamine receptors (Byne et al., 2009). However, very 

little is known about midline thalamic involvement in abnormal cortical synchronization 

in schizophrenia.  

Cortical synchronization patterns have been shown to be altered in schizophrenia 

(Uhlhaas and Singer, 2010). A study showed that there was reduced coherence between 

the HC and mPFC, accompanied by working memory impairments, in a genetic mouse 

model of schizophrenia (Sigurdsson et al., 2010). However, RE was not studied. RE is a 
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critical link because it closes the communication loop between the HC and mPFC and is 

necessary for this synchronization. Since the HC and mPFC need the RE to communicate 

bidirectionally, the RE is potentially involved in this coherence reduction associated with 

Schizophrenia. Dysfunction in prefrontal cortex, hyperactivity in thalamus, and 

hyperactivity in ventral hippocampus have been proposed to underlie the psychotic 

symptoms of schizophrenia (Zimmerman and Grace, 2016). However, the idea that 

hyperactivity in RE could lead to overdrive of subicular activity and aberrantly high 

ventral tegmental dopamine neuron activity has not been established. Rodent studies 

showed that NMDA receptor antagonist works in interaction with dopamine to produce 

delta frequency bursting in the thalamus (Olney et al. 1991; Umbricht et al., 2000). RE is 

among the most activated thalamic nuclei by NMDA receptors. RE has strong projections 

to the HC that excite the CA1 region (McKenna and Vertes, 2004). Experiments indicate 

that such activation can lead to excitation of dopaminergic cells of the ventral tegmental 

area (Floresco et al., 2001). When this happens, there will be an increase in dopamine 

levels in the thalamus. This will increase the activation of RE and send more signals to 

VTA, creating a loop of signals. A predisposition to schizophrenia is a NMDA receptor 

block (Lisman et al., 2010). If only this block is present the loop activity stays low, and if 

only stress is present without the NMDA receptor block, the loop activity will also stay 

very low. However, when both the NMDA receptor block and stress are active, it will 

throw the loop into a positive feedback, producing maximal activity (Lisman et al., 

2010). This activity keeps persisting, even when stressors are removed. This 

demonstrated the bistable properties of the system in a situation where the NMDA 

receptor block is present. In conclusion, according to a model by Lisman et al. (2010), 
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schizophrenia occurs when the thalamus, HC and VTA are active in a loop, and they  

 

 

Figure 9. Schematic and simplified circuit models involved in neurological disorders. A, 
During the progression of Alzheimer’s Disease there is an interruption of the connection 
of the hippocampal formation due to the tangles, and presumably this includes the 
connection with the midline thalamic nuclei. It is unknown whether and how this would 
affect the mPFC-midline thalamus – HC circuit that is critical to memory processes. B, A 
predisposition to Schizophrenia is a NMDA receptor block. When this block is present in 
combination with stress, the nucleus reuniens goes in hyperactivity, and can lead to 
overdrive of subicular activity, and in turn increase signals to the VTA forming a 
positive feedback loop (Lisman et al., 2010). C, The role of PV in chronic stress and 
based on its connectivity suggests it may play a crucial role in stress related 
psychopathology such as depression. There is abnormal higher coupling between the PV 
and IL in depressed individuals compared to healthy individuals (Greicius et al., 2007). 
This abnormal activity In PV may also influence the nucleus accumbens and may be 
responsible for anhedonia in depression (pizzagalli et al., 2003). D, In drug addiction the 
idea is that the hypothalamus sends drug related signals to the PV, the HC sends drug 
related context cue information to the PV. The PV processes this information and sends 
projections to the nucleus accumbens with signals associated with reinstatement of drug-
seeking behavior. 
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become hyperactive under basal conditions. However, this computational model needs to 

be replicated and investigated in animal models.  

 

Major Depression 

There is substantial evidence that increased sensitivity to stress is an important 

risk factor for depression (Hasler et al.,2004). The role of PV in regulating chronic stress 

combined with its connectivity pattern and neurochemical input suggests it may play a 

role in clinical disorders and stress related psychopathology such as depression (Hsu and 

Price, 2009). As mentioned earlier in the stress regulation section, the PV receives 

stressZrelated signal from the hypothalamus, dorsal raphe, parabrachial nuclei, and PAG 

and has influence over the amygdala, nACC and IL of the mPFC. These structures all are 

key players in mood disorders and clinical conditions related to stress or abnormal 

reactions to stress such as depression (Hsu and Price, 2009; Hsu et al., 2014). 

Furthermore, abnormal activity in PV in depression may intensify or maintain 

negative emotional effects caused by chronic stress by contributing to higher IL activity 

in the mPFC (Drevets et al., 1997; Brody et al., 2001; Pizzagalli et al., 2003). As 

mentioned before, PV has strong structural connectivity with IL cortex. The IL exhibits 

abnormal activity functional neuroimaging studies during depression ( Drevets et al., 

1997; Mayberg et al., 1999; Brody et al., 2001; Pizzagalli et al., 2003), which shows 

reversal after successful treatment of depression using fluoxetine treatment, which is an 

antidepressant serotonin reuptake inhibitor (Mayberg et al., 1999; Brody et al., 2001). In 

a human PET study, Drevets et al. (1997) showed that in depressed individuals there was 

an abnormal reduction in blood flow and rate of glucose metabolism in the IL cortex 
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compared to healthy controls. This evidence suggests that there was a lower metabolic 

rate in IL in depressed individuals. Another human electroencephalogram (EEG) and 

PET study showed that melancholia in depression resulted in reduced activity in IL, with 

increased inhibitory delta activity and decreased glucose metabolism (Pizzagalli et al., 

2003). In that same study they showed that after treatment with tricyclic antidepressants, 

subjects with the largest reduction in depression severity showed the lowest post-

treatment IL delta activity (Pizzagalli et al., 2003).  

Evidence shows that there is abnormal activity of PV in individuals with 

depression. However, the specific role of the PV in relation to stress regulation and the 

onset of depression is poorly understood. One hypothesis is that the involvement of PV 

depends on whether the stressor presented leads to habituation or facilitation, e.g. an 

acute stressor can facilitate the onset of depression when there are already high levels of 

chronic stress present (Hammen, 2005, 2009). Then, in turn, a dysregulated HPA axis due 

to high levels of chronic stress is often associated with depression, and in part could be 

associated with the inability of PV to respond adaptively to the chronic stress. This view 

is supported by the observation using fMRI that there is an increase in midline thalamic 

activity and abnormal higher coupling between midline thalamus and IL of the mPFC in 

individuals with depression compared to healthy individuals (Neumeister et al., 2004; 

Greicius et al., 2007). Researchers suggested that in depressed individuals, the activity in 

the thalamus is excessively coupled to the IL, which is more involved in affective 

functions, at the cost of the more dorsal anterior cingulate cortex, which is more involved 

in cognitive functions (Greicius et al., 2007). Abnormal PV activity may also influence 
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the nucleus accumbens and may be responsible for anhedonia in depression (Pizzagalli et 

al., 2003).   

