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Abstract

Humans with post-traumatic stress disorder (PTSD) exhibit sleep disturbances that include 

insomnia, nightmares, and enhanced daytime sleepiness. Sleep disturbances are considered a 

hallmark feature of PTSD; however, little is known about the cellular and molecular mechanisms 

regulating trauma-induced sleep disorders. Using a rodent model of PTSD called “Single 

Prolonged Stress” (SPS) we examined the requirement of the brain-type fatty acid binding 

protein Fabp7, an astrocyte expressed lipid-signaling molecule, in mediating trauma-induced sleep 

disturbances. We measured baseline sleep/wake parameters and then exposed Fabp7 knock-out 

(KO) and wild-type (WT) C57BL/6N genetic background control animals to SPS. Sleep and 

wake measurements were obtained immediately following the initial trauma exposure of SPS, 

and again 7 days later. We found that active-phase (dark period) wakefulness was similar in KO 

and WT at baseline and immediately following SPS; however, it was significantly increased after 

7 days. These effects were opposite in the inactive-phase (light period), where KOs exhibited 

increased wake in baseline and following SPS, but returned to WT levels after 7 days. To examine 
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the effects of Fabp7 on unconditioned anxiety following trauma, we exposed KO and WT mice 

to the light–dark box test before and after SPS. Prior to SPS, KO and WT mice spent similar 

amounts of time in the lit compartment. Following SPS, KO mice spent significantly more time 

in the lit compartment compared to WT mice. These results demonstrate that mutations in an 

astrocyte-expressed gene (Fabp7) influence changes in stress-dependent sleep disturbances and 

associated anxiety behavior.
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1. Introduction

Post-traumatic stress disorder (PTSD) develops rapidly, and is associated with long-term 

alterations in sleep and brain physiology. PTSD can elicit sleep abnormalities shortly after 

a traumatic event, with persistent changes in anxiety behavior. According to the American 

Psychiatric Association, sleep impairments are a diagnostic criterion for PTSD (2013). Poor 

sleep following trauma exposure is considered a predictor of subsequent PTSD severity [1–

3]. However, very little is known regarding mechanisms that intersect sleep–wake processing 

and PTSD etiology. Therefore, understanding molecular and cellular events that interact 

between the regulation of sleep and symptomatology of PTSD will be important for 

targeting therapeutic strategies in treating this disorder.

This underscores the importance of the use of pre-clinical animal models that recapitulate 

hallmark traits of PTSD and associated changes in sleep [4]. Single prolonged stress (SPS) 

is a well-validated rodent model of PTSD where a subsequent 7-day isolation period is 

necessary for a PTSD-like phenotype to develop [5–10]. Previous studies showed that sleep 

alterations occur after SPS [11], and that sleep during this 7-day window following SPS 

exposure predict fear-associated memory impairments [12]. Further, optogenetic increases in 

sleep post-SPS exposure were associated with enhanced fear conditioning [13]. While these 

data indicate a relationship between sleep and the development of PTSD, specific molecules 

or cell-types that may integrate them, remain largely unexplored.

The astrocyte-enriched brain-type fatty acid binding protein, Fabp7, has been described 

to be associated with PTSD-like behaviors, as has the neuronal expressed Fabp3 [14]. 

For example, Fabp7-null mice exhibit enhancement of fear memory and anxiety [15]. We 

have previously shown that Fabp7 follows a circadian rhythm in gene expression broadly 

throughout mammalian brains [16,17], which is regulated by the core clock gene BMAL1 

[18] and circadian transcriptional repressor REV-ERBα [19]. Fabp7 has also been shown to 

regulate sleep across phyla, including flies, mice, and humans [20–22]. Taken together, this 

suggest that Fabp7 may represent a functional node that regulates sleep and the etiology of 

PTSD.

In order to test this, we examined changes in sleep and anxiety behavior in Fabp7 knock-out 

(KO) mice compared to C57BL/6N wild-type (WT) genetic background mice following SPS 

exposure. We observed a day-night reversal of sleep–wake phenotype following a full 7-day 
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window post-SPS that is associated with cognitive disruption in a light–dark box anxiety 

test. These studies indicate that a genetic deletion of an astrocyte-enriched gene impairs 

sleep and cognitive processing, and provides a novel therapeutic target in lipid signaling 

pathways for treating PTSD.

2. Materials and Methods

2.1. Animals and Surgery

All animal procedures were carried out in accordance with the National Institutes of Health 

Guide for the Care and Use of Laboratory Animals, and approved by the WSU Institutional 

Animal Care and Use Committee (IACUC; ASAF# 6459 “Astrocyte Involvement in Stress 

Induced Sleep Alterations”).

