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Abstract

Spatial memory is critical for many tasks necessary for survival (i.e., locating mates and food
resources). The two mammalian nonapeptides arginine vasopressin (AVP) and oxytocin (OT) are
mechanistically important in modulating memory ability, albeit in contrasting ways. In general,
AVP facilitates memory consolidation and retrieval while OT is an amnesic. Although AVP and
OT are known to have these memory effects, past work has focused on their impact in social
memory with little research on their effects on spatial memory. In this experiment, we tested the
impact of AVP and OT on spatial memory as determined by performance in the Morris water maze
(MWM). We administered doses of AVP, OT, or saline (a control) intranasally to male prairie
voles (Microtus ochrogaster), a species whose spatial memory is hypothesized to impact their
mating tactics. We also investigated if acute doses (given immediately prior to the memory trial

in the MWM) and chronic doses (given daily during adolescence) had differing impacts on spatial
cognition. We found that chronic intranasal administration of AVP during post-wean development
improved spatial memory performance. In contrast, both chronic and acute administration of OT
and acute administration of AVP had no impact on spatial memory. These results together suggest
that 1) chronic exposure to AVP has organizational effects on spatial memory in the prairie vole,
and 2) acute administration of nonapeptides does not impact the retrieval of spatial memories.
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1. INTRODUCTION

Spatial memory is essential for locating resources important for survival and reproduction
(Schwagmeyer, 1994; Smulders et al., 1995). The mammalian nonapeptides, arginine
vasopressin (AVP) and oxytocin (OT), have important, yet contrasting, roles in regulating
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learning and memory. Work in this area has ranged, including the impact of AVP and OT in
navigation and hippocampal-dependent cognition (e.g., Engelmann et al., 1992), passive or
active avoidance learning (e.g., de Wied, 1991), and social recognition and social memory
(e.g., Albers, 2012). Increasing attention has aimed to understand the roles of nonapeptides
in the hippocampus and hippocampal-dependent memory. For instance, Egashira et al.
(2004) showed that mice insensitive to AVP due to a lack of the AVP 1a receptor (V1aR)
demonstrate impairments in a hippocampal-dependent spatial memory task. Additionally,
Rice et al. (2017) demonstrated that male prairie voles perform better in a hippocampal-
dependent water task than females, and that this sex difference was not related to size of

or cell number in the hippocampus, but instead to the density of oxytocin receptors (OTR)
within it. These results indicate that lower sensitivity to the effects of OT could explain
better performance in this classic test of spatial memory. In general, AVP and OT appear

to affect behavioral change by modulating information transfer through alterations in the
‘gain,” or magnitude of a neuronal response, of conventional synapses (Grinevich & Ludwig,
2021). More specifically, AVP and OT can modulate synaptic activity by modulating the
potency of GABA and/or glutamate synapses (Grinevich & Ludwig, 2021).

Nonapeptides have broad effects on learning and memory, but it is unclear to what extent
their effects are ubiquitous, or consistent across forms of learning and memory or methods
of manipulation. Generally, AVP facilitates memory consolidation and retrieval, whereas OT
can serve as an amnestic, a memory enhancer, or have no effect (McEwen, 2004; Ophir,
2017). For example, central and peripheral injections of AVP facilitate social memory,
whereas OT injections have no effect or interfere with it (Dantzer et al., 1987; Popik &
Vetulani, 1991; Benelli et al., 1995). Moreover, OT appears to have a dose-dependent effect
on memory (Popik et al., 1992; Benelli et al., 1995). These inconsistent impacts of OT
could be explained by cross reactivity between OT, AVP, and their receptors (de Wied, 1991,
Manning et al., 2008; Song et al., 2014; Song et al., 2016). Importantly, few studies that
have compared the impacts of chronic or acute administration of nonapeptides on memory.

