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Sleep and Microdialysis: An Experiment and a Systematic 
Review of Histamine and Several Amino Acids
Cathalijn H. C. Leenaars*,†,‡, W. H. Pim Drinkenburg§, Christ Nolten§, Maurice Dematteis‖, 
Ruud N. J. M. A. Joosten¶, Matthijs G. P. Feenstra¶ and Rob B. M. De Vries*

Sleep seems essential to proper functioning of the prefrontal cortex (PFC). The role of different 
neurotransmitters has been studied, mainly the catecholamines and serotonin. Less attention has been 
paid to the amino acid transmitters and histamine. Here, we focus on the activity of these molecules in 
the PFC during sleep and sleep deprivation (SD). We determined extracellular concentrations of histamine 
and 8 amino acids in the medial PFC before, during and after SD. Additionally, we systematically reviewed 
the literature on studies reporting microdialysis measurements relating to sleep throughout the brain. 
In our experiment, median concentrations of glutamate were higher during SD than during baseline 
(p = 0.013) and higher during the dark-active than during the resting phase (p = 0.003). Glutamine was 
higher during post-SD recovery than during baseline (p = 0.010). For other compounds, no differences 
were observed between light and dark circadian phase, and between sleep deprivation, recovery and 
baseline. We retrieved 13 papers reporting on one or more of the molecules of interest during naturally 
occurring sleep, 2 during sleep deprivation and 2 during both. Only two studies targeted PFC. Histamine 
was low during sleep, but high during sleep deprivation and wakefulness, irrespective of brain area. Glu 
(k = 11) and GABA (k = 8) concentrations in different brain areas were reported to peak during sleep 
or wakefulness or to lack state-dependency. Aspartate, glycine, asparagine and taurine were less often 
studied (1-2 times), but peaked exclusively during sleep. Sleep deprivation increased glutamate and GABA 
exclusively in the cortex. Further studies are needed for drawing solid conclusions.
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Introduction
Sleep seems necessary for prefrontal cortex 
(PFC)-dependent tasks. Prefrontal regions show promi-
nent deactivation during sleep [1] and sleep deprivation 
[2]. Besides, prefrontal tasks such as attention, working 
memory, temporal memory and behavioural inhibition 
are affected by sleep deprivation in humans [3], but also 
in animals, e.g. on tasks addressing working memory and 
task switching [4, 5]. To learn more about the neurobio-

logical mechanisms involved, extracellular concentrations 
of neurotransmitters have been studied. In contrast to 
monoamines [6] and adenosine [7], other transmitters that 
are important in sleep regulation [8] such as the amino 
acids and histamine (Hist) did not receive much attention. 
Therefore we focus here on 1) Hist, a monoamine that is as 
important as the other monoamines in the regulation of 
sleep and wakefulness but is much less studied, and 2) excit-
atory (e.g. glutamate (Glu) and aspartate (Asp)) and inhibi-
tory (e.g. GABA (gamma-aminobutyric acid), glycine (Gly) 
and taurine (Tau)) neurotransmitters and neuromodulators  
[9, 10].

Microdialysis is a convenient and elegant method to 
study extracellular biochemistry over time. Extracellular 
concentrations present direct information on the activ-
ity status of neurotransmitters and neuromodulators in 
a certain brain region, in contrast to total brain concen-
trations [11]. Microdialysis is based on simple diffusion 
through a semi-permeable membrane; from the tissue 
of interest into a continuously flowing isotonic fluid. The 
dialysate is then analysed by ultra-high-pressure liquid 
chromatography (UPLC). 

In this paper we describe our experiment that investi-
gates the effects of 12h of sleep deprivation on medial 
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PFC (mPFC) concentrations of Hist, asparagine (Asn), Asp, 
GABA, Glu, glutamine (Gln), Gly, proline (Pro) and Tau, 
analysing left-over microdialysis sample volume from 
another experiment [12]. We selected these amino acids 
as they can be measured in a single UPLC run [13, 14]. 
Because this experiment was a spin-off, we did not have 
clear a priori hypotheses on concentration changes, nor 
did we specifically design our experiment for measure-
ments of amino acids. The experiment should be con-
sidered hypothesis-generating. Also, we did not analyse 
the literature on amino acids in detail upfront. To put 
our data into perspective, we did perform a systematic 
review (SR) of sleep and sleep deprivation studies meas-
uring these molecules in animal brain microdialysates 
afterwards.

Materials and Methods
mPFC Microdialysis Experiment 
Our experimental protocol has been described previously, 
with measurements of dialysate corticosterone [12], aden-
osine [7] and monoamine concentrations [6] before, dur-
ing and after sleep deprivation. We now describe Hist and 
the amino acids Asn, Asp, GABA, Glu, Gln, Gly, Pro and 
Tau. We restricted our analysis to these molecules, as they 
can be measured in a single UPLC run. A comparable pub-
lication on monoamines measured in the same dialysates 
can be found in Menon et al. [6]. 