Male, C57BL/6N (WT) and Fabp7 KO mice (provided by Dr. Owada) were used for all 

experiments to eliminate the known impact of estrous cycle hormones on sleep and behavior 

[12,13,23]. Mice (60–90 days old) were housed in temperature (21–24 °C) and humidity-

controlled (30–50%) rooms on a 12:12 light–dark cycle, and given ad-libitum access to food 

and water.

Mice destined for the EEG studies (N = 15) underwent one survival surgery to 

implant electroencephalographic (EEG) and electromyographic (EMG) recording electrodes 

(described below). Mice were given at least 10 days to recover from surgery 

prior to beginning the experiment. Animal well-being was assessed daily during the 

surgical recovery period. Any sign of illness or pain, including decreased motility and 

responsiveness, vocalizations, lack of appetite, decreased grooming, etc. was noted and 

treated in consultation with veterinary staff. Mice were housed singly following surgical 

procedures.

Survival stereotaxic surgery was performed on WT (n = 8) and Fabp7 KO (n = 7) to 

implant the EEG/EMG sleep recording electrodes as previously published [13,21]. Aseptic 

surgeries were performed under isoflurane anesthesia. A midsagittal incision was made on 

the top of the skull, and the skin was retracted. After cleaning the surface of the skull, 4 

holes were drilled through the cranium, and bare wire electrodes were inserted bilaterally 

over the frontal area and hippocampal area of the mouse brain for EEG recordings. Two 

flexible wire electrodes were threaded through the dorsal neck muscles for EMG recordings. 

All electrodes were connected to a six-pin connector which was attached to the skull 

via light-curable dental acrylic. Electronic connections were finalized through the six-pin 

connector to a Tucker Davis Technology (TDT) (Alachua, FL, USA) electrophysiology 

recording device.

2.2. Sleep Recording and Analysis

Following recovery from surgery, animals were housed individually and connected to 

the TDT recording system via a lightweight, flexible tether attached to a commutator 

(Sparkfun.com, Slip Ring) for free movement within the cage. The recording system was 

used to sample signals at 333 Hz, filtered between 0.1–100 Hz and amplified. Prior to 

analysis, signals were down sampled to 250 Hz. The four EEG electrodes were differentially 
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referenced to obtain two independent EEG channels (frontal and hippocampal). Two EMG 

channels were also differentially referenced to obtain the EMG signal. Animals were 

given 48 h to acclimate to the tethers prior to beginning baseline recordings. During the 

acclimation period, animals were supplied food to last the duration of the EEG/EMG 

experimental recordings. While connected to tethers, animals were monitored daily for food, 

water, and health via visual inspection by a video monitoring system to avoid disturbing the 

animals.

Collected data were transferred from the recording PC, stored onto disk, and scored off-

line in 10-s epochs to determine sleep/waking state using Sleep Sign software (version 

3.3.6.1602) (Nagano, Japan). Three vigilance states were assigned: Wake, REM sleep and 

NREM sleep. Wake consists of visible EEG theta activity and high EMG activity; REM 

sleep consists of clear, sustained EEG theta activity and phasic muscle twitches on a 

background of low EMG; and NREM sleep consists of high amplitude, synchronized EEG 

and low EMG activity.

EEG and EMG signals were recorded for 24 h of baseline, after which the animals were 

unhooked from the recording system; single prolonged stress (SPS, described below) was 

performed. Following SPS, animals were reconnected to the recording system and seven 

subsequent days were recorded and scored. Data collected after SPS were compared to the 

baseline recording day using Graphpad Prism software. Sleep states were quantified as an 

average duration spent in state per hour (in seconds) over the light phase (ZT0–12) and dark 

phase (ZT12–0).

2.3. Single Prolonged Stress

Single prolonged stress was performed similarly to previously published work [10,13,21]. 

Briefly, animals were exposed to 3 successive stressors at the start of the dark phase. First, 

physical restraint was performed for 2 h in custom-built plexiglass restraining devices. 

Next, the animals were placed in a (20 W × 20 D × 10 H cm) plastic bin containing 

30 °C water and were forced to swim in groups of 6–8 for 20 min. Following a 15-min 

recuperation period in a towel-lined bin, the animals were exposed to 30 mL of ether 

vapors in a 2000 cc isolation chamber until fully anesthetized (<5 min). Ether exposure is a 

critical component in the development of the PTSD phenotype in rodents; substitution of an 

alternative anesthetic, such as isoflurane for ether, is insufficient to cause extinction retention 

deficits in fear-associated memory processing [23]. Afterward, the animals were returned to 

their EEG/EMG recording-cages where they were isolated for the following seven days (as 

shown in Figure 1).