The behavioral variability observed resulting from the actions of AVP and OT and the
differences between long-term or short-term exposure raise important questions about their
roles in memory function. Importantly, the timing and degree of exposure to nonapeptides
could have different impacts on spatial cognition, suggesting activational and organizational
roles. More specifically, hormones may affect behavior by activating existing neural
pathways or by organizing neural systems through exposure during critical periods of
development. Work in rodents suggests that nonapeptides have both activational and
organizational roles, and differences in the timing and length of administration results in
varying behavioral effects. For instance, Huang et al. (2014) found that male mice given
chronic doses of OT reduced sniffing behavior towards females, whereas males receiving
acute doses of OT increased their investigation of females. This suggests that although
acute administration activates existing receptors, chronic administration and the sustained
increase in AVP or OT concentrations may lead to a desensitization of nonapeptide receptors
(Huang et al., 2014) or changes in brain-wide connectivity (Pagani et al., 2020). Indeed,
chronic intranasal delivery of AVP or OT produces varying behavioral results in many other
contexts as well (Bales et al., 2013; Simmons et al., 2017; Pagani et al., 2020). Moreover,
chronic intranasal manipulations during the juvenile and adolescent period can influence
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future adult behavior through organizational effects (Simmons et al., 2017; Prounis & Ophir
2019). Peripheral manipulations of nonapeptides given early in postnatal development can
also lead to lasting changes in adult behavior, presumably through organizational effects
(i.e., Stribley & Carter, 1999; Carter, 2003; for a review of the impacts of developmental
AVP and OT, see Hammaock, 2015). These studies, however, have focused on the activational
and organizational roles of nonapeptides in social behavior; none to our knowledge have
examined their role in cognition.

Here, we address whether chronic or acute intranasal administration of nonapeptides impact
spatial memory. Intranasal administration of AVP and OT provides a non-invasive method
of increasing nonapeptide levels in the extracellular fluid in the brain to study their
proximate effects on behavior (Neumann et al., 2013). The non-invasiveness of intranasal
delivery easily accommaodates both chronic and acute administration. We chose to answer
this question using male prairie voles (Microtus ochrogaster) for several reasons. Firstly,
intranasal delivery of nonapeptides has been validated in this species (Bales et al., 2013;
Simmons et al., 2017; Prounis & Ophir, 2019) enabling reproducible behavioral and
physiological effects using predetermined concentrations of AVP and OT. The nonapeptide
system and its effect in prairie voles is well described for their roles in social behavior
(Walum & Young, 2018) and cognition (Prounis et al., 2015; Rice et al. 2017; Ophir,

2017). Finally, male prairie voles are believed to rely on spatial cognition to inform their
mating decisions (Ophir, 2017). Indeed, male prairie voles have better spatial memory
ability than females (Rice et al., 2017), and some have argued that male socio-spatial
memory underlies the male-male interactions shaping social monogamy in this species
(Phelps & Ophir, 2009; Rice et al., 2019; Ophir, 2017). Therefore, manipulations of spatial
memory via nonapeptides in males specifically could reveal important insights into the
mechanisms that contribute to reproductive decision-making in this model for monogamous
social attachment.

We ran a series of experiments investigating how manipulating AVP or OT through acute
or chronic intranasal administration impacts spatial memory in adult male prairie voles.
Specifically, we investigated the effects of acute administration of AVP or OT delivered
immediately before a memory task (i.e., activational role), and chronic administration of
AVP or OT delivered throughout adolescence (i.e., organizational role). We tested spatial
memory using the Morris water maze, a spatial memory task in which subjects must
remember the learned location of a hidden platform using visual cues (Morris, 1984). We
predicted that OT would impair spatial memory and that AVP would improve it. We also
predicted that acute doses of AVP or OT should impact spatial memory due to the immediate
bolus of peptide received, but that chronic intranasal administration would be more likely
to alter spatial memory because of the long-term developmental or compensatory effects
described above.

2. MATERIALS AND METHODS

2.1 Animals

All animals in this study were the laboratory-bred male offspring from unrelated pairs of
F1 or wild-caught prairie voles in our breeding colony. These wild-caught breeders were
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originally trapped in Urbana-Champaign, IL, USA. Pups were weaned at 21 days old and
then housed with same-sex siblings in standard polycarbonate cages (29 cm x 18 cm X

13 cm) containing Sani-chip bedding and nesting material. Animals were kept on a 14:10
light:dark cycle and were provided rodent chow (Laboratory Rodent Diet 5001, LabDiet, St.
Louis, MO, USA) and water ad libitum. Ambient temperature was maintained at 20°C (x
2°C). All procedures were approved by, and in compliance with, the Institutional Animal
Care and Use Committee of Cornell University (Protocol 2013-0102).