Additionally, serotonin dysfunction is also associated with depression. In a human 

PET study, tryptophan depletion was used to measure decreased serotonin function which 

is associated with major depressive disorder (Neumeister et al., 2004). They showed that 

depressed patients in remission have increased thalamic metabolism in the midline of the 

thalamus, anterior cingulate, and orbitofrontal cortex, after tryptophan depletion, but not 

after sham depletion (Neumeister et al., 2004). This tryptophan depletion was associated 

with an increase in regional cerebral glucose usage in the medial thalamus, cingulate 

cortex, OFC, and ventral striatum in patients with remitted depression (Neumeister et al., 

2004). This evidence suggests that tryptophan depletion is associated with a serotonin 

system dysfunction, which is associated with depression, and identifies a circuit that 

includes the midline thalamus with a role in the pathology of depressive disorder.  

 

Pharmacological treatments affect PV and depressive-like behaviors. 

 The PV is studied in many rodent models of depression, targeting the PV with 

lesions or pharmacological manipulations. In one study, after rodents were forced to 

swim, there were increased c-fos levels, which were correlated to their freezing behavior 

(Zhu et al., 2011). Additionally, they found that PV neurons that projected to the 

amygdala CeA had an increase in c-fos. These results suggest that the PV-CeA pathway 

is involved in depressive like behavior such as freezing (Zhu et al., 2011). Additionally, 

according to Smith et al. (1999), studies in nonhuman primates and pigs have found that 

selective serotonin reuptake inhibitors (SSRI), radiolabeled for use in PET or SPECT 
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(single-photon emission computed tomography), have been shown to accumulate to a 

high degree in the midline thalamic nuclei (Smith, 1999). This suggests that 

serotoninergic neurotransmission to the midline thalamic nuclei, particularly PV, may be 

involved in the antidepressant effects of SSRIs (Hsu et al., 2014). Another study 

investigated the pharmacological effects of desipramine, a tricycling antidepressant, on 

brain regions including the PV. They found that PV was of the structures that showed 

reduced c-Fos levels after the pharmacological administration, which also led to a 

reduced level of depressive behavior (Beck and Fibiger, 1995). Similarly, a study using 

olfactory bulbectomized rats, which is used as a model of depression, studied the effect of 

the administration of chronic fluoxetine treatment, a SSRI, on stress sensitive areas 

including the PV (Roche et al., 2007). They found that after chronic treatment, there was 

reduced c-fos expression in the PV, amygdala, HC and dorsal raphe, and the rodents 

showed reduced depressive like behaviors (Roche et al., 2007). Taken together, these 

studies suggest that the PV is involved in multiple rodent models of depression and is 

affected by the pharmacological treatments. Future studies should focus on selectively 

targeting the PV with pharmacological treatment or with lesions to investigate the 

specific role this nucleus has in non-human animal models of depression.  

 

Drug Addiction 

Studies have shown that PV is activated by acute and repeated drugs of abuse 

(Hamlin et al., 2009), and context cues that are associated with the drug of abuse (Brown 

et al., 1992; Rhodes et al., 2005; Dayas et al., 2008; Barson et al., 2015; Chisholm et al., 

2019) such as signal for sugar water (Igelstrom et al., 2010), or during foot shock (Beck 
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and Fibiger, 1995; Yasoshima et al., 2007), and also when they are placed in an 

environment associated with conditioned taste aversion (Yasoshima et al., 2007). In turn, 

studies have shown that lesioning the PV can lead to emotionally correlated behaviors 

such as conditioned taste aversion (Yamamoto et al., 1995) and drug seeking behavior 

(James et al., 2010; Hamlin et al., 2009; Browning et al., 2014). Evidence that the PV has 

an important role in negative and positive charged emotional behavior is accumulating; 

however, the precise mechanisms on how exactly the PV is involved in both negative and 

positive charged behavior is still undetermined.  

The PV has inputs to the amygdala, nucleus accumbens, prefrontal cortex and 

other brain areas that are involved in expressing negative or positive emotional states 

(Hamlin et al., 2009; Zhu et al., 2011). The idea is that when the PV receives information 

from the hypothalamus that has an association with an event that is emotionally charged, 

it would provide excitatory input to the amygdala, nucleus accumbens, prefrontal cortex 

and other brain areas involved in emotional states activating them. Consistent with this 

view, rodent studies have shown that lesioning or inactivating PV neurons reduce 

reinstatement of drug seeking behaviors such as expressing drug-seeking behavior after 

being primed with cocaine (James et al., 2010), conditioned place preference induced by 

cocaine (Browning et al., 2014), and moving to an environment that is cocaine-induced 

(Marchant et al., 2010; Young and Deutch, 1998). The hypothalamus sends projections 

such as ORX signals or a signal containing information associated with drug of abuse to 

the PV, and the PV will in turn send projections to the nucleus accumbens. However, the 

PV to nACC pathway is thought to be involved in addictive behaviors motivated by 
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negative reinforcement, rather than craving induced addictive behavior (Zhu et al., 2016; 

Huang et al., 2018; Hill-Bowen et al., 2020).  

Projections from the PV to the nACC have also been shown to be involved in the 

reinstatement of extinguished alcohol-seeking behavior induced by context, but receive 

contextual cues coming from the subiculum (Hamlin et al., 2009; Hsu and Price, 2009; Li 

and Kirouac, 2012). This evidence suggests that the PV is activated by exposure to drugs 

and to drug associated contexts and cues. This activation of the PV with possible cue 

information coming from the subiculum are what leads to drug seeking behavior. 

Therefore, while the hypothalamus sends drug related signals to the PV, the HC sends 

drug related context cue information to the PV. The PV processes this information and 

sends projections to the nucleus accumbens with signals associated with reinstatement of 

drug-seeking behavior (Fig. 9D) 

ORX has also been shown to be involved in reward seeking, drug relapse and 

drug addiction (Harris et al., 2005; Inutsuka et al., 2013). Evidence also shows that ORX 

is involved in mediating stress-induced reinstatement of drug-seeking behavior (Boutrel 

et al., 2005). The nucleus accumbens is well known for its involvement in substance 

abuse (Deadwyler et al., 2004). PV, IL and the shell of the nucleus accumbens have high 

levels of ORX fibers (Ferry et al., 2000; Baldo et al., 2003; Hsu and Price, 2009), and 

these structures have bidirectional connections with each other, potentially forming a 

circuit involved in reward seeking and drug abuse. These brain regions are also involved 

in chronic stress and depression, and often these diseases are comorbid (Hsu and Price, 

2009). 
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3.7 Conclusion. 

The midline thalamic nuclei, and their complex circuits, are part of higher order 

cortico-thalamic-cortical networks that are important for cognition. The midline thalamic 

nuclei receive a wide array of afferents from limbic related sites in the brainstem and 

forebrain and have specific projections to limbic cortical and subcortical structures. 

While the dorsal midline thalamic nuclei are primarily involved in functions related to 

affective functions such as chronic stress control, and the ventral midline thalamic nuclei 

are more involved in cognitive function such as memory, the entire midline thalamus 

projects specifically to limbic subcortical and cortical areas (Vertes et al., 2016).  

Although there is rich anatomical, functional, and behavioral data on the midline 

thalamic nuclei, the knowledge on their precise involvement in functions and 

neurological disorders is far from complete. First the smaller nuclei, PT and RH, are 

often studied in combination with their bigger neighbor, PV and RE, respectively. 