2.4. Light–Dark Box Anxiety Testing

To assess baseline anxiety, animals underwent light–dark box testing. All animals, WT 

(n = 7), WT/SPS (n = 7), Fabp7 KO (n = 8), and Fabp7 KO/SPS (n = 8), were housed 

individually in the experimental room on a 12:12 light:dark schedule for seven days prior to 

beginning testing. SPS animals were then trauma exposed at ZT12 and allowed to rest for 

another seven days. The testing chamber consisted of two compartments, each measuring 7” 

W × 7” D × 12” H, separated by a 3” H × 3” W door with a metal bar floor (Coulbourn 
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Instruments, Allentown, PA, USA). The right chamber was illuminated with white light and 

the left chamber was dark. The position of the animal was determined using infrared beams 

placed along the floor of the entire chamber. All testing was performed at ZT12. The animal 

was started in the illuminated compartment and allowed to freely explore both sides of the 

chamber for 300 s. Time spent on each of the light side and the dark side was measured, 

along with the number of transitions between compartments, and initial escape latency to the 

dark side. Supplementary methods can be found in Supplementary materials.

3. Results

3.1. Sleep–Wake Behavior

3.1.1. SPS Changes in Wakefulness in Fabp7 KO versus WT—In order to 

determine whether Fabp7 plays a role in the interaction between sleep–wake behavior 

and PTSD-like phenotype, we measured sleep and wakefulness from EEG data of Fabp7 
KO and WT control mice prior to treatment (baseline), immediately following SPS, and 

after the 7-day window post-SPS. The experimental outline is shown in Figure 1. During 

the active-phase (dark period), we did not observe any differences in baseline wake time, 

or immediately following SPS (Figure 2a). However, after the 7-day window when SPS 

treatment is known to cause sleep-associated long-lasting effects on fear-associated behavior 

[12], we observed an increase in wake in Fabp7 KO versus WT mice (Figure 2a). These 

effects were reciprocal in the inactive-phase. Fabp7 KO mice had an increase in wake during 

the light phase in baseline and immediately following SPS treatment (Figure 2b). After the 

7-day window post-SPS, there were no differences in wake time between Fabp7 KO and WT 

mice (Figure 2b). These data suggest that the astrocyte-expressed Fabp7 impairs the normal 

sleep-wake responses to single-prolonged stress in mice in a time-of-day dependent manner.

3.1.2. SPS Changes in Sleep Stages between Fabp7 KO versus WT—While we 

observed a change in active-phase versus inactive-phase wakefulness between Fabp7 KO 

and WT mice after the 7-day window post-SPS, we also were interested in determining 

whether there were specific changes in sleep staging based on genotype. During the 

active-phase (dark period), there were no differences in baseline amounts of non-rapid eye 

movement (NREM) or REM sleep (Table 1). However, we observed a decrease in NREM 

sleep after the 7-day window post-SPS (Table 1), that was associated with an increase in 

wake observed during the active phase, in Fabp7 KO versus WT mice (Figure 2a).

During the inactive-phase (light period), we observed differences in REM sleep on baseline 

and immediately following SPS in Fabp7 KO versus WT mice, but not after the 7-day 

window post-SPS (Table 2). Similarly, no differences between Fabp7 KO and WT were 

observed during the inactive-phase for NREM during baseline or after the 7-day window 

post-SPS, just immediately following SPS (Table 2). Taken together, these data suggest 

that the effects of SPS on sleep suppression post-trauma are dependent on normal levels 

of Fabp7, and that Fabp7-associated differences in sleep may in turn influence post-trauma 

behavior.
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3.2. Light–Dark Box Anxiety Test

The light–dark box anxiety test is an assay for determining anxiety behavior in rodents 

[24–27]. The light–dark box anxiety test is based on an unconditional aversion of rodents 

to brightly lit areas in response to mild stressors (e.g., novel environment and light). Here, 

we were interested in determining whether Fabp7 KO mice show changes in innate anxiety 

following SPS treatment, compared to WT controls. We did not observe any baseline 

differences between Fabp7 KO and WT mice in time spent in the lit compartment, however, 

Fabp7 KO mice did have a significant increase in time spent in the lit compartment 

following SPS compared to WT controls (Figure 3). No differences were observed in the 

number of transitions (Appendix A) or in latency to the dark box (Appendix B). These data 

suggest that the normal anxiety response following SPS is dependent on Fabp7 expression.