In short, male Wistar rats (N = 11, 250–300g) were 
prepared for microdialysis with custom-made (e.g. 
[15]) concentric microdialysis probes (the probe was 
implanted directly, without the use of a guide cannula; 
exposed membrane length: 4 mm), placed into the 
mPFC at an angle of 12° (AP + 3.0 mm; L ± 1.8 mm; 
V−5.5 mm; relative to Bregma) [16]. The experiment 
started after approximately 1 week of post-surgical 
recovery. Rats were placed into separate compartments 
of a sleep deprivation device after connection to the 
microdialysis set-up. Perfusion of artificial cerebro-
spinal fluid (145 mmol/l NaCl, 1.2 mmol/l CaCl2, 2.7 
mmol/l KCl, 1.0 mmol/l MgCl2) was set at a flow rate 
of 3 μl/min. Sampling continued for 64h, comprising 
12h of wash-out and simultaneous habituation to the 
experimental environment (19:00–07:00), 24h of base-
line (07:00–07:00), 12h of sleep deprivation during the 
light phase (modelling one sleepless night in humans; 
(07:00–19:00) and 16h of recovery (19:00–11:00). Sleep 
deprivation was achieved using variable forced locomo-
tion in an upright rotating drum, divided into 2 semi-
circular compartments by a stationary central wall [12]. 
This method has previously been shown to suppress 
slow wave sleep to <1% and rapid eye movement (REM) 
sleep completely [12].

Rats were on a non-reversed 12:12 light-dark cycle with-
out dusk/dawn transitions. Food and normal tap water 
were available ad libitum throughout the experiment. The 
experiment was approved by the experimental animal 
committee of the Royal Netherlands Academy of Arts and 
Sciences (NIN2006-03 & NIN2007-20). It was performed 
in accordance with national legislation and standards of 
care.

Microdialysates
Dialysate samples were collected for 1h periods (i.e. 180 
μl) in plastic vials (300 μl; 7431100, Aurora Borealis) in 
a refrigerated fraction collector (6°C; CMA 470, Aurora 
Borealis). Samples were transferred to ice during the 
experiment and split into 8 fractions. The fractions des-
tined for Hist and amino acid measurements were trans-
ported on dry ice from Amsterdam to Beerse, where they 
were again stored at −80°C until analysis. After the experi-
ment, all fractions were stored at −80°C. Corticosterone 
[12], adenosine [7] and monoamines [6] were determined 
in other fractions.

Hist and amino acids were determined by Janssen 
Pharmaceutica, Research & Development (Beerse, 
Belgium), department of Neuroscience Systems Biology. 
The standard protocol comprises UPLC with fluorescent 
detection (UPLC-FD) after derivatization with 6-amino-
quinolyl-N-hydroxy-succinimidyl-carbamate (AQC), as 
described before by Cohen et al. [13] and Liu et al. [14].

Primary Data-Analysis 
Analyses of our experimental data were performed in 
Microsoft Excel and SPSS 24.0.0.0. In line with our anal-
yses for monoamines [6] and adenosine [7], we selected 
analyses that limit the effects of outliers on the results. 
We thus report median values and the interquartile range 
(IQR) for each phase of the experiment, instead of the gen-
erally reported mean ± standard error.

The median of the 12h blocks for baseline–light, 
baseline–dark, sleep deprivation and recovery were deter-
mined for each animal. Differences between these phases 
were analysed with a non-parametric Friedman repeated-
measures test for each analysed molecule separately. 
When the Friedman test indicated an overall significant 
difference, post-hoc Wilcoxon signed rank tests were 
used to compare the sleep deprivation and recovery peri-
ods with their corresponding baseline, and to compare 
baseline light phase with baseline dark phase. No other 
post-hoc tests were performed.

Systematic Review
We previously published a systematic mapping review on 
Hist and the amino acids Asn, Asp, GABA, Glu, Gln, Gly, 
Pro and Tau as assessed by intracerebral microdialysis [17]. 
In this SR, we followed the same methodology up to the 
selection of papers.

Search
In brief, a comprehensive search for studies on Hist and 
the amino acids Asn, Asp, GABA, Glu, Gln, Gly, Pro and 
Tau retrieved relevant publications from two databases: 
PubMed and Embase. Searches were performed in 2016, 
on 12 December for PubMed and on 14 December for 
Embase. Duplicates were manually removed in Endnote.

Our previously developed search filter for microdialysis 
[18] was extended by adding the terms “chemitrode”, 
“dialytrode”, “brain dialysis”, “intracerebral dialysis”, “intrac-
ranial dialysis”, “transcranial dialysis” and “implanted 
perfused hollow fibre” to retrieve older microdialysis 
publications. Previously developed filters were used to 
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select animal studies [19, 20]. The complete search strate-
gies for PubMed and EmBase are described in our protocol 
[21] and available in appendix 1.