Isolating these nuclei in studies would be of great advantage to understanding their 

specific anatomical, functional and behavior roles. On the other side, the ventral and 

dorsal thalamic nuclei groups are often studied in isolation, and in very different research 

domains investigating different research questions. Therefore, whether the ventral and 

dorsal nuclei have similar involvement in specific functions is not known.  

Additionally, very little is known about the midline thalamus in the human brain 

due to the difficulty identifying these small nuclei. The results of our recent study 

(Reeders et al., in prep) will aid in the identification and segmentation of the midline 

thalamus in the human brain in vivo. This can aid in the investigation of the involvement 



 109 

of the midline thalamus in various of functions and disorder using fMRI data, and the 

investigation of differences in anatomical connectivity in relation to development, aging, 

and neurological disorders.  
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CHAPTER 4 

Finding the midline thalamus in the human brain using medial temporal lobe and 

medial prefrontal cortex connectivity 
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4.1 Summary 

The midline thalamus is critical to the coordination of many higher-order cortico-

thalamic-cortical networks. For example, the midline thalamus has been shown to be 

essential to cognition at the intersection of executive function and memory and associated 

with several neurological disorders including Alzheimer’s disease, epilepsy, and 

depression. Based on specific patterns of anatomical connectivity in rodents and 

macaques, four midline thalamic nuclei have been identified including: paratenial nucleus 

(PT), paraventricular nucleus (PV), rhomboid nucleus (RH), and the nucleus reuniens 

(RE). However, almost nothing is known about the midline thalamic nuclei in humans in 

vivo. This is due, in part, to the difficulty in identifying the midline thalamus with current 

imaging technologies. Here, we identified and segmented the midline thalamus in vivo by 

using probabilistic tractography and k-means clustering with diffusion weighted imaging 

data. Thalamic nuclei were clustered across participants based on cortical and subcortical 

connectivity profiles informed by rodent and macaque tracer studies. This approach 

revealed a midline thalamic cluster that is well connected to the agranular medial 

prefrontal cortex, nucleus accumbens (nACC), and medial temporal lobe and located 

directly adjacent to the third ventricle. We further subdivided the human midline 

thalamus into a dorsal midline thalamic region, which we believe includes the PV and 

PT, and a ventral midline thalamic region, which includes the RH and RE. These are 

important divisions due to their unique anatomical connectivity and different 

contributions to cognitive functions – only explored in rodents to date. Ultimately, this 

connectivity-based identification and segmentation method can be used to help 
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characterize the involvement of the midline thalamus in vivo both structurally and 

functionally in both healthy and neurological brain pathologies. 

 

4.2 Introduction 

The midline thalamus consists of medial nuclei, adjacent to the third ventricle, 

that are essential to an array of cognitive functions including emotional processing, 

memory consolidation, decision making, and stress regulation (Li and Kirouac, 2008; 

Hsu et al., 2014; Thielen et al., 2015). Dysfunction in the midline thalamus has been 

directly implicated in numerous neurodegenerative and psychiatric disorders including 

Alzheimer’s disease, schizophrenia, epilepsy, major depression, and others (Braak and 

Braak, 1991a, 1991b; Bertram et al., 2001; Neumeister et al., 2004; Aggleton et al., 

2016). Anatomically, midline thalamic nuclei form canonical higher order cortico-

thalamo-cortical circuits in the brain (Sherman, 2017), most notable for connecting the 

medial temporal lobe (MTL), especially the hippocampus (HC), with the medial 

prefrontal cortex (mPFC; Herkenham, 1978; Wouterlood et al., 1990; Dolleman-Van Der 

Weel and Witter, 1996; Van Der Werf et al., 2002; McKenna and Vertes, 2004; Hoover 

and Vertes, 2012; Varela et al., 2014). Despite the importance of the midline thalamus, 

surprisingly little is known about the connectivity and function of these nuclei in humans, 

due to the difficulty in localizing the boundaries of these nuclei in vivo. Here, we use a 

data driven technique to identify the midline thalamus in vivo in humans, based on its 

known connectivity profile from macaque and rodent research. Localizing the midline 

thalamus using its connectivity patterns provides the opportunity to implement this 



 113 

segmentation in future functional and structural human MRI studies to investigate clinical 

neurodegenerative disorders associated with the midline thalamic nuclei.  

The midline thalamus has been most extensively studied in rodents and can be 

separated into four separate nuclei including the nucleus reuniens (RE), rhomboid 

nucleus (RH), paraventricular nucleus (PV), and paratenial nucleus (PT) based on 

histologically determined connectivity and cytoarchitectural features. Both in humans and 

non-human animals, these nuclei are often combined into ventral- and dorsal regions. In 

humans, the ventral midline thalamus comprises the RE and RH, where RE is situated 

above the third ventricle and RH located immediately dorsal to RE. The dorsal midline 

thalamus comprises the PV and PT, where the PT is dorsal to PV, just below the third 

ventricle. In rodents, it is unclear whether and how the midline thalamus should be 

divided functionally, and how subregions may interact forming a single unit that curves 

around the third ventricle (Viena et al., 2020).  

The midline thalamic nuclei are most commonly characterized by their anatomical 

connectivity profiles in rodents (Amaral and Cowan, 1980; DeVito, 1980; Aggleton et al., 

1986; Gabbott and Bacon, 1996; McKenna and Vertes, 2004; Hsu and Price, 2007; 

Passingham and Wise, 2012; Vertes, 2002; Vertes et al., 2015; Laubach et al., 2018) and 

macaques (Amaral and Cowan, 1980; DeVito, 1980; Aggleton et al., 1986; Hsu and 

Price, 2007; 2009; Passingham and Wise, 2012). In this study we used connectivity 

profiles from prior rodent and macaque studies to inform our identification of the midline 

thalamus in in humans in vivo using patterns of anatomical connectivity derived from 

diffusion weighted imaging (DWI) probabilistic tractography. While these circuits have 



 114 

been studied most often in rodents, similar pathways are presumed to exist in primates, 

which are together summarized below.  

The midline thalamic nuclei all share bidirectional connectivity with the agranular 

mPFC in both macaques and rodents (Amaral and Cowan, 1980; DeVito, 1980; Aggleton 

et al., 1986; Gabbott and Bacon, 1996; McKenna and Vertes, 2004; Hsu and Price, 2007; 

Passingham and Wise, 2012; Vertes, 2002; Vertes et al., 2015; Laubach et al., 2018). In 

macaques, the strongest bidirectional connections are with the infralimbic (IL) and 

prelimbic (PL) areas of the mPFC (Amaral and Cowan, 1980; DeVito, 1980; Aggleton et 

al., 1986; Hsu and Price, 2007; Passingham and Wise, 2012). For RE, PV and PT this 

corresponds with rodent data (Vertes et al., 2015), but this has not been investigated in 

RH in macaques yet. All four nuclei have connectivity with the anterior cingulate cortex 

(ACC) in rodents (Gabbott and Bacon, 1996; Vertes, 2002; McKenna and Vertes, 2004). 

