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A B S T R A C T   

We used low and high molecular weight fluorescence tracers to investigate the entry of foreign solutes into the 
brain parenchyma and their exit from it by the glymphatic system, during experimentally induced depressive-like 
behavior in rats. The tail suspension test (TST), as an acute stressor, is known to induce such a type of behavior, 
considered to model the human major depressive disorder (MDD). Electroacupuncture (EAP) relieves both 
depressive-like behavior in rodents and the symptoms of MDD in humans. Here we report that 180 min after the 
intracisternal injection of the low molecular weight tracer Fluorescein-5-Isothiocianate Conjugated Dextran 
(FITC-d3), a 15-min duration TST tended to increase the control fluorescence in the brain of rats. Both EAP and 
sham EAP decreased the fluorescence of FITC-d3 in comparison with the TST, but not the control value. In 
addition, EAP and sham EAP counteracted the effects of TST. The high molecular weight tracer Ovalbumin Alexa 
Fluor 555 Conjugate (OA-45) failed to enter the brain parenchyma and accumulated at more superficial sites; 
however, EAP or sham EAP modified the distribution of fluorescence under TST application in a similar manner 
as that observed during the use of FITC-d3. It is concluded that EAP is possibly a valid treatment to slow down 
the entry of foreign solutes into the brain; in view of the comparable effects of EAP on FITC-d3 and OA-45 
distribution, EAP seems to act before FITC-d3 passes the astroglial aquaporin-4 water channels, which are a 
critical constituent of the glymphatic system.   

1. Introduction 

Major depressive disorder (MDD) is a serious and debilitating dis
order characterized primarily by low mood and loss of interest that 
persists for at least 2 weeks (Malhi and Mann, 2018). Currently more 
than 280 million people suffer from depression worldwide and suicide is 
the fourth leading cause of death in 15–19-years old depressed patients 
(WHO, 2017; https://www.who.int/news-room/fact-sheets/detail/dep 
ression). Depression is also a major socio-economically disquieting 
problem recognized as the leading cause of disability. It is especially 
alarming that the incidence of depression is increasing year by year, and 
this is in teens faster than in adults (Miller and Campo, 2021). In chil
dren, this incidence has risen to 2.5%, while in adolescents it is about 
5–10%, thereby equaling or even surmounting that observed in adults 

(see also above; Bylund and Reed, 2007). 
Environmental stressors and genetic factors appear to initiate a 

plethora of morphologic and functional changes which eventually 
manifest themselves as depression (Jesulola et al., 2018). A battery of 
preferentially rodent tests have been used to model the symptoms of 
depression without exception based on the understanding that chronic 
stress is the most common risk factor of depression (Anderzhanova et al., 
2017; Pryce and Fuchs, 2017. Although chronic stress models are 
considered to be more reliable to induce so called depressive-like 
behavior in rats/mice, acute stressful stimulation is easier to handle 
and is therefore frequently used (e.g. tail suspension test [TST], forced 
swim test, foot shock in combination with the measurement of sucrose 
consumption; Belovicova et al., 2017). In TST, used in this study, mice 
are suspended on their tails hanging freely in the air (for details see 
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Section Materials and Methods); the animals try to escape, but after a 
certain time give up their futile trials and become immobile acquiring a 
state of “learned helplessness”. The time spent in learned helplessness is 
considered to be a measure of the depression-like behavioral state (see 
Zhao et al., 2022, and references within). 