4. Discussion and Conclusions

Clinical and animal studies have shown that fear-associated neuronal circuits are closed 

tied to the development and retention of PTSD [28,29]. In addition, sleep disturbances are 

tightly associated with PTSD, and may represent a point of intervention [30–32]. The neural 

circuits that have been implicated in PTSD include fear learning, emotional processing, 

arousal, and context processing circuitry [33,34]. However, much less is known about how 

glial cells, and in particular, astrocytes, may be playing a role in PTSD; however, the role of 

glia in sleep processing is beginning to be understood [22,35–37]. How non-neuronal cells 

such as astrocytes may be implicated in the relationship between sleep behavior and PTSD 

etiology remains poorly understood. Fabp7 is an astrocyte-expressed molecule that has been 

implicated in fear and anxiety-like behavior [15], cognitive processing [20,21,38] and sleep–

wake regulation [20–22]. Here we show that Fabp7 is required for normal sleep suppression 

following trauma, using the SPS paradigm in mice. We also observed Fabp7-dependent 

disruption of anxiety-related phenotypes post-SPS.

Our studies show that the trauma-induced sleep–wake phenotype in Fabp7 KO compared 

to WT mice changes between the active-phase and inactive-phase (Figure 1). Whether 

these differences can be partially accounted for by NREM and REM sleep stages over 

the light–dark cycle (Figure 2) will require future investigation. For example, optogenetic 

enhancement of sleep was shown to improve fear memory following SPS in rats [13]. 

Previously, we showed that SPS blocks sleep homeostasis; however, pre-trauma sleep 

deprivation did not exacerbate trauma-induced fear-associated memory impairments [23]. 

Here, we observed time-of-day-dependent differences in pre- and post-SPS sleep stages 

between Fabp7 KO and WT mice (Tables 1 and 2). During the dark phase, we only 

saw differences in NREM sleep between Fabp7 KO and WT mice following the 7-day 

window post-SPS (Day 7). However, during the light phase, differences in REM sleep were 

observed between Fabp7 KO and WT mice during baseline and SPS, but these normalized 

by Day 7. The light phase post-trauma increases in REM sleep observed in Fabp7 KO 

mice may be relevant for testing potential treatments for PTSD and cognitive function. 

The phosphodiesterase-4 (PDE4) inhibitor rolipram was shown to have anxiolytic effects in 

mice [39]. Rolipram treatment is known to rescue cognitive deficits following REM sleep 

deprivation for spatial working memory [40], or for contextual fear conditioning following 
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total sleep deprivation [40,41]. Whether PDE4 represents a mechanistic pathway in neural 

or glial cells in the relationship between changes in sleep and cognitive processing [42] in 

our model will require more experimentation. In addition, future work in disrupting sleep 

or disrupting different stages of sleep (i.e., either NREM or REM) at various time-windows 

post-SPS will be needed to determine the role sleep plays in cognitive processing after 

trauma exposure.

Previous studies showed that Fabp7 KO mice exhibit increased anxiety-like behavior [15]. 

Here, we observed that Fabp7 KO mice spend approximately the same amount of time in the 

lit compartment as WT mice under baseline conditions, but spend significantly more time in 

the lit compartment following SPS. While this effect may appear to contradict findings by 

Owada et al. [15], it may mean that Fabp7 KO mice have anxiolytic-like effects on cognitive 

processing following traumatic stress, or have an enhanced ‘freezing-like’ behavior when 

placed in the lit compartment. Therefore, future studies will be important to identify the 

precise mechanism that Fabp7 may be playing in astrocytes to affect sleep and anxiety 

following trauma in our model.

Astrocyte loss was shown following SPS exposure in the hippocampus of rats [43]. 

Chemogenetic technology targeting dorsal hippocampal astrocyte activation was also shown 

to be sufficient to attenuate stress-enhanced fear learning (SEFL), a PTSD-like behavior 

[44]. Using SEFL, hippocampal astrocyte expression of interleukin-1β (IL-1β) was shown 

to be increased [45]. SEFL exposure reduced immunoreactivity for the dorsal hippocampal 

postsynaptic density 95, PSD95, a synaptic maker, which was co-localized with astrocytes 

[44]. Previously, we showed that Fabp7 protein and mRNA oscillated in a circadian phase 

in the fine perisynaptic processes of astrocytes, and the mRNA is trafficked within the 

hippocampus based on time of day [46]. Fabp7 inhibition was previously shown to limit 

cytokine production and secretion of TNF-α and IL-1β [47,48], suggesting that a signaling 

cascade may exist between astrocyte Fabp7 activity and IL-1β post-trauma. The astrocyte 

Fibroblast Growth Factor 2 (FGF2), a mitogen that is involved in the signaling pathways 

for memory extinction and relapse [49,50], was shown to block PTSD behavior following 

SPS in rats [51]. Xia et al., also observed that intraperitoneal FGF2 administration inhibited 

SPS-induced hyperarousal and anxiety behavior [51]. Fabp7 transfection in U87 astrocytoma 

cells was shown to increase FGF2 expression [52], suggesting that FGF2 and Fabp7 may be 

linked in the development of PTSD behavior. Future studies determining the relationship of 

sleep and Fabp7 with other previously identified astrocyte factors that mediate PTSD-related 

phenotypes will be important for generating clinical therapeutic strategies for the treatment 

of PTSD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Appendix A

Figure A1. 
No differences in the number of transitions between WT and Fabp7 KO in the Light–Dark 

box test. One-way ANOVA showed no statistical difference between the groups, pre- or 

post-SPS treatment.
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Appendix B

Figure A2. 
No differences in the escape latency between WT and Fabp7 KO in the Light–Dark box 

test. One-way ANOVA showed no statistical difference between the groups, pre- or post-SPS 

treatment.