ACC connectivity corresponds for RE and PV in macaques (Hsu and Price, 2007), but 

has not yet been investigated for PT and RH in primates. Additionally, PT, PV, RH, RE 

all have strong projections to the nucleus accumbens (nACC) in both rodents (Kelley et 

al., 1984; Vertes et al., 2006; 2008; Parsons et al., 2007; Li et al., 2008; Vertes et al., 

2015) and macaques (Hsu and Price, 2009). However, it should be noted that only one 

study showed tracer projections from nACC to PV in macaques (Hsu and Price 2009).  

All four midline thalamic nuclei also have strong connections with the 

hippocampal formation in both macaques and rodents, especially the subiculum, 

presubiculum and CA4 subregions (DeVito, 1980; Aggleton et al., 1986; Gabbott and 

Bacon, 1996; Saunders et al., 2005; Vertes et al., 2006; Hsu and Price, 2007; 2009; 

Vertes et al., 2015). In rodents the strongest connectivity between midline thalamic nuclei 
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and the hippocampal formation is observed between the CA1 and RE (Wouterlood et al., 

1990; Dolleman-Van der Weel et al., 1997; McKenna and Vertes, 2004). A similar bias 

in anatomical connectivity strength between the CA1 and RE has not yet been found in 

primates. RE does not receive any projections from the dentate gyrus in either rodents or 

primates (Wouterlood et al., 1990; McKenna and Vertes, 2004). In rodents it has been 

shown that RE, in particular, completes the connectivity loop between the mPFC and HC, 

as the HC has direct projections to mPFC, but there are no return monosynaptic 

projections (Laroche et al., 2000; Hoover & Vertes, 2007), making this structure crucial 

for bidirectional mPFC and HC communication. For a full structural connectivity profile 

in rodents, please see Vertes et al., (2015) and Dolleman van der Weel et al., (2019), and 

in macaques please see Amaral and Cowan (1980) and Hsu et al. (2007, 2009, 2014). 

These connectivity profiles have driven work on their functions. PV is connected 

with many brain regions implicated in emotion regulation and therefore has been studied 

in drug addiction (Hsu and Price, 2009; Inutsuka et al., 2013; Hsu et al., 2014), emotional 

memory (Padilla-Coreano et al., 2012; Domonte et al., 2015; Penzo et al., 2015), sleep-

wake cycles (Hsu and Price, 2009; Inutsuka et al., 2013) and in its unique role in the 

response to chronic stress (Hsu et al., 2014). A recent study by Kato et al., (2019) found 

that modulation of the activity in PV neurons affected the firing patterns in neurons in the 

mPFC (Kato et al., 2019). Specifically, chronic presynaptic inhibition of PV neurons 

increased the number of firing interneurons in mPFC resulting in more active behavior, 

whereas long term activation of PV neurons caused hypoactivity episodes (Kato et al., 

2019). These findings suggest that proper synaptic transmission of PV to mPFC might 

have important roles in depression. The PT has most often been studied combined with 
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PV. While the precise function of the PT exclusively is uncertain, its connectivity profile 

suggests that it may act as a gateway for multimodal information to the limbic system to 

select an appropriate response (Vertes and Hoover, 2008) including feeding behavior 

(Kelley et al., 2005), and may also be involved in consolidated fear conditioning (Padilla-

Correano et al., 2012). Additionally, the outputs from PV to nACC may be involved in 

arousal states in rodents (Parsons et al., 2007). The nACC shell received dense 

innervation from dopamine neurons from the PV (Parsons et al., 2007). Using electrical 

stimulation of the PV dopamine neurons on the dopamine levels in the nACC shell, 

Parsons et al., (2007) found that stimulation of PV evoked large oxidation current 

changes in the shell of the nucleus accumbens, suggesting that glutamate release from PV 

can act on ionotropic glutamate receptors in the nACC to induce a dopamine efflux. This 

modulation of dopamine levels in the nACC may be linked to arousal or stressful 

situations (Parsons et al., 2007).  

RE is connected to many limbic regions and has been most commonly studied in 

memory consolidation (Thielen et al., 2015), spatial working memory (Hallock et al., 

2013; Viena et al., 2018), goal directed spatial navigation (Ito et al., 2015), temporal 

organization of sequence memory (Jayachandran et al., 2019), contextual fear memory 

(Xu and Südhof, 2013) and behavioral flexibility (Viena et al., 2018). RH has most often 

been studied in combination with RE in rodents and not in detail in primates, and 

therefore little is known regarding functions exclusive to RH. However, in combination 

with RE, RH has been shown to be involved in contextual fear memory persistence (Quet 

e al., 2020), fear extinction (Ramanathan et al., 2018), spatial memory persistence 

(Loureiro et al., 2012), anxiety-like avoidance behavior (Linley et al., 2021) in rodents. 
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RH and RE also have been shown to induce plasticity by coordinated synaptic 

transmission to the prefrontal cortex in rodents (Banks et al., 2021).  

The midline thalamic nuclei are integral to normal cognitive processing. The 

involvement of the midline thalamic nuclei in various disorders has made the midline 

thalamus a focus of rodent research (Vertes et al., 2007; Ramanathan et al., 2018; 

Dolleman-van der Weel et al., 2019; Jayachandran et al., 2019). Impairments of one or 

more of the midline thalamic nuclei has been shown to be involved in neuropsychological 

diseases including Alzheimer’s disease, chronic stress, epilepsy, and drug-seeking 

behavior.  

In Alzheimer’s disease, large numbers of extracellular amyloid deposits occurred 

in almost all thalamic nuclei (Braak and Braak, 1991b), while neurofibrillary tangles 

deposit in the midline thalamic nuclei, especially RE, as early as in the third of the six 

stages of the disease (Braak and Braak ,1991a). The PV and RE of the midline thalamus 

contained numerous neurofibrillary tangles and neuropil threads compared to other 

regions of the thalamus in Alzheimer’s disease (Braak and Braak 1991b). These severe 

changes due to Alzheimer’s disease are confined only to the limbic midline thalamic 

nuclei (Braak and Braak, 1991b). A recent study (Walsh et al., 2020) investigating rodent 

amyloid pathology models showed that there are alterations of the likelihood that RE 

neurons produce burst firing after hyperpolarization compared to controls. Additionally, 

they also showed that action potential waveforms of RE neurons are also altered (Walsh 

et al., 2020). These alterations to the intrinsic membrane properties of RE neurons are 

likely to have important consequences for learning and memory. 
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The midline thalamus has been shown to play a role in seizure modulation in 

limbic epilepsy. Hazra et al. (2016) has linked increased c-fos immunoreactivity, a 

marker for neuronal activity, in RE to cortical epileptiform activity in mice. Bertram et al. 

(2001), showed that the midline thalamus has seizure activity onset linked to seizure 

onset in the HC and that there is consistent neuronal loss in the midline thalamic nuclei 

similar to neuronal loss and atrophy seen in hippocampal sclerosis in human medial 

temporal lobe epilepsy. Additionally, there are changes in physiology in the midline 

thalamic neurons of epileptic rodents which result in hyperexcitability (Bertram et al., 

2001).  

The midline thalamus has been shown to play a critical and unique role in 

regulating behavioral and physical adaptions to severe and chronic stress (Hsu et al., 

2014) and impairments are associated with depressive symptoms (Kato et al., 2019). 