The relatively new concept of the glymphatic (glial lymphatic) sys
tem proposes that aquaporin channels, in the first instance belonging to 
the aquaporin-4 class (AQP4), localized on the end feet of astrocytes, are 
instrumental to transport nutrients and remove waste products and 
neurotoxins from the brain (Iliff et al., 2012). A series of subsequent 
studies have shown that the function of this system is greatly enhanced 
during sleep (Xie et al., 2013; Hladky and Barrand, 2019) and anesthesia 
(Hablitz et al., 2019), and is significantly impaired in aging (Kress et al., 
2014), brain trauma (Piantino et al., 2019), Alzheimer’s disease (Reeves 
et al., 2020), hypertension (Mortensen et al., 2019), stroke (Mestre et al., 
2020a), and diabetes (Jiang et al., 2017). It was reported that chronic 
unpredictable mild stress (CUMS) inhibited the function of the glym
phatic system (Xia et al., 2017; Liu et al., 2020) and prevented the 
metabolism of the exogenous, 42 amino acid-containing amyloid β 
protein (Aβ42) (Xia et al., 2017), which is thought to be involved in the 
pathogenesis of Alzheimer’s disease (Hardy and Selkoe, 2002; Hunter 
et al., 2018; Illes et al., 2019). Correspondingly, this form of stress 
increased the accumulation of endogenous and exogenous Aβ42 in the 
mouse brain (Xia et al., 2017). Long-term administration of poly
unsaturated fatty acids (Liu et al., 2020) or fluoxetine treatment (Xia 
et al., 2017) reversed the deleterious modulation by CUMS of the 
glymphatic system. 

Acupuncture refers to a family of procedures involving usually me
chanical or electrical stimulation via solid metallic needles introduced 
through the skin at specific sites, termed acupoints (Johnson, 2006; Ber
man et al., 2010; Tang et al., 2016). In traditional acupuncture, needles are 
manipulated manually; electroacupuncture (EAP) means electrical stim
ulation via the needles having often stronger effects than manual manip
ulations. EAP has proved to be effective for the treatment of depression in 
both clinical (Zhao et al., 2019; Wang et al., 2016) and animal experi
mental settings (Guo et al., 2015; Yang et al., 2017). In this study, we aimed 
to clarify whether EAP or TST cause changes in the function of the glym
phatic system, and whether EAP can improve the possibly harmful effect of 
TST. We found that stimulation of acupoint Zusanli (ST36) either with 
electric current or by simply introducing the acupuncture needle (sham 
EAP), is sufficient to slow down the distribution of foreign substances in 
the brain after their appearance in the cerebrospinal fluid (CSF). 

2. Materials and methods 

2.1. Animals 

Groups of 6 male Sprague-Dawley rats (20–25 days old) were used in 
these experiments. Animals were maintained in standard laboratory 
conditions at 22–24 ◦C and in a natural light/dark cycle with free access 
to water and food. 

2.2. Electroacupuncture 

Rats were fixed to a wooden block by two Velcro brand hooks and 
loop fasteners as well as an additional tape before EAP. EAP was 
delivered to the Zusanli acupoint (ST36). An electrical current of 1 mA 
and a frequency of 100 Hz was applied for 30 min, by an “acupoint nerve 
electrostimulator” (HANS-200; Nanjing Jisheng Medical Technology 
Co., Jiangsu, China). EAP was delivered through stainless steel needles 
(2.5 cm long, 0.25 mm diameter; Hwato-Med. Co.; Jiangsu, China) 
introduced 4–6 mm deep below the skin. Both low frequency (4–15 Hz; 
Yu et al., 2006; Yu et al., 2023) and high frequency (100 Hz; Wu et al., 
2015; Xu et al., 2020) electrical stimulation are able to reverse 
depressive-like behavior; we used the latter variant of EAP in the present 
experiments. 

One of the needles was inserted to the Zusanli acupoint (ST36), and 
the other one was inserted to a non-acupoint located somewhat distal 
from ST36 toward the tail and opposite to the knee joint (Torres-Rosas 
et al., 2014). This non-acupoint can be found over the semitendinous 
muscle near the tail base and is neither referred in the acupoint map of 
rodents nor close to any major nerve. In the sham group of animals, the 
needles were again positioned at ST36 and the non-acupoint, but now 
without electrical stimulation. A second control condition was used as 
well by introducing one of the needles to the non-acupuncture point 
near the tail base and the other needle besides it; electrical stimulation 
was delivered as usual. This latter procedure did not alter the fluores
cence intensity of the tracers in comparison with the respective control 
values at the 180-min time-point (not shown). Our results agree with the 
previous finding that EAP delivered to this non-acupoint (and the 
simultaneous immobilization of the animals) failed to exert a behavioral 
effect e.g. on pain sensation (Zhang et al., 2020). 