References

1. Brown TH; Mellman TA; Alfano CA; Weems CF Sleep fears, sleep disturbance, and PTSD 
symptoms in minority youth exposed to Hurricane Katrina. J. Trauma. Stress 2011, 24, 575–580. 
[PubMed: 21898601] 

2. Mellman TA; David D; Kulick-Bell R; Hebding J; Nolan B Sleep disturbance and its relationship to 
psychiatric morbidity after Hurricane Andrew. Am. J. Psychiatry 1995, 152, 1659–1663. [PubMed: 
7485631] 

3. Mellman TA; Bustamante V; Fins AI; Pigeon WR; Nolan B REM sleep and the early development 
of posttraumatic stress disorder. Am. J. Psychiatry 2002, 159, 1696–1701. [PubMed: 12359675] 

4. Vanderheyden WM; Poe GR; Liberzon I Trauma exposure and sleep: Using a rodent model to 
understand sleep function in PTSD. Exp. Brain Res. 2014, 232, 1575–1584. [PubMed: 24623353] 

5. Knox D; Nault T; Henderson C; Liberzon I Glucocorticoid receptors and extinction retention deficits 
in the single prolonged stress model. Neuroscience 2012, 223, 163–173. [PubMed: 22863672] 

6. Knox D; George SA; Fitzpatrick CJ; Rabinak CA; Maren S; Liberzon I Single prolonged stress 
disrupts retention of extinguished fear in rats. Learn. Mem. 2012, 19, 43–49. [PubMed: 22240323] 

7. Yamamoto S; Morinobu S; Takei S; Fuchikami M; Matsuki A; Yamawaki S; Liberzon I Single 
prolonged stress: Toward an animal model of posttraumatic stress disorder. Depress. Anxiety 2009, 
26, 1110–1117. [PubMed: 19918929] 

8. Ferland-Beckham C; Chaby LE; Daskalakis NP; Knox D; Liberzon I; Lim MM; McIntyre 
C; Perrine SA; Risbrough VB; Sabban EL; et al. Systematic Review and Methodological 

Vanderheyden et al. Page 9

Neuroglia. Author manuscript; available in PMC 2023 March 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Considerations for the Use of Single Prolonged Stress and Fear Extinction Retention in Rodents. 
Front. Behav. Neurosci. 2021, 15, 652636. [PubMed: 34054443] 

9. Perrine SA; Eagle AL; George SA; Mulo K; Kohler RJ; Gerard J; Harutyunyan A; Hool SM; Susick 
LL; Schneider BL; et al. Severe, multimodal stress exposure induces PTSD-like characteristics 
in a mouse model of single prolonged stress. Behav. Brain Res. 2016, 303, 228–237. [PubMed: 
26821287] 

10. Wang H; Zuo D; He B; Qiao F; Zhao M; Wu Y Conditioned fear stress combined with single-
prolonged stress: A new PTSD mouse model. Neurosci. Res. 2012, 73, 142–152. [PubMed: 
22426496] 

11. Nedelcovych MT; Gould RW; Zhan X; Bubser M; Gong X; Grannan M; Thompson AT; Ivarsson 
M; Lindsley CW; Conn PJ; et al. A rodent model of traumatic stress induces lasting sleep 
and quantitative electroencephalographic disturbances. ACS Chem. Neurosci. 2015, 6, 485–493. 
[PubMed: 25581551] 

12. Vanderheyden WM; George SA; Urpa L; Kehoe M; Liberzon I; Poe GR Sleep alterations following 
exposure to stress predict fear-associated memory impairments in a rodent model of PTSD. Exp. 
Brain Res. 2015, 233, 2335–2346. [PubMed: 26019008] 

13. Davis CJ; Vanderheyden WM Optogenetic sleep enhancement improves fear-associated memory 
processing following trauma exposure in rats. Sci. Rep. 2020, 10, 18025. [PubMed: 33093538] 

14. Fukunaga K; Yabuki Y; Takahata I; Matsuo K Neurological mechanism and therapeutic strategy 
for posttraumatic stress disorders. Nihon Yakurigaku Zasshi 2018, 152, 194–201. [PubMed: 
30298841] 