Randomly selected males from the breeding colony served as subjects in treatment

or control groups for each experiment. Individuals received either saline, AVP, or OT
intranasally. Doses for AVP and OT were based on published reports and calculated based
on the prairie vole weight-adjusted dose used in human studies (Bales et al., 2013; Simmons
etal., 2017; Prounis & Ophir, 2019, see supplementary material, table 1).

2.2 Acute intranasal administration

Subjects were chosen and ran through the Morris water maze (MWM) beginning at PND
60 (Figure 1a; see section 2.4 for MWM procedure). All animals progressed through the

9 learning trials without any experimental manipulation. We then administered saline (N
=10), AVP (N=10; 1 pg/pl [or 600 1U/mI] in 0.9% saline; Sigma-Aldrich, St. Louis,
MO), or OT (V= 10; 1 ug/ul [or 600 IU/mI] in 0.9% saline; Bachem Americas, Inc.,
Torrance, CA) intranasally 30 min prior to the MWM memory trial. To be consistent

with the existing literature, our doses were comparable to those used in other studies that
administered acute intranasal OT or AVP (e.g., Huang et al., 2014; Pagani et al., 2020; see
Supplementary Table 1 for dose comparisons between studies). Furthermore, these doses are
known to raise nonapeptide levels in the extracellular fluid and throughout brain plasma,
with levels peaking 30 minutes after administration (Neumann et al., 2013). Intranasal
administrations took place between 14:00h and 16:00h. Following the acute intranasal
administration protocol outlined in Neumann et al. (2013), we held subjects in a supine
position and applied 12 pl of solution to the nostrils, alternating between sides so that each
nostril received 6 pl. All subjects inhaled the solution successfully.

2.3 Chronic intranasal administration

Subjects received daily intranasal treatments of saline (V= 10), AVP (N =9), or OT (N
= 10) between PND 21 (i.e., weaning age) and PND 42 (i.e., subadult age; Figure 1b).
Intranasal administrations took place between 08:00h and 12:00h. Studies administering
intranasal nonapeptides chronically have used significantly smaller doses to achieve
behavioral or physiological effects (e.g., Bales et al., 2013; Prounis & Ophir, 2019). In
this experiment, we used doses of AVP (0.0005 IU/ml in 0.9% saline; Sigma-Aldrich,
St. Louis, MO) and OT (0.0008 1U/ml in 0.9% saline; Bachem Americas, Inc., Torrance,
CA ) that are consistent with other chronic intranasal studies in prairie voles (Bales et al.,
2013; Prounis & Ophir, 2019; see Supplementary Table 1 for dose comparisons between
studies) and that are comparable to a weight-adjusted dose commonly used in human
studies (reviewed in Grace et al., 2018). We adjusted concentrations of solution given
intranasally to maintain the 0.0005 1U/ml (AVP) and 0.0008 IU/ml (OT) doses as the
animals grew and gained weight. We administered intranasal solution to subjects held in a
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supine position as described above. To be consistent with other chronic intranasal studies

in prairie voles (Bales et al., 2013; Prounis & Ophir, 2019), we applied doses in larger
volumes of vehicle, such that 25 pl of saline, AVP, or OT were administered with a pipette
tip around the nasal cavity. We alternated administration between nostrils so that 12.5 pl was
applied to each nostril. We confirmed that solution was successfully inhaled. Like the acute
intranasal experiment, the MWM learning trials began when the subjects reached PND 60.
No intranasal administration of any substance occurred after PND 42 or at any point during
the MWM procedure.

2.4 Morris water maze

Spatial memory was assessed in all experiments at PND 60 using the Morris water maze
(Morris, 1984), following the procedure outlined in Rice et al. (2017). The apparatus
consisted of a 1000 L tank (measuring 140 cm in diameter and 59 cm tall), a submerged
removable platform (diameter: 11.5 cm, area: 103.87 cm?, depth below surface: 3 cm), and
room dividers (171 cm tall) surrounding the tank. We maintained the water temperature

at 30°C +2°C with a baptismal heater (120V Baptistry Immersion Heater, product number
6HI-HL-120, Little Giant Manufacturing Company, Inc., Orange, TX). We concealed the
location of the platform from the voles by making the water opaque with non-toxic white
paint powder (Fresco Tempera Paint, Rich Art, Northvale, NJ). Visual cues were placed on
room dividers that surrounded the tank to assist the subjects in finding the platform.