Specifically, the PV may mediate stress-induced changes in mood and behavior through 

the amygdala, bed nucleus of the stria terminalis (BNST), nACC, and subgenual anterior 

cingulate cortex (sgACC) (Hsu et al., 2014). Additionally, PV has a critical role in 

chronic stress regulation through orexin inputs (Hsu et al., 2014). In chronic stress, but 

not acute stress, PV is critical for habituation and facilitation of the HPA axis in rodents 

(Bhatnagar et al., 2000; 2002; Hsu et al., 2014). In a recent study, evidence was found 

that long-term activation of PV neurons by designer receptors exclusively activated by 

designer drugs hM3Dq increased the frequency of depression-like episodes (Kato et al., 

2019) In a human PET, evidence showed that in patients with remitted depressive 

disorder to controls, tryptophan depletion was associated with increased regional glucose 

metabolic blood flow in the midline thalamus (Neumeister et al., 2004). In depressed 
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human subjects, activity in the midline thalamus shows increased functional connectivity 

with the subgenual cingulate, a brain region associated with affective behaviors, and 

decreased functional connectivity in the dorsal anterior cingulate, a brain region 

associated with cognitive behaviors, which normalized with depression treatment of 

sertraline (Anand et al., 2005; Greicius et el., 2007).  

Accumulating evidence also indicates that the PV mediates drug-seeking 

behavior. The PV receives major hypothalamic orexin projections, which have been 

shown to modulate reward function, including drug-seeking behavior (Mahler et al., 

2012; Matzeu et al., 2018) and regulate arousal, wakefulness and appetite. Orexin 

neurons express dynorphin, which in contrast to orexin, promotes depressive-like 

behaviors and is involved in mediating the effects of stress (Matzeu et al., 2018). PV has 

been shown to express both orexin and k-opioid receptors (Matzeu et al., 2018). This 

suggests that orexin and dynorphin have a functional interaction in the PV (Matzeu et al., 

2018).  

Given the midline thalamus is implicated in many neurological disorders, it is 

therefore surprising that very little is known about the midline thalamus in humans both 

anatomically and functionally. In a recent study, Kark et al., (2021) showed that the PV is 

functionally connected during rest to many of the regions it is structurally connected to in 

non-human animals including the HC, amygdala and mPFC, and that it is integrated into 

the default mode network which has associations with episodic memory and self-

referential thought (Andrews-Hanna et al., 2010). Another report by Reagh et al. (2017) 

found that a thalamic area located on top of the third ventricle, identified as RE, mediated 

correlations between the anterior hippocampus and the medial prefrontal cortex during 
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recognition judgments in line with its role in rodent memory. These initial studies provide 

a foundation for functional roles of the midline thalamic nuclei in the human brain. 

Structural connectivity of the midline thalamic nuclei in the human brain and their 

functional involvement in cognitive functions and neurodegenerative disorders in humans 

has yet to be investigated in detail.  

The paucity of data on the human midline thalamus is due, in part, to the small 

size, location next to ventricles, and lack of clear boundaries in local cell type and tissue 

densities makes it difficult to identify with in vivo imaging technologies in humans (e.g. 

MRI). Here, we attempt to delineate the borders of midline thalamus in humans by using 

DWI and probabilistic tractography to produce voxel clusters with similar connectivity 

profiles and co-registering them across subjects. This approach takes advantage of the 

known connectivity profiles of the midline thalamus in non-human primate and rodent 

studies. The results of this approach provide stereotypical midline thalamus coordinates 

in humans based on highly overlapping connectivity profiles across individual subjects. 

This method can pave the path for future studies investigating the involvement of the 

midline thalamus in various functions, and neurocognitive disorders. 

 

4.3 Methods 

Participants & Image Acquisition 

The WU-Minn dataset from the Human Connectome Project (HCP; Van Essen et 

al., 2013) were obtained through “connectome in a box” 

(www.store.humanconnectome.org). We selected the first 127 participants from the HCP 

dataset. Ages ranged from 22 to 35 years old (M = 29.000, SD = 3.432) from which 72 
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were female. Participants were scanned on a customized Siemens 3T “Connectome 

Skyra” at Washingtoon University in St. Louis, using a 32-channel Siemens head coil. 

The structural image had an acquisition time of 7:40 min (repetition time; TR = 2400 ms, 

echo time; TE = 2.14 ms, inversion time, TI = 1000 ms, flip angle = 8°, FOV = 224x224 

mm, voxel size = 0.7 mm isotropic, BW of 210 Hz/Px). The diffusion weighted images 

included 6 runs of approximately 9 minutes and 50 seconds. There were 3 different 

gradient tables. Each table was acquired once with right-to-left and left-to-right phase 

encoding polarities, respectively. Each table has approximately 90 diffusion weighting 

directions plus 6 b=0 acquisitions interspersed throughout each run. Diffusion weighting 

consisted of 3 shells with b = 1000, 2000 and 3000 s/mm2 interspersed. The sequence 

was a spin-echo EPI (TR = 5520 ms, TE = 89.5 ms, flip angle = 78°, FOV = 210x180 

mm, matrix = 168x144 mm, and refocusing flip angle of 160 degrees). There were 111 

slices and were 1.25 mm thick with 1.25 mm isotropic voxels. The multiband factor was 

3 and 0.78 ms of echo spacing was used. Phase partial Fourier was 6/8. 

Data Processing and Analysis.  

Preprocessing. HCP data was preprocessed by the HCP. Using the structural 

images, they produced an undistorted “native” structural volume space for each 

participant, performed a bias field (B1) correction, and lastly registered the native 

structural volume to Montreal Neurological Insititute (MNI) space. Freesurfer (5.3.0-

HCP) was used to segment the volume into predefined structures, reconstruct white and 

pial cortical surfaces, and perform standard folding based surface registration to the 

surface atlas (fsaverage). Their diffusion preprocessing included normalization of the b0 

image intensity across six diffusion series using the “topup” tool (Andersson et al., 2003), 
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removing EPI 

distortions. FSL’s 

EDDY algorithm 

was used for 

eddy-current-

induced 

correction and 

motion 

correction. Next, 

they did gradient 

nonlinearity 

correction and 

removed spatial 

distortion and 

mean b0 image 

was corrected 

from distortion. 

Bvalue and 

bvector deviation 

were calculated. They registered the mean b0 to native volume T1w with FLIRT and 

bbregister and transformation of diffusion data, gradient deviation, and gradient 

directions to 1.25 mm structural space. Brain mask was based on the segmentation output 

from FreeSurfer.  