15. Owada Y; Abdelwahab SA; Kitanaka N; Sakagami H; Takano H; Sugitani Y; Sugawara M; 
Kawashima H; Kiso Y; Mobarakeh JI; et al. Altered emotional behavioral responses in mice 
lacking brain-type fatty acid-binding protein gene. Eur. J. Neurosci. 2006, 24, 175–187. [PubMed: 
16882015] 

16. Gerstner JR; Vander Heyden WM; Lavaute TM; Landry CF Profiles of novel diurnally regulated 
genes in mouse hypothalamus: Expression analysis of the cysteine and histidine-rich domain-
containing, zinc-binding protein 1, the fatty acid-binding protein 7 and the GTPase, ras-like family 
member 11b. Neuroscience 2006, 139, 1435–1448. [PubMed: 16517089] 

17. Gerstner JR; Bremer QZ; Vander Heyden WM; Lavaute TM; Yin JC; Landry CF Brain fatty 
acid binding protein (Fabp7) is diurnally regulated in astrocytes and hippocampal granule cell 
precursors in adult rodent brain. PLoS ONE 2008, 3, e1631. [PubMed: 18286188] 

18. Gerstner JR; Smith GG; Lenz O; Perron IJ; Buono RJ; Ferraro TN BMAL1 controls the diurnal 
rhythm and set point for electrical seizure threshold in mice. Front. Syst. Neurosci. 2014, 8, 121. 
[PubMed: 25018707] 

19. Vanderheyden WM; Fang B; Flores CC; Jager J; Gerstner JR The transcriptional repressor Rev-
erbα regulates circadian expression of the astrocyte Fabp7 mRNA. Curr. Res. Neurobiol. 2021, 2, 
100009. [PubMed: 34056625] 

20. Gerstner JR; Vanderheyden WM; Shaw PJ; Landry CF; Yin JC Cytoplasmic to nuclear localization 
of fatty-acid binding protein correlates with specific forms of long-term memory in Drosophila. 
Commun. Integr. Biol. 2011, 4, 623–626. [PubMed: 22046481] 

21. Gerstner JR; Vanderheyden WM; Shaw PJ; Landry CF; Yin JC Fatty-acid binding proteins 
modulate sleep and enhance long-term memory consolidation in Drosophila. PLoS ONE 2011, 
6, e15890. [PubMed: 21298037] 

22. Gerstner JR; Perron IJ; Riedy SM; Yoshikawa T; Kadotani H; Owada Y; Van Dongen HPA; 
Galante RJ; Dickinson K; Yin JCP; et al. Normal sleep requires the astrocyte brain-type fatty acid 
binding protein FABP7. Sci. Adv. 2017, 3, e1602663. [PubMed: 28435883] 

23. Davis CJ; Gerstner JR; Vanderheyden WM Single prolonged stress blocks sleep homeostasis and 
pre-trauma sleep deprivation does not exacerbate the severity of trauma-induced fear-associated 
memory impairments. PLoS ONE 2021, 16, e0243743. [PubMed: 33406143] 

24. Misslin R; Belzung C; Vogel E Behavioural validation of a light/dark choice procedure for testing 
anti-anxiety agents. Behav. Process. 1989, 18, 119–132.

25. Crawley JN Exploratory behavior models of anxiety in mice. Neurosci. Biobehav. Rev. 1985, 9, 
37–44. [PubMed: 2858080] 

Vanderheyden et al. Page 10

Neuroglia. Author manuscript; available in PMC 2023 March 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



26. Costall B; Jones BJ; Kelly ME; Naylor RJ; Tomkins DM Exploration of mice in a black and 
white test box: Validation as a model of anxiety. Pharmacol. Biochem. Behav. 1989, 32, 777–785. 
[PubMed: 2740429] 

27. Bourin M; Hascoët M The mouse light/dark box test. Eur. J. Pharmacol. 2003, 463, 55–65. 
[PubMed: 12600702] 

28. Ressler KJ; Mayberg HS Targeting abnormal neural circuits in mood and anxiety disorders: From 
the laboratory to the clinic. Nat. Neurosci. 2007, 10, 1116–1124. [PubMed: 17726478] 

29. Yu B; Cui SY; Zhang XQ; Cui XY; Li SJ; Sheng ZF; Cao Q; Huang YL; Xu YP; Lin ZG; et al. 
Different neural circuitry is involved in physiological and psychological stress-induced PTSD-like 
“nightmares” in rats. Sci. Rep. 2015, 5, 15976. [PubMed: 26530305] 

30. Miller KE; Brownlow JA; Gehrman PR Sleep in PTSD: Treatment approaches and outcomes. Curr. 
Opin. Psychol. 2020, 34, 12–17. [PubMed: 31541965] 