Testing in the MWM paradigm took place over 5 consecutive days and consisted of ten
trials, with one ‘morning’ trial occurring between 09:00h and 11:00h and one “afternoon’
trial occurring between 14:00h and 16:00h. The first nine trials lasted until the subject
located the platform or for a maximum of 2 min (Vorhees & Williams, 2006). If two minutes
elapsed without the subject finding the platform, the subject was gently guided to it with a
stick and their latency to locate the platform was coded as taking the total 120 seconds. We
removed the platform from the testing apparatus before initiating the final ‘test’ trial. The
test trial lasted 1 min, at which point the subject was removed from the apparatus with a net.

To begin a trial, subjects were placed in the apparatus at a randomized start position and
allowed to freely swim until they reached the platform, or until time expired (either 2 min
had elapsed in Trials 1-9, or until 1 min had elapsed in Trial 10). After each trial, the
subjects were dried with a warm soft towel and placed on a heating pad for 2 min before
being returned to their home cages.

A video camera (GoPro Hero3, GoPro, San Mateo, CA) was suspended above the tank and
recorded all trials. We analyzed swimming performance in these videos using the Noldus
EthoVision XT 14 software package (Noldus, Leesburg, VA). We divided the apparatus into
four quadrants, and we outlined a zone consisting of the entire submerged platform. We then
calculated the duration of time spent in each quadrant and on the platform. We interpreted

a reduction in latency to find the platform across Trials 1-9 as evidence that the subjects
learned to locate the platform using spatial cues and that they had formed a memory of

the relative location of the platform to draw upon in the spatial memory test. Time spent
swimming in the quadrant that formerly contained the platform and time spent in the specific
location of the platform were used to assess spatial memory for the platform location.
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2.5 Statistical Analysis

All data were analyzed using R (R Core Team, 2020). We determined normality both
visually (i.e., histograms and Q-Q plots) and with the Shapiro-Wilk test. We determined
outliers statistically via Grubbs’s tests (Lukasz, 2011), and found no outliers in our data.
Significance threshold was set at £< 0.05 for all statistical tests. Multiple helper packages
were used to import and visualize the data (Wickham, 2009; Fox & Weisberg, 2011; R
Core Team, 2015; Auguie, 2019). R-code for our analyses is provided in the supplementary
material.

We first confirmed that subjects successfully learned the location of the platform by
comparing the latency to reach it across Trials 1-9 using repeated-measures two-way
ANOVAs. Each ANOVA contained treatment (saline, AVP, or OT) as a between-subjects
factor and trial number (1-9) as a within-subjects factor, with animal ID as the repeated
measure. These repeated-measures two-way ANOVAs were analyzed with the rstatix
package (Alboukadel, 2021). We concluded that learning occurred if we found a main effect
of trial.

We next evaluated memory performance (Trial 10 data) by examining the amount of time
animals spent in the quadrant previously containing the platform. When data were normally
distributed, we analyzed memory trial data with a one-way ANOVA using treatment as the
independent variable. The Kruskal-Wallis test was used for non-normal data, followed by the
Wilcoxon test for pairwise differences.

3. RESULTS

3.1 Acute intranasal administration

Subjects successfully learned the location of the hidden platform over Trials 1-9 before
intranasal delivery of saline, AVP, or OT (main effect of trial: F(g 216) = 11.69, £< 0.001;
Figure 2a). We found no significant effect of treatment (main effect of treatment: F(; o7) =
1.24, P=0.31) and no interaction (F16 216) = 0.45, P=0.97).

Spatial memory was not significantly impacted following acute intranasal pharmacological
manipulation of AVP, OT, or saline. Specifically, subjects did not differ in their ability to
locate the former location of the platform immediately after receiving either intranasal AVP,
OT, or saline (one-way ANOVA: F(, >7) = 0.64, £=0.53; Figure 2b).