2.3. Tail suspension test (TST) 

Because of the young age and low weight of the rats, the TST did not 
cause any damage to their tails. The animals were suspended on a 55-cm 
high laboratory rack by adhesive tape about 1 cm from the tail tip. The 
approximate distance between the animal’s nose and the operating floor 
was 20–25 cm. The animals were separated from each other by baffles to 
prevent mutual interference during the suspension time. We increased 
the short and more usual duration of the TST in the second half of the 
experiments from 5 to 15 min, in order to obtain a still stronger learned 
helplessness/depression-like reaction, assuming that the resulting 
change in the function of the glymphatic system will become more 
pronounced. TST was performed only a single time in each animal and at 
roughly the same time of the day (10:00 a.m. to 12:00 a.m.). 

It has to be taken into consideration that immobilization of the an
imals also causes a so-called restraint stress (Xu et al., 2017), which will 
contribute to the extent of depression-like behavior. Although both 
immobilization and TST induce depression-like state, the direction of 
changes in fluorescence intensity of the tracers are just the opposite. 
Moreover, restraint stress is equally present following EAP+TST as well 
as sham EAP+TST and therefore the demonstrated mutual interrela
tionship between the changes in fluorescence intensity by TST and EAP 
should be in fact due to the acupuncture procedure. 

2.4. Measurement of the intracerebral distribution of fluorescent markers 

Cisterna magna injections were performed 24 h after either experi
mental manipulation. Rats were anesthetized via intraperitoneal appli
cation of pentobarbital sodium (40 mg/kg; Sigma-Aldrich, St. Louis, 
MO, USA) and then fixed in a stereotaxic frame; the atlanto-occipital 
membrane was surgically exposed followed by a durotomy, and a 30 
GA injection needle was inserted into the cisterna magna. Two different 
fluorescent tracers were used, namely one of a small molecular weight 
(Fluorescein Isothiocyanate-d3; FITC-d3; 3 kDa) and another one of a 
large molecular weight (Ovalbumin Alexa Fluor 555 Conjugate; OA-45; 
45 kDa). Both tracers were purchased from Invitrogen, Carlsbad, CA, 
USA. 1% solutions of the fluorescent tracers were mixed in a 1:1 ratio, 
and then infused at a rate of 1 µl/min for 10 min with a micro-syringe 
pump (RWD Life Science, San Diego, CA, USA) into the cisterna magna 
according to Kress et al. (2014). Rats were sacrificed 0.5, 3, and 6 h after 
the beginning of infusion and were transcardially perfused with saline 
and 4% paraformaldehyde. The brains were removed and postfixed 
overnight at 4 ◦C. Coronal sections (100 µm thick) of the whole brain 
were cut by a vibratome (VT1200S; Leica Biosystem, Muttenz, 
Switzerland). For each animal, 6 slices (bregma +1.5 mm~− 3.5 mm) 
were selected. Images were prepared by a Slideviewer (VS200; Olympus, 
Tokyo, Japan) and the program ImageJ (NIH, Bethesda, MD, USA) was 
used to calculate the mean fluorescence intensity of tracers in brain 
slices. 
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In experiments, when the interaction of TST and EAP or sham EAP 
was measured, a recovery of the fluorescence intensity of either tracer 
was observed at the 180-min time-points (see Figs. 1–4B). Although we 
did not determine at these time-points the counteraction of the TST 
immobility duration by EAP, it is noteworthy that in previous experi
ments this was already noted (Zhang and Chen, 2022). 

2.5. Data analysis 

All data were expressed as means ± S.E.M. of 6 animals, calculated 
each from the mean of their 6 slices, respectively. SigmaPlot 14.0 was 
used for plotting the data and for statistical evaluations. Multiple com
parisons between data were performed by one-way ANOVA followed by 
the parametric Holm-Sidak test or the non-parametric Tukey test, as 
defined by the Shapiro-Wilk normality test. The post-hoc test was run 
only if F or H achieved P < 0.05. A probability level of 0.05 or less was 
considered throughout to accept statistical significance. 