Figure 10. Fiber tracking using probabilistic tractography on DWI 
data. A, Seed region was the whole thalamus, and target regions of 
interest were the hippocampus, parahippocampus, entorhinal cortex, 
amygdala rostral anterior cingulate cortex and the medial orbital 
frontal gyrus. Our control regions were the superior frontal cortex, 
precentral gyrus, paracentral gyrus, post central gyrus, parietal 
cortex). B, Streamline density maps showed that the whole thalamus 
had strong connectivity to the MTL regions and the mPFC regions 
and some Occipital region. Cut off: 75000 from 4238612 total. C, 
When looking at which voxels of the thalamus had the highest 
connectivity our regions of interest after probabilistic tractography 
to, we found that continuously the midline voxels were revealed. 
Thresholding hippocampus 4000/24992 y = 94, parahippocampus 
500/6132 y = 94, entorhinal cortex 1700/9721 y = 95, amygdala 
3000/24440 y=95, medial orbitofrontal cortex 900/17783 y = 96, 
rostral anterior cingulate 15/64 y = 91, nucleus accumbens 300/4919 
y=98. Connectivity to control regions showed high connectivity with 
lateral posterior regions: e.g. Precentral gyrus 8000/19528 y = 86.  
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Probabilistic Tractography analysis Next, we used Bayesian Estimation of 

Diffusion Parameters (BEDPOSTX) to model crossing fibers within each brain voxel and 

to create a fitting of the probabilistic diffusion model on corrected data. The results of 

BEDPOSTX were the basis of all subsequent probabilistic tractography based analyses. 

The thalamus of both hemispheres was separately used as seed regions for probabilistic 

tractography with ipsilateral cortical and subcortical targets obtained from Freesurfer. We 

used ProbtrackX to run probabilistic tractography on the data. Briefly, ProbtrackX 

produces sample streamlines, starting from a voxel within the seed region, and then 

iterates between 1) drawing an orientation from the voxel-wise bedpost distributions and 

2) taking a step in the direction of diffusion orientation and 3) checking for any 

termination criteria (see below). These sample streamlines will then be used to 

investigate how often a streamline from each voxel of the thalamus ends up in one of the 

target regions. This streamline distribution can be thought of as an estimated connectivity 

distribution.  

We sampled 25000 voxel-wise principal diffusion directions (streamlines) from 

each voxel in the seed region (the whole thalamus), each time computing a streamline 

through these local samples to generate a probabilistic streamline from the distribution 

on the location of the true streamline. The termination criteria where either when a 

streamline hit a voxel in the target mask, or 2) reaching 5000 steps; and restriction criteria 

were that the streamline random walks could not go backward to the previous voxel make 

and are only allowed to make movements greater than 90 degrees away from the current 

step. FMRIB’s Diffusion Toolbox (FDT) was then used to create a connectivity 

distribution. Primarily, we recorded the target destination of each random walk for every 
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thalamic voxel. We used anatomical derived from Freesurfer anatomical regions of 

interest (surfer.nmr.mgh.harvard.edu) using their aparc+aseg files. Cortical and 

subcortical target files were binarized, transformed using a nearest neighbor interpolation, 

and resampled to DWI resolution prior to running the ProbtrackX algorithm. Masks of 

the ventricles were used as avoid masks. Next, we made a voxel by target matrix with the 

frequency of how often each voxel in the thalamus made it to each specific ipsilateral 

target which were entered into the k-means clustering algorithm.  

K-means clustering. The voxel by target (a.k.a., feature) multidimensional data 

was entered into a k-means clustering algorithm using scikit-learn (https://scikit-

learn.org/stable/), which clusters data by separating samples into n groups of equal 

variances, minimizing inertia (within-cluster sum-of-squares) we constrained the solution 

to 8 clusters. Voxels with similar target patterns of connectivity based on how many 

times their random walks made it to the set of targets are grouped together into a k-means 

cluster. K-means clusters with connectivity profiles that preferentially included high 

connectivity to targets of interest and minimal connectivity with targets of non-interest 

were used to select k-means clusters that matched the connectivity profile informed by 

the non-human animal studies. Targets of interest were medial temporal lobe regions 

(hippocampus, parahippocampus, entorhinal cortex, and amygdala), nucleus accumbens 

and medial prefrontal cortex regions (medial orbitofrontal cortex, rostral anterior 

cingulate cortex; Fig. 10A). These mPFC labels correspond to agranular cortex 

Broddmann areas 14 (orbital prefrontal cortex), 25 (infralimbic cortex), 32 (prelimbic 

cortex) and 24 (anterior cingulate gyrus) according to Passingham and Wise (2012). 

Targets of non-interest included superior frontal cortex, precentral gyrus, paracentral 



 125 

gyrus, post central gyrus, parietal cortex (Fig. 10A). The resulting k-means clusters that 

met our target/non-target criteria were binarized and normalized to the MNI template, 

averaged across our sample, and thresholded to select voxels that only exhibited 80% or 

greater overlap across all participants. We divided the resulting thresholded midline 

thalamus mask based on Ding et al., (2016) atlas into a dorsal midline thalamus mask 

(upper 48% of pairing height in the most anterior slice where the midline thalamus pairs) 

and ventral midline thalamus mask (lower 52% of the pairing height of the most anterior 

slice where the midline thalamus pair). The dorsal midline thalamus mask includes the 

PT and PV, and the ventral midline thalamus mask includes the RH and RE. This results 

in three masks per hemisphere that can be used for further analyses including fMRI or 

structural connectivity analyses: a full midline thalamus mask, a dorsal midline thalamus 

mask, and a ventral midline thalamus mask.  

 

4.4 Results 

We identified the human midline thalamus by segmenting thalamic voxels based 

on their anatomical connectivity profile informed by previous studies in rodents and 

macaques. Using probabilistic tractography and k-means clustering analyses on DWI data 

we illuminated voxels within the thalamus with direct, structural connections with 

temporal lobe regions (hippocampus, parahippocampus, entorhinal cortex and amygdala), 

mPFC regions (medial orbitofrontal cortex and rostral anterior cingulate) and the nucleus 

accumbens, but not to non-target regions (superior frontal cortex, precentral gyrus, 

paracentral gyrus, post central gyrus, parietal cortex). These connectivity results 

correspond well to structural connectivity in non-human animals (Amaral and Cowan,  
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1980; DeVito, 1980; Aggleton et al., 1986; Gabbott and Bacon, 1996; Vertes, 2002; 

McKenna and Vertes, 2004; Hsu and Price, 2007; Passingham and Wise, 2012; Vertes et 

al., 2015; Laubach et al., 2018).  

Figure 11. Midline thalamic mask in the human brain. A, Clustering of thalamic voxels 
with similar connectivity profiles revealed a midline thalamic cluster. Colors are 
arbitrary. B, When extracting the cluster with high connectivity to MTL and mPFC and 
not our control regions, we obtained a mask of the midline thalamic mask with over 
80% overlap of all participants (80% shown). C, Midline thalamic mask with different 
overlap in 127 subjects ranging from 75% overlap (left) to 90% overlap (right). D, 3D 
rendering of the midline thalamus (pink) in the thalamus (dark grey) at 80% overlap in 
127 subjects.  E, Division of the dorsal (PT and PV) and ventral (RH and RE) thalamus 
according to the Ding et al., 2016 atlas at z = 109. Where at the point of hemispheric 
attachment, 48% is dorsal midline thalamus, and 52% is ventral midline thalamus.  
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As a qualitative check we examined the topology of the probabilistic tractography 

streamline density maps (fdt-map) for several representative participants to assess which 

target regions at a gross level exhibited the greatest anatomical connectivity with the 

entire thalamus (left and right separately). Using arbitrary thresholding, the results 

showed that the streamlines appeared to terminate in the medial regions of the PFC, 

regions of the MTL and to medial regions of the occipital lobe to a lesser extent and 

largely avoided the lateral cortical regions (e.g. Fig. 10B; Subject 100307, right thalamus, 

thresholded at 75000 out of a max 4238612, Coordinates: x=60, y = 99, z=71, best 

observed in the coronal and axial slices).  