3.3 Chronic intranasal administration

All subjects demonstrated significant improvement in locating the platform across trials as
adults, after receiving chronic AVP, OT, or saline during post-wean development (main
effect of trial: F(g 192) = 7.95, £< 0.001; Figure 3a). However, neither chronic AVP
administration nor chronic OT administration during post-wean development impacted
overall spatial learning in adulthood (main effect of treatment: F(; 54y = 1.95, P=0.16),
and no interaction effect was found (F(16 192) = 1.39, P=0.15).

In contrast and unlike learning, we found a significant effect of treatment on the amount of
time subjects spent in the quadrant previously containing the platform during the memory
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trial (Kruskal-Wallis: X2= 7.27, P=0.03; Figure 3b). More specifically, animals that
received chronic AVP administration demonstrated better spatial memory as measured by
significantly greater time spent in the quadrant that previously contained the hidden platform
compared to animals that received OT (P = 0.04) or saline (= 0.04). Subjects that received
chronic administration of OT did not significantly differ in the time spent in the quadrant
that previously contained the hidden platform compared to saline animals (P = 0.35).

4. DISCUSSION

We examined how intranasal administration of AVP or OT given either acutely (30 min
before testing) or chronically (daily during adolescence) impacted spatial memory in adult
male prairie voles. Acute doses of AVP and OT had no significant effect on spatial memory.
In contrast, chronic intranasal AVP, but not OT, during post-weaning development improved
spatial memory performance in the Morris water maze. More specifically, animals that
received chronic intranasal AVP spent more time in the quadrant that previously contained
the platform than animals that received chronic intranasal OT or saline. There was also

no significant difference in memory performance between animals that received chronic
intranasal OT and chronic intranasal saline. Spatial learning was not significantly impacted
by chronic intranasal AVP or chronic intranasal OT. These results suggest that chronic
AVP during post-wean development plays an organizational role in spatial memory ability,
whereas neither OT nor AVP have an activational role for this same behavior.

4.1 Chronic administration of AVP

We found that chronic administration of AVP during postweaning adolescence improved
adult spatial memory in the MWM. This result corresponds with prior work showing

that AVP facilitates performance in other memory paradigms (McEwen, 2004). Moreover,
the fact that chronic administration of AVP during adolescence resulted in improved

spatial memory suggests that AVP asserts important organizational effects on spatial
cognition. Indeed, previous studies in both rats and humans have demonstrated that
chronic administration of AVP during adolescence, but not acute administration, improves
memory (Hamburger-Bar et al., 1985; Hamburger-Bar et al., 1987). It is unclear what the
mechanism by which early-life exposure to AVP impacts spatial cognition. We suspect that
chronic administration of AVP during adolescence likely increased the density of V1aR
present in areas of the brain associated with memory, thereby increasing the sensitivity to
endogenous AVP in adulthood (Csaba, 1986, see below). Indeed, past work indicates that
exposure to nonapeptides during development increases adult sensitivity to nonapeptides in
adulthood through hormonal imprinting, or amplifications of nonapeptide receptor density
and sensitivity (Csaba et al., 1980; Csaba, 1986).

Our choice to use intranasal administration in this experiment may have also increased

the impact of chronic AVP during post-weaning development on the brain. Intranasal
administration is inherently non-specific; the delivered substance can be carried throughout
the brain once it reaches the extracellular fluid (reviewed in Mittal et al., 2013). Indeed,
non-localized increases in brain AVP delivered intraperitoneally 1 hour before MWM
learning trials improved spatial memory in adult rats by improving synaptic plasticity in
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the hippocampus (Yang et al., 2017), indicating that non-specific manipulations can have
far-reaching impacts on spatial memory. Our manipulation was also likely able to reach
multiple regions of the brain, including many regions that are critical for spatial memory and
MWM performance (e.g., the hippocampus, amygdala, prefrontal cortex, anterior thalamus,
and retrosplenial cortex; Ophir, 2017). Thus, the non-specific nature of the intranasal
delivery method raises the possibility that increasing AVP over post-wean development
impacted many aspects of brain function that ultimately impacted one or more neural
circuits associated with adult spatial memory performance.