3. Results 

As mentioned in the Methods Section, we applied two fluorescence 
tracers, one of a low molecular weight (FITC-d3; 3 kDa) and the other 
one of a high molecular weight (OA-45; 45 kDa) into the cisterna magna 
to measure the entry, distribution and clearance of these tracers into, 
within and from, respectively, the brain parenchyma. Our reason to use 
3 and 45 kDa tracers was that the only routes between the perivascular 
spaces and the wider brain interstitium are through ~20 nm clefts 
(Mathiisen et al., 2010) between overlapping astroglial endfeet. The 
lower molecular weight tracer readily passes these gaps, while the 
higher molecular weight tracer cannot do that (Yang et al., 2013). 

Demonstrative snapshots shown in Figs. 1–4D show that the intra
cisternal application of both tracers to rats caused a preferential increase 
of fluorescence intensity in the cortical and subcortical areas. We did not 
aim at discriminating between fluorescence changes in different areas of 
the brain, but rather determined the overall fluorescence. We noticed by 
measuring the fluorescence of FITC-d3 in the brain parenchyma, that 
both 30 and 360 min after its intracisternal application, rather incon
sistent effects were observed (Fig. 1 A, C and Fig. 2 A, C). However, 
180 min after FITC-d3 injection, both EAP and sham EAP uniformly 
decreased the fluorescence in comparison with the value measured 
under 5-min TST but also under control conditions (Fig. 1B). This means 
that EAP/sham EAP reduced the distribution of the small molecular 
foreign body in the brain, exerting a beneficial effect. When the duration 
of TST was increased from 5 to 15 min, a trend to an enhancement of 
fluorescence intensity was observed, although this change did not reach 
the level of statistical significance. EAP and sham EAP caused now a 
prominent decrease, which existed only in comparison with the TST, but 
not the control value (Fig. 2B). In addition, both EAP and sham EAP 
counteracted the effects of TST. 

In the following experiments, we used instead of FITC-3d, the high 
molecular weight tracer OA-45. The fluorescence intensity measured 
with this tracer was about one fifth of that measured with FITC-d3, 
indicating that OA-45 entered the brain in a much lower quantity than 
its low molecular weight counterpart (Fig. 3A-D). While apparently 
intracisternally infused FITC-d3 moved into the brain parenchyma and 
exchanged with the brain interstitium, OA-45 became trapped in the 
perivascular space and could not move freely into and through the brain. 
Thus, this tracer failed to enter the glymphatic system, that permits CSF 
to exchange with the brain interstitial fluid. 

30 and 360 min after the intracisternal application of OA-45 there 
was no major and consequent difference between the effect of any of the 
treatments from the control fluorescence (3 A, C; 4 A, C). However, at 
the 180-min time-point already a 5 min duration TST tended to increase 
the fluorescence intensity (Fig. 3B; see also Fig. 2B for FITC-d3); in 
comparison with this value, both EAP and sham EAP caused manifest 
depression. EAP plus TST, or sham EAP plus TST induced again less 

decrease of fluorescence intensity than EAP or sham EAP alone, indi
cating antagonism of the TST effect by either of these procedures. 

An increase of the duration of TST from 5 to 15 min left the decrease 
of the fluorescence changes of OA-45, 180 min after tracer application, 
unchanged (Fig. 4B; compare with Fig. 3B. 

4. Discussion 

It is well known that the CSF functions as a sink for brain extracel
lular solutes, but it was for a considerable time unclear how solutes from 
the brain interstitium move from the parenchyma to the CSF. In the 
meantime, several lines of evidence suggest that bulk flow drainage via 
the glymphatic (glial lymphatic) system, dependent on astroglial water 
channels, constitutes paravascular CSF pathways (Iliff et al., 2012; Kress 
et al., 2014). In consequence, meningeal lymphatic vessels represent a 
major efflux route for the CSF and its solutes (Mestre et al., 2020b). The 
passage of solutes into the brain parenchyma and out of it is believed to 
occur via the following routes: (1) The entry of subarachnoidal CSF into 
the brain along paravascular spaces is driven by the pulsation of cerebral 
arteries and arterioles and (2) the corresponding efflux pathway consists 
of perivenous spaces, highly dependent on arousal state and AQP4 
expression in astrocytic end-feet terminating in the blood-brain barrier 
(BBB). The first evidence for the existence of a glymphatic system was 
supplied by the intracisternal injection of low and high molecular 
weight fluorescent tracers and measurement of their appearance in the 
brain by fluorescent microscopy (Iliff et al., 2012; Kress et al., 2014; 
Yang et al., 2017). We adapted this approach of the group around 
Maiken Nedergaard by using the low molecular tracer FITC-d3 (3 kDa) 
and its high molecular counterpart OA-45 (45 kDa). 

