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ABSTRACT 23 

Progress in improving the welfare of captive animals has been hindered by a lack of 24 

objective indicators to assess the quality of lifetime experience, often called cumulative 25 

affective experience. Recent developments in stress biology and psychiatry have shed new 26 

light on the role of the mammalian hippocampus in affective processes. Here we review these 27 

findings and argue that structural hippocampal biomarkers demonstrate criterion, construct 28 

and content validity as indicators of cumulative affective experience in mammals. We also 29 

briefly review emerging findings in birds and fish, which have promising implications for 30 

applying the hippocampal approach to these taxa, but require further validation. We hope that 31 

this review will motivate welfare researchers and neuroscientists to explore the potential of 32 

hippocampal biomarkers of cumulative affective experience.  33 
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 41 

1. Introduction 42 

The general public have long been concerned with the welfare of laboratory, farm, zoo and 43 

companion animals. This concern stems from the assumption that, like humans, many other 44 

animals can consciously experience affective states. However, because the subjective 45 

conscious component of affective states described by humans as ‘feelings’ is difficult to 46 

assess in non-verbal animals, welfare researchers usually focus on measuring the 47 

physiological and behavioral components of affective states. Therefore, following Paul and 48 

colleagues (Paul et al., 2005), when we use the terms ‘affective states’ and ‘affective 49 

experience’, we refer only to objectively measureable physiological and behavioral 50 

responses. Furthermore, we adopt the common two-dimensional model of affect in assuming 51 

that core affective states (i.e. excitement, contentment, sadness and anxiety) can be described 52 

as combinations of the valence (pleasantness vs. unpleasantness) and intensity (arousal) of 53 

the animals’ experiences (Mendl et al., 2010).  54 

Traditionally animal welfare science has been mostly concerned with the current short-term 55 

affective state of an individual resulting from a particular event (Boissy et al., 2007; Mendl et 56 

al., 2010). More recently, however, emphasis has shifted towards the lifetime experience of 57 

animals, reflected in the related concepts of ‘quality of life’ and ‘cumulative experience’, and 58 

this shift is now reflected in legislation regulating animal use in science (European 59 

Parliament and Council, 2010) and recommendations for the farming industry (Farm Animal 60 

Welfare Council, 2009). Cumulative experience can be defined as the net impact of all the 61 

events that affect the welfare of an animal over its lifetime, be it negatively, positively, and/or 62 

by way of amelioration (definition adapted from Pickard, 2013). In order to avoid confusion 63 

with the non-affective definition of experience (e.g. learning and memory), we will 64 

henceforth refer to this as cumulative affective experience. 65 
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The shift in concern in the field of animal welfare research from acute to cumulative 66 

affective experience raises the question of how to measure the latter. For regulatory purposes, 67 

cumulative affective experience is currently assessed using crude objective physical 68 

indicators such as body weight, that lack sensitivity for detecting subtle changes in welfare, 69 

and clinical impression (used by veterinarians), which is subjective and open to disagreement. 70 

Other proposed methods also suffer from limitations (Bateson and Poirier, 2019). One 71 

potential solution might be to record all the putatively positive and negative stimuli that an 72 

animal has been exposed to over time and add these up to produce a measure of cumulative 73 

affective experience. However, different animals respond very differently to the same stimuli, 74 

and the Pickard report (on the assessment of cumulative affective experience in non-human 75 

primates used in neuroscience research) reached the conclusion that ‘there is no mathematical 76 

way of integrating all positive and negative events in an animal’s life (Bateson, 2016; 77 

Pickard, 2013). We therefore need an indicator that reflects each individual animal’s response 78 

to the stimuli to which it has been exposed, rather than a record of the stimuli themselves. 79 

Here, we use recent evidence to argue that such a marker of cumulative affective 80 

experience can be found in the brain, and more specifically in the hippocampus, a well-81 

studied brain area involved in learning, memory, and stress regulation. Following a general 82 

introduction to the mammalian hippocampus, we will explore the criterion, construct, and 83 

content validity of these hippocampal biomarkers as indicators of cumulative affective 84 

experience in mammals. We will then discuss confounding factors and propose potential 85 

strategies to control for them. Finally, we will present preliminary evidence supporting the 86 

potential of these hippocampal biomarkers for assessment of cumulative affective experience 87 

in non-mammalian species as well. We will conclude with some practical considerations for 88 

implementing these markers in various settings. 89 
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2. General introduction to the mammalian hippocampus 90 

The mammalian hippocampal formation (henceforth hippocampus) is a bilateral, oblong, 91 

forebrain structure. The hippocampus can be subdivided into three anatomically distinct 92 

fields visible in cross section: the subiculum, the cornu ammonis and the dentate gyrus 93 

(Witter, 2009). Recent  evidence drawn from gene expression, anatomical, and functional 94 

connectivity studies indicates that the hippocampus can be further subdivided into three main 95 

regions along its longitudinal axis (antero-posterior axis in primates, ventro-dorsal in rodents) 96 