31. Brownlow JA; Harb GC; Ross RJ Treatment of Sleep Disturbances in Post-Traumatic Stress 
Disorder: A Review of the Literature. Curr. Psychiatry Rep. 2015, 17, 41. [PubMed: 25894359] 

32. Lamarche LJ; De Koninck J Sleep disturbance in adults with posttraumatic stress disorder: A 
review. J. Clin. Psychiatry 2007, 68, 1257–1270. [PubMed: 17854251] 

33. Fenster RJ; Lebois LAM; Ressler KJ; Suh J Brain circuit dysfunction in post-traumatic stress 
disorder: From mouse to man. Nat. Rev. Neurosci. 2018, 19, 535–551. [PubMed: 30054570] 

34. Sheynin J; Liberzon I Circuit dysregulation and circuit-based treatments in posttraumatic stress 
disorder. Neurosci. Lett. 2017, 649, 133–138. [PubMed: 27845239] 

35. Amzica F; Massimini M; Manfridi A Spatial buffering during slow and paroxysmal sleep 
oscillations in cortical networks of glial cells in vivo. J. Neurosci. 2002, 22, 1042–1053. [PubMed: 
11826133] 

36. Frank MG The Role of Glia in Sleep Regulation and Function. In Sleep-Wake Neurobiology and 
Pharmacology; Springer: Cham, Switzerland, 2018; pp. 83–96.

37. Halassa MM; Haydon PG Integrated brain circuits: Astrocytic networks modulate neuronal activity 
and behavior. Annu. Rev. Physiol. 2010, 72, 335–355. [PubMed: 20148679] 

38. Watanabe A; Toyota T; Owada Y; Hayashi T; Iwayama Y; Matsumata M; Ishitsuka Y; Nakaya 
A; Maekawa M; Ohnishi T; et al. Fabp7 maps to a quantitative trait locus for a schizophrenia 
endophenotype. PLoS Biol. 2007, 5, e297. [PubMed: 18001149] 

39. Li YF; Huang Y; Amsdell SL; Xiao L; O’Donnell JM; Zhang HT Antidepressant- and 
anxiolytic-like effects of the phosphodiesterase-4 inhibitor rolipram on behavior depend on 
cyclic AMP response element binding protein-mediated neurogenesis in the hippocampus. 
Neuropsychopharmacology 2009, 34, 2404–2419. [PubMed: 19516250] 

40. Maher A; El Sayed N; Nafea H; Gad MZ Rolipram rescues memory consolidation deficits caused 
by sleep deprivation: Implication of the cAMP/PKA and cAMP/Epac pathways. CNS Neurol. 
Disord. Drug Targets 2021, 21, 631–639.

41. Vecsey CG; Baillie GS; Jaganath D; Havekes R; Daniels A; Wimmer M; Huang T; Brown KM; 
Li XY; Descalzi G; et al. Sleep deprivation impairs cAMP signalling in the hippocampus. Nature 
2009, 461, 1122–1125. [PubMed: 19847264] 

42. Havekes R; Vecsey CG; Abel T The impact of sleep deprivation on neuronal and glial signaling 
pathways important for memory and synaptic plasticity. Cell. Signal. 2012, 24, 1251–1260. 
[PubMed: 22570866] 

43. Han F; Xiao B; Wen L Loss of Glial Cells of the Hippocampus in a Rat Model of Post-traumatic 
Stress Disorder. Neurochem. Res. 2015, 40, 942–951. [PubMed: 25749890] 

44. Jones ME; Paniccia JE; Lebonville CL; Reissner KJ; Lysle DT Chemogenetic Manipulation 
of Dorsal Hippocampal Astrocytes Protects Against the Development of Stress-enhanced Fear 
Learning. Neuroscience 2018, 388, 45–56. [PubMed: 30030056] 

45. Jones ME; Lebonville CL; Paniccia JE; Balentine ME; Reissner KJ; Lysle DT Hippocampal 
interleukin-1 mediates stress-enhanced fear learning: A potential role for astrocyte-derived 
interleukin-1β. Brain Behav. Immun. 2018, 67, 355–363. [PubMed: 28963000] 

46. Gerstner JR; Vanderheyden WM; LaVaute T; Westmark CJ; Rouhana L; Pack AI; Wickens M; 
Landry CF Time of day regulates subcellular trafficking, tripartite synaptic localization, and 

Vanderheyden et al. Page 11

Neuroglia. Author manuscript; available in PMC 2023 March 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



polyadenylation of the astrocytic Fabp7 mRNA. J. Neurosci. 2012, 32, 1383–1394. [PubMed: 
22279223] 