Interstitial solutes, such as Aβ, were previously thought to be cleared 
from the brain primarily by transport through the BBB (Zlokovic, 2008; 
Abbott et al., 2010). BBB transport and glymphatic clearance have the 
same purpose in removing interstitial solutes such as Aβ from the brain, 
and they seem to be complementary in this respect (Kress et al., 2014). 
Our results suggest that OA-45 mainly accumulated in the perivascular 
space, in accordance with its failure to enter the brain tissue through the 
BBB/paraarterial CSF inflow channels. The BBB and the glymphatic 
system are not only functionally complementary, but they are also 
affected by some common factors, such as arterial pulsation, aging, 
inflammation and sleep disturbances, which all lead to BBB disruption 
and glymphatic system dysfunction (Harding et al., 2017; Iliff et al., 
2013; Guo et al., 2015; Verheggen et al., 2018). 

In view of the discovery of the glymphatic system and its significance 
for the maintenance of homeostatic conditions in the CNS, we hypoth
esized that the distribution of foreign solutes under pathological con
ditions might be improved by EAP. As already mentioned in the 
Introduction, EAP has been proved to be effective for the treatment of 
both MDD and depression-like symptoms in rodents (Zhao et al., 2019; 
Guo et al., 2015; Yang et al., 2017). EAP is an important therapeutic 
alternative to anti-depressant drugs, due to its advantages of less side 
effects, easy operation and definite, although modest, curative effect 
(Smith et al., 2018). There are different hypotheses on its mechanism of 
action to treat MDD. Presently, acupuncture is mainly believed to pre
vent synaptic plasticity dysfunctions (Han et al., 2018; She et al., 2015; 
Zhang et al., 2019; Yue et al., 2018; Guo et al., 2014), inflammation 
(Han et al., 2018; Duan et al., 2016; Mo et al., 2014; Cai et al., 2019), 
and gene expression (Duan et al., 2014; Zheng et al., 2019). Thus there 
are a number of tissue functions whose beneficial modulation by EAP 
may improve depressive conditions. 

In contrast to CUMS induced by chronic stressors, we used TST as an 
acute stressor to initiate depressive-like behavior, and found, according 
to expectations, that the effect of TST was relieved by EAP or sham EAP. 
In accordance with the efficiency of sham EAP, large multicenter clinical 
trials conducted in Germany and the United States consistently revealed 
that the true and sham acupuncture do not differ in their effectiveness in 
decreasing pain levels across multiple chronic pain disorders 
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Fig. 1. Mean fluorescence intensity of coronal brain slices of rats indicating the appearance of the low molecular weight tracer Fluorescein-5-Isothiocyanate- 
Conjugated Dextran (FITC-d3; 3 kDa) at the level of bregma + 1.5 mm ~ − 3.5 mm. The tracer was infused via the cisterna magna into the CSF and rats were 
killed 30, 180, and 360 min afterwards. Electroacupuncture (EAP) was delivered for 30 min at a frequency of 100 Hz (1 mA) to the left Zusanli (ST36) acupoint via 
insertion of a stainless steel needle. The sham acupuncture procedure meant that such a needle was inserted for 30 min to the Zusanli acupoint without electrical 
stimulation. The tail suspension test (TST) was applied for 5 min, immediately after EAP or sham EAP. Then, the mean fluorescence derived from these 6 slices and 
the mean fluorescence derived from the other 6 slices of additional rats under each treatment were averaged and plotted in A-C. Means±S.E.M. from 6 animals. 
*P < 0.05; statistically significant difference from the respective control values. #P < 0.05; statistically significant difference from the respective TST values. One- 
way ANOVA followed by the Holm-Sidak test was used in all cases. Two brain slices are shown out of the 6 slices prepared from each brain (D). 
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(Colquhoun and Novella, 2013; Madsen et al., 2009). 
A number of animal studies show that EAP can regulate the perme