We also looked at which voxels of the thalamus had the highest numbers of 

streamlines terminating in specific targets of interest in a representative participant (Fig. 

10C). Different numbers of total streamlines ended up in each target region 

(hippocampus, parahippocampus, entorhinal cortex, amygdala, medial orbitofrontal 

cortex, rostral anterior cortex, and nucleus accumbens), but when using an arbitrary 

threshold (varying per target) to investigate which thalamic voxels had the highest 

number of streamline terminate in the target of interest, all target regions of interest 

revealed that voxels along the midline of the thalamus had the highest numbers of 

streamlines ending up in our targets of interest (Fig. 1C; Subject 100307; Thresholding 

for the hippocampus 4000/24992 y = 94, para hippocampus 500/6132 y=94, entorhinal 

cortex 1700/9721 y = 95, amygdala 3000/24440 y=95, medial orbitofrontal cortex 

900/17783 y = 96, rostral anterior cingulate 15/64 y = 91, nucleus accumbens 300/4919 

y=98.), and all control regions revealed highest connectivity with more lateral and 

posterior regions of the thalamus (Fig. 10C. pre-central gyrus shown: 8000/19528 y = 
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86). These results show that the midline region of the thalamus for individual subjects 

have the highest connectivity with our target regions of interest compared to the rest of 

the thalamus.  

 Next, following the application of the k-means algorithm, clusters at the midline 

of the thalamus were evident in every subject (Fig. 11A; for example, the yellow cluster 

in Subj 101006 right image). We isolated specific K-means clusters from each participant 

based on whether specific target features from MTL (hippocampus, parahippocampus, 

entorhinal cortex or amygdala) or mPFC (orbitofrontal cortex, rostral anterior cingulate) 

or nACC and not to any of the non-target regions contributed to those clusters. Target and 

non-target regions were based on non-human animal research, we hypothesized that this 

would result in the segmentation of the cluster at the midline of the thalamus. Our results 

clearly distinguished voxels, that included the midline nuclei of the thalamus (putative 

PT, PV, RH and RE) (Fig 2B, 2D). The relative location of the midline thalamic clusters 

qualitatively was reproducible across subjects. As expected, although relative positions of 

the midline thalamic clusters were preserved across subjects, there was variability in the 

precise location of borders and of the volume per subject. Although some variability, the 

overlap of the midline thalamic mask was high between subject – we obtained an overlap 

of over 80% (overlap of 80% shown in Fig. 11B, 2D, overlap of 75-90% shown in Fig. 

11C) in 127 participants.  

Based on anatomical considerations, the dorsal and ventral midline thalamus were 

split according to an atlas provided by Ding et al., (2016). According to the Ding et al., 

(2016) atlas, a dorsal/ventral division should be set on the coronal slice where the midline 

thalamic nuclei paired from both hemispheres. In the Ding et al., (2016) atlas, the dorsal 
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midline thalamus measured 48% of the entire height of the coronal slice of the midline 

thalamic nuclei, and the ventral midline thalamus measured 52% of the entire height of 

the coronal slice of the midline thalamic nuclei. We applied these percentages to divide 

our midline thalamic sample into a dorsal mask (blue) which measured 52% of the height 

of the entire midline thalamus on the coronal slice where both midline thalami pair, and a 

ventral mask (purple) measuring 48% of the height of the entire midline thalamus on the 

coronal slice where both midline thalami pair (Fig. 11E). 

 

4.5 Discussion 

Here, we show an anatomical identification and segmentation of the midline 

thalamus in humans in vivo based on its known connectivity profile in non-human 

animals using probabilistic tractography and k-means clustering on diffusion weighted 

imaging data.  

The midline thalamus is critical for everyday cognitive functions and impairment 

of this region is associated with serious cognitive disorders including memory 

impairments, poor regulation of chronic stress, depressive-like symptoms and drug 

seeking behaviors. However, due to the size, location and unclear borders, the midline 

thalamic nuclei have not gotten a lot of attention in human research. It is important, to 

have a data-driven and readily reproducible method for identifying this region in human 

MRI studies, so that the midline thalamus can be further investigated. The method 

proposed here based on anatomical connectivity obtained from a combination of 

probabilistic tractography and k-means clustering can be used for future studies that 

include the midline thalamus as their region of interests implementing a data driven 
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masking procedure. Being able to locate and mask in vivo the midline thalamus in 

humans based on known connectivity profiles provides the opportunity to objectively 

investigate this region and its functional and structural implications in behavior, 

cognition, and anatomy studies and to further investigate the involvement of this region 

in neurological disorders.    

One specific motivator for this study, was evidence that neurofibrillary tangles 

were confined to the midline thalamus in humans with Alzheimer’s Disease (AD), and 

that this was associated with severe behavioral changes and symptoms (Braak and Braak, 

1991b). Additionally, the midline thalamic neurons show alterations in action potential 

waveform in animal AD models (Walsh et al., 2020). We are interested in investigating 

structural connectivity-based alterations in the midline thalamic-medial prefrontal – 

hippocampal circuit in patients at different stages Alzheimer’s disease, and required an 

objective data driven approach to identify the midline thalamus for this investigation. 

Additionally, investigating the midline thalamus in functional MRI or connectivity DWI 

studies in AD, or other neurological disorders including drug addiction, depression, 

schizophrenia, and epilepsy, would be of great importance to the study and understanding 

of those disorders, perhaps aiding in future diagnostic methodologies.  

  Probabilistic tractography is a sophisticated and powerful modality to investigate 

white matter connectivity in vivo in the human brain. Based on non-human animal 

studies, and post-mortem human brain studies, we know that axons are organized into 

major white matter fiber bundles. Using probabilistic tractography, we can calculate 

estimations of white matter fiber bundle probability using the DWI MRI information and 

reconstruct these white matter fiber pathway distributions. Briefly, probabilistic 
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tractography uses the information from BedpostX to take intra-voxel crossing of fibers 

into account. It then estimates the pathway originating at a voxel in the seed region (the 

thalamus), and outputs quantitative information about the probability of a white matter 

tract passing through voxels in the brain. It then repeats this streamlining analysis many 

times per seed voxel and will repeat this process for every voxel in the seed region. Using 

termination criteria in this analysis, we can obtain quantitative information about the 

probability that a seed voxel has structural connectivity with a target region.  

 Multiple studies have used probabilistic tractography to segment the human 

thalamus with different research questions as the main driver (Behrens et al., 2003; 

Traynor et al., 2010; Akram et al., 2018; Middlebrooks et al., 2018). Bherens et al. (2003) 

were one of the first to use probabilistic tractography to identify specific connections 

between the human thalamus and cortex, providing a quantitative demonstration of 

reliable inference of anatomical connectivity between human grey matter structures. This 

was later followed up with a study showing multi-fiber tractography offers significant 

advantages in sensitivity when tracking non-dominant fiber populations, while not 

dramatically changing dominant pathway tractography results (Behrens et al., 2007). 