Selection
Screening was performed in EROS (Early Review Organ-
ising Software; Institute of Clinical Effectiveness and 
Health Policy, Buenos Aires, Argentina) by two independ-
ent reviewers. Discrepancies were resolved by discussion 
among the reviewers. For our mapping review [17], we 
excluded (1) studies on other techniques than microdi-
alysis (e.g. biosensors and microdialysis precursors such 
as push-pull perfusion), (2) studies measuring other sub-
stances than Hist and the amino acids Asn, Asp, GABA, 
Glu, Gln, Gly, Pro and Tau, (3) retro-dialysis studies, (4) 
microdialysis studies that did not report baseline values 
without the specified molecules in the perfusion fluid, 
(5) extra-cerebral microdialysis studies, (6) human and in 
vitro studies, and (7) papers not containing primary study 
data. Within publications, experiments using techniques 
other than microdialysis were also ignored (e.g. in [22]), as 
well as data on amino acids other than those we searched 
for (e.g. in [23]).

During screening, tags were added by KJ and CL to all 
studies on circadian rhythms, sleep and sleep deprivation. 
Tagged studies were subsequently screened for inclusion 
in this review based on the following criterion (besides 
being included in our mapping): studies measuring one 
or more of the molecules of interest during (1) naturally 
occurring sleep stages that were validated with polysom-
nographic measurements and/or (2) during sleep depri-
vation. Studies on e.g. carbachol-induced REM-sleep were 
thus excluded (e.g. in [23]).

To ensure capturing all relevant studies, we searched for 
studies with the terms “*sleep*”, “*REM*”, “*rest*”, “*fatig*”, 
and “*somn*” in the title within the studies included in 
our mapping review.

Data Extraction and Analysis
The following study characteristics were extracted for 
the included papers: bibliographic details, location of 
the laboratory, the number of animals (n); their species, 
strain, age, weight, and sex; the flow-rate, probe length, 
diameter, membrane, and reuse; brain region, wash-
out, anaesthesia/freely behaving, post-surgical recovery, 
amino acids analysed, type of analysis, light-dark cycle and 
type of sleep deprivation. Furthermore, we extracted the 
study outcomes relevant to this review by summarising 
the findings, with the units of measurements as provided 
by the authors. For legibility, we here present the species, 
brain region and sleep deprivation method. The other 
data are provided in appendix 2–4. Data were tabulated 
separately for studies of naturally occurring sleep and for 
sleep deprivation studies.

Risk of Bias Assessment
Due to limited resources, only one experimenter (CL) 
estimated the risk of bias (RoB) of the included studies. 
For sleep deprivation studies, the standard tools of RoB 
assessment are only partially applicable [24], because 

many studies implement a within-subject design. Besides, 
risks of bias relating to blinding are usually high because 
it is virtually impossible to appropriately blind the experi-
menters for sleep deprivation. RoB assessment was thus 
adapted to comprise blinding of sample analysis for detec-
tion bias and incomplete outcome data for attrition bias 
[25]. Besides, we analysed two design aspects specific to 
microdialysis studies: verification of probe placement 
(to confirm that amino-acid changes were related to the 
brain region under investigation) and missing samples 
(decreased or interrupted flow due to a leakage or block 
can results in a number of missing measurements). 
Furthermore, we analysed other study quality aspects: 
reporting of an a priori power analysis, approval of an 
ethical board, and conflicts of interest.

Results
Experiment
Without missing samples, we would have collected 704 
samples (64 samples of 1h in 11 rats). The fraction for 
amino acids was missing for 133 samples (19%, mostly 
due to minor fluctuations of the flow). Hist and the amino 
acids Asn, Asp, GABA, Glu, Gln, Gly, Pro and Tau were 
analysed in the remaining 571 samples.

The median values for wash-out, baseline light phase, 
baseline dark phase, 12h of sleep deprivation and 12h of 
recovery are provided in Table 1, with the corresponding 
interquartile range (IQR). The overall Friedman test was 
significant for several amino acids: Asn, Asp, Gln, Glu and 
Gly. For Asn, Asp and Gly, none of the post-hoc tests were 
significant. For these amino acids, the significance of the 
Friedman test is probably due to the concentrations being 
higher during wash-out than during the remainder of the 
experiment (the effect of wash-out was not post-hoc ana-
lysed, in line with our preceding analyses of adenosine [7] 
and monoamines [6]).

Median concentrations of Glu were higher during sleep 
deprivation than during corresponding baseline (p = 0.013). 
Besides, an effect of light-dark phase was observed, Glu 
concentrations were higher during the dark-active phase 
than during the rest phase (p = 0.003). Median concen-
trations of Gln were higher during post-SD recovery than 
during the corresponding baseline (p = 0.010), none of 
the other post-hoc tests were significant. No differences 
in median concentrations were observed between any of 
the test phases for GABA, His, Pro and Tau.