Our study found chronic intranasal AVP did not affect spatial learning. This, together with
its impact on spatial memory ability, suggests AVP likely only influences memory retrieval
and not the initial formation or consolidation of memories (i.e., learning). Indeed, one study
found AVP had the greatest impact on learning and memory when it was administered in
the later stages of memory consolidation (Alescio-Lautier et al., 2000). Furthermore, this
lack of influence over spatial learning suggests chronic AVP does not change the density of
V1aR in areas of the brain that contribute to spatial learning, or if it does, it is not in a way
that is behaviorally evident. Indeed, if chronic intranasal AVP during adolescence had made
brain regions important for spatial learning more sensitive to AVP, we would expect animals
treated with chronic AVP to learn the location of the platform faster.

The effects of chronic AVP exposure during development on spatial cognition speak

to a larger question about how social behavior, cognition, and neocortical development

are sensitive to environmental perturbations. It is established that neural variation in
AVP-containing cells and VV1aR density have the potential to directly impact behavior.

For instance, VV1aR knockout mice have greater numbers of parvalbumin immunoreactive
cells than wild-type mice, a difference that may impact information processing (Hammock
& Levitt, 2012). Moreover, V1aR variability among brain areas associated with spatial
cognition is a strong predictor of reproductive success within male prairie vole mating
tactics (Ophir et al. 2008 PNAS). Notably, low levels of neonatal AVP in cerebrospinal
fluid accurately predicts later diagnoses of autism (Oztan et al., 2020), suggesting that
developmental exposure to AVP might go beyond spatial cognition and could impact many
other forms of cognition, carrying significant consequences with it.

Circulating levels of AVP during development may also be influenced by environmental
experiences. For instance, smoking and exposure to second-hand smoke increase plasma
AVP levels in humans (Fuxe et al., 1989). Furthermore, direct manipulation of AVP in
humans can occur in clinical settings, and such treatment has the potential to shape behavior.
For example, treating 6- to 12-year old autistic children for just four weeks with daily
intranasal AVP improves social deficits (Parker et al., 2019). Moreover, variability in

rearing conditions can impact the sensitivity to AVP; paternal deprivation during postnatal
development increases prosocial behavior and V1aR mRNA in the lateral septum of male
prairie voles (Kelly et al., 2020). These studies indicate that natural or experimentally/
clinically induced variation in AVP has lasting impacts on cognition and behavior.
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4.2 Chronic intranasal administration of OT

We found that chronic intranasal administration of OT during post-weaning developmental
had no statistically significant impact on spatial memory in adulthood. Although OT is
typically considered to be an amnesic, prior work has shown that the relationship between
OT and memory is unclear. Indeed, OT may impair, improve, or have no effect on memory,
depending on the circumstance (McEwen, 2004; Ophir, 2017). In particular, spatial memory
may be less affected by perturbations in OT and OTR than other types of memory, like social
cognition and social memory (Ferguson et al., 2000; Takayanagi et al., 2005). OT knockout
mice, for example, show no spatial memory deficits but they do demonstrate pervasive social
deficits (Takayanagi et al., 2005). Thus, despite its important role in memory in general,

one reason we did not find a significant effect of chronic OT on adult spatial memory could
be because OT is less involved in the neurobiological organization of this specific form of
memory.

Another possible explanation for our results relates to the size of dose we used in our
chronic OT treatment. The relationship between OT and memory is murky in part because
OT has dose-dependent impacts on memory (Popik et al., 1992; Benelli et al., 1995). For
example, different doses of chronic intranasal OT differentially impact prairie vole pair bond
formation (Bales et al., 2013). We specifically chose our OT concentration (8 x 10~4 1U/ml)
to match the dose Bales et al. (2013) used to influence social behavior, predicting that

this concentration would also alter other behaviors, including spatial memory. Interestingly,
Bales et al. (2013) found that this dose did not influence autogrooming, alloparental care,
or performance in an elevated plus-maze. At least two interpretations for the impact of
intranasal OT on general behavior can be inferred from these results. One possibility is