(for a review, see Strange et al., 2014). Since the anterior hippocampus in primates is 97 

homologous to the ventral hippocampus in rodents, and the posterior hippocampus in 98 

primates is homologous to the dorsal hippocampus of rodents, we will henceforth refer to 99 

these subdivisions as anterior/ventral and posterior/dorsal respectively. 100 

While the hippocampus is perhaps better known for its role in learning and memory 101 

processes, it also plays a central role in emotional regulation (Fanselow and Dong, 2010; 102 

Moser and Moser, 1998). One way the hippocampus regulates acute affective experiences is 103 

by applying strong negative feedback to the hypothalamic-pituitary-adrenal (HPA) axis, a 104 

central component of the stress response system (de Kloet et al., 1998; Jacobson and 105 

Sapolsky, 1991). The activation of the HPA axis by a stressor induces the release of 106 

glucocorticoid hormones (corticosterone in rodents, cortisol in other mammals) into the 107 

circulating blood. Following termination of the stressor, glucocorticoid concentrations slowly 108 

decrease to pre-stress levels and this recovery is regulated by negative feedback of 109 

glucocorticoids onto their receptors in the brain, especially in the hippocampus. The 110 

hippocampus therefore exerts regulatory control over the HPA axis (for recent reviews, see 111 

de Kloet et al., 2016; Suri and Vaidya, 2015). 112 

Behavioral studies indicate that the two main functions of the hippocampus, learning 113 

and memory, and emotional regulation, are spatially segregated (though the segregation is not 114 

perfect), with the posterior/dorsal part of the hippocampus mainly involved in learning and 115 
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memory, and the anterior/ventral part mainly involved in affective experiences. Evidence 116 

supporting this spatial segregation comes from studies showing that lesions in the ventral 117 

hippocampus of rats impair defensive fear expression but not spatial memory, while lesions 118 

in the dorsal part have the opposite effect (for reviews see Bannerman et al., 2004; Fanselow 119 

and Dong, 2010; Moser and Moser, 1998; Strange et al., 2014). This functional segregation is 120 

supported by different anatomical connectivity, with the anterior/ventral hippocampus being 121 

mainly connected to brain regions involved in emotional regulation and the posterior/dorsal 122 

region being connected to brain regions involved in spatial memory (for a review see Strange 123 

et al., 2014). 124 

The hippocampus, and more specifically the dentate gyrus, is one of only a few brain 125 

regions where neurogenesis, the birth of new neurons, occurs throughout postnatal life in the 126 

healthy mammalian brain (Ming and Song, 2011). The rate of neurogenesis varies between 127 

species and the existence of adult neurogenesis has been questioned in some mammals, 128 

especially humans (Sorrells et al., 2018). However, the dominant opinion is that the claim 129 

that neurogenesis occurs in adult humans at a functionally-relevant rate is robust (Boldrini et 130 

al., 2018; Kempermann et al., 2018; Moreno-Jiménez et al., 2019) (for a similar debate on the 131 

existence of adult neurogenesis in bats with a similar positive conclusion, see Chawana et al., 132 

2014). New neurons are born in the dentate gyrus where they mature and become functional, 133 

growing axons that connect to other hippocampal subdivisions. An increasing number of 134 

studies suggests that neurogenesis plays an important role in learning and memory and also in 135 

emotional regulation (for reviews see Fanselow and Dong, 2010; Moser and Moser, 1998; 136 

Strange et al., 2014). Furthermore, the spatial segregation of learning and memory vs. 137 

affective experiences observed at the level of the whole hippocampus is suspected to be 138 

mirrored by a similar segregation of the role of new neurons according to their birth place 139 
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(posterior/dorsal versus anterior/ventral dentate gyrus) (for reviews see Fanselow and Dong, 140 

2010; Moser and Moser, 1998; Strange et al., 2014).  141 

The hippocampus is not only involved in regulating the stress response, it is also very 142 

sensitive to the effects of stress. In particular, two macroscopic and two microscopic 143 

categories of hippocampal biomarkers have been shown to be sensitive to stress. The 144 

microscopic categories, which are quantified post-mortem, are the rate of neurogenesis, 145 

defined as the rate of precursor cell proliferation and/or the rate of new neuron incorporation, 146 

and the structural characteristics of mature neuronal cell bodies (cell body size, 147 

size/complexity of the dendritic tree, dendritic spine density). Macroscopic biomarkers, 148 

which reflect without distinction the two microscopic biomarkers at a larger scale, are the 149 

size of the hippocampus (volume of the whole or of the anterior/ventral hippocampus), and 150 

the local amount of grey matter in the (anterior/ventral) hippocampus. The local amount of 151 

grey matter is typically measured in-vivo, using magnetic resonance imaging, while 152 

hippocampal volume can be measured in-vivo or ex-vivo. 153 

3.  Can we validate hippocampal biomarkers of cumulative affective experiences? 154 

Validation of new markers usually requires the establishment of three different types 155 

of validity: 1) criterion validity, which examines the correlation between the new marker and 156 

a pre-existing marker considered to be the current gold standard, where such exists; 2) 157 

construct validity, which shows whether a marker follows relevant theoretical assumptions of 158 

the phenomenon of which it is a marker; and 3) content validity, which refers to the extent to 159 

which a marker encompasses all facets of a given construct (Cronbach and Meehl, 1955; 160 