Systematic Review
Search and Selection
Our original searches retrieved 5118 references from 
PubMed and 5253 from Embase. Screening started with 
the titles and abstracts of 6239 references after duplicate 
removal. Of these, 3144 were subsequently screened 
full-text. During full text screening, 47 references were 
tagged as relevant for circadian rhythms, sleep and sleep 
deprivation. Of these, 17 met the inclusion criterion for 
the current systematic review on sleep. Our search for rel-
evant title words did not result in new references meeting 
the inclusion criteria.

The flow of papers is shown in Figure 1.
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Table 1: Medial prefrontal cortex microdialysis results.

Amino acid Phase Median (µM) 25%–75% IQR (µM) N G(df) p

Asn Wash-out 1.28 0.40–2.24 10 20.3 (4) <0.001

Baseline Light 0.11 0.08–0.19 11

Baseline Dark 0.15 0.08–0.20 11

SD 0.11 0.10–0.20 11

Recovery 0.13 0.09–0.20 11

Sleep deprivation vs. Baseline Light: t = 42.5; p = 0.40
Recovery vs. Baseline Dark: t = 31.0; p = 0.86
Baseline Light vs. Baseline Dark: t = 40.0; p = 0.53

Asp Wash-out 0.06 0.05–0.08 10 20.3 (4) <0.001

Baseline Light 0.05 0.04–0.06 11

Baseline Dark 0.04 0.04–0.06 11

SD 0.05 0.04–0.06 11

Recovery 0.05 0.03–0.06 11

Sleep deprivation vs. Baseline Light: t = 42.5; p = 0.40
Recovery vs. Baseline Dark: t = 31.0; p = 0.86
Baseline Light vs. Baseline Dark: t = 40.0; p = 0.53

GABA Wash-out 0.09 0.07–0.13 10 3.44 (4) 0.49

Baseline Light 0.09 0.06–0.13 11

Baseline Dark 0.10 0.05–0.11 11

SD 0.08 0.06–0.12 11

Recovery 0.09 0.06–0.11 11

Gln Wash-out 5.40 0.16–11.8 10 10.67 (4) 0.031

Baseline Light 0.03 0.03–0.09 11

Baseline Dark 0.04 0.02–0.05 11

SD 0.07 0.02–0.09 11

Recovery 0.07 0.05–0.12 11

Sleep deprivation vs. Baseline Light: t = 31.0; p = 0.72
Recovery vs. Baseline Dark: t = 62.0; p = 0.010
Baseline Light vs. Baseline Dark: t = 23.0; p = 0.65

Glu Wash-out 0.10 0.53–1.44 10 15.2 (4) 0.004

Baseline Light 0.16 0.09–0.19 11

Baseline Dark 0.31 0.25–0.34 11

SD 0.27 0.26–0.39 11

Recovery 0.34 0.20–0.50 11

Sleep deprivation vs. Baseline Light: t = 61.0; p = 0.013
Recovery vs. Baseline Dark: t = 46.0; p = 0.25
Baseline Light vs. Baseline Dark: t = 66.0; p = 0.003

Gly Wash-out 0.43 0.26–0.78 10 19.0 (4) 0.001

Baseline Light 0.11 0.08–0.15 11

Baseline Dark 0.08 0.06–0.12 11

SD 0.08 0.06–0.11 11

Recovery 0.08 0.06–0.15 11

Sleep deprivation vs. Baseline Light: t = 3.0; p = 0.23
Recovery vs. Baseline Dark: t = 4.0; p = 0.55
Baseline Light vs. Baseline Dark: t = 4.0; p = 0.55

(Contd.)
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Amino acid Phase Median (µM) 25%–75% IQR (µM) N G(df) p

Hist Wash-out 0.04 0.03–0.05 10 3.1 (4) 0.54

Baseline Light 0.03 0.03–0.05 10

Baseline Dark 0.04 0.03–0.05 11

SD 0.03 0.03–0.05 11

Recovery 0.03 0.03–0.04 11

Pro Wash-out 0.35 0.07–0.63 10 5.3 (4) 0.26

Baseline Light 0.09 0.06–0.26 10

Baseline Dark 0.10 0.06–0.36 10

SD 0.12 0.07–0.30 11

Recovery 0.11 0.07–0.26 11

Tau Wash-out 0.61 0.55–0.85 10 3.8 (4) 0.44

Baseline Light 0.88 0.51–1.14 11

Baseline Dark 0.85 0.60–1.14 11

SD 1.10 0.47–1.23 11

Recovery 0.60 0.35–0.97 11

Asn = Asparagine, Asp = Aspartate, GABA = Gamma-AminoButyric Acid, Gln =Glutamine, Glu = Glutamate, Gly = Glycine, Hist = 
Histamine, Pro = Proline, Tau = Taurine, SD = Sleep Deprivation, IQR = InterQuartile Range, N = number of rats, G = the test statistic 
of the Friedman’s test, df = degrees of freedom, p = p-value of the Friedman’s test.