that OT has a limited scope of efficacy and only alters pair bonding, but not other social
and non-social behaviors. A second possibility is that non-pair bonding behaviors might

be affected by exogenous exposure to OT during development, but only at other (larger)
doses. We believe that the latter interpretation is unlikely for two reasons. First, Bales et al.
(2013) used three different doses of OT in their experiment and found that none of them
impacted behaviors other than pair bond formation. Second, as mentioned above, OT might
have little influence on spatial behavior despite its effects on other forms of learning and
memory (Ferguson et al., 2000; Takayanagi et al., 2005). Taken together, we believe that

if developmental OT does have the potential to organize adult spatial memory, we would
have seen it at the dose we used in our chronic treatment. The lack of significant effect
strengthens the argument that spatial memory is not organized during development by OT,
although more research is needed to fully support this conclusion.

4.3 Possible impacts of chronic administration on nonapeptide receptors

Chronic administration of AVP and OT during post-wean development may have changed
the densities of OTR and V1aR present in the brain. This organizational effect would
presumably then lead to changes in adult spatial memory behavior. To our knowledge, no
studies have examined AVP receptor densities or other structural changes after chronic
AVP administration during a developmental time period. However, chronic intranasal

OT administration during development has been shown to impact nonapeptide receptor
densities, with the specific effect depending on brain region. For example, chronic
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developmental OT increases OTR density in the nucleus accumbens of female prairie voles,
and reduces V1aR and OTR densities in the forebrain of male rats (Guoynes et al., 2018;
Freeman et al., 2018). The structural similarities between OT and AVP, and the fact that they
can interact with each other’s receptors (Manning et al., 2008), implies that chronic AVP
administration could have also shaped V1aR (or OTR) densities, and thus increased overall
potential for binding.

More work has been done on the organizational effect of OT on receptor densities in the
brain, and this work has shown that chronic OT can have impacts outside of just the OT
system. For example, OT can bind to and interact with VV1aR (de Wied, 1991; Manning et
al., 2008; Song et al., 2014), and chronic intranasal OT administration leads to a decrease

in AVP immunoreactive neurons (Guoynes et al., 2018). Moreover, chronic intranasal OT
administration reduced V1aR density in rats (Freeman et al., 2018), indicating a reduction
of AVP sensitivity. However, if chronic administration of OT had decreased the density and
binding capabilities of V1aR in our adult subjects, we would expect them to demonstrate
impaired spatial memory compared to control animals. Given the lack of effect post-weaning
(adolescent) administration of chronic OT had on adult spatial memory in our experiment,
the impact of chronic OT on V1aR in the brain is likely to be small and potentially have few,
if any, behavioral consequences.

4.4 Acute intranasal administration

Our subjects demonstrated neither significant impairments nor improvements in spatial
memory 30 minutes after intranasal administration of either nonapeptide when compared

to saline-treated animals. This is unlikely to be the result of nonapeptides not reaching
memory structures in the brain, because these relatively high doses increase nonapeptide
concentration in the extracellular fluid surrounding the hippocampus, amygdala, and
cerebrospinal fluid 30 minutes after intranasal administration (Neumann et al., 2013).
Furthermore, multiple studies in titi monkeys (Callicebus cupreus), mice, and prairie voles
have demonstrated changes in social behavior within just 5 minutes of an acute intranasal
administration of either AVP or OT (Jarcho et al., 2011; Bales et al., 2013; Huang et al.,
2014), suggesting that nonapeptides can quickly reach receptors and impact social behavior.
Another possibility is that our acute doses were not high enough to have an effect. We
believe this is an unlikely explanation for our results because the doses we used in the

acute manipulations were extraordinarily high. Indeed, our acute doses were approximately
1,000,000 times more concentrated than our chronic doses and the doses used in previous
intranasal studies with voles (see Bales et al., 2013; Huang et al., 2014; Simmons et al.,
2017; Prounis & Ophir, 2019). We, therefore, conclude that the acute administration of AVP
or OT simply did not have an activational influence on spatial memory.