Trochim et al., 2015). The distinction between construct and content validity is to some 161 

extent artificial. Indeed, if encompassing all the facets of the construct is considered one of 162 

the theoretical assumptions the marker should fulfil, content validity becomes a sub-type of 163 
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construct validity (Trochim et al., 2015). We follow the approach of combining the 164 

assessment of construct and content validity. 165 

3.1 Criterion validity 166 

Establishing criterion validity requires comparison of the new marker to a pre-existing 167 

marker considered as the current gold standard, where such exists. However, there is 168 

currently no gold standard method for measuring cumulative affective experience in non-169 

human animals. We therefore turn to data from humans to explore criterion validity. 170 

Two psychological constructs closely related to cumulative affective experience in 171 

humans are self-esteem and subjective psychological well-being. Subjective psychological 172 

well-being is a self-report measure of life satisfaction driven by autonomy, environmental 173 

mastery, personal growth, positive relations with others, purpose in life and self-acceptance 174 

(Ryff and Keyes, 1995). Self-esteem is a broadly defined personality variable referring to the 175 

degree to which an individual values and accepts him or herself (Pruessner et al., 2005) and is 176 

a strong predictor of subjective psychological well-being (e.g. Kubarych et al., 2012). One 177 

would thus predict hippocampal biomarkers to correlate with these constructs in humans. In 178 

accordance with our predictions, subjective well-being (Van ‘t Ent et al., 2017) and self-179 

esteem (Kubarych et al., 2012) are positively correlated with hippocampal volume. Thus, 180 

there is evidence to suggest that hippocampal biomarkers correlate with psychological 181 

concepts in humans, which are close to the concept of cumulative affective experience. 182 

Another related concept in humans is mood. Moods are usually considered to be long-183 

lasting affective states resulting from the integration of positive and negative acute 184 

experiences over time (Mendl et al., 2010; Nettle and Bateson, 2012). Although the time 185 

window in which mood and cumulative affective experience integrate acute experiences 186 

could be different (possibly shorter for mood), the construct of mood is very close to that of 187 

cumulative affective experience. In humans, moods can be verbally reported and 188 

systematically assessed via structured questionnaires. Several meta-analyses have shown that 189 
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both hippocampal volume and the local amount of grey matter in the hippocampus are 190 

consistently lower in patients suffering from two clinically-defined mood disorders: major 191 

depression (Arnone et al., 2016, 2012; Koolschijn et al., 2009; McKinnon et al., 2009) and 192 

post-traumatic stress disorder (Bromis et al., 2018; O’Doherty et al., 2015; Woon et al., 193 

2010). Longitudinal studies have also shown that various mood-improving treatments (anti-194 

depressant drugs, electro-convulsive therapy) induce an increase in hippocampal volume and 195 

the local amount of hippocampal grey matter in depressed patients (Abbott et al., 2014; 196 

Arnone et al., 2013; Frodl et al., 2008). Human data therefore show that some of our 197 

proposed hippocampal biomarkers co-vary with long-term affective states, as would be 198 

required in order to establish criterion validity. 199 

Moods are difficult to assess objectively in non-verbal animals. However, 200 

neuroscientists have developed several behavioral tests that are argued to measure mood in 201 

laboratory animals (e.g. elevated plus maze; open field test; novelty-suppressed feeding test; 202 

anhedonia). These tests have been validated using drugs shown to have clinical efficacy in 203 

treating human mood disorders (Christmas and Maxwell, 1970; Dulawa et al., 2004; Merali et 204 

al., 2003; Pellow et al., 1985; Pellow and File, 1986; Wallace-Boone et al., 2008). Using such 205 

tests, hippocampal volume, local amount of grey matter, and neurogenesis rate have all been 206 

shown to be reduced in rodent and macaque models of depression and anxiety, and to be 207 

increased by anti-depressant drugs (e.g. Mohammad et al., 2016; Morais et al., 2017; Perera 208 

et al., 2011; Santarelli et al., 2003; Snyder et al., 2011; Suzuki et al., 2015; Willard et al., 209 

2009; Wu et al., 2014). Furthermore, increased neurogenesis has been shown to be necessary 210 

to observe some of the behavioral effects of anxiolytic and anti-depressant treatments in 211 

stressed animals (Mohammad et al., 2016; Perera et al., 2011; Santarelli et al., 2003; Wu and 212 

Hen, 2014; Zheng et al., 2017). Although suppression of neurogenesis achieved by transgenic 213 

manipulation or irradiation has been shown to be sufficient to induce depressive behavioral 214 



10 
 

symptoms in some studies (e.g. Snyder et al., 2011), in many others it did not result in any 215 

changes in depression-like behaviors, unless further stressors were also experienced 216 

(reviewed in Miller and Hen, 2015). The most recent hypothesis on the causal role of 217 

hippocampal neurogenesis in depression and anxiety symptoms is that low levels of 218 

neurogenesis make an animal (and human) more sensitive to environmental stressors  219 

(Anacker et al., 2018). It is therefore clear that conditions that lead to changes in mood-like 220 

states in animal models of depression and anxiety also change hippocampal biomarkers, and 221 

the current thinking is that the hippocampal structures are involved in mediating this mood 222 

response, either directly or indirectly. 223 

 In summary, there is robust evidence from non-human mammals, and to a lesser 224 

extent from humans, for a strong association between changes in mood and hippocampal 225 

biomarkers. This evidence demonstrates the criterion validity of hippocampal biomarkers for 226 

the assessment of cumulative affective experience. 227 

3.2 Construct (and content) validity  228 

Construct validity refers to the extent to which a marker follows theoretical assumptions of 229 

the construct it is proposed to reflect. A good marker of cumulative affective experience 230 

should fulfil the following assumptions: 1) it should respond to a wide range of events 231 

inducing changes in enduring affective states and co-vary in opposite directions with events 232 

inducing positively- and negatively-valenced experiences; 2) it should reflect the affective 233 

response of each individual to an event, rather than the objective event itself; and 3) it should 234 

integrate discrete experiences over time (Bateson, 2016; Bateson and Poirier, 2019). 235 

 236 

3.2.1 Assumption 1: co-varying with positive and negative experiences  237 

A large number of studies in different mammalian species (mice, rats, tree shrews, 238 

marmosets, macaques and humans) have measured the impact on the hippocampus of events 239 

known to induce a negative long-lasting affective state (a search on PubMed with keywords 240 
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‘Chronic stress’ ‘Hippocampus’ and ‘Mammals’ returned 3104 items at the date of writing). 241 

In humans, meta-analyses have consistently found associations between psychological trauma 242 

and a smaller hippocampal volume or local amount of grey matter (Bromis et al., 2018; 243 

Paquola et al., 2016; Woon et al., 2010) . In non-human species, the vast majority of studies 244 

revealed that the macro and microscopic hippocampal biomarkers decrease with chronic 245 

exposure to a variety of aversive events such as restraint, social defeat, social isolation and 246 

maternal neglect (no meta-analyses seem to have been performed). While most human 247 

studies are correlational, experimental animal studies have demonstrated the causal role of 248 

chronic stressors in decreased hippocampal volume (e.g. Rahman et al., 2016), local amount 249 

of grey matter (e.g. Jackowski et al., 2011), neurogenesis rate (e.g. Lehmann et al., 2013; 250 

Lemaire et al., 2000; Mitra et al., 2006; Perera et al., 2011; Pham et al., 2003) and size of cell 251 

bodies and dendritic trees (e.g. Magariños et al., 1996; Magariños and McEwen, 1995a). 252 

Cumulative affective experience does not have to be only negative (as had been 253 

implied by the previously-used terminology ‘cumulative severity’) (Pickard, 2013). 254 

Consequently, to possess content validity (i.e. to include all the facets of the construct), 255 

markers of cumulative affective experience must co-vary with exposure to events inducing 256 

negative and positive experiences in opposite directions. The case for negative experiences 257 

decreasing the hippocampal biomarkers we are reviewing here is strong and incontrovertible 258 

(see above). However, crucially, these same hippocampal biomarkers have also repeatedly 259 

been found to increase when individuals were chronically exposed to events known to induce 260 

positive affective states. Systematic reviews and meta-analyses have shown that voluntary 261 

physical activity and mindfulness meditation, which are both associated with positive effects 262 

on mood in humans (Brown and Ryan, 2003; Reed and Buck, 2009), increase hippocampal 263 

volume in human subjects (Firth et al., 2018; Fox et al., 2014). Results from randomized 264 

controlled trials show that exposure to events inducing enduring positive affective states 265 
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cause the changes in hippocampal biomarkers (Erickson et al., 2011; Holzel et al., 2011; 266 

Thomas et al., 2016). In rodents as well, sexual behavior, voluntary physical activity, and 267 

cage enrichment, which are well-established rewarding events (Schoenfeld and Gould, 2012), 268 

have been experimentally shown to consistently increase rodent hippocampal volume (e.g. 269 

Sierakowiak et al., 2015), neurogenesis rate (e.g. Bednarczyk et al., 2009; Eadie et al., 2005; 270 

Kempermann et al., 1997; Kodali et al., 2016; Lehmann et al., 2013; Leuner et al., 2010; 271 

Snyder et al., 2009; Tanti et al., 2012; van Praag et al., 1999), and the size of the dendritic 272 

tree and the spine density of hippocampal neurons (e.g. Eadie et al., 2005; Sierakowiak et al., 273 

2015; Stranahan et al., 2007). In marmosets, cage enrichment has also been shown to enhance 274 

the length and the complexity of the dendritic tree of hippocampal neurons (Kozorovitskiy et 275 

al., 2005). In rodents and non-human primates, diverse events inducing enduring positive 276 

affective states have thus been shown to cause an increase in the different hippocampal 277 

biomarkers. 278 

The effect of exposure to aversive events on the hippocampus is known to be 279 

mediated, at least partially, by high levels of corticosteroids (Cameron and Gould, 1994; 280 

Magariños and McEwen, 1995b; Tanapat et al., 2001). However, chronic exposure to 281 

rewarding events (physical and sexual activity, cage enrichment) is also known to be 282 

associated with an increased concentration of circulating corticosteroids (Schoenfeld and 283 

Gould, 2012) and in one rodent study, corticosteroids were found necessary both for the 284 

effect of cage enrichment on neurogenesis enhancement, and for the effect of chronic stress 285 

on decreased neurogenesis (Lehmann et al., 2013). These studies indicate that the relationship 286 

between corticosteroids and the hippocampal biomarkers is complex and illustrate neatly that 287 

measuring a change in corticosteroid levels will not predict the direction of a change in 288 

hippocampal biomarkers and affective state valence. 289 

 290 
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3.2.2 Assumption 2: reflecting individual response, not objective event 291 

The affective reaction of an individual, whether conscious or not, depends not only on the 292 

event itself (its nature, its intensity or length) but also on characteristics specific to the 293 

individual, including its genotype and its previous experiences, both of which may affect how 294 

the individual responds to a given event. Using the number of events known to have the 295 

potential to induce a change in affective experience as a proxy for cumulative experience of 296 

an individual can thus be inaccurate. A good marker of cumulative affective experience 297 

should reflect the impact of events at the individual level; in other words: the individual’s 298 

response to the events. 299 

In support of this assumption, hippocampal biomarkers have been shown to depend 300 

on the interaction of exposure to aversive or rewarding events  with genetic variants in 301 

humans (Gatt et al., 2009; Rabl et al., 2014) and mice (Ieraci et al., 2016). This suggests that 302 

different individuals respond differently to the same events, and that hippocampal biomarkers 303 

reflect the response, rather than the event. A more direct way to test whether a marker reflects 304 

the response of each individual is to consider studies in which exposure to an event induced 305 

inter-individual differences in the behavioral reaction of the subjects; in such studies, a 306 

marker of cumulative affective experience should track these individual differences in 307 

response. Accordingly, the neurogenesis rate in the hippocampus of mice (Mitra et al., 2006) 308 

was found to negatively correlate with the behavioral manifestation of stress expressed by 309 

each individual, despite the fact that all individuals had been experimentally exposed to the 310 

same stressful events. 311 

 312 

3.2.3 Assumption 3: integrating experiences over time 313 

Depending on their intensity and duration, as well as the genotype and previous experiences 314 

of the individual, some affective experiences leave a long-lasting trace and thus have the 315 

potential to accumulate over time, while others do not (Bateson, 2016; Bateson and Poirier, 316 
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2019). To track cumulative affective experience, hippocampal biomarkers should thus be 317 

sensitive to the experiences leaving lasting traces and have the potential to integrate these 318 

affective experiences over time, on the same time scale as the affective experiences 319 

themselves. Therefore, if the animal completely recovers from an affective experience, and 320 

does not experience any lasting effects, we should also not expect a trace in the hippocampal 321 

biomarkers. On the other hand, if there are long-lasting changes in affect, then there should 322 

also be long-lasting changes in hippocampal biomarkers. Several studies in humans and 323 

rodents have shown that effects of affective experiences on hippocampal biomarkers can be 324 

long lasting.  325 

One set of examples where the long-lasting nature of affective experiences is very 326 

clear is for stressors experienced during development. For instance, effects of early life 327 

experiences on hippocampal biomarkers have been detected in adult rats (Lemaire et al., 328 

2000), macaques (Jackowski et al., 2011) and humans (Dannlowski et al., 2012). It is worth 329 

noting that lab and farm animals are rarely given the opportunity to live beyond 330 

adolescence/young adulthood. In these instances, hippocampal biomarkers will very likely 331 

track their cumulative experience over their entire (short) lifetime. 332 

Some could argue that stressful events experienced during development have qualitatively 333 

different effects on the brain than those experienced during adulthood. In order for 334 

hippocampal biomarkers to be useful markers of cumulative affective experience in any 335 

situation/independently of the age of the subject, they have to integrate events encountered 336 

during adulthood as well. This cumulative property of hippocampal biomarkers is supported 337 

by several studies showing that they correlate with the duration or number of discrete acute 338 

experiences. For example, in adult rats and mice, neurogenesis increases with the duration 339 

animals spend voluntarily running in a wheel over 4-8 weeks (Bednarczyk et al., 2009; 340 

Kodali et al., 2016). The cumulative nature of the hippocampal biomarkers is also confirmed 341 
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by longitudinal data demonstrating dose effects within subjects. For instance, the local 342 

amount of grey matter in the hippocampus decreases with the number of stressful events adult 343 

human participants experienced over the last three months (Papagni et al., 2011); the volume 344 

of the hippocampus increases with the duration (tested up to 12 months) of the physical 345 

exercise program older human participants were enrolled in (Erickson et al., 2011); and the 346 

whole hippocampal volume decreases proportionally to the number of days or weeks rats 347 

have been exposed to a stressful paradigm (Luo et al., 2014; Rahman et al., 2016). 348 

To integrate positive and negative experiences over time, markers should not just be long-349 

lasting, but positive and negative experiences should also be able to (at least partially) cancel 350 

each other out. Other experimental studies in animal models have indeed shown that the 351 

hippocampal biomarkers reflect the net effect of combinations of events that provoke 352 

affective states of opposite valence within the same individuals (Kim et al., 2013; Li et al., 353 

2017; Morais et al., 2017). It should therefore definitely be possible to assess cumulative 354 

affective experience if we restrict ourselves to measuring changes in hippocampal biomarkers 355 

over short periods (a few months). When changes are measured over longer periods, we 356 

should be aware that an absence of significant differences might potentially be attributable to 357 

the potential lack of sensitivity of the method to experiences that happened during adulthood 358 

but a long time (years) ago. 359 

Therefore, these studies indicate that the ability of the hippocampal biomarkers to 360 

integrate discrete affective experiences over time does not seem to be restricted to a specific 361 

period of life. Hippocampal biomarkers have been found to be sensitive to the accumulation 362 

of discrete experiences occurring during childhood (Dannlowski et al., 2012; Hodel et al., 363 

2015) as well as during early (Bednarczyk et al., 2009; Li et al., 2017; Luo et al., 2014; 364 

Papagni et al., 2011; Rahman et al., 2016) and late adulthood (Erickson et al., 2011). The 365 

exact length of the integration window needs to be studied in more detail, but it is clear that 366 
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in some instances, it can be very long: the hippocampal volume of human subjects has been 367 

found to correlate with the number of major stressful events they experienced over their 368 

whole life (Rabl et al., 2014). 369 

 370 

3.3 Potential confounding variables  371 

We have established that hippocampal biomarkers are closely associated with the enduring 372 

affective states of mammals, and may even be involved in modulating these affective states. 373 

However, processes other than affective states can also influence these hippocampal 374 

biomarkers. To be able to interpret a hippocampal biomarker in terms of cumulative affective 375 

experience it is therefore necessary to control for these potential confounding variables.  376 

Hippocampal biomarkers are known to vary for various reasons unrelated to affective state 377 

including age, sex, total brain size (for hippocampal volume and amount of grey matter only), 378 

genotype, and the non-affective component of experiences (learning and memory) (e.g. Fjell 379 

et al., 2013; Maguire et al., 2000; Schoenfeld and Gould, 2012; Strange et al., 2014; Sullivan 380 

et al., 2001; Walhovd et al., 2011). Some of the microscopic hippocampal biomarkers are 381 

also known to change with the acute affective state of an individual (Leuner and Shors, 2013; 382 

Schoenfeld and Gould, 2012; Strange et al., 2014). These various potential confounding 383 

factors need to be taken into account when using hippocampal biomarkers to assess 384 

cumulative affective experience. 385 

3.3.1 Age, sex, total brain volume and genotype 386 

It is important to be aware of these confounding variables, but generally, they can be 387 

eliminated by good experimental design and/or statistical analysis. For instance, one can 388 

choose to study individuals of the same age or same sex. Age and sex can also be matched 389 

between groups that are to be compared. Genotype can be controlled for by comparing large 390 

groups of individuals (assuming that each group is representative of the whole population, 391 

genetic variation should be balanced between groups). For markers that can be quantified in 392 
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vivo, the effect of genotype and sex can also be eliminated by using a longitudinal design and 393 

studying within-subject effects. Factors including age, sex and total brain volume can also be 394 

controlled for by including them as covariates in the statistical analyses (in this case, it is 395 

necessary to establish that control variables are not strongly correlated with the predictor 396 

variable of interest). 397 

3.3.2 Learning and memory processes 398 

As described previously, the hippocampus is anatomically and functionally divided 399 

along its longitudinal axis, with the anterior/ventral part being more involved in affective 400 

states and the posterior/dorsal part more involved in learning and memory (for reviews see 401 

Fanselow and Dong, 2010; Moser and Moser, 1998; Strange et al., 2014).  This functional 402 

segregation does not seem to be limited to acute affective states but extends to enduring ones.  403 

For instance, a recent study showed that granule cell activity in the anterior/ventral dentate 404 

gyrus has anxiogenic effects, and that new neurons in the anterior/ventral dentate gyrus 405 

inhibit this activity, conveying more stress resilience to the animals (Anacker et al., 2018). 406 

Even if this spatial segregation is not absolute and some counter-examples have been 407 

described (Tanti and Belzung, 2013), it should be possible to reduce the probability that non-408 

affective changes affected hippocampal biomarkers by focusing specifically on the 409 

anterior/ventral hippocampus.  Measures focusing on the anterior/ventral part of the 410 

hippocampus should be more sensitive than those applied to the whole structure.  Indeed, an 411 

increase in a hippocampal biomarker in the anterior/ventral part can sometimes be 412 

accompanied by a decrease  in the posterior/dorsal parts of the hippocampus  (Maguire et al., 413 

2000); in such circumstances, a whole hippocampal volume approach is likely to lead to 414 

false-negative results. 415 

A complementary approach for excluding non-affective confounders consists of 416 

combining the hippocampal biomarker with another marker of affective state. For instance, 417 
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cumulative measurement of corticosteroids (for instance in hair) could be used. Although 418 

corticosteroid levels are believed to be more sensitive to arousal than affective valence 419 

(Otovic and Hutchinson, 2015; Paul et al., 2005; Ralph and Tilbrook, 2016), a change in 420 

valence is usually associated with a change in arousal, independently of the direction of the 421 

change in arousal: mood-deteriorating chronic stress, and mood-improving physical activity, 422 

sexual behavior and cage enrichment are usually associated with an increase in corticosteroid 423 

levels, whereas mood-improving mindfulness meditation (low arousal) is associated with a 424 

decrease (see Section 3.2.1). In contrast, corticosteroid levels are not expected to change due 425 

to learning and memory processes alone (when not associated with a change in affective 426 

processes). Therefore, if a change in corticosterone levels is found to accompany a change in 427 

a hippocampal biomarker this should rule out the hypothesis that the latter change is only due 428 

to a change in non-affective cognitive processes. 429 

3.3.3 Acute affective states 430 

Acute stressors can also decrease neurogenesis (Schoenfeld and Gould, 2012) and 431 

alter the structural characteristics of mature neuronal cell bodies (Leuner and Shors, 2013). 432 

The microscopic hippocampal biomarkers can only be taken post-mortem and thus require 433 

prior euthanasia. Even when the animal is killed in the most humane way possible, the event 434 

might still induce some acute stress and thus potentially impact the hippocampal biomarkers. 435 

Comparing groups exposed to the same euthanasia protocol should control for this potential 436 

confounding factor. In the specific case of neurogenesis, quantifying markers of late stages of 437 

neural differentiation (which are unaffected by of what happens in the last 24 hours, 438 

Schoenfeld and Gould, 2012) should also eliminate this potential confound. 439 

Macroscopic neuroimaging in-vivo hippocampal biomarkers (volume, local amount of 440 

grey matter) require anesthesia or head restraint, two procedures that could potentially induce 441 

some acute stress. So far, macroscopic hippocampal changes have never been observed after 442 

acute stress, probably because the scale of the changes occurring after acute stress are too 443 
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small to be detected with this approach. However, with technical improvement, it might 444 

become a problem for longitudinal designs in the future, or even today if measurements are 445 

taken at a high frequency (for instance daily), in which case the stress could become chronic. 446 

In this case, the number of measurements should be included in the statistical models to 447 

control for potential stress induced by the measurements themselves. 448 

 449 

3.4 Interim conclusion 450 

Hippocampal biomarkers are closely associated with enduring affective states in various 451 

species of mammals. They co-vary with a wide range of events inducing positive and 452 

negative affective states. There is some evidence to suggest that hippocampal biomarkers 453 

track the enduring affective states of mammals taking into account their individual responses, 454 

rather than the events. Hippocampal biomarkers have been shown to reflect the accumulation 455 

of positive and negative affective experiences over long periods of time and possibly the 456 

whole life of individuals. This evidence is strong enough to start using these biomarkers as 457 

indicators of cumulative affective experience in the context of animal welfare. Only wider 458 

use of such biomarkers will allow us to determine the limits of their usefulness as welfare 459 

indicators.  460 

4.  The hippocampus as a biomarker of cumulative affective experience in non-461 

mammalian vertebrates  462 

The hippocampus is an evolutionarily conserved region, and homologues have been 463 

described in all vertebrate lineages (Bingman et al., 2009). The stress response system, 464 

including the HPA axis is also highly conserved in vertebrates (Denver, 2009). This opens the 465 

possibility that the hippocampal biomarkers described above might also be an indicator of 466 

cumulative affective experience in non-mammalian vertebrate species. 467 

In birds, adult neurogenesis takes place in numerous brain regions throughout life, 468 

including the hippocampus. The role of the avian hippocampus in (especially spatial) learning 469 
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and memory is well established (Roth et al., 2010) and new-born neurons are suspected to 470 

play an important role in this process (LaDage, 2016). A potential role of the hippocampus 471 

and its new-born neurons in emotional regulation is only starting to emerge (Smulders, 2017). 472 

As in mammals, the avian hippocampus has high expression levels of glucocorticoid 473 

receptors and the density of these receptors, especially mineralocorticoid receptors, is 474 

regulated by stress (Banerjee et al., 2012; Dickens et al., 2009; Zimmer and Spencer, 2014). 475 

Several studies have shown a reduction of avian hippocampal neurogenesis and/or volume in 476 

potentially stressful situations (LaDage et al., 2010; Nikolakopoulou et al., 2006; Pravosudov 477 

and Omanska, 2005; Tarr et al., 2009; Taufique et al., 2018) and an increase with enrichment 478 

(LaDage et al., 2010; Melleu et al., 2016). However, in all these cases, the authors have either 479 

favored or been unable to exclude the possibility that the effects were due to a change in 480 

spatial memory abilities (see also Roth et al., 2012). Recently, food restriction was found to 481 

be associated with reduced hippocampal neurogenesis (but not total volume) and chronically 482 

elevated corticosterone levels in chickens (Robertson et al., 2017). In this paradigm, changes 483 

are unlikely to be driven by a change in spatial memory. Nevertheless, there is a clear need 484 

for more controlled experiments testing the specific role of positive and negative enduring 485 

affective states on the avian hippocampus volume and neurogenesis. 486 

In fish, neurogenesis takes place in numerous parts of the brain, one of them being 487 

homologous to the mammalian hippocampus (the lateral area of the dorsal telencephalon) 488 

(Zupanc, 2008). Due to this ubiquity, neurogenesis has usually been assessed in the whole 489 

brain, without differentiating the results according to brain regions. As in mammals, brain 490 

neurogenesis in fish seems to respond in opposite directions to positive and negative affective 491 

experiences. Down-regulation of neurogenesis by stress has been shown in various species of 492 

fish (electric fish, rainbow trout, cichlid), using different stressors (predation pressure, tail 493 

injury, social stress) (Dunlap et al., 2016; Maruska et al., 2012; Sørensen et al., 2012; Tea et 494 
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al., 2018). In contrast, environmental enrichment was found to increase brain cell 495 

proliferation in electric fish and zebrafish (Dunlap et al., 2011; von Krogh et al., 2010). Dose-496 

dependency has also been found, with cell proliferation correlating with the predation or 497 

social pressure (Dunlap et al., 2016; Sørensen et al., 2012). However, teleost fish have a very 498 

high rate of adult neurogenesis compared to mammals (Zupanc, 2008), and whether a 499 

neurogenesis marker has the capacity to integrate (positive and negative) experiences over 500 

long periods of time is currently unknown. 501 

 502 

5.  Implementation of hippocampal biomarkers 503 

We currently cannot interpret absolute values of any hippocampal biomarker, because we 504 

lack quantitative definitions of what constitutes good or bad cumulative affective experience. 505 

Consequently, only relative measures (changes over time or differences between groups or 506 

individuals) can be interpreted. This problem is common to any welfare indicator. The main 507 

potential of these hippocampal biomarkers we envisage for the near future is thus to compare 508 

the effects of different housing conditions or husbandry and experimental procedures on the 509 

cumulative experience of animals, rather than assessing the absolute cumulative affective 510 

experience of individual subjects. 511 

Macroscopic hippocampal biomarkers can be measured in-vivo, allowing repeated 512 

measures on the same animals. In-vivo measurements require access to magnetic resonance 513 

imaging facilities with strong magnets. While such equipment is progressively becoming 514 

widespread in academic and industrial biomedical settings, it is usually not available in farm 515 

settings (except on a few experimental farms). Macroscopic markers thus have the potential 516 

to be used as a research tool, but not as a practical technique for on-site welfare assessment. 517 

Microscopic hippocampal biomarkers need to be taken post-mortem; consequently, 518 

only between-subject designs are possible. However, the microscopic biomarkers do not 519 
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require expensive equipment in proximity to the animals, as brains can be collected when 520 

animals are slaughtered and processed elsewhere. Their application field thus seems wider 521 

compared to macroscopic biomarkers, although still limited.  522 

Hippocampal biomarkers do not require much time with the (live) animal compared 523 

with existing behavioral markers of mood (none for the post-mortem microscopic 524 

biomarkers, a couple of hours for the in-vivo macroscopic biomarkers), which can be 525 

convenient when access to the animals is time limited. They do, however, require intensive 526 

data processing and technical skills. On-going studies are trying to validate innovative ways 527 

to assess neurogenesis rate by quantifying messenger RNA of genes involved in the process 528 

(for instance doublecortin) using quantitative PCR rather than immuno-histochemical 529 

methods to detect proteins (Gualtieri et al., 2017). Such a technique would speed up the data 530 

processing and should facilitate the implementation of this approach. Meanwhile, we 531 

envisage hippocampal biomarkers being used by a small number of experts who can provide 532 

information useful for a large number of stakeholders, for instance by comparing the welfare 533 

impact of different protocols involving multiple events.  534 

The validation of hippocampal biomarkers of cumulative affective experience mainly 535 

relies on data from human and non-human primates and from rodents. Considering how 536 

conserved the biology of the hippocampus and the HPA axis is among mammals, however, 537 

we expect these biomarkers to be valid in any mammalian species. The macroscopic 538 

biomarkers (hippocampal volume and local amount of grey matter) depend on two main 539 

microscopic underlying mechanisms, neurogenesis and structural plasticity of mature 540 

neuronal cell bodies. It is possible that the respective contribution of the two microscopic 541 

mechanisms varies between mammalian species (Sorells et al., 2018, but see Boldrini et al., 542 

2018, Kempermann et al., 2018 and Moreno-Jimenez et al., 2019). Since the two microscopic 543 

biomarkers seem to have the same properties, this variation does not matter when one uses 544 
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the macroscopic biomarkers. However, we would advise any researcher interested in using 545 

one of the microscopic biomarkers in a new species to first verify that their chosen marker is 546 

sensitive to a validated manipulation of affective state. 547 

 548 

6. Conclusion 549 

This review of recent findings in stress biology and psychiatry suggests that various 550 

mammalian structural hippocampal biomarkers have criterion, construct and content validity 551 

for assessing the cumulative affective experience of individuals. These hippocampal 552 

biomarkers seem to offer a promising objective method to identify which husbandry 553 

conditions or experimental procedures induce a deterioration or amelioration of the 554 

cumulative affective experience of captive mammals, and to test the efficacy of any 555 

attempted refinements. The in-vivo biomarkers also potentially provide an opportunity to 556 

better define humane end-points, hence decreasing potential animal suffering. In-vivo 557 

biomarkers could also play a role in assessing the quality of life of humans unable to self-558 

report their well-being (e.g. stroke, coma). More data are required to validate the in-vivo and 559 

ex-vivo biomarkers in non-mammalian species. We hope that this analysis will motivate 560 

welfare researchers, neuroscientists and clinicians to explore the potential of these new 561 

biomarkers. 562 
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