47. Kagawa Y; Yasumoto Y; Sharifi K; Ebrahimi M; Islam A; Miyazaki H; Yamamoto Y; Sawada 
T; Kishi H; Kobayashi S; et al. Fatty acid-binding protein 7 regulates function of caveolae in 
astrocytes through expression of caveolin-1. Glia 2015, 63, 780–794. [PubMed: 25601031] 

48. Cheng A; Jia W; Kawahata I; Fukunaga K A novel fatty acid-binding protein 5 and 7 inhibitor 
ameliorates oligodendrocyte injury in multiple sclerosis mouse models. EBioMedicine 2021, 72, 
103582. [PubMed: 34624687] 

49. Stevens HE; Jiang GY; Schwartz ML; Vaccarino FM Learning and memory depend on fibroblast 
growth factor receptor 2 functioning in hippocampus. Biol. Psychiatry 2012, 71, 1090–1098. 
[PubMed: 22541947] 

50. Graham BM; Richardson R Memory of fearful events: The role of fibroblast growth factor-2 in fear 
acquisition and extinction. Neuroscience 2011, 189, 156–169. [PubMed: 21624434] 

51. Xia L; Zhai M; Wang L; Miao D; Zhu X; Wang W FGF2 blocks PTSD symptoms via an 
astrocyte-based mechanism. Behav. Brain Res. 2013, 256, 472–480. [PubMed: 24013012] 

52. Kipp M; Gingele S; Pott F; Clarner T; van der Valk P; Denecke B; Gan L; Siffrin V; Zipp F; Dreher 
W; et al. BLBP-expression in astrocytes during experimental demyelination and in human multiple 
sclerosis lesions. Brain Behav. Immun. 2011, 25, 1554–1568. [PubMed: 21620951] 

Vanderheyden et al. Page 12

Neuroglia. Author manuscript; available in PMC 2023 March 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Experimental timeline.
Animals were divided into 4 groups: WT/Control, WT/SPS, Fabp7 KO/Control, and Fabp7 
KO/SPS. Experiment 1: Baseline EEG/EMG for sleep measures was recorded for 24 h in 

all groups, immediately followed by SPS exposure (Black box) at ZT12 for trauma exposed 

groups. Experiment 2: Separate groups of non-surgerized WT and Fabp7 KO animals were 

tested using the light–dark box anxiety test (Light Box) at baseline and at 7 days after SPS 

(7 Day Isolation).
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Figure 2. Differences in wake duration pre- and post-SPS in Fabp7 KO versus WT mice.
Wake duration was quantified during the (a) active-phase (dark period, ZT12–ZT24) and 

(b) inactive-phase (light period, ZT0–12) on baseline day (BL), the trauma exposure day 

(SPS), and after a 7-day window post-SPS (Day 7). Independent Student’s t-test revealed 

significant differences between Fabp7 KO animals and WT controls, * = p-value < 0.05.
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Figure 3. Fabp7 KO SPS mice spend increased time in light compared to WT SPS mice.
Time spent in the lit side of the light–dark box was measured while mice were able to freely 

explore the entire cage. One-way ANOVA showed statistical difference between the groups, 

with a Tukey multiple comparisons test showing that Fabp7 KO SPS mice spent more time 

in the lit compartment than WT SPS mice, * = p value < 0.05.
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Table 1.
Active period sleep stage distribution.

Non-rapid eye movement (NREM) and REM sleep time in minutes on baseline (BL), immediately following 

SPS, and after a 7-day window post-SPS (Day 7) in WT and Fabp7 KO mice between ZT12-ZT24; Student’s 

t-test (p-value).

Dark Phase

WT Fabp7 KO

NREM Mean SEM Mean SEM p-Value

BL 1389.688 67.48 1349.896 69 0.680569

SPS 897.6042 82.37 830.1042 83.97 0.56674

Day 7 1021.042 56.28 813.2143 65.74 0.016713

REM

BL 144.5833 14.5 156.25 13.59 0.557893

SPS 75.72917 12.12 85.3125 12.56 0.583581

Day 7 74.27083 8.361 73.80952 9.651 0.971073
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Table 2.
Inactive period sleep stage distribution.

Non-rapid eye movement (NREM) and REM sleep time in minutes on baseline (BL), immediately following 

SPS, and after a 7-day window post-SPS (Day 7) in WT and Fabp7 KO mice between ZT0-ZT12; Student’s 

t-test (p-value).

Light Phase

WT Fabp7 KO

NREM Mean SEM Mean SEM p-Value

BL 1991.25 45.7 1880.521 53.82 0.118468

SPS 1883.854 46.98 1747.708 49.05 0.046434

Day 7 1934.583 50.25 1873.214 49.07 0.386286

REM

BL 306.5625 13.49 249.8958 12.77 0.002612

SPS 323.5417 12.89 275.8333 12.6 0.00879

Day 7 299.8958 14.65 291.5476 15.68 0.697698
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