ability of the BBB. It was e.g. reported that EAP pretreatment signifi
cantly attenuated the ischemia-reperfusion-induced increase in BBB 
permeability and brain edema, possibly by alleviating the degradation of 
claudin and inhibiting the expression of p-caveolin-1 in endothelial cells 
(Zou et al., 2015). Another group of authors found that EAP pre
conditioning reduced ischemic brain injury by inhibiting BBB disruption 

and brain edema via the modulation of NADPH oxidase 4 (NOX4), AQP4 
expression and ROS production (Jung et al., 2016). Additionally, a 
time-dependent increase in the BBB permeability was noted following 
an 8 min EAP stimulation of the acupoints Baihui (GV20) and Shuigou 
(GV26) in rats (Zhang et al., 2018). Another study reported that EAP 
treatment may counteract cognitive impairment by improving the 
clearance of accumulated Aβ in the brain by promoting the function of 
the glymphatic system (Liang et al., 2021). 

Fig. 2. Fluorescence intensity of coronal brain slices of rats indicating the appearance of the low molecular weight tracer FITC-d3 (3 kDa) at the level of bregma 
+ 1.5 mm ~ − 3.5 mm. All procedures were as described in the Legend to Fig. 1, except the duration of TST, which was increased from 5 to 15 min. Means±S.E.M. 
from 6 animals. *P < 0.05; statistically significant difference from the respective control values. P < 0.05; statistically significant difference from the respective TST 
values. One-way ANOVA followed by the Holm-Sidak (A, C) or Tukey test (B) were used as adequate. Two brain slices are shown out of the 6 slices prepared from 
each brain for the indicated treatments (D). 
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Fig. 3. Mean fluorescence intensity of coronal brain slices of rats indicating the appearance of the high molecular weight tracer Ovalbumin Alexa Fluor 555 
Conjugate (OA-45; 45 kDa) at the level of bregma + 1.5 mm ~ − 3.5 mm. The tail suspension test (TST) was applied for 5 min; all other procedures were as described 
in the Legend to Fig. 1. Means±S.E.M. from 6 animals. #P < 0.05; statistically significant difference from the respective TST values. One-way ANOVA followed by the 
Holm-Sidak (A, C) or Tukey test (B) were used as adequate. Two brain slices are shown out of the 6 slices prepared from each brain for the indicated treatments (D). 
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We found that EAP and sham EAP both reduced the fluorescence 
intensity in the rat brain, signaling the decreased presence of low and 
high molecular weight tracers after their intracisternal infusion. Because 
a selective effect on the low molecular weight tracer distribution would 
suggest an interaction with the glymphatic pathway responsible for the 
clearance of interstitial solutes, it can be concluded that the site of action 
of EAP and sham EAP is located before the astroglial aquaporin-4 water 
channels. Nonetheless our results supply evidence for the fact that 

stimulation of ST36 either with electrical current or mechanically by 
simple contact with the acupuncture needle (sham EAP) is sufficient to 
slow down the distribution of foreign substances in the brain after their 
appearance in the CSF. We assume, but did not test in the present study, 
that stressful procedures other than TST, such as forced swimming or 
foot shock (measured by sucrose consumption), might also induce ef
fects similar to those caused by TST. 

Fig. 4. Fluorescence intensity of coronal brain slices of rats indicating the appearance of the low molecular weight tracer OA-45 (45 kDa) at the level of bregma 
+ 1.5 mm ~ − 3.5 mm. All procedures were as described in the Legend to Fig. 1, except the duration of TST, which was increased from 5 to 15 min. Means±S.E.M. 
from 6 animals. *P < 0.05; statistically significant difference from the control value. #P < 0.05; statistically significant difference from the respective TST values. 
One-way ANOVA followed by the Holm-Sidak (A, C) or Tukey test (B) were used as adequate. Two brain slices are shown out of the 6 slices prepared from each brain 
for the indicated treatments (D). 
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