Figure 1: Flow scheme of retrieved and included references.
TiAb – Title-Abstract; µD = microdialysis.
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Study Characteristics
The 17 included references describe measurements of the 
molecules of interest in cats (k = 7) and rats (k = 10; k = 2 
Wistar, k = 8 Sprague-Dawley) in different brain regions. 
All included references were in English. Four references 
did not mention the sex of the animals, the others all used 
male animals only. The light schedule was adequately 
described by 9 out of 17 references. For these 9 references, 
the cycle was normal (12:12, lights on at 6:00 or 8:00) for 
7, reversed for 1 (12:12, lights on at 18:00), and one used 
continuous light.

Microdialysis flow rate was reported in all references 
and ranged from 0.4 to 3 μl/min. Wash-out durations 
were reported by 13 out of 17 references and ranged 
from 45 minutes to 24h. Probe lengths were also 
reported in all references and ranged from 1 to 4 mm. 
Probe diameters were reported by 15 out of 16 refer-
ences and ranged from 0.2 to 0.5 mm. Information on 
membrane type (e.g. Hospal or CMA7) and/or molecu-
lar weight cut off (1–50 kDa) was reported in 15 out of 
17 references. None of the references described probe 
reuse. 

The methods used for analysis comprised high perfor-
mance liquid chromatography (HPLC) with fluorescence 
detection (k = 4), HPLC with electrochemical detection 
(k = 7), HPLC without a description of the detection 
method (k = 1), liquid chromatography (k = 1), capillary 
electrophoresis (k = 2) and radioenzymatic essay (k = 1). 
One reference did not describe the method used for sam-
ple analysis. Measurements comprised Hist only (k = 3), 
Glu only (k = 4), GABA only (k = 3), or several amino acids 
(k = 7).

Study characteristics are provided by study and amino 
acid in appendix tables 2 (for natural sleep studies) and 3 
(for sleep deprivation studies).

Microdialysate Histamine and Amino Acids during naturally 
occurring Sleep
We retrieved 15 studies analysing one of the molecules 
of interest during naturally occurring sleep stages. The 
results are summarised in Table 2. Extracellular con-
centrations of amino acids during natural sleep stages 
were reported in 13 studies. Our search retrieved no 
studies of Pro. One study reported no state-depend-
ency at all [26]. In all other studies one of more of the 
other amino acids except Gln showed state-dependent 
changes. 

Mixed results were reported for most amino acids, 
with at least one study also showing negative findings 
(Glu, GABA, Asp, Gly, Tau). Dependent on the study 
and the target area, concentrations of Glu and GABA, 
in particular, peaked during either wakefulness or one 
of the sleep stages, suggesting that the differences 
were possibly region-specific. Gly, Asp and Asn were 
only reported to peak during a sleep stage or to be not 
state-dependent. 

Two studies reported Hist concentrations (Table 2). The 
findings were consistent, as both observed higher concen-
trations during wakefulness than during sleep.

Microdialysate Histamine and Amino Acids during Sleep 
Deprivation
We retrieved five studies analysing one of the molecules of 
interest during sleep deprivation; two on Hist, one on Glu, 
one on GABA and one on Glu and GABA. The results are 
summarised in Table 3. Similar results were reported for 
Glu and GABA, increased extracellular concentrations in 
cortex and hippocampus, but no change in another area. 
Hist concentrations during SD were similar to those in 
wakefulness and higher than during sleep, irrespective of 
the area studied. Our search retrieved no sleep deprivation 
studies of the amino acids Asn, Asp, Gln, Gly, Pro or Tau.

Risk of Bias and study quality
Assessment of bias due to study design features and other 
quality aspects were analysed for all references together 
(sleep and sleep deprivation studies), by reference, and 
are shown in appendix 4. None of the 17 included refer-
ences described blinding of sample analysis, which could 
result in detection bias, particularly when chromatogra-
phy peaks are manually integrated. Only two out of 17 
described missing samples, which could result in attrition 
bias. Only 2 out of 17 contained a statement describing 
the absence of conflicts of interest. Of note, for the stud-
ies of amino acids during naturally occurring sleep, the 
performed analyses were not always appropriately con-
ducted; dependence of the data of included animals was 
regularly ignored (e.g. [27]).

None of the 17 included references described power 
analyses, which could result in underpowered studies. 
Approval of the protocol by an ethical board was reported 
in 10 out of 17 references. Methods for verification of 
probe placement were reported in 15 out of 17 references, 
of which 10 showed the results.

Discussion
Our systematic review shows that differences in 
extracellular brain concentrations of the major amino 
acid neurotransmitters Glu and GABA between sleep 
stages have repeatedly been reported, but do not show 
regular patterns. At this moment, no specific conclu-
sions may be drawn, except that state-dependency of Glu 
and GABA seems to be brain region specific. Even less 
can be concluded from the reports on the other amino 
acids (Gly, Asp, Tau, Gln, Asn, Pro) and effects of SD, as 
published data are scarce and often conflicting. Hist, on 
the other hand, consistently shows similar peak concen-
trations during wakefulness and sleep deprivation, and 
lower levels during sleep stages. The results are consistent 
with the general organization and function of these neu-
rotransmitters: the monoamine Hist providing a general 
modulatory influence throughout the brain originating 
in a small histaminergic nucleus; the neurotransmitter 
amino acids providing direct excitatory or inhibitory sig-
nals organized in numerous different neuroanatomical 
pathways.

The results of our experiment are a case in point, as 
the data presented in Tables 1–3 and in our previous 
review of brain amino acids and circadian rhythms [17] 
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Table 2: Studies of microdialysate histamine and amino acid levels during naturally occurring sleep.

Study_ID Species Brain Area Summary

Azuma_1996 [27] Rats mPOA Glu was higher during wake (2.04 ± 0.22µM) and wake-to NREM transitions 
(2.22 ± 0.63µM) than during NREM sleep (1.56 ± 0.27µM) or NREM-to wake 
transitions (1.26 ± 0.28µM).

Chu_2004 [28] Rats Frontal cortex Hist release was 3.8 times higher during wake episodes (0.19 ± 0.01 pmol/20 
min) than during sleep episodes (0.05 ± 0.002 pmol/20 min).

Gronli_2007 [26] Rats Hippocampus GABA levels did not show state-dependent variations (wake: 1600.5 ± 393.4 
fmol/sample; SWS: 1530.5 ± 408.4 fmol/24µl sample; REM: 1503.0 ± 388.1 
fmol/sample).

Hasegawa_2000 [29] Rats PRN Gly levels (in the low µM range, exact values not provided) were higher 
during REM than during NREM and wake. Glu and Gln levels (in the low µM 
range, exact values not provided) were not state-dependent.

John_2008 [22] Rats TMN No significant differences in hypothalamic Glu levels were observed between 
REM (2.5 ± 0.17 pmol/10µl sample), SWS (2.4 ± 0.06 pmol/sample) and W 
(2.5 ± 0.17; 2.4 ± 0.06 and 2.3 ± 0.12 pmol/sample). 

Kekesi_1997 [23] Cats VPL Asp, Asn, Glu, Gly, Tau and GABA were significantly elevated during SWS 
(exact values not provided) compared to the awake baseline (Asp: 1.7 ± 0.03 
µM; Asn: 1.5 ± 2.0 µM; Glu: 6.6 ± 0.3 µM; Gly: 8.7 ± 0.6 µM; Tau: 17.8 ± 0.7 
µM; GABA: 0.7 ± 0.2 µM).  
Gln did not show state-dependent variations (61.3 ± 3.4 µM at baseline 
wake).

Kodama_1998 [30] Cats PIA, NMC, 
NPM

Glu levels during SWS were taken as reference (NMC: 217.5 ± 21.9; PIA: 164.3 
± 18.1; NPM: 239.6 ± 23.5 fmol/min sample). During REMS, Glu in NMC 
increased to 111% of SWS, significantly different from Glu during W (98% of 
SWS). In the other areas no such difference was observed.

Lena_2005 [31] Rats mPFC, Nacc In the NAcc, Glu was lower during SWS (5.69 × 10–7 ± 1.53 M) and REM 
(5.57 × 10–7 ± 1.47 M) than during wake (9.28 × 10–7 ± 2.89 M). ANOVA 
indicated a difference in Asp concentrations (SWS: 2.24 × 10–7 ± 1.3 M; REM: 
2.25 × 10–7 ± 1.21 M; wake: 5.1 × 10–7 ± 2.3 M), but post-hoc analyses were 
negative.
No state-dependent changes in Asp and Glu levels were observed in the 
mPFC (wake Asp: 2.51 × 10–7 ± 0.18 M; Glu: 16.2 × 10–7 ± 2.9 M; SWS Asp: 
2.79 × 10–7 ± 0.58 M; Glu: 16.1 × 10–7 ± 6 2.5 M; REM Asp: 2.33 × 10–7 ± 0.28 
M; Glu: 15.9 × 10–7 ± 2.6 M).

LopezRodriguez_2007 
[32]

Rats Orbitofrontal 
Cortex

Glu levels (range: 0.17–5.28 µM) were higher during REM (134 ± 14% of 
overall mean) than during wake (106 ± 5%), and lower during SWS (87 ± 5%) 
than during wake.

Nitz_1997a [33] Cats Dorsal raphe GABA was higher during REM sleep (0.072 ± 0.003 pmol/µL) than during 
SWS (0.049 ± 0.007 pmol/µL) and wake (0.042 ± 0.005 pmol/µL). Glu (wake: 
35.84 ± 2.55 pmol/µL; SWS: 36.42 ± 4.57 pmol/µL; REM: 33.98 ± 2.03 
pmol/µL) and Gly (wake: 32.30 ± 4.29 pmol/µL; SWS: 34.05 ± 4.80 pmol/µL; 
REM: 33.89 ± 4.11 pmol/µL) levels were not state-dependent.

Nitz_1997b [34] Cats Locus 
Coeruleus

GABA was higher during REM sleep (1.91 ± 0.2 fmol/µL) than during SWS 
(1.58 ± 0.2 fmol/µL) and wake (1.2 ± 0.3 fmol/µL). Glu (wake: 0.88 ± 0.20 
pmol/µL; SWS: 0.90 ± 0.20 pmol/µL; REM: 0.95 ± 0.25 pmol/µL) and Gly 
(wake: 0.54 ± 0.16 pmol/µL; SWS: 0.45 ± 0.14 pmol/µL; REM: 0.48 ± 0.13 
pmol/µL) levels were not state-dependent.

Strecker_2002 [35] Cats POAH Hist was highest during wakefulness (1.155 ± 0.225 pg/µl), lower during SWS 
(0.395 ± 0.081 pg/µl) and lowest during REM-sleep (0.245 ± 0.032 pg/µl). 
Note that after conversion (wake: 0.312 ± 0.061 pmol/20 min; REM 0.066 ± 
0.009; SWS 0.107 ± 0.022), these values are quite comparable to those of Chu 
[28].

Vanini_2011 [36] Cats PRN GABA decreased during REM (0.268 ± 0.050 pmol/10µL) versus both wake 
(0.466 ± 0.046 pmol/10µL) and SWS (0.365 ± 0.046 pmol/10µL), which did 
not differ from each other. 

(Contd.)
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are conflicting. We found state-dependency of prefrontal 
extracellular Glu, consistent with our preceding review of 
circadian rhythms of Glu [24], which shows higher levels 
of Glu during the dark than during the light phase in sev-
eral brain regions. However, our observation of increased 
Glu and Gln during or after SD is not in line with the 
results presented for actual sleep/wake stages (Table 2), 
which are much more diverse or negative. Only one sleep 
deprivation study included in our review analysed corti-
cal Glu, which increased [29], consistent with our experi-
mental findings. The positive results for Glu results are 
corroborated by sensor-based measurements of cortical 
extracellular Glu with high temporal resolution, showing 
Glu peaks during wake and REM sleep and during SD [41]. 
The apparent conflict may be resolved if we look at the 
brain areas of these two sets of studies. Except for 2 stud-
ies in the nucleus accumbens [31, 42], which report higher 
Glu during the active circadian phase and during wakeful-
ness, the lists of brain regions do not show any overlap. 
The tentative conclusion is that Glu is differently related 
to sleep/wake stages in different brain regions.

We did not observe any significant effect of sleep stages 
or SD on the concentrations of the other amino acids we 
studied. Comparison of the data in Table 2, the data in 
the previous review [17] and our present experimental 
data supports the above-mentioned lack of consistent 
findings and possible importance of regional differences. 
Asp e.g. was found to be high during the active phase in 
the suprachiasmatic nucleus, but in other areas higher in 
slow wave sleep (SWS) than wake (Table 2) or not state-
dependent (Tables 1 and 2). In our experiment, median 
concentrations of Gln were higher during post-SD recov-
ery than during the corresponding baseline. However, no 
evidence for increased Gln during any sleep/wake stage or 
circadian phase was found. 

Neither did we find any alteration in Hist levels. These 
experimental results are discordant with the preceding 
literature for circadian rhythms concerning Hist, where 
increased levels were observed in the frontal cortex and 
other areas during the dark phase compared to the light 
phase in rodents and cats [17, 28, 35, 43, 44]. They do not 
agree either with the conclusion from our present review on 

Study_ID Species Brain Area Summary

Vanini_2012 [37] Cats sCTX, BF In the BF, GABA levels were higher during SWS (1.042 pmol/10µL) than dur-
ing REM (0.836 pmol/10µL) and wake (0.977 pmol/10µL). 
In the somatosensory cortex, GABA levels were higher during SWS 
(1.275 pmol/10µL) than during wake (1.15 pmol/10µL) and REM (0.932 
pmol/10µL).

Watson_2011 [38] Rats PRN Concentrations of both Glu and GABA were higher during wake (Glu: 
1.948 ± 0.018 µM; GABA: 0.428 ± 0.003 µM) than during NREM (Glu 85.8% 
of wake; GABA 89.0%) and REM (Glu 83.6% of wake; GABA 81.3%). Asp 
(0.522 ± 0.003 µM during wake), Tau (7.442 ± 0.055 µM during wake) and 
Gly (4.942 ± 0.046 µM during wake) did not show state-dependent changes.

ANOVA = ANalysis Of VAriance; BF = Basal Forebrain; mPFC = Medial PreFrontal Cortex; NAcc = Nucleus Accumbens; NMC = Nucleus 
MagnoCellularis; NPM = Nucleus ParaMedianus; PIA = Pontine Inhibitory Area; POAH = Preoptic/Anterior Hypothalamic Area; NREM 
= Non-REM; PRN = Pontine Reticular Formation; sCTX = somatosensory Cortex; SWS = Slow Wave Sleep; TMN = TuberoMammillary 
Nucleus; VPL = VentroPosteroLateral thalamic nuclei.

Table 3: Sleep deprivation studies.

Study_ID Species Brain Area SD method Summary

John_2008 
[22]

Rats hypothalamus, 
cortex

Gentle 
Handling

Sleep deprivation had no significant effect on hypothalamic Glu 
(2.8 ± 0.02 vs. 2.5 ± 0.04 pmol/sample), but it increased cortical Glu 
(0.72 ± 0.14 µM vs. 0.35 ± 0.05 µM).

Strecker_2002 
[35]

Cats POAH Gentle 
Handling

Hist levels during sleep deprivation (no exact values given) were com-
parable with those during wakefulness (1.155 ± 0.225 pg/µl; after 
conversion: 0.312 ± 0.061 pmol/20 min).

Vanini_2012 
[37]

Cats CTX, BF na Cortical GABA increased during extended wakefulness, BF GABA 
levels did not (no exact values given).

Xie_2015 [39] Rats Hippocampus Platform-
water tank 
(PSD)

Glu and GABA were higher at the end of 24h of paradoxical sleep 
deprivation (Glu: 500 ± 138 µmol/L; GABA: no exact values given) 
than during baseline (Glu: 0.74 ± 0.07 µmol/L; GABA: 0.27 ± 0.03 
µmol/L). Of note, microdialysis flow was decreased during the SD 
period. Increased recovery due to decreased flow rate may have 
confounded these findings.

Zant_2012 
[40]

Rats Basal Forebrain Gentle 
Handling

Sleep deprivation increased Hist levels (in the nM range, no exact 
values given).

BF = Basal Forebrain; CTX = Cortex; na = information not available; POAH = Preoptic/Anterior Hypothalamic Area.
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specific sleep/wake stages. Our failure to replicate the con-
sistent pattern described previously is difficult to explain. 
We note that our experimental set-up and methodology 
differed in various ways from what was used in the other 
studies, and that the concentrations that we report (0.03 
– 0.04 μmol/L) are 3–10 times higher than the previously 
reported concentrations [28, 35, 40], but we cannot be cer-
tain that these differences can explain our neutral findings.

Of note, our experiment was not specifically designed 
for analyses of amino acids; we used a relatively large 
probe (4 mm) and high flow rate (3 μl/min) compared to 
most of the studies included in the review (Appendix table 
2). While we did not properly analyse washout effects, our 
results are indicative of them for Asn, Asp and Gly; the 
overall Friedman test was significant, and median concen-
trations were higher during wash-out than during any of 
the other phases. Differences in the experimental design 
(flow rate, probe size, duration, etc.) may result in different 
functional changes of the brain tissue, which could poten-
tially explain inconsistent findings between experiments.

Several systematised reviews on the microdialysis tech-
nique have been published, but we are aware of only two 
of them on amino acids [17, 45]. Fliegel et al. performed 
meta-analyses on Glu and GABA concentrations in rela-
tion to ethanol exposure [45]. We combined a mapping 
of all studies describing baseline dialysate concentrations 
of Hist and the amino acids Asn, Asp, GABA, Glu, Gln, 
Gly, Pro and Tau with a systematic review of the circadian 
rhythms of these molecules [17].

Tagging and/or labelling of references on specific topics 
during screening for large reviews is a potentially efficient 
approach to increase the output and relevance of review 
efforts. In the here-described review, early-stage labelling 
for individual amino acids was combined with tagging for 
circadian rhythms and sleep. Labelling concordance for 
amino acids ranged from 93.6% to 100% in a subset of 
140 papers analysed by two screeners [17]. Our tagging for 
studies on sleep was very successful, our title searches of all 
references included in our preceding mapping review [17] 
did not result in any additional references on sleep. We still 
advise against labelling and tagging for 2 topics simultane-
ously for future reviews, and furthermore against labelling 
for complex concepts (e.g. analyses of circadian rhythmic-
ity, where our tagging approach was less successful).

The overall risk of bias of the included studies is unclear, 
and reporting quality is at most reasonable. Reporting of 
experimental detail was poor, although reporting of the 
microdialysis technique was relatively good. Of specific 
concern for the studies comparing sleep stages between 
subjects is the relatively high prevalence of suboptimal 
statistical analyses; most studies comparing amino acid 
levels between sleep stages selected individual sleep epi-
sodes as the unit of measurement, ignoring the depend-
ency of the data and artificially inflating the statistical 
power resulting from small numbers of animals included. 
Fortunately, some of the studies did use the individual ani-
mal as the unit of measurement, and specific statistical 
analyses for within subject comparisons (e.g. [31]).

To conclude, data on amino acid concentrations in 
the mPFC in relation to sleep are still scarce, and further 

primary studies are warranted. Systematic reviews are 
still relatively uncommon in preclinical sleep science and 
neurochemistry. With our approach, we hope to inspire 
neurochemists, chronobiologists and sleep scientists to 
implement more systematised review strategies.
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