Additionally, Traynor et al., (2010), build on this and showed that this the method 

described in Behrens et al., (2007) had very high reproducibility, even when using 

slightly different starting voxel conditions, and that thalamic segmentation was also very 

reproducible when multiple datasets from the same subject were processed using six 

cortical target regions (Traynor et al., 2010). In a more clinical application setting, 

Middlebrooks et al., (2018) have used probabilistic tractography obtained thalamic 

parcellations to predict tremor improvements following thalamic deep brain stimulation. 
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Additionally, Akram et al., (2018) used probabilistic tractography to identify the ventral 

intermediate nucleus and the dentato-rubro-thalamic tract in patients that will undergo 

thalamic deep brain stimulation for tremors.   

However, as almost nothing is known about the midline thalamus in humans, no 

one has focused on this brain region, and we have not found a study identifying the 

midline thalamus based on its connectivity profile. In this study, we provide an 

identification and segmentation method to identify the midline thalamus, for the further 

investigation of neurological disorders. The main interest of the current study was to find 

an evidence-based modality to identify the midline thalamus in humans in vivo. The k-

means clustering algorithm and the extraction of the midline thalamus based on its 

connectivity profile provided by non-human animals is, to the best of our knowledge, the 

first attempt using this specific method to extract the midline thalamus in humans in vivo.  

Although this method is great for many reasons, including it being non-invasive, 

in-vivo and can be used in whole brain analyses, it does not come without limitations. 

The first limitation is that the probabilistic streamlines do not represent individual axons, 

because the resolution of MRI data is not high enough. Instead, it is an estimation of 

larger bundles of axons. A second limitation is that probabilistic tractography is an 

indirect measure of white matter pathways. Using DWI and BedpostX, we can measure 

the diffusion of water molecules, and with that information we can observe diffusion 

paths in voxels. Therefore, probabilistic tractography uses an indirect measure of 

diffusivity which is highly correlated to fiber tracking (Behrens et al., 2003). Using 

probabilistic tractography, we cannot infer true fiber distributions and pathways, but 

probability estimates of possible fiber pathways based on principle direction 
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measurements. Additionally, it is impossible to define polarity of the tract, and therefore 

the direction (e.g. midline thalamus to HC, vs HC to midline thalamus. Third, 

probabilistic tractography is sensitive primarily to major pathways, and will not always 

detect small pathways with small inflections.  Probabilistic tractography is also prone to 

error as MRI has a relatively low signal to noise ratio compared to invasive tract tracing 

methods such as tracer studies. Although our results correspond well with evidence found 

in non-human literature, further validation is desirable. For example, the same dataset 

could be analyzed using multiple tract tracing techniques including manganese-enhanced 

magnetic resonance imaging (Pautler et al. 1998). Additionally, our DWI, probabilistic 

tractography and kmeans clustering technique could be replicated in addition to 

investigate real fiber pathways in non-human primates.  

Dyrby et al., (2007) has quantitatively and qualitatively assessed the anatomical 

validity and reproducibility of in vitro multi-fiber probabilistic tractography against two 

invasive tracers in the porcine brain. In their study, they used postmortem DWI to ensure 

that most of the sources known to degrade the anatomical accuracy in vivo DWI did not 

influence the tracking results (Dyrby et al., 2007). They demonstrated that probabilistic 

tractography reliably detected specific pathways, concluding that DWI probabilistic 

tractography offers precision in the investigation of structural connectivity (Dyrby et al., 

2007). Although the relative location of our midline thalamic mask we found corresponds 

well with the schematic human atlas by Ding et al., (2016) and macaque and rodent 

studies, further validation of our methodology is desirable. For example, this study could 

be replicated to find the midline thalamus in humans or pigs, and then compared to 
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postmortem cytoarchitectonic boundaries using staining or tracers of the same subjects 

that were scanned for comparison.  

This method has obvious clinical applications, as it could help characterize 

neuropsychological brain disorders, by for example investigating alterations and changes 

in the streamline connectivity between these regions or the size of the midline thalamus 

mask in subjects with dementia and at different stages of Alzheimer’s disease. These 

measures can in turn be correlated with cognitive and behavioral performances with the 

use of e.g., memory tasks, learning tasks, mood disorder measures, and cognitive 

impairment measures. Another future direction of interest could be to investigate 

correlations between myelination of the cortex, with the streamline connectivity in the 

mPFC-mThal-HC circuit in aging, to see if there is degradation of both these measures as 

people age. 
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This dissertation examined the role of medial prefrontal cortex (mPFC) and the 

hippocampus (HC) in episodic memory, and provides a novel approach to identify the 

midline thalamus mediating mPFC-HC interactions in humans.  

First, this dissertation provides evidence that the mPFC and HC are concurrently 

engaged in different memory retrieval modes in support of remembering when an event 

occurred. This evidence suggests that the mPFC is active in memory retrieval when using 

an ordinal retrieval mode, where items of a sequence are associated with an ordinal 

position within the sequence (1st, 2nd, 3rd). The evidence also shows that the HC is active 

in memory retrieval when using a temporal context retrieval mode, where items that have 

a temporal association (e.g., items are closer together in time) are remembered together. 

Taken together, this suggests that there are separate neurobiological substrates of two 

distinct memory retrieval processes contributing both to how we remember events in the 

order they happened. This novel evidence provides an important baseline for further 

investigation of how sequence memory is impaired in typical aging and diseases such as 

Alzheimer’s Disease on the neurobiological level, especially since evidence implicates 

that the relative dependence on an ordinal retrieval mode increases with age while TCM 

dependence decreases (Bastin and Van der Linden 2010; Allen et al. 2015). 

Second, this dissertation provides a detailed cross species framework for 

understanding the midline thalamus in humans and its pathology. Since the mPFC and 

HC do not have strong bidirectional connections, they are reliant on the midline thalamus 

for bidirectional communication. In the second study, I review in detailed the anatomy 

and connectivity of the midline thalamus with the rest of the brain comparing the 

extensive anatomical evidence in rodents with the available evidence in monkeys and 
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humans. This study also reviews the midline thalamic models of memory, stress 

regulation, wakefulness and feeding behavior, and midline thalamic pathology models of 

neurological disorders including Alzheimer’s Disease, schizophrenia, depression, and 

drug addiction. 

Third, this dissertation provides a novel approach for the identification of the 

midline thalamus in humans in vivo using fiber tracing and clustering methods in DWI 

data using knowledge gleaned from non-human animals’ connectivity studies. The results 

revealed a midline thalamic cluster that is well connected to the agranular medial 

prefrontal cortex, nucleus accumbens, and medial temporal lobe and located directly 

adjacent the third ventricle. These findings provide an important tool for the further 

investigation of the midline thalamus in humans. Furthermore, this method allows for 

investigation of functional and connectivity differences in individuals with neurological 

disorders.  

Overall, this work provides new evidence on 1) complementary function roles of 

the mPFC and HC in sequence memory, 2) a cross-species anatomical framework for 

understanding the midline thalamus in humans and neurological disorders, and 3) a new 

approach for non-invasive identification of the midline thalamus in humans in vivo. In 

conclusion, this work provides a new fundamental understanding of mPFC-midline 

thalamic-HC circuit in humans and tools for its non-invasive study in human disease. 
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