As discussed above, AVP and OT affect many forms of memory and learning. It is possible
that the potential for AVP and/or OT to modify adult spatial memory exists but their
effects were undetected in our experiment because of the timing of the acute doses during
the Morris water maze procedure. Notably, information must first be consolidated from
temporary memory into a stable form of memory for long-term retrieval to occur (Squire
et al., 2015). Studies have shown that the same manipulation can have different effects on
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memory depending on when it occurs in the memory consolidation and retrieval process
(Roozendaal, 2002; Alvares et al., 2008). For example, AVP appears to be most effective at
modulating later stages of memory consolidation (Alescio-Lautier et al., 2000), and OT has
timepoint-dependent effects on fear extinction (Toth et al., 2012). Our acute administration
effectively targeted memory retrieval because it occurred after the learning trials and
presumably after memory consolidation. Thus, our data indicate that acute administration

of AVP and OT does not affect the retrieval of previously consolidated spatial memory.
Whether either AVP or OT has the potential to impact acquisition or other non-recall aspects
of spatial cognition remains to be tested.

4.5 Organizational and activational roles of nonapeptides in spatial cognition

Past work on nonapeptides suggests that they can play both an organizational and
activational role in social behavior (Jarcho et al., 2011; Bales et al., 2013; Huang et al.,
2014; Simmons et al., 2017; Prounis & Ophir 2019; Pagani et al., 2020). Our results expand
upon this research by adding spatial memory as another domain that they can influence.
More specifically, exposure to AVP during post-wean development has an organizational
role on spatial memory ability, likely through brain-wide changes to receptor densities and
connectivity. Although both AVP and OT are known to impact several forms of memory
(e.g., navigation and hippocampal-dependent cognition [Engelmann et al., 1992]; passive
or active avoidance learning [de Wied, 1991]; and social recognition and social memory
[Albers, 2012]), our results indicate that they do not have an activational role in spatial
memory retrieval. Yet, unlike their impacts on social behavior, our work indicates that
AVP, but not OT, organizes adult spatial memory in male prairie voles. Given the potential
role that spatial memory might have in prairie vole social monogamy (Phelps & Ophir,
2009; Rice et al., 2019; Ophir 2017), this work suggests that exposure to relatively high
levels of AVP during male prairie vole adolescence could alter adult male reproductive
decision-making due to the improvement in spatial memory it produces.

5. CONCLUSIONS

We examined the impacts of chronic and acute intranasal administration of AVP and OT on
spatial memory performance in the adult male prairie vole. Chronic exposure to AVP during
post-weaning adolescent development improved adult spatial memory, whereas chronic
exposure to OT had no effect. These results suggest that AVP, but not OT, has a specific

role in organizing adult spatial cognition. Acute doses of both AVP and OT given after
spatial learning consolidation but before recall did not alter spatial memory performance,
suggesting that intranasal nonapeptides do not activate memory retrieval. Unlike social
behavior, where nonapeptides can have both activational and organizational effects, AVP and
OT do not appear to activationally impact spatial memory retrieval, and only AVP delivered
during development organized adult spatial cognition.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Chronic AVP during post-wean development improves adult spatial memory

. Chronic OT during post-wean development had no effect on adult spatial
memory

. AVP, but not OT, organizes adult spatial memory

. Administration of AVP or OT before a memory task did not impact spatial
memory

. AVP and OT do not affect the retrieval of previously consolidated spatial
memory
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Figure 1.

Timeline of experimental procedures for (&) acute intranasal administration and (&) chronic
intranasal administration.
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Figure 2.
Acute nonapeptide administration. (&) Mean (£SE) latency (in seconds, s) to reach the

platform across nine learning trials for animals receiving saline (diamonds), OT (squares),

or AVP (triangles). (6) Mean (£SE) duration of time (in seconds) spent during the memory
trial in the quadrant where a platform was previously located for animals given saline, OT, or
AVP 30 minutes before the memory trial.
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Figure 3.
Chronic nonapeptide administration. (4) Mean (xSE) latency (in seconds, s) to reach the

platform across nine learning trials for animals receiving saline (diamonds), OT (squares), or
AVP (triangles). (6) Mean (xSE) duration of time (in seconds) spent during the memory

trial in the quadrant where a platform was previously located for animals chronically
administered saline, OT, or AVP during adolescence. Bars show significant post hoc
differences; * = p < 0